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Abstract: Hybrid-electric aircraft (HEAs) represent a promising solution for reducing fuel
consumption and emissions. However, the additional heat loads generated by the electrical
propulsion systems in HEAs can diminish these benefits. To address this, an integrated
power and thermal management system (IPTMS) is essential to mitigate these challenges
by optimizing the interaction between thermal management and power management.
This paper presents a preliminary IPTMS design for a parallel HEA operating under
International Standard Atmosphere (ISA) conditions. The design includes an evaluation
of active cooling, passive cooling, and active temperature control strategies. The IPTMS
accounts for heat loads from the engine system, including the generators, shaft bearings,
and power gearboxes, as well as from the electrical propulsion system, such as motors,
batteries, converters, and the electric bus. This study investigates the impact of battery
power (BP) contribution to cooling power on required coolant pump power and induced
ram air drag. A comparison of IPTMS performance under 0% and 100% BP conditions
revealed that the magnitude of battery power contribution to cooling power does not
significantly impact the thermal management system (TMS) performance due to the large
disparity between the total battery power (maximum 950 kW) and the required cooling
power (maximum 443 W). Additionally, it was determined that the motor-inverter loop
accounts for 95% of the pump power and 97% of the ram air drag. These findings suggest
that IPTMS optimization should prioritize the thermal domain, particularly the motor-
inverter loop. This study provides new insights into IPTMS design for HEAs, paving the
way for further exploration of IPTMS performance under various operating conditions and
refinement of cooling strategies.

Keywords: thermal management; power management; multidisciplinary study; system
integration

1. Introduction

In recent times, both global and regional organisations have set forth ambitious targets
for emission reductions. For instance, the ‘Fly the Green Deal’ initiative aims to reduce CO,
emissions by 75% and NOx emissions by 90% [1], while NASA has set a goal to reduce NOx
emissions by 80% for the next generation of aircraft [2]. Hybrid-electric aircraft (HEAs)
have been extensively researched to fulfil the demands for more environmentally friendly
aviation. Nevertheless, the high-power components of HEAs generate significant heat
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loads, which can negate their environmental benefits [3]. To address these challenges,
different institutions [4-7] have focused on innovative aircraft energy management, named
integrated power and thermal management systems (IPTMSs).

Thermal management systems (TMSs) can be active or passive. An active TMS re-
quires power for cooling, such as electric power provided by batteries or generators and
pneumatic power from ram air, while a passive TMS does not need any power for cooling.
Generally, the cooling strategies of active TMSs include air [8], liquid [9,10], and phase-
change cooling [11]. For IPTMS research, trade-off and sensitivity studies are required to
investigate the interactions between TMSs and power management systems and the impact
of cooling loops in the TMSs for optimization. Kim et al. [12] conducted a system-level
analysis for the IPTMS of a megawatt HEA, and it was found that the advancements in
the TMS are more urgent than those in the power distribution system to minimise the
weight penalty due to the electrification. Rheaume et al. [13] proposed a TMS design for a
single-aisle parallel HEA and found that separating the cooling loops for the battery and
motor can reduce TMS weight. For passive cooling, using aircraft skin as the terminal
heat exchanger can cool the hot side without any power required or induced ram air drag
by utilizing the ambient air outside the aircraft. However, Skin Heat Exchangers (SHXs)
require more power than those with traditional active cooling strategies [14]. As a result,
passive Outer Mold Line (OML) cooling is required to compensate for the disadvantages
of SHXs. With OML cooling, the heat from heat sources can be transferred to the SHXs
without the need for power. Similarly, OML cooling also incurs a weight penalty. Addi-
tionally, solely using OML and SHXSs to sufficiently cool aircraft components across a flight
mission requires large OML and SHXs, and their hardware can easily exceed the available
area [15,16]. Therefore, the implementation of passive cooling should be combined with
other active cooling strategies. In [17], three cooling strategies were compared and ana-
lyzed: (1) passive phase-change material (PCM) cooling, (2) active cooling, and (3) hybrid
PCM and active cooling. It was found that although PCM cooling consumes the least
power, it is the heaviest option. The hybrid PCM and active cooling is the optimal cooling
strategy, consuming less power than active cooling and being lighter than PCM cooling.
Compared with these passive cooling methods, the passive cooling mechanism of natural
air convection and radiation does not need any power for cooling and has no additional
weight. Ouyang et al. [18] integrated the possibility of passive cooling through natural air
convection and radiation. It was found that this passive cooling can be potentially used
for the bus, converter, and battery during certain flight phases, while still requiring active
cooling and temperature control.

