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ABSTRACT

Future aircraft and rotorcraft propulsion systems should be able to meet ambitious targets and severe limitations set by governments
and organizations. These targets cannot be achieved through marginal improvements in turbine technology or vehicle design. Hybrid-
electric propulsion is being widely considered as a revolutionary concept to further improve the environmental impact of air travel. One
of the most important challenges and barriers in the development phase of hybrid-electric propulsion systems is the Thermal
Management System (TMS) design, sizing and optimization for addressing the increased thermal loads due to the electric power train.

The aim of this paper is to establish an integrated simulation framework including the vehicle, the propulsion system and the fuel-
oil system (FOS) for assessing the cooling capability of the FOS for the more electric era of rotorcrafts. The framework consists of a
helicopter model, propulsion system models, both conventional and hybrid-electric, and a FOS model. The test case is a twin-engine
medium (TEM) helicopter flying a representative Passenger Air Transport (PAT) mission.

The conventional power plant heat loads are calculated and the cooling capacity of the FOS is quantified for different operating
conditions. Having established the baseline, three different Power Management Strategies (PMS) are considered and the integrated
simulation framework is utilized for evaluating FOS temperatures. The results highlight the limitations of existing rotorcraft FOS to
cope with the high values of thermal loads associated with hybridization for the cases examined. Hence, new ideas and embodiments
should be identified and assessed. The case of exploiting the fuel tank as a heat sink is investigated and the results indicate that
recirculating fuel to the fuel tank can enhance the cooling capacity of conventional FOS.

INTRODUCTION

The global helicopter market expects an increase of 3.4% during the 2017-2023 period [1]. The new generation of helicopter engines
are increasingly complex with higher requirements for mobility, safety, and stealth resulting in hotter fluids, higher components
temperature, and higher heat generation, which means critical thermal management issues. Moreover, the development of new
technologies should take regulations for environmental considerations into account like pollutant emissions and fuel consumption [2].
Electrification is a revolutionary concept in this regard. As discussed by Danis et al [3], Voskuijl et al. [4] and Roumeliotis et al. [5]
transitioning to hybrid-electric propulsion can benefit rotary-wing aircraft.

Hybrid electric configurations for rotorcraft propulsion are expected to have high needs for systems cooling due to the high heat
dissipation of the electric power train components [6]. In this context, the increased electrification of various subsystems is expected to
increase the importance of thermal management making the full exploitation of available thermal sinks a necessity. During the last two
decades, several research studies have been published on thermal management systems for the new and next generation of civil aero-
engines [7], more electric aircraft (MEA) program [8], energy optimization aircraft (EOA) program [9], and integrated thermal
management systems design for conventional rotorcrafts [10]. However, the thermal management requirements for the hybrid electric
concepts have not been explored, while little attention has been drawn on rotorcraft hybrid electric configurations.

Fuel is the main heat sink for rotorcrafts so it is significant to assess the cooling capability of the existing fuel system for quantifying
future needs and identify methods for fully exploiting it as a heat sink. Traditionally, the air vehicle, propulsion and power systems and
FOS are analyzed at a subsystem level with little consideration on systems integration, thus the systems interaction and the overall
performance are not fully assessed as discussed by Wolff [11] and Walters et al. [12]. For enabling hybridization, it is important to exploit
the full potential for heat dissipation in system level, taking into consideration sub-systems interactions, transients and identifying
alternative heat sinks.

The aim of this paper is to assess the cooling capacity of conventional rotorcraft fuel system for a whole mission and identify the
system capability to act as a heat sink for hybrid configurations. For this purpose, an integrated model for thermal management system
simulation is developed in Simcenter Amesim [13]. The integrated model includes the helicopter model, the propulsion system model
(conventional and hybrid) including its heat loads (mechanical and electrical) and the fuel and an oil system model.
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The integrated model is used to assess the cooling capability of a conventional FOS for a TEM helicopter for a PAT mission and
different take off weights (TOW). For identifying limiting factors, a standard and a hot day are considered. For enhancing the cooling
capability of the FOS, fuel tank recirculation is applied and the system enhanced cooling capacity is quantified. Following, a parallel
hybrid-electric propulsion system is simulated for providing the electrical heat loads for assessing the capability of these two FOS
configurations to perform thermal management. Three different power management strategies are considered and the capabilities and
limitations of the FOS to act as an integrated thermal management system for rotorcraft hybridization are recognized and discussed.

