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Abstract: The electrification of an aircraft’s propulsive system is identified as a potential solution
towards a lower carbon footprint in the aviation industry. One of the effects of increased electrification
is the generation of a large amount of waste heat that needs to be removed. As high-power systems
must be cooled to avoid performance deterioration such as battery thermal runaway, a suitable
thermal management system is required to regulate the temperature of the powertrain components.
With this in mind, the main objective of this research is to identify promising heat transfer technologies
to be integrated into a thermal management system (TMS) such that power, mass, and drag can be
minimised for a parallel hybrid—electric regional aircraft in the context of the EU-funded FutPrInt50
project. Five different TMS architectures are modelled using the Matlab/Simulink environment based
on thermodynamic principles, heat transfer fundamentals, and fluid flow equations. The systems are
a combination of a closed-loop liquid cooling integrated with different heat dissipation components,
namely ram air heat exchanger, skin heat exchanger, and fuel. Their cooling capacity and overall
aircraft performance penalties under different flight conditions are estimated and compared to each
other. Then, a parametric study is conducted, followed by a multi-objective optimisation analysis
with the aim of minimising the TMS impact. As expected, none of the investigated architectures
exhibit an ideal performance across the range of the studied metrics. The research revealed that,
while planning the TMS for future hybrid—electric aircraft, alternative architectures will have to be
developed and studied in light of the power requirements.

Keywords: thermal management system; hybrid—electric propulsion; multi-objective optimisation;
skin heat exchanger; ram air; fuel

1. Introduction

The aviation sector is currently facing new challenges such as energy demand and
environmental impact. The report Flightpath 2050 set several goals that must be accom-
plished by the year 2050 [1], including a reduction of 75% in terms of CO, emissions. In
this context, sustainable multidisciplinary design optimisation is rapidly becoming a key
factor in the development of next-generation aircraft [2].

In this multidisciplinary analysis, the interaction of propulsion and energy fields is
of particular interest. Even though using electric powertrains and cleaner energy sources
as a propulsive system seems to be a promising solution, it still needs to surpass several
technological hurdles [2-7]. One of these barriers is related to the fact that more electric
aircraft have increased demands on engines for thrust and power generation, leading to
hotter fluids, higher component temperatures, and increased heat generation [8]. Although
electrical equipment is typically efficient, the large amount of electrical power needed
(in the Megawatt range) will result in significant power losses [9]. Additionally, the heat
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created by the electric propulsion system cannot be taken through the engine nozzles and
the use of ram air to cool electric systems is limited due to their greater integration into
the fuselage [4]. There is also an increased risk of thermal runaway with some systems,
especially batteries [10]. Thus, novel thermal management systems (TMSs) are required and
should be considered from the conceptual design stages [11]. The TMS will be responsible
for regulating the temperature of the aircraft subsystems/components by managing heat
transfer between heat sources and heat sinks in order to optimise comfort, safety, and
efficiency [12]. Therefore, the major design goal of a TMS is to minimise its impact on the
aircraft in terms of important metrics such as weight, power consumption, and drag, while
allowing for the diverse components and systems to run within a safe temperature range.

Within this framework, the FutPrint50 project stands out as a critical endeavour aimed
at discovering and developing technologies and combinations that will help to speed up the
entry-into-service to 2035/2040 of a commercial regional hybrid—-electric aircraft (HEA) [13].
The main goal of this research work, as a FutPrInt50 collaboration, is to study new and
existing heat dissipation systems and develop possible TMS architectures. This will help to
understand the influence of a TMS on the power, weight, and drag as well as shed light on
the feasibility of these architectures in future aircraft.

The remainder of this article is organised as follows: (i) first, a literature review on heat
transfer technologies for TMS architectures is provided in Section 2; (ii) Section 3 builds
upon it and five different architectures are proposed alongside each of their constituent
components; (iii) then, a parametric study followed by a multi-objective optimisation
process are presented in Section 4, where the architectures are compared; and (iv) finally,
the main remarks on this work are drawn in Section 5.

2. Literature Review
2.1. Overview of Heat Transfer Technologies

The thermal management system acquires heat at the heat source, transports and
rejects it at the heat sink [9]. Understanding the heat source behaviour is thus essential since
it influences TMS requirements. Heat sources are any component or system that generates
heat, either as a by-product or as its main function. Electrified propulsion systems are
expected to generate additional heat loads besides conventional heat loads generated by
combustion engines, mechanical power transmission, and the environment control system
(ECS). Main electric powertrain heat sources may include electric motors/generators,
batteries, fuel cells, and power converters/distributors. The thermal management system
will be responsible for the heat transfer to the heat sink. Heat exchangers, liquid cooling
loops, and refrigeration cooling loops, namely vapour compression systems (VCSs), can be
used in this stage. Atmospheric air and fuel are the main terminal heat sinks in aircraft,
and for this reason they are presented next.

2.1.1. Atmospheric Air

Ram air (RA), engine fan air (EFA), and skin heat exchanger (SHX) are technologies
that use atmospheric air as a heat sink. RA systems use the dynamic pressure caused by the
movement of the aircraft to ingest air into a duct that can be charged directly to cool down
the devices or that can be transferred to ram air heat exchangers (RHXs) to cool down a
coolant. In RA inlets, the air is brought to a halt relative to the aircraft which causes drag.
An SHX system uses the aircraft surface as a thermal interface to the atmospheric air heat
sink. This reduces air inlets, minimising RA system cooling drag [14].