In this study, we aim to investigate the following research questions to address the
IPTMS research gaps:

1. Which domain offers more potential for the IPTMS optimization: thermal management
or power management?
2. What are the dominant factors affecting power usage and induced drag of the TMS?

This study presents an IPTMS preliminary design for a parallel HEA, assessing the
performance of active and passive cooling and temperature control for the gas turbine
system and electrical propulsion system components under ISA conditions. Similarly to
the authors’ previous work [18], the IPTMS performance is assessed for the typical mission
profile (from take-off to climb), as the electrical propulsion system (EPS) only operates
during these flight phases. As shown in Figure 1, we first designed a TMS architecture
and corresponding cooling strategies, including three operating modes: (1) passive cooling,
(2) active cooling, and (3) active temperature control modes. The IPTMS shifts modes
depending on the cooling requirements during the flight mission. With the designed
TMS, we then assessed the IPTMS performance during take-off and climb. The IPTMS
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performance was also assessed at two battery power (BP) utilization cases, which are 0%
and 100% BP, to investigate the impact of battery contribution. A 0% BP means that the
battery does not contribute to cooling power, and the cooling power comes from the engine-
driven generators. At 100% BP, the battery provides all the cooling power. Through these
assessments, we also analyzed the dominant factor affecting the coolant pumps’ required
power and induced ram air drag of the overall TMS. This paper is organized as follows.
Section 2 presents the methodology of the IPTMS preliminary design. Section 3 presents
the case study. Section 4 contains the analysis of the IPTMS performance results. Finally,
Section 5 concludes the paper and presents future work.

| Design TMS architecture |

I

Assess IPTMS performance for
the typical flight mission

l

Investigate the impact of battery
power contribution

]

Investigate the dominant factor affecting
the pump power and ram air drag

Figure 1. Methodology flowchart.

2. Methodology of the IPTMS Preliminary Design

Figure 2 illustrates a typical IPTMS structure for a parallel HEA. In the parallel HEA,
the propulsors, such as fans for propellers, are driven by the engines and motors. Addi-
tionally, the power for the motors is provided solely by the battery. When the electrical
components operate, their heat is rejected by the TMS. To manage the heat, the compo-
nents in the TMS, such as coolant pumps and cooling fans, require electric power, which
can be provided by the engine-driven generators or the battery. Therefore, in the IPTMS,
the power management system (PMS) needs to balance the power for propulsion and
cooling and the contribution of cooling power between the generators and the battery. If
fuel consumption and the generators’ heat increase significantly because the generators
provide cooling power, more battery power contribution to cooling power is needed. At
the same time, the PMS also needs to ensure that the battery state of charge remains above
its minimum state of charge to avoid damage. Since both the PMS and the TMS influence
IPTMS performance, it is essential to determine which domain offers the most potential
for optimization during the preliminary design phase. If optimization within the PMS is
required, a power management strategy must be implemented to balance battery power
allocation between propulsion and cooling, thereby reducing heat generation and fuel
consumption. Alternatively, if TMS optimization is necessary, the system’s architecture will
need to be re-engineered, incorporating advanced cooling strategies such as phase-change
cooling and the use of innovative coolants.