INTEGRATED THERMAL MANAGEMENT SYSTEM
For assessing the heat and energy management of the whole helicopter, a vehicle level integrated thermal management system
model is developed and its sub-systems are described herein. The general framework is depicted in Figure 1.
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Figure 1: Integrated Thermal Management System Model

The helicopter model provides the boundary conditions (Torque and rotor rotational speed, which is translated to power demand
and power turbine rotational speed - Npr) to the propulsion system, according to TOW and mission parameters. The HEP propulsion
system is sized according to the PMS; while the conventional propulsion system utilize the baseline gas turbine. A control scheme is
used for defining the fuel flow based on vehicle power demand and PMS. The injected fuel flow (Wse1) is provided to the helicopter
model to update the system weight and to the gas turbine engine for setting its operating point. Then the gas turbine model provides the
gas generator rotational speed (Ngg) and power (GT Power) for calculating the engine mechanical heat loads, while the electric power
train components provide the heat loads. The gas generator rotational speed is provided to the FOS system for calculating the oil and
the total recirculating fuel flows. Then with the fluid flows (recirculating fuel, engine delivered fuel (injected), oil) and the heat loads
and ambient conditions the fuel and oil line temperatures are calculated. The fuel temperature (Trer) is fed back to the gas turbine model.
The ambient temperature is calculated based on sea level temperature (TSL) and the altitude. The tank temperatures are assumed equal
to the ambient temperature prior to taking off.

Helicopter Modelling

A UH-60 helicopter performance model is used herein for simulating the vehicle, providing torque and power requirements along
a designated mission scenario. The main rotor model is based on a blade-element-type discretization, comprising a steady and linear
inflow model [14], coupled with a steady, non-linear airfoil aerodynamic representation. For the special case of hovering flight, a
combined blade element momentum theory approach is employed for the evaluation of axisymmetric rotor inflow as discussed in [15].
Tail rotor power is estimated as a fraction of main rotor power based on the semi-empirical relation provided in [15]. Fuselage
aerodynamic forces and moments are calculated based on look-up tables retrieved from [16]. In Figure 2 the comparison of the predicted
main rotor power coefficient against published flight test data for a range of cruise advance ratios is presented for a weight coefficient
Cw=0.0065 [17]. Very good agreement is observed between simulated and measured performance data.
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Figure 2: Main rotor power requirement for a range of advance ratios at Cw=0.0065 (-): comparison with flight test data
retrieved from [17].

The helicopter model provides the propulsive power demand as a function of mission and helicopter weight, which acts as boundary
condition for the propulsion control system.

Propulsion System

Two propulsion system models have been developed herein, the conventional gas turbine based and a parallel hybrid-electric (HEP)
gas turbine based. The gas turbine conventional configuration acts as the baseline. The thermal — electric power split for the HEP system
depends on the Power Management Strategy (PMS) applied. A basic control system is in place for the propulsion system, for both
configurations, using the fuel flow as the gas turbine setting parameter for matching the power demand, which depends on the PMS,
and the maximum continuous rating (MCR) turbine entry temperature as a limiter. The fuel consumption is fed to the helicopter model
for updating the vehicle weight and consequently the propulsive power for each operating point.