2.1.2. Fuel

Aircraft fuel is easily transported, making it a possible heat sink. Moreover, hydro-
carbon fuels have, in general, better heat transfer properties than air, making them a
more effective cooling fluid [9]. At the same time, there is a thermodynamic advantage
of preheating fuel before combustion, as it results in a more efficient thermal cycle. How-
ever, using fuel also has its drawbacks, including fuel thermal stability and fuel thermal
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endurance, which can affect aircraft safety. Thus, reducing the amount of heat load trans-
ferred to the fuel thermal management system (FTMS) itself and improving its thermal
behaviour is of extreme importance to ensure flight safety and prevent accidents, such
as the TWA Flight 800 [15], from happening. Nevertheless, in the ultimate case of a fully
electric aeroplane, no fuel will be available on board.

2.2. Overview of TMS Architectures

Most of the technologies previously described are used in the current research on
TMSs for electrified aircraft propulsion. The main design challenge to improve the overall
TMS performance is how to create such a system wherein the heat loads are the mostly
efficiently transported through cooling loops and dissipated at the existing heat sinks.
Table 1 sums up some of the most important studies on the TMS integration conducted
recently [16-25]. These studies suggest that liquid cooling, RA cooling, outer mould line
cooling, heat exchangers, and the use of fuel as a heat sink are the most promising heat
transfer systems, although VCS usage is also explored. Most of the TMS configurations
studied were based on liquid-RA cooling loops. A coolant with a high thermal capacity is
required. The use of sustainable aviation fuel (SAF) instead of Jet-A both in the powerplant
and as a heat sink can also bring advantages. Firstly, since it is a “drop-in” fuel, i.e., it can
be combined with conventional fuels, it only requires minor adjustments in the powerplant.
Secondly, life cycle carbon emissions can be reduced [26].

Table 1. Research TMS architectures.

Aircraft (PAX) Cooling System Refs.
ECO-150R (150) RA and liquid [16]
STARC-ABL (154) EFA, RA, fuel, liquid (oil + PGW30/PSE-5), and SHX [17,18]
PEGASUS (48) RA, liquid (PGW30/PSF-5), and SHX [17,18]
SUSAN (180) RA, fuel, liquid (PGW30/PSE-5), and SHX [19]
ULI (76) RA, ECS air, and liquid [20]
Short-range aircraft (180) RA Fuel tank with internal heating and SHX [21,22]
Notional aircraft FTMS (single and dual tank topology) [23,24]
N + 3 (180) RA, liquid, and VCS [25]

The focus of this paper, developed under the scope of the FutPrInt50 project, was
mainly two-fold: (i) to develop TMS models that can be incorporated into the conceptual
design of the next generation of hybrid—electric regional airliners at a low computational
cost to enable multidisciplinary design optimisation; and (ii) to provide a comparison
between the different TMS architectures considered in the aforementioned project. These
models were conceived and implemented from the scratch for regional hybrid—electric
aircraft. To the best of our knowledge, no other work in the open literature was found
covering these two aspects.

3. Methodology

This section is structured as follows: in Section 3.1, the reference aircraft and corre-
sponding mission profile are established; Section 3.2 presents the TMS architectures along-
side the assumptions taken to enable the parametric and optimisation studies;
Section 3.3 provides the mathematical formulation for modelling each component of the
TMS architectures to allow for repeatability; the verification of these models is shown in
Section 3.4; in Section 3.5, the computational procedure to simulate the architectures is
exemplified for architecture 5; and the multi-objective optimisation problem is formulated
together with the implementation details in Section 3.6.

3.1. Reference Aircraft and Mission

The baseline propulsion architecture used to design and size the TMS is a parallel
hybrid architecture with two turboprop engines running on SAF and coupled to an electric
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motor each, which can also be powered by battery packs [13]. Wingtip propellers driven by
electric motors are also part of the powerplant. In this work, the main characteristics of the
considered reference aircraft were the ones initially studied in the project, which are listed
in Table 2 alongside those of the ATR42-600 used in [27]. This latter aircraft was chosen as
the category benchmark in the project [28].

Table 2. Main characteristics of the reference aircraft alongside those of the ATR42-600 (data from [29]).

Parameter (Units) Reference Aircraft ATR42-600
Maximum Take-Off Mass (kg) 18,000 18,600
Cruise Speed (km/h) 520 556
Cruise Altitude (m) 7010 7010
Wing span (m) 27 24.57
Wing area (m?) 545 54.5
PAX (-) 50 48

A first estimation of some general aircraft dimensional parameters was conducted to
obtain some reference measures for the fuel tank and ducts, components used in the TMS
architectures. An overview of the aircraft outer mould line design is presented in Figure 1.

Figure 1. FutPrInt50 reference aircraft.

Figure 2 outlines the considered mission profile, which is a simplified one that accounts
for a range of 400 km, a cruise speed of 520 km/h, and a cruise altitude of 7010 m.
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Figure 2. Simplified mission profile.

The TMS should regulate the temperature of the different components in the described
powerplant, namely batteries, electric motors, and power electronics. Other subsystems
were disregarded since the computational models developed in this paper are focused on
conceptual aircraft design. Nevertheless, in a later design stage, it would be important
to consider coupling the TMS with the environmental control system (ECS), as pointed
out in [30] to benefit from synergistic effects and mitigate the performance impact on
the aircraft.
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With this in mind, the total waste heat load generated by these components and their
operating temperatures was estimated. An initial estimation showed a critical heat load
value of 237 kW during take-off (TO). However, in a previous study by the authors [27], this
value was found to be lower than 200 kW for the ATR42-600 with a parallel hybrid—electric
propulsion system and the characteristics displayed in Table 2. This latter aircraft is slightly
different, namely its propulsive system does not have the wingtip propeller-driven electric
motors, albeit it includes two additional electric motors. Two of them act as generators to
convert the power of each turboshaft into electricity that is used to power the two propeller-
driven electric motors. In the cited work, even though the focus was on the propulsion
system, its coupling with a TMS that accounted for different components (namely batteries,
electric motors, generators, and power electronics) was also considered. For this reason,
we assumed a maximum heat load of 200 kW. Since the TMS will be designed to manage
half of the total heat load according to the symmetry of the hybrid—electric propulsion
(HEP) architecture, an assumed value of 100 kW is considered as a representative heat load
(Qequip). The operating temperature of the battery pack limits the heat load intake liquid
temperature (control temperature). The battery working nominal temperature (305 K) is
defined as the control temperature (Teontrol)-