According to [18], we assumed the EPS component temperature limits, as shown in
Table 1. To minimize the power for cooling while ensuring that the components operate
within their temperature ranges, the IPTMS shifts between three operating modes across
the flight mission: (1) active cooling, (2) passive cooling, and (3) temperature control
modes, as shown in Figure 3. The IPTMS first evaluates the heat load and the maximum
passive cooling heat transfer rate (Qpass) of a component at the initial operating point.
The maximum Qpass occurs when the component operates at its maximum temperature.
Readers can refer to [18] for more information about the passive cooling performance
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assessment. When the heat load exceeds the maximum Qss, passive cooling is not
sufficient for the component at the current operating point. Therefore, active cooling
is required, and the IPTMS shifts to active cooling mode. In contrast, when passive
cooling is sufficient, the IPTMS operates in passive cooling mode, eliminating the need for
coolant pump power. During passive cooling, the component temperature can potentially
decrease below its minimum temperature. In this case, the IPTMS maintains the component
temperature at 0.1 °C above its minimum to minimize power usage for temperature control.
The IPTMS repeats this process from the initial operating point until the end of the mission.

* Engine status , * Thrust demands Integrated Power and

* Cockpit gauge i * Aircraft bleed and Thermal Management System
information ¥ power demands

Supervisory Controller

Thermal Management
System

Coolant ~ Cooling
Pumps Fans

Fans/Propellers

Figure 2. Typical IPTMS structure for a parallel HEA, where the greed blocks represent propulsion,
the blue blocks represent the power management system, and the orange blocks represent the thermal
management system.

Table 1. EPS component temperature limits.

Component Tmin (°C) Tmax (°C)
Motor —-20 220
Inverter —20 150
Bus —20 70
Converter —-20 150
Battery 15 45

The IPTMS architecture has been presented in the authors’ previous work [18]. An
overall TMS architecture at the active cooling mode is shown in Figure 4. The components
are divided into three cooling loops: (1) motor-inverter (MI), (2) bus, and (3) battery-
converter (BC) loops, according to their heat load magnitudes and installations. The
grey vectors represent the inactive air or cooling paths for temperature control. During
active temperature control, the coolant increases the component temperature, with the
heat coming from the MI loop’s warm ram air. For the MI loop, we cooled the motors,
inverters, and gas turbine system components in the same cooling loop, using the same
coolant pump, coolant tank, and heat exchangers to save weight and volume by reducing
TMS components. Traditionally, the gas turbine system components, such as gearboxes,
bearings, and generators, are cooled by engine oil, which offers both cooling and lubrication
functions. The valves in the MI loop control the coolant for the motors and inverters. When
the EPS is not operating, the valves will be closed, and the MI loop will only cool the
components in the gas turbine engine system, similarly to the traditional TMS. According
to [19,20], we assumed the MI loop coolant tank’s initial outlet temperature to be 80 °C.
After the initial operating point, the tank outlet temperature varies throughout the mission.
Compared with other coolants, the engine oil temperature is higher to ensure its lubrication
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performance, as the oil viscosity decreases when the temperature drops. Additionally, the
MI loop components can operate at high-temperature conditions, making the engine oil
temperature assumption reasonable.

Initial operating point

Assess a component’s heat load at the
operating point (Qcomp)

y

Assess passive cooling maximum heat
transfer rate (max Qpass)

Passive Cooling

Qcomp > max Qpass ? —No—»I

YES Is the component’s temperature
about to fall below its minimum —

. l . temperature?
Active Cooling
Mode |
YES
Vv

Mode

Active Temperature

Control Mode

Next operating point

Y

Maintain the component’s
temperature at 0.1 degrees above
its minimum temperature.

NO

I— End of the mission?

A

YES
End
Figure 3. IPTMS operation flowchart.