Gas Turbine

The gas turbine engine model is based on the T700-GE-700, a turboshaft engine broadly used in Twin Engine Medium (TEM)
helicopters. A model capable to represent with very good accuracy the steady state and transient operation of the engine has been
developed and validated against available experimental data as presented by the authors in [5]. The model is capable of simulating the

whole engine operating envelope with very good accuracy, as seen in Figure 3.
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Figure 3: Gas turbine performance data, experimental values from [28]

Hybrid Propulsion System

A parallel hybrid propulsion model has been considered herein for each of the power sources of the helicopter. The model is built
in Simcenter Amesim using components from the “Aircraft Electrics” and “Electric Motor and Drives” libraries ([29], [30]) in
conjunction with the gas turbine engine model and is depicted in Figure 4.
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Figure 4: Gas Turbine based HEP parallel configuration model architecture
The motor is simulated using a functional model of an electric drive system (machine, inverter, sensor and control unit) for
simplicity. The motor part load efficiency is calculated applying the procedure reported in [31]. The maximum efficiency considered is
0.94, according to [32]. For the batteries, the equivalent circuit model of battery pack available in Simcenter Amesim is used since it
may provide the heat released during charges and discharges. The battery sizing is done according to [34] and [35] using nominal energy,
power and voltage requirements utilizing a database of curves, such as the ones depicted in Figure 5. This process is performed by the
software sizing tool. The ohmic resistance is defined allowing the ohmic resistance losses calculation.
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Figure 5: Battery scaled performance parameters for a nominal power of 1200kW, energy 150kWh and 3000V [13]

Three PMS cases are considered herein, one which is considered the worst case with respect to thermal loads, and two for
highlighting hybridization effect. The PMS and the electric power train nominal data are discussed in the test cases section. The electric
power train is sized according to the PMS selected and the relevant power and energy requirements.

Engine Heat Loads

Two gas turbine related heat sources are considered herein, the accessory gearbox (AGB) and the engine shaft bearings. The AGB
allows extracting part of the mechanical power from the turbine transmitting it to “accessory” elements such as pumps and valves. As a
mechanical transmission element, lubrication is needed to ensure satisfactory performance; hence oil flow will pass through it absorbing
part of the heat generated. The same condition is applied to the engine shaft bearings. The rotational speeds and the power are provided
by the engine model.

Accessory Gearbox Heat Loss Calculation




The transmitted power in the AGB can be lost through dissipation by gear teeth due to friction and by spin power losses accounted
by surrounding environment. These heat loss mechanisms can be divided into no-load dependent losses (viscous) caused by gears, seals
and bearings, and load-dependent (friction-induced) losses caused by gears and bearings.

No-load dependent losses mainly consist of windage and churning power losses. Churning loss occurs when the bearing or gear
churn through the lubricant. Windage losses occur on rotating gears as frictional resistance due to the surrounding air. These losses occur
in rotating mechanical components even without torque transmission and are related to density, viscosity of oil, immersion depth of the
components on a sump, and the internal design of gearbox casing. For rolling bearings, no-load losses mainly depend on the size and
bearing arrangement, immersion depth, and lubricant viscosity.

Load-dependent power losses occur between gear teeth during power transmission. They are mainly depending on friction
coefficient, transmitted power, and sliding velocity in the contact area between teeth ([18], [19]). In addition, friction losses are the main
source of gearbox power loss when transmitting high torque. However, the friction due to viscous forces of the lubricant must be
considered when low torque is transmitted as well in order to estimate the power loss correctly.

Considering the above-mentioned descriptions, load dependent losses occur in gears and bearings while no-load dependent losses
occur in gears, bearings, and seals. Therefore, five main heat loss mechanisms should be considered in the AGB as shown in Figure 6.
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Figure 6: AGB heat loss mechanisms

In 2011, Changenet and Velex [20] measured the no-load dependent losses for high speed meshed gears with and without
lubricant. Windage loss was measured without lubricant and deducted from the total losses. The gears churning loss was obtained
applying thermal balance and eq. (1) has been deducted based on a series of experiments utilizing dimensional analysis.

The sliding loss is one of the most important sources of power losses in meshed gears, when speed is not too high. Buckingham
([21], [22]) proposed the first theoretical method to calculate the gear mesh efficiency, in 1949, by considering average friction
coefficient along the contact line. Later, in 1958 Ohlendorf [23], proposed eq. (2) that account power loss for meshing gears. This
formula is still widely used in the literature to calculate the gear mesh loss in gearboxes.