3.2. TMS Architectures

Five TMS architectures were formulated based on two factors: (i) a literature review
conducted by the authors [30]; and (ii) an early architecture proposed by Embraer for the
FutPrInt50 project [31], which corresponds to Architecture 2 in the current paper. SHX
and fuel as heat sink, besides conventional liquid cooling loops, VCS, and ram air heat
exchangers were identified in the cited work as the subsystems worth considering at a
conceptual level given their higher technological readiness levels. With these systems in
mind, we devised these five architectures. Architecture 1 (A1) and Architecture 2 (A2) both
use a liquid cooling loop, a VCS, and an RA inlet to cool the equipment. The difference
between the two is that, in A1, the heat is only removed via the evaporator to the VCS,
while, in A2, before transferring heat to the VCS, the liquid rejects heat to the ambient air
through an SHX. A1 and A2 layouts are presented in Figure 3.

—> Pump —> Pump —
—>»EGW v
R314a n
Skin heat
Heat load —> Ram air Heat load exchanger
A A
VES Evaporator VS a Evaporator :
3 2
Condenser Condenser
E— — _— E—
(a) Architecture 1 (A1). (b) Architecture 2 (A2).

Figure 3. Proposed TMS Architecture 1 (A1) and Architecture 2 (A2). Numbers 1 to 4 in A2 correspond
to the conditions at the entrance of the compressor, condenser, expansion valve, and evaporator,
respectively.

Architecture 3 (A3) and Architecture 4 (A4) use a liquid cooling loop and RA inlet
to cool the equipment. In A3, the liquid cooling loop only includes a liquid-ram air heat
exchanger (RHX), while in Architecture 4, before rejecting heat to an RA mass flow, the
liquid transfers heat to the ambient air through an SHX. A4 and A3 layouts are presented
in Figure 4.
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Pump 1 >EGW Pump —
—>» Ram air
\ 4
Skin heat
Heat load Heat load exchanger
L Ram air heat < L Ram airheat <

——>»  exchanger ——> ————>  exchanger ——>

(a) Architecture 3 (A3). (b) Architecture 4 (A4).
Figure 4. Proposed TMS Architecture 3 (A3) and Architecture 4 (A4).

Architecture 5 (A5), depicted in Figure 5, differs from the others since it also uses fuel
as a heat sink. To use liquid—fuel as a heat sink, an FTMS is developed and the fuel is heated
via a fuel heat exchanger (FHX) and cooled using the SHX concept.

Engine —>» EGW
. —> Fuel (SAF)
Me )
—» Ram air

Fuel heat -~ y "
Heat load exchanger uel wing skin
A heat exchanger
my i,
— Fuel tank <«
(7

Ram air heat ‘V\’ é ew
Qloss

—> exchanger —> Q
2

Figure 5. Proposed TMS Architecture 5.

In this work, two main assumptions were made: (i) the heat load from the equipment
is set constant to the peak load; and (ii) quasi-steady state simulations are considered in
detriment to time-consuming unsteady ones. The former is a conservative approach as
the peak load was never exceeded in a previous study by the authors [27] for a similar
hybrid—electric aircraft with a parallel layout. Also, this allows for the observation of
key features of the different components in the TMS architectures throughout the mission
profile. Moreover, the model here described is possible to use with a variable heat load,
as achieved in [27]. Regarding the usage of quasi-steady simulations instead of unsteady
ones, despite affecting the results from our point of view, it does not negate the comparison
between TMS architectures, one of the main focal points of the current work. Moreover,
the difference from unsteady simulations can be mitigated by increasing the number of
flight mission points. Furthermore, this latter assumption was one of the FutPrInt50 project
assumptions since its integration in a full aircraft optimisation process [32] was needed at a
smaller computational cost.

3.3. Component Model

The model equations for thermal balance and mass estimation were developed for
each component that integrates the TMS architectures using Matlab/Simulink.

3.3.1. Heat Load

Heat load represents all the equipment to be cooled and it is provided to the system as
a heat transfer rate Qequip. The first law of thermodynamics (principle of conservation of
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energy) applied to a control volume with fluid crossing its boundary adapted to a simplified
steady-flow thermal system may determine the coolant output temperature [33]:

Qequip = mliquid “Cp- (Tliquid,o - Tcontrol)r (1)

where ¢, is the specific heat at constant pressure and T the liquid temperature. The i and o
subscripts distinguish between fluid entry and exit, respectively. To compute the liquid
mass flow rate (1i1)iquiq), @ norm from a Society of Automotive Engineers report is used [34].
For liquid cooled avionics, flow rates range from 0.023 kg /s to 0.045 kg/s per kW and are
usually considered for coolants such as ethylene-glycol water (EGW) mixtures.