For the BC loop, PGW40 (a 40% mixture of propylene glycol and water) was selected
as the coolant. The percentage was chosen based on the evaluation of different PGW
percentages under various operating conditions, which is not included in this study. The
BC loop coolant tank’s initial outlet temperature was assumed to be 30 °C, and the tank
outlet temperature varies throughout the mission after the initial operating point. For the
bus loop, the bus is cooled by ram air in an air duct. It is an open-loop air cooling system,
without the need for fans, pumps, heat exchangers, and other TMS components, saving
weight and volume.
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Figure 4. Overall TMS architecture at the active cooling mode, where Tambt represents the ambient
temperature, HX represents the heat exchanger, the blue blocks represent the electrical components,
the green vectors represent the air flows, the orange vectors represent the coolant flows, and the grey
vectors represent the hardware for inactive temperature control mode.

3. Proposed Study

A parallel HEA configuration was designed for a baseline aircraft similar to the ATR72.
The studied HEA consists of two 500 kW motors, a 263 kWh battery, and the associated
converters and bus [18]. Since the EPS only operates during the take-off and climb phases,
we assessed the IPTMS performance for this typical mission profile under ISA conditions,
which was presented in [18].

4. Results Analysis

The EPS heat load analysis across the typical mission was conducted in [18]. To
investigate how the battery power (BP) contribution affects the IPTMS performance, we
assessed the required power of the coolant pump and ram air drag across the typical
mission under two cases: (1) 0% BP and (2) 100% BP. At 0% BP, the battery does not
contribute to the cooling power, which comes from the engine-driven generators. At 100%
BP, the battery provides all the cooling power. Figure 5 illustrates the integration of active
and passive cooling and temperature control under the 0% and 100% BP cases. Comparing
these two conditions, it was found that the magnitude of BP contribution does not affect
TMS performance because the total battery power (max 950 kW) is much greater than the
required cooling power (max 443 W). Since the battery still retains about 20% state of charge
at the top of climb, it can fully support the cooling power. At the end of the mission, the
ambient temperature decreases to 18 °C, and the battery power output decreases toward
zero, causing the BC loop to generate more warm air for temperature control. Consequently,
the ram air drag of the MI loop slightly increases toward the mission’s end. Comparing the
required cooling power and induced ram air drag of the three cooling loops, it was found
that the MI loop is the dominant factor affecting TMS performance, contributing about 97%
of pump power and 98% of induced drag to the overall TMS. This is due to the low thermal
conductivity of engine oil. Therefore, three potential solutions to optimize the TMS are
as follows:
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1.  Optimize the MI loop cooling strategy, such as using phase-change cooling or other
efficient cooling strategies.

2. Split the MI loop into two loops, cooling the motors and inverters in one loop and the
gas turbine engine system components in the other loop.

3. Select another coolant with higher thermal conductivity for cooling the motors and
the inverters.
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Figure 5. Coolant pump power and ram air drag for MI (motor-inverter), BC (battery-converter),
and bus loops at 0% and 100% BP (battery power) cases, where the dashed lines represent the flight
segments in the following sequence: take-off, start-climb, early-climb, mid-climb, late-climb, and top
of climb.

5. Conclusions and Future Work

This study presents a preliminary integrated power and thermal management system
(IPTMS) design for a parallel hybrid-electric aircraft (HEA), examining both active and
passive cooling as well as temperature control under International Standard Atmosphere
(ISA) conditions. Simulations were conducted across a typical mission profile, from take-off
to the top of the climb, with the following key findings:

1.  The magnitude of battery power contribution to cooling power does not significantly
impact thermal management system (TMS) performance due to the large difference
between the total battery power (maximum 950 kW) and the required cooling power
(maximum 443 W).

2. The battery can fully support cooling power, helping to reduce fuel consumption,
while maintaining 20% state of charge at the top of the climb.

3. The motor-inverter loop is the primary driver of TMS performance, accounting for
97% of pump power and 98% of induced drag.

To further optimize the IPTMS design, future work will focus on refining TMS cooling
strategies, such as employing phase-change cooling and advanced coolants, or separating
cooling loops. Additionally, IPTMS performance will be evaluated under hot- and cold-day
conditions.
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