The bearings churning loss is calculated by utilizing the Palmgren model [24] shown in eq. (3).

The power losses due to bearings are directly proportional to the friction torque and rotational speed, according to eq. (4), [19].
An enormous number of measurements done by Freudenberg Simrit GmbH & Co. ([25], [26]) has been used to calculate seals friction
losses. It was deducted that the seal friction torque increases with speed and seal diameter, deriving eq. (5) for predicting the power
loss due to seal, however, the influence of oil viscosity is not considered in the formula.The equations for calculation these loss
mechanisms are listed in Table 1. By applying eq. (1) to (5), the total heat load generated by the AGB is calculated via eq. (6).

Table 1: Physics-based equations for AGB heat loss calculation

Heat Loss Formula
Mechanism
Gears 1
Churning Pleo==-p -Q3 -A;-R®-Cp, (1)
Loss 2
g/I:asrthIigoss Plg = Fin ~ tm - Hy @
Bearings PLyo =0 - (fo 1077 - (n - o)

urning d 3) .10-3 )
Loss m
Bearings T
Friction PLg = 30 " < /F,% +F2 -f; -dm> 4)
Loss
Seals
Churning Pso =7.69 x107¢ -d;* -n (6))
Loss
E‘;tszl Heal | pp = plgy + PLg + PLgg + PLy + PLgy  (6)

Where:
P: power losses [kW]
p: lubricant density [kg/m?]



(2: AGB shaft rotational speed [rad/s]

A;: immersion surface area [m?]

R = g : the pitch radius [m]

Cy: flow regime coefficient [-]

W,,: mean friction coefficient along the path of the contact [-]
H,: gear loss factor [-]

Py, : power input [kW]

fo: bearing coefficients of loss [-]

Upir: dynamic viscosity [kg. m. s7']

n: bearing rotational speed [rpm]

d,,: mean diameter of AGB shaft [m]

Fp + F,: the summation of radial and axial load applied [N]
f1 : the bearings friction coefficient [-]

d;: the shaft diameter [m]

The Pitch diameter is 55 mm, the AGB shaft diameter 50 mm, the gear loss factor 0.25, fy and f; values are 0.0012 and 0.0018
respectively.

Bearings Heat Loss Calculation
Almost all friction loss (sum of rolling, sliding, and Iubricant friction) in a bearing is transformed into heat within the bearing itself

and is the main cause of the bearing oil temperature rise. The amount of thermal generation caused by friction moment can be calculated
by eq. (7) [36]:

Qr =0.105%x107°M n @)
where,
Qg : Thermal value, kW
M : Friction moment, N * mm
n : Rotational speed, min-1
The friction moment is calculated by the method described in detail in [37].

Fuel Oil System
A fuel oil system that can be utilized with the baseline gas turbine is pre-designed based on publicly available data. A model of a
variation of the baseline FOS utilizing tank fuel recirculation has been developed as well.

Baseline Fuel Oil System
The schematic of the baseline FOS is depicted in Figure 7.
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Figure 7: Baseline FOS schematic

The fuel system model is composed of a tank, supply and recirculation lines, a pump, the fuel-oil heat exchanger and the fuel
metering unit. The lubrication system model is composed of a tank; supply and scavenge lines; heat sources representing the heat
generated by the engine bearings and AGB; a pump; and the oil-fuel heat exchanger.

The fuel tank model considers the 3D geometry of the tank. It computes the remaining fuel quantity, its level, the fuel and ullage
temperatures and pressures. A single 1.44 m? fuel tank has been assumed. As the tank is in the lower part of the vehicle, it is in contact
with the helicopter skin. The radiative and convective heat exchanges between the atmosphere and the skin and then the tank are
computed considering the rotorcraft altitude and speed, and the ambient temperature. Fuel is extracted from the tank through the supply
line while the tank vent is connected to the atmosphere.