3.3.2. Coolant and Fuel Pumps

EGW pumps and fuel pumps compensate for the circuit pressure drop (Ap) from
the EGW and fuel passage through the ducts, heat loads, and heat sinks, respectively.
Assuming a constant efficiency (17pump) and knowing the fluid density (ojiquia), the pump
power consumption Wpump may be estimated as follows:

mhquid . Ap

pliquid * Hpump ’

@

Woump =

3.3.3. Heat Exchangers

The primary variables in a heat exchanger (HEX) are its heat transfer rate Qugx
(W), surface exchange area Apgx (m?), heat capacity rates C(riz - c;) (W/K), and total
heat transfer coefficient U (W / sz). To determine the heat transfer rate, the steady flow
energy equation is applied on hot and cold fluid sides and combined to an extension of
Newton’s law of cooling using the global heat transfer coefficient U and an adequate mean
temperature difference ATy,. The system of three equations is set as follows:

Quex = 1ty - Cpp - (Thi — Tho)
QHEX = Ml - Cpc (Tc,o - Tc,i) ’ (©)]
Quex = U - Aggx - ATy

where the subscripts / and c distinguish between hot and cold fluids, respectively, and
Angx denotes the contact surface between a fluid and a wall. The appropriate average tem-
perature difference is given by the log mean temperature difference (LMTD) method [33]:

AT, — ATy
In(AT,/AT;)’

where AT and AT, represent the terminal temperature differences between the two fluids.
A counter-flow heat exchanger is chosen since it has a higher log mean temperature
difference for identical intake and outtake temperatures than a parallel-flow HEX.

The FHX and RHX are designed using this approach with 10 K for AT1 to guarantee
a good heat transfer between the fluids. The total heat transfer surface area (Aygx) is
essential for a conceptual heat exchanger mass estimate. The detailed calculation of the
global heat transfer coefficient was not considered in this project and reference overall
heat transfer coefficients for the different flows are used [33]. Using the result values of
(UAHEx) and a reference U, the surface area can be estimated (Apxgx). Assuming compact
heat exchangers [35,36], their mass (mygx) and volume (Vigx) are obtained according to
the following equations, respectively:

AT, = 4)

MyEx = PHEX * VHEX - (1 —0), 5)

_ AHEx ' ©)
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In the above expressions, the porosity factor (¢) and surface density (8) values are
estimated based on provided references [35].

3.3.4. RA Inlet/Outlet and Fan

The standard ideal isentropic relations are used to compute the RA pressure and
temperatures [37]:

-1

Tram,i =T <1 + IYT . Mgo)r (7)

LN

—_ Y—
Pram,i = Peo - (1 + ,YT : Mgo) ’ (8)

2 =1
Mram,o - - 4 (pRHX,O> ! -1 ’ (9)
7-1 Peo
T
Tram,o = %; (10)
1 =+ TM%am,o

Uram,0 — Mram,o : Tram,o “v-R, (11)

where Trpx o and prux o represent the air temperature and pressure, respectively, when
exiting the RHX, + is the ratio of specific heat, R is the gas constant (287 ] /kgK), and M is
the Mach number of the aeroplane. The ambient static temperature Te, and pressure po, are
obtained using the International Standard Atmosphere (ISA) model.

The drag penalty for this system is estimated using a low-fidelity and conservative
model [36] as follows:

D = fitramair - (7111 : Uram,o)/ (12)

where #ityamair, #n, and Uram,o denote RA mass flow, nozzle efficiency coefficient, and RA
outlet velocity, respectively.

To compensate for a lack of RA created by the aircraft during TO and L, the fan is
activated. Taking into account the fan efficiency (#¢.,), the power electric consumption is
given by

. Myamair - &
Wi = ramair - 8P ) (13)
Pram,i * Mfan

Both fan and coolant pump mass are calculated using manufactures regression curve

related to the power consumption required.

3.3.5. VCS

The VCS is used for cooling in Al and A2. The cycle working refrigerant is R314a. As
a common VCS, the system is composed of an evaporator, a compressor, a condenser and
an expansion valve and each component is modelled by the principles introduced in [38].

Using a control volume surrounding the refrigerant side of the evaporator, the heat
transfer rate to the flowing refrigerant (Qevap) is given by:

Qevap = Tilyef - (hl - h4)/ (14)

where 7, is the refrigerant mass flow and h is the enthalpy per unit mass at each stage.
The numbered subscripts are related to the station presented in Figure 3b.

The refrigerant is compressed exiting the evaporator to a relatively high pressure and
temperature, producing the following formula for compressor work (Weomp):

(Wcomp) = Mlyef - (h2isen - hl) (15)

isen
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) _ (Wcomp)isen _ h2isen - hl (1 6)
isen (Wcomp) h2 - hl
where the subscript isen represents the state obtained by an isentropic compression and
Nisen the isentropic efficiency.
The refrigerant flows into the condenser, where the heat is transferred from the refrig-
erant to the RA. The rate of heat transfer (Qong) is presented as

Qcond = Wcomp =+ Qevap = Tlyef * (h2 - h3)~ (17)

Finally, in state 3, the refrigerant enters the expansion valve and expands to the
evaporator pressure through a throttling procedure where

h; = hy. (18)

At state 4, the refrigerant leaves the valve as a mixture of liquid and vapour.

Regarding the compressor mass, it is estimated based on component regression
curves. To calculate the mass of the evaporator and condenser, as for the heat exchangers,
Equations (5) and (6) are again used.