The pipes hydraulic area sizing is done by assuming a maximum fuel mass flow of 0.225 kg/s, including the recirculation, and of
0.15 kg/s in the injectors. The fuel flow maximum velocity is assumed 1 m/s [38]. The fuel pumps are assumed to pump a fuel flow
proportional to the gas generator corrected rotational speed, which is provided by the gas turbine model. A simple “positive fixed-
displacement pump has been selected and scaled versus fuel flow and maximum continuous rotational speed (0.225kg/s, 44700rpm),
according to eq. (8). The maximum rotational speed for the fuel pump is set to 10000 rpm and through this value and the maximum
mass flow, the volumetric flow is calculated.

Q [ﬁ] = displacement [%] -n[rpm] (8)

The fuel flow injected in the combustion chamber is derived by the propulsion system control scheme. The remaining fuel flow is
recirculated through the recirculation line to the pump inlet.

The oil tank is a cuboid of 0.08m? and no heat exchange with the atmosphere is considered. The pipes hydraulic area sizing is done
in a similar way as done for the fuel system. Heat loads from the accessory gearbox and bearings are applied to the oil. Those loads are
variable and depend on the mission profile, as discussed. The oil pump produces flow rate proportional to the gas generator corrected
rotational speed and is sized in a similar way as the fuel pump.

The fuel-oil heat exchanger is sized following the method discussed by Shawabkeh [39]. It uses both the NTU (Number of Transfer
Units) and the LMTD (Log Mean Temperature Difference) methods and involves an interpolation process to find out the geometrical
values and the heat exchanged. The fuel heater/oil cooler is a tube and shell design which is mounted adjacent to the fuel boost pump,
where oil and fuel enter on the same end through face-ports in the gearbox. A baffled-flow, multi-pass design is used in order to minimise
the pressure drop while obtaining maximum effectiveness. The fuel will flow through the tubes, while the oil flows over the shell.

The procedure is starting with assuming tube diameter, tube length, fouling factor, and material of construction for the tubes. Then,
by utilizing the heat duty equation, the LMTD is calculated and then the temperature correction factor is derived based on the heat
exchanger configuration. The mean temperature difference is computed using the temperature correction factor and the LMTD. After
that, the provisional area is evaluated assuming the overall heat transfer coefficient. Then, the other geometrical parameters of the heat
exchanger including number of tubes, bundle diameter, tube outside diameter, shell diameter, and baffle spacing can be derived. The
final step is to calculate the shell-side mass velocity, Reynolds number, Prandtl number, and heat transfer equations to check the validity
of the initial guesses. If the procedure does not converge, all steps are repeated until a set of compatible design values is achieved. The
heat exchanged at the design point is 12kW with an LMTD of 24.66K, assuming an overall heat transfer coefficient of 150W/m?°C

Fuel Recirculating at the Tank
In order to increase the FOS cooling capability without drastic changes of the configuration, a model applying fuel tank recirculation

is developed. The heated fuel instead of returning prior to the HP pump returns to the fuel tank, as seen in Figure 8.
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Figure 8: Tank recirculating FOS

FUEL OIL SYSTEM ASSESSMENT

In order to assess the baseline FOS capability to act as a heat sink for a hybrid configuration, firstly the baseline configuration is
simulated for different TOW values and for a standard and a hot day. The cooling capacity of the system is quantified. Then the
configuration utilizing fuel tank recirculation, that may allow higher cooling capability, is simulated and assessed. Following, three
different PMS for the hybrid propulsion system are simulated and assessed in terms of overall system thermal management capability.
The hybrid propulsion system is sized based on the PMS. The integrated thermal management and propulsion system model used for
the configurations assessment as developed in Simcenter Amesim is presented in Figure 9. The limit temperatures considered herein for
assessing the FOS has been suggested by Streifinger [40] and are summarized in Table 2.

Table 2: Working fluid temperature limits [40]

Rotorcraft Parameters ‘ Value ‘




Maximum fuel temperature burner in (steady) 130 °C

Maximum fuel temperature burner in (transient) 140 °C

Minimum fuel temperature boost pump inlet -40 °C

Maximum fuel temperature boost pump inlet 60 °C

Maximum scavenge out oil temperature (steady) | 165 °C

Maximum scavenge out oil temperature (transient) | 180 °C

Maximum oil cooler out temperature (steady) 110°C

Maximum oil cooler out temperature (transient) 125°C
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Figure 9: Integrated Fuel — Oil and Propulsion System Model (HEP & Tank Recirculation)

Test Case Mission

A Passenger Air Transport (PAT) scenario is considered herein, the helicopter transports the passengers from an assumed origin to
a destination located 500km far from the origin. The engines operate at low power setting for 5 min prior and after the mission. Two
H/C Take-Off Weight (TOW) cases are examined herein, one assuming TOW equal to 6000kg and one, more demanding, assuming
TOW equal to 8000kg. Additionally, for each case a normal and a hot day (15°C and 40°C at Sea Level respectively) are considered.
The mission flight and power profiles are depicted in Figure 10 and Figure 11 respectively.
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Baseline Power — Plant

The FOS temperatures and the cooling capacity for the conventional power plant (gas turbine) are calculated. Two cases are
considered, one where the fuel is recirculating prior to the high-pressure pump (baseline FOS) and one where the fuel is recirculating to
the tank. Figure 12 depicts the generated heat by the engine shaft bearings and the AGB for the test case mission for both TOW values.
As seen, an increase in TOW increases the heat input as expected. The total mechanical losses related heat added to the system is in the
range of 8 kW.
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Baseline FOS
The fuel and oil temperatures of interest for TOW 6000kg and for a standard day of 15°C at Sea Level for the whole mission are
depicted in Figure 13 and Figure 14. As seen for both sub-systems, the high temperatures in the mission are considerably lower compared



to the limiting values, highlighting that the FOS as designed herein has the potential to absorb more heat. In order to quantify this value,
the cooling capacity of the baseline FOS over the mission is presented in Figure 15. The cooling capacity (CC) is defined as:

CC = Wf ’ Cpf ’ (Tlimit - Tdelivery) ®)

Tiimir 1s selected as 130°C with respect to Table 2 limits, Taeivery is the combustor delivery temperature and Wy is the total fuel flow
(recirculation and injection).
As seen, the fuel has a cooling capacity of approximately 15kW at the end of the mission. It is also interesting to identify that the

worst operating point in terms of thermal absorption capability is descent, since fluids have already been heated and the fuel flow, which
acts as heat sink, is reduced.

130
ié/ 110 Normal Day;
2 90 TOW = 6000kg Fuel Delivery , .
2 -
(]
o 70
Q.
S Booster Pump
@ 50
K9]
2 30

Fuel Tank
10
0 40 80 120 160

Time (min)

Figure 13: Fuel Temperature throughout the PAT mission

160
. Normal Day;
2 130 TOW = 6000kg
g
35 100 m
& Scavenge Pu
g 70
€
A
= 40
(@]

10

0 40 80 120 160
Time (min)

Figure 14: Oil Temperature throughout the PAT mission

50
§ 40
=
‘c 30
@
Q
©
© 20
an
£
©
8 10 Typical Day;
TOW = 6000kg
0
0 40 80 120 160

Time (min)
Figure 15: Fuel System cooling capacity throughout the PAT mission

10



The effect of TOW on the fuel and oil temperatures is depicted in Figure 16. For high values of TOW there is an increase of engine
heat loads, but it is compensated by higher fuel flows. The scavenge pump and combustor fuel temperature are marginally increased for

higher TOW values by 1 to 3 deg and at the final phase of the mission the temperature difference for the different TOW cases is
negligible.
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Figure 16: Subsystems high temperature for different TOW

For establishing the limits of the system, a hot day (40°C at Sea Level) with TOW 8000kg is considered. As seen in Figure 17 the
fuel temperature is approaching its limiting value for this case. At the end of the mission, there is a 20 deg margin. For the oil the
temperature is higher compared to the baseline case but a margin of 30 deg still exists at the end of the mission (Figure 18). Concerning
the cooling capacity, its final value is reduced from 15kW to 8.5kW, as seen in Figure 19.
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Figure 17: Fuel Temperature throughout the PAT mission for a hot day
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Figure 18:0il Temperature throughout the PAT mission for a hot day
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Figure 19: Fuel System cooling capacity throughout the PAT mission for a hot day