3.3.6. SHX

The heat transferred through the SHX is modelled similarly to the approach followed
for the HEX. The difference is that here the global heat transfer coefficient is calculated and
the surface area is an input according to the available skin area of the aircraft (Agpx). The
global heat transfer coefficient neglecting the wall thermal resistance, radiation effects, and
fouling factors is defined in terms of convective individual heat transfer coefficients hext
and Hip:

1

U=+ (19)

hext hint

To calculate the internal flow convective heat transfer coefficient, the following expres-
sion is used:
k- Nu

hint = Dh ’ (20)
where Nu is the Nusselt number, Dy, is the tube diameter, and « is the thermal conduc-
tivity coefficient. For a given geometry, the Nusselt number is estimated as a function of

Reynolds Rep and Prandtl Pr numbers.
Considering a turbulent flow in circular tubes, Gnielinski provides a correlation for
smooth tubes throughout a wide Reynolds number range, including the transition zone [33]:

8) - (Rep —1000) - P
Nup = — /8 (Rep ) Pr__ 21)
14127 (f/8)1/2. (PZ/3 - 1)

This correlation is valid for 0.5 < Pr < 2000 and 3000 < Rep < 5 x 10°. The Reynolds
and Prandtl numbers are calculated in steady-state conditions using the usual relations.
The friction factor f is calculated with a correlation introduced by Petukhov for a smooth
surface that works for the same range of Reynolds numbers [33]:

f=(0.790 - In Rep — 1.64) 2. (22)

To calculate the external flow convective heat transfer coefficient, some considerations
are taken into account. During flight, ambient air adjacent to the outer surface of the aircraft
increases temperature through ram effects [39]:

Tuw:Too'<1+7"72_1'Mgo>- (23)
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The recovery factor for the turbulent boundary layer (r) is given by r = prl/3,
where Pr is the Prandtl number for air. Ty, represents the wall adiabatic temperature. Using
a flat-plate analogy, the external heat transfer coefficient may be calculated at any location
on the surface of the fuselage or wing, considering a Reynolds within 107 < Rey < 10” [39]:

hext = Poo - Cp - Voo - 0.185 - (log 10(Rex)) 2284 . pr=2/3, (24)

where v, is the aeroplane airspeed and the X in the Reynolds number denotes the distance
along the fuselage/wing from its nose/leading edge to the point of interest. The aeroplane
velocity can be estimated by the following expression:

Voo = M\/ ')’RTOO/ (25)

with peo, Veo, 4 being evaluated at Toyqr:

Tow + Teo
Toval = ”Z"# +0.22(Tye — Teo)- (26)

The SHX mass is calculated according to the experiment setup structure carried by
Pang et al. [40]. The SHX is considered to be an aluminium block with 7.6 mm of thickness
with a face area equal to Agpx and circular tubes with a diameter of 6 mm and a surface area
equal to half of the SHX Area (Aspyx/2). The total SHX volume is obtained by subtracting
the volume of the channel from the block volume as

Aghx 6% 103>' 27)

Vorx = (ASHX 7.6 % 10*3) - < > ;

The mass of the SHX may be estimated as mgyx = pa - Vsux, where p,; is the alu-
minium density.

3.3.7. Fuel Tank

The fuel tank is modelled as a control volume with fuel recirculation [23,24]. The main
governing equation of the fuel tank, following the nomenclature indicated in Figure 5, is
given by

dE., . . .
at = QZ - Ql - Qloss~ (28)

The energy of the control volume may be represented using the following equation:
Ew:mT~CP'(TT7T*), (29)

where Tt and mt represent the instantaneous temperature and mass, respectively, of the
fuel in the tank. T* is a reference temperature and c, is again the constant-pressure specific
heat of the fuel. At any given time, the temperature of the fuel coming out of the tank is the
same temperature as the fuel inside the tank. The heat transfer rate Q; is given by

Q1 =1ty -cp- (Tr — TY). (30)

Additionally, 711 is the mass flow of fuel out of the fuel tank, whose value changes
with the different flight phases.

After going through the wing SHX, the fuel enters the tank at a given temperature 7.
The heat transfer rate Q; is given by

QZ = Mty - Cp- (Tc - T*)/ (31)

where m, represents the recirculation fuel mass flow. Note that 71y = #i1, + i1, where 71,
is the rate at which fuel is fed to the engine for propulsion purpose. 7, is related to the
instantaneous fuel mass in the tank as follows:
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To calculate the heat loss of the fuel through the tank walls to the environment the
following expression is used:

Qloss = Uwall - Awall : (TT - Tuw)/ (33)

where U,,,; measures the thermal resistance between the fuel all the way up to the ambient
air. A reference design value for U,y,y of 40 W/(m?K) is used in the project. A, represents
the portion of the tank wall both exposed to external flow and the fuel in m? and is estimated
as follows:
m
Awall = —— - As + Ap (34)
My, max
The estimation of the side wall area of the tank A; and the tank bottom area A is based
on some of the initial FutPrInt50 aircraft design parameters [13]. The thermal properties of
a SAF, Gevo, with Jet Propellant 8 are used [41].

3.4. Component Model Verification

Different verification methods were applied to each component to gain confidence in
the simulation results. The VCS was benchmarked using the temperature—entropy diagram
of an actual VCS [38]. The counter-flow heat exchanger described was compared and
verified through the typical hot and cold fluid temperature distributions associated with
this type of HEX [33]. Regarding the SHX, since the modelling approach is similar to the
one followed in HEX, only the variation in the external convection coefficient, which has
more impact on the heat transfer, is analysed. There is no public experimental data for
the SHX external heat transfer coefficient. Therefore, the method to calculate the external
heat transfer coefficient is compared to other semi-empirical equations based on different
experimental data. The equations are introduced by Mao et al. [14] and Incropera et al. [33].

The results of the implemented model presented a root mean square error of 25 W/m?K
and 14 W/m?2K when compared to the models from [14,33], respectively, as shown
in Figure 6. These root mean square errors are considerable when comparing to the heat
transfer coefficient value (100 W/m?K), as expected given the different experimental data
used to build these semi-empirical expressions. To determine which of these expressions
is more adequate for the aircraft here considered, a computational fluid dynamics (CFD)
model would be necessary, as recently carried out by Habermann et al. [42]. However, this
is outside of the scope of this work as the aircraft is still being studied at its conceptual level.

—_— hext (implemented)
—_— hext (Incropera et al.)
120 hext (Mao et al.)