FOS with Fuel Recirculating at the Tank
If fuel tank recirculation is considered then the system heat capacity significantly increases, since the tank acts as a heat sink. In
this case and for a hot day and TOW of 8000kg the fuel temperature margin at the end of the mission is in the range of 50 deg (Figure

20) and the cooling capacity is increased to approximately 20kW (Figure 21). It should be noted that for the tank recirculation case the
fuel tank temperature is almost equal to the fuel pump temperature (boost pump).
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Figure 20: Fuel temperature throughout the PAT mission for a hot day and tank recirculation
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Figure 21: Fuel System cooling capacity throughout the PAT mission for a hot day and tank recirculation

It is interesting to note that increasing the tank fuel temperature enhances the atmosphere — tank walls heat transfer, hence in this
case atmosphere is becoming a heat sink as well. The tank-atmosphere maximum heat transferred through the mission is in the range of
400W and occurs during descent. Despite the benefits of using the fuel tank as a heat sink, the increase of the tank temperature and
consequently of the fuel vapour temperature may give rise to flammability issues and this should be further assessed.
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Thermo-Electric Power — Plant

Three main PMS cases are considered herein, one which is considered as the worst case and two with varying hybridization level.
For each PMS case the motor, controller and battery are redesigned. Specifically, the electric power train (motor, controller, and battery)
is sized based on nominal power, energy and voltage. For establishing the system limits a TOW of 8000kg for a hot day of 40°C is
considered.

The first PMS (PMS1) applied is utilizing the electric power train for providing all the power during Take Off (T/O), climb and
descent. The gas turbine is idling during these phases and provides power during cruise. The electric power train (motor, controller, and
battery) is sized based on the maximum continuous power of the engine (987kW) and the energy demand for the first two phases (T/O
and climb) (80kWh), while the voltage is considered 3000V as suggested in [41]. The battery is recharged during cruise. PMS1 is
considered the worst test case from a thermal management point of view since all power is provided by the electric power train; hence,
the heat produced is the maximum possible during normal operation, and the fuel flow, which acts as heat sink, has its lower value.
Additionally it is a case of interest since it may be a way to avoid brownout effect on engine reducing its deterioration [3].

Next and in order to examine the hybridization effect on the FOS capability to act as a heat sink, two cases of different hybridization
degree are considered. As discussed by the authors [5] for current technology level and TEM rotorcraft propulsion low degree of
hybridization should be considered. In this context the second PMS (PMS2) assessed herein is 10% hybrid (160kW, 200kWh) and the
third (PMS3) 20% hybrid (240kW, 340kWh), assuming a nominal voltage of 580V for both cases, as suggested in [41]. As depicted in
Figure 9 the electric power train heat is added to the system after the fuel — oil heat exchanger (FOH).

Power Management Strategy 1

In the case of PMS1 high thermal power is produced and has to be treated in a short period, as seen in Figure 22. It is apparent that
the baseline and the recirculated FOS system can not cope with this heat production, since fuel cooling capacity at the mission start is
less than 40kW. This is confirmed by the fuel temperature value for the tank recirculating FOS seen in Figure 23.
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Figure 22: Heat load generated by the propulsion system for TOW 8000kg — PMS1

The high temperature is due to the high heat input during the mission initial phase, while the total heat energy added during the
whole mission is not having a significant effect on the final temperature. A method to assess this problem is to maximize the recirculating
fuel flow during this critical phase. As seen in Figure 24 the maximum fuel temperature is reduced by approximately 20deg to 160°C,
which is higher than the fuel temperature limit. Based on this, resizing the flows, the piping and the heat exchangers may be a way to
further enhance the cooling capacity of the baseline FOS, but aspects such as weight, auxiliary power consumption and cost increase
should be considered versus other options such as adding another heat sink (e.g. air). In case that the battery is not recharging the final
temperature is lower but still fuel temperature overshoots at the first phase.
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Figure 24: Fuel delivery, oil scavenge pump and tank temperatures for a hot day, tank recirculation and maximum fuel flow
during T/O and climb, PMS1

Power Management Strategy 2

PMS?2 is a low hybridization case, where the electric power train provide 10% of the propulsion power needed. The heat, that has
to be treated, produced by the propulsion system is depicted in Figure 25. In this case, the critical parameter is the thermal energy that
has to be treated by the FOS.

As seen in Figure 26 the baseline FOS can to some extent treat the heat, and fuel reaches its maximum allowable temperature at the
end of the mission. These results indicate that applying an active fuel flow control may be a suitable way to address heat loads without
system changes for this case. Recirculation to tank FOS is rather effective for this degree of hybridization, as seen in Figure 27. All
temperatures are lower than the considered limits.
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Figure 25: Heat load generated by the propulsion system for TOW 8000kg for PMS2
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Figure 26: Fuel delivery, oil scavenge pump and tank temperatures for a hot day, PMS2
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Figure 27: Fuel delivery, oil scavenge pump and tank temperatures for a hot day and tank recirculation, PMS2

Power Management Strategy 3
For the case of PMS3 the electric power train provides 20% of the propulsion power needed. The heat produced by the propulsion
system, that has to be treated, is depicted in Figure 28.
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Figure 28: Heat load generated by the propulsion system for TOW 8000kg for PMS3
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In this case, the critical parameter is again the thermal energy that has to be treated by the FOS. For the baseline FOS configuration
the recirculating fuel flow throughout the mission is the maximum one for enhancing cooling capacity of the system. As seen in Figure
29 even when the maximum recirculating fuel flow is considered the fuel and oil temperatures exceeds the limits. For the case of tank
recirculation, the tank has enough thermal inertia to dissipate the propulsion system thermal loads, as demonstrated in Figure 30.
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Figure 29: Fuel delivery, oil scavenge pump and tank temperatures for a hot day, PMS3
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Figure 30: Fuel delivery, oil scavenge pump and tank temperatures for a hot day and tank recirculation, PMS3
SUMMARY AND CONCLUSION

An integrated thermal management and propulsion system model is developed for assessing the cooling capacity of FOS for future
hybrid electric rotorcraft configurations. The simulation model integrates a gas turbine, an electric power train, and a representative fuel
and oil system using Simcenter Amesim. The developed model is capable to simulate different helicopter missions, calculating
propulsion system and FOS performance and operational data. A representative rotorcraft Passenger Air Transport (PAT) mission is
analyzed. Two FOS configurations are examined, the baseline one and one where fuel tank recirculation is applied for enhancing system
cooling capacity. Three different PMS are considered. The first, which is rather demanding in terms of thermal loads, is utilizing the
electric power train for providing power during T/O, climb and descent and the gas turbine during cruise. The next two PMS assess
different level of hybridization (10% and 20%).

In terms of fuel system cooling capacity, the descent phase seems to be the critical one, hence it is the phase that should be considered
when high electrical energy missions are assessed. For hybrid electric propulsion, the results suggest that the baseline FOS will not be
able to tackle the electric heat loads for cases of degree of hybridization more than 10%. Specifically if maximum recirculation flow is
applied then the baseline FOS can cope with the heat loads for degree of hybridization up to 10%. This result indicates that an active
controllable boost pump for controlling the recirculating flow is a promising strategy for ensuring safe operation.

For higher degree of hybridization, in the range of 20%, the baseline FOS is not an option. A variation of the baseline FOS with
fuel recirculating to the tank can provide additional cooling capacity. This configuration can successfully act as a thermal management
system for the 20% degree of hybridization. In the case of exploiting the heat capacity of the fuel tank with recirculating flow, the fuel
vapour flammability should be examined and fuel tank inerting may be necessary.

The utilization of electric power during T/O is not an option for the power range and electric components efficiency examined
herein. Even when recirculating the maximum flow to the fuel tank, the fuel delivery temperature exceeds significantly (by
approximately 30 deg) the steady state limiting fuel temperature. In this case, an additional heat sink should be considered.
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