60

. . . . . . .
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 6. SHX external coefficient verification with semi-empirical expressions from Incropera
et al. [33] and Mao et al. [14].
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Lastly, to validate the FTMS, the model introduced by Manna was replicated [24]. The
results from the article (denoted by the subscript a) are compared to the results from this
work model in Figure 7.

340
335

0 900 1800 2700 3600 4500 5400
Time (s)
Figure 7. FTMS verification. The following subscript nomenclature is considered: c is cold, h stands
for hot, T refers to tank, and a denotes the values from [24].

The method used for the calculation of the heat transfer coefficient is not completely
detailed in the aforementioned article, namely missing data on the flow characteristic
length. As such, the reference value of this work was used (18 m). Despite this fact, it is
possible to highlight from Figure 7 the similarity between the shape of the curves.

3.5. Simulation Procedure

Each component previously described was modelled as a block in the Simulink envi-
ronment. These blocks were then connected in series to form the corresponding architecture
layout. For illustrative purposes, the complete flowchart of A5 is presented in Figure 8.
Each architecture can be simulated through a custom-made Matlab script that initialises the
model based on the aircraft data, including its propulsive system, component parameters,
and run the mission with the provided external conditions. Even though not explored
in this work, the code allows for changing the heat load due to the onboard equipment
along the mission profile. As outputs, the Matlab script yields the TMS mass, its power
consumption, and associated drag penalty.

3.6. Optimisation Model

During the TMS conception, several variable values were estimated. Since some of
them have a considerable impact on the different performance metrics, a multi-objective
optimisation study was carried out. The dimension of the optimisation problem is deter-
mined by the number of design variables (x) and the challenge is to set their lower and
upper limits [43]. Depending on the TMS architecture, different design variables were
considered, including the mass flow rate of liquid and recirculation fuel, the design HEX
temperature difference, the SHX area, and the SHX position. Table 3 summarises the
considered variables and corresponding lower and upper boundaries for the architectures
chosen for this optimisation study: A2 and A4. The reason for selecting these architectures
was based on the parametric study described in Section 4.2.
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Figure 8. Architecture 5 flowchart.

Table 3. Lower and upper boundaries of the design variables considered in the optimisation with the
corresponding architecture.

Parameter (Units) Lower Boundary Upper Boundary Architecture
Fuselage Agpx (m?) 2 7 A2, A4
Xfuse (M) 5 18 A2, A4
tpg (m) 0.005 0.05 A2, A4
tittiquia (kg/s) 0.023 + Qequip 0.045 - Qequip A2, A4
HEX AT (K) 6 12 A2, A4

Given the purpose of this research, no constraints were imposed. The objective
function g(x) is composed of three objectives: energy consumption, total mass, and drag
penalty. Thus, the TMS optimisation problem can be mathematically stated as follows:

minimise: g(x) = [Energy(x), Mass(x), Drag(x)] (35)
with respect to: x

In this context, the elitist non-dominated sorting genetic algorithm (NSGA-II) [44],
as provided in [45], is used to solve this problem given the low computational cost of
running the TMS models. NSGA-II is a gradient-free optimiser that requires the defi-
nition of the population size and maximum number of generations to obtain an opti-
mal Pareto front. These two parameters were defined after evaluating their impact on
the optimisation outcome and ability to reach a non-dominated optimal Pareto front.
Ultimately, 200 individuals and 100 generations were considered as adequate for this work
as a compromise between computational cost and non-dominated optimal Pareto front.
Even though no significant differences were noticed in the generated Pareto fronts when
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varying the optimiser parameters, given the randomness associated to the NSGA-II algo-
rithm, a statistical testing [46] could be conducted. This poses a limitation to the resulting
Pareto fronts.

The optimisation study continued by adding uncertainty in some variables, namely
the take-off ambient temperature and the external boundary layer thickness. First, the
take-off temperature was considered as ranging around ISA =+ 10 K. Secondly, the thickness
of the external flow boundary layer was set to carry uncertainty due to the not well-known
behaviour of the boundary layer in flight. A variation of 5% with respect to the reference
value was accounted for this latter parameter. In this work, an in-house robust design
optimisation (RDO) code with the Sigma-Point (SP) method [47] was adapted for solving
the optimisation problems under uncertainty in an multi-objective environment. NSGA-II
with the same settings was employed for this latter task.

4. Results
4.1. Baseline Results

The baseline simulation scenario is defined in Table 4, where the parameters needed
to run each component of the TMS architectures are listed. Regarding the reference mission
and aircraft main dimensions, please see Section 3.1.

Table 4. Conditions for the baseline scenario.

Parameter (Units) Value Architecture
Temperature deviation from ISA model ATigp (K) 0 All
Equipment waste heat load Qequip (kW) 100 All
Equipment inlet temperature T ,ptro1 (K) 305 All
Mass flow rate of liquid #tj;quig (kg/s) 0.045 - Qequip All
Pump /Fan efficiency # (%) 50/40 All
HEX AT, (K) 10 All
Condensation temperature Tynq (K) 325.3 Al, A2
Evaporation temperature Tevap (K) 278 Al, A2
SHX Area Agpx (m?) 5 A2, A4, A5
Compressor efficiency #comp / fisen (%) 80/80 Al, A2
Boundary layer thickness t;; (m) 0.01 A2, A4, A5
Distance to SHX Xgee (m) 18 A2, A4
Distance to SHX Xying (m) 0.5750 A5
Initial tank fuel temperature Tt (K) 288 A5
Initial tank fuel mass mry (kg) 721 A5
Cruise mass flow of fuel 71, (kg/s) 0.0639 A5
Mass flow rate of recirculation fuel i1, (kg/s) 0.15 A5

4.1.1. Architectures 1 and 2

The results of the variation of the EGW temperature in different points of the liquid
cooling loop are presented in Figure 9. In both cases, the equipment heat waste (100 kW)
warms the EGW mixture approximately from 305 K to 312 K. In architecture 1, the evapora-
tor will be responsible for rejecting all the heat load (green line in Figure 10) and cooling
down the liquid again from 312 K until 305 K. To guarantee the VCS energy equilibrium,
the heat load exchanged in the condenser is the sum of the evaporator heat transfer rate
with the compressor work. In Al, the condenser heat transfer rate exchange to the RA is
constant and equal to 128 kW.

In A2, the heat transfer rates in the different stations will vary since the system
behaviour depends on the ambient temperature and aircraft velocity used to cool the liquid
in SHX. The SHX cooling capacity is higher during cruise, with 25% of the heat being
rejected through it in this phase, as confirmed by the purple curve in Figure 10. This is
due to the lower ambient air temperature. Thus, the SHX liquid outlet temperature is also
lower in cruise (yellow curve in Figure 9). The variation in the heat transferred to the VCS
through the evaporator (red curve in Figure 10) is the opposite of the variation in the heat
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transfer rate across SHX since the sum of both results is the total heat load that enters the
system. This way, the heat rejected to VCS is at its minimum during cruise as well as the
required compressor work and the heat rejected at the condenser.
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Figure 9. EGW temperature at cooling circuit points.
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Figure 10. SHX, evaporator, condenser, and RHX heat transfer rates.

Due to the favourable cooling properties of RA during cruise, less mass flow is
required, setting take-off and landing as the critical points in terms of ram inlet flow in both
cases, as displayed in Figure 11. A similar behaviour is observed for drag due to its linear
dependency in ram air mass flow (Equation (12)). It is worth mentioning that the largest
drag coefficient penalty among all the considered architectures is two orders of magnitude
lower than the estimated one for the aircraft. The RA mass flow required is higher in case
1 (green line) because more heat is transferred at the condenser level. Regarding the fan,
this device is only used during take-off and landing to ensure that the required mass flow
of RA enters the aircraft. The fan work is 2 kW higher in case 1 (15 kW) when compared
to case 2 (13 kW) since more RA mass flow needs to be pulled. Regarding the electric
consumption of the coolant pump, the pressure drop through the liquid cooling loop is
roughly estimated so the value is only indicative and used for comparisons. In this case, the
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required pump work is higher in case 2 (approximately 0.5 kW) due to the fact that more
heat transfer stations are considered, namely the SHX, resulting in a greater pressure drop.

4

Al

Ram air mass flow rate (kg/s)

0 10 20 30 40 50 60
Flight duration (min)

Figure 11. RA mass flow rate.

4.1.2. Architectures 3 and 4

Using the same operating conditions, the SHX in A4 will have the same behaviour and
effect in the system as in A2. This way, both Qspx and the evolution in EGW temperature
in the circuit are the same as portrayed in Figures 9 and 10. Also, the variation in the RHX
heat transfer rate for both A3 and A4 is the same as described at the evaporator level for Al
and A2, respectively. The difference is that, instead of having an evaporator rejecting heat
to a refrigerant and, only then, a condenser rejecting heat to RA, in A3 and A4, the heat is
rejected directly to the RA.

The RA mass flow required during take-off and landing for A3 and A4 is approxi-
mately 11 kg/s. Since the heat exchangers were designed to guarantee a 10 K difference
between the outlet air temperature and the inlet fluid temperature, the hotter the inlet fluid
is, the hotter the RA can exit the RHX. Besides the larger heat transfer rate transferred to the
RA in Al and A2, the higher air outlet temperature, due to the large R314a condensation
temperature (325.3 K), leads to a lower mass flow rate required when compared to A3 and
A4. The fan in A3 and A4 also has a similar response as described for A1 and A2 but with
greater magnitudes of work required.

4.1.3. Architecture 5

Since the equipment heats the EGW mixture from 305 K until 312 K, the heated fuel
temperature is approximately 302 K according to AT} = 10 K (orange line in Figure 12).
After passing through the FHX, the recirculation fuel is cooled through an SHX. Again, as
in the previous cases, since the outside air temperature is lower at the cruise phase, the
SHX cooling capacity is at its maximum during cruise and the temperature of the cooled
fuel will be lower in cruise (yellow line in Figure 12). Qspy is lower in A5 (3 kW in take-off
and 12 kW in cruise), first, because the SHX fuel inlet temperature is lower than the SHX
EGW inlet temperature, and second, due to the fact that the fuel specific heat at constant
pressure and mass flow rate are smaller when compared to the EGW scenario.

The recirculation fuel temperature will decrease until the cruise phase is reached, so
the fuel temperature in the tank (blue line in Figure 12) is also expected to decrease. The
first initial increase described by the blue line can be attributed to two factors. Despite
the fact that the ambient temperature is higher than the fuel temperature, the temperature
of the fuel after passing through the SHX is superior to the initial temperature of the fuel
in the tank. After the cruise and with the altitude decrease, the outside air temperature
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increases, which has an effect on both tank heat losses and SHX heat transfer rate and leads
to an increase in the fuel tank temperature until the end of the flight.
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Figure 12. Fuel temperature at different circuit points.

Since the inlet temperature and the mass flow rate of the EGW mixture through the
FHX is constant, the heat transferred in this section only depends on the fuel temperature
in the tank and the fuel mass flow. The decrease in the fuel temperature in the tank until
the end of cruise potentiates the heat transfer, and although when passing to the cruise
phase the mass flow rate of the fuel decreases, the heat transfer rate continues to increase.
Then, the fuel temperature in the tank starts to increase during the descent phase and there
is a significant reduction in the fuel mass flow, which causes the FHX heat transfer rate to
decrease, as highlighted in Figure 13a at approximately 35 min after take-off.
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Figure 13. Heat transfer rate results (A5). (a) FHX heat transfer rate. (b) RHX heat transfer rate.

To dissipate all the heat load and reach the control temperature of the equipment, the
heat exchange in the RHX exhibits the reverse behaviour of the FHX with a minimum peak
of around 84 kW at 35 min of flight, as shown in Figure 13b. It is also worth noting that the
heat transfer rate in the RHX is decreasing at cruise, the same phase wherein the ambient
air conditions are favourable to the heat transfer given the low ambient air temperature.
This way, the RA mass flow required to cool the liquid mixture is lower during cruise
(2 kg/s). The fan consumes approximately 48 kW during take-off and landing. The fuel
pump consumption value is also estimated to be around 3 kW throughout the whole flight.
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4.1.4. Impact of the Baseline Results

Table 5 presents the total mass, drag, and power consumption impacts of each archi-
tecture. The total mass of each architecture is estimated by summing each contributing
component mass. The heat exchangers’ mass values obtained for the baseline operating
conditions range from 5 kg to 20 kg depending on their heat transfer rate and on the type
of heat exchanger considered. Regarding the SHX mass, its value of 81 kg could be reduced
because it was not considered as embedded in the aircraft frame, i.e., as being part of the
structure [14]. As far as the power consumption elements are concerned, the fan used to
pull the RA has the largest penalty impact (approximately 90 kg). From Table 5, the final
mass values indicate that Architecture 5 is the heaviest one (596 kg), because it adds the fuel
recirculation pump and has three heat exchangers (FHX, SHX, and RHX). The difference
between the mass of Al and A2 is justified by the SHX addition, and the same applies to
the difference between A3 and A4.

Table 5. Total mass, drag and power consumption of each TMS.

Results (Units) Al A2 A3 A4 A5
Mass (kg) 388 537 397 557 596

Energy consumption (MJ) 262 208 9 9 33
Cruise drag penalty (N) 255 191 298 231 263
Take-off drag penalty (N) 298 265 871 844 857

Regarding the electric energy consumption, Al and A2 have the highest energy impact
(above 200 M]) since they have three duplicated electric components: the compressor, the
fan, and the coolant pump. A5 also has a considerable energy consumption (33 MJ) due to
the fuel recirculation pump.

In this work context, the drag penalty is directly related to the RA required at the RHX
level. As during take-off and landing the mass flow is higher, the expected drag is also
superior during take-off and landing when compared to the cruise phase. The larger drag
penalty values are associated with superior RA mass flow estimations.

4.2. Parametric Study

A parametric study was conducted to investigate the sensitivity of TMS architectures
with a selection of different operating conditions including the liquid mass flow rate,
the SHX area, the SHX position, the designed temperature difference for the HEX, the
recirculation mass flow rate of fuel, and the tank parameters. Some relevant results are
presented in Table 6. The most important conclusion from this parametric study is that only
the SHX area had the reverse effect on the analysed metrics: by increasing the SHX area,
the mass would increase, but both drag and energy consumption would decrease. With
that said, all the design variables except the Agpx tend to be one of the limits of the range
considered. Consequently, Pareto fronts presented in Section 4.3 are mostly influenced

by ASHX-

Table 6. Summary of the most important results from the parametric study. Down and up arrows
denote decrease and increase, respectively.

Variable Total Mass Energy Consumption Max. Drag Penalty
} EGW mass flow rate (A2) 1 14% 1 4% 1 4%
1 SHX area (A4) 112% 1 0.6% 3 12%
1 SHX fuselage/wing position (A4) 1 0.3% 1 0.3% 1 0.6%
J HEX temperature difference (A5) 1 9% 1 6% 4 30%

J Recirculation fuel mass flow (A5) 1 0.54% 1 23% $2%
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4.3. Optimisation Results

Based on the parametric study outcome, the optimisation study considered architec-
tures A2 and A4. To help visualise the results, the 3D Pareto fronts are shown as 2D slices.
Although the Pareto fronts followed the expected trends, in some situations, such as in A2,
there are some designs that are not in the non-dominated Pareto front.

Looking at Figure 14a, and according to Table 5, A2 (identified by the red colour) can
reach lower values of drag penalty for some design layouts, but has a much superior energy
consumption. The mass-drag 2D Pareto front detailed that A4 can be lighter but with a
higher drag penalty when compared to A2. The Pareto front in terms of mass and energy
consumption, illustrated in Figure 14b, also validated the previous results by showing that,
in terms of mass, A4 can reach lower values for much lower energy consumption. Therefore,
the use of A4 to dissipate the heat from HEP waste heat seems to be advantageous in terms
of mass and energy consumption but creates a larger RA drag.

Then, uncertainty was added to the air temperature at take-off and external boundary
layer thickness for the same objective function. For the sake of clarity, here only A4 is
considered as an illustrative example since similar conclusions can be drawn from the other
architectures. As predicted and presented in Figure 15, since the design is more robust,
i.e., less sensitive to inherent variability, the maximum values obtained in the three domains
were higher when compared to the deterministic results. This more effective strategy takes
into account the unpredictability of operational conditions and optimises the predicted
performance over a wide range of scenarios. The robust TMS design achieves a good
performance even with uncertainty in the outside temperature and in the boundary layer
thickness of the external flow.
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5. Concluding Remarks

As electric propulsion becomes more common, thermal management is expected to
become a major design concern for next-generation aircraft. In this work, five distinct TMSs
were developed, all of which make use of the two primary heat sinks that were found in
the literature (the atmospheric air and the fuel). The systems were analysed according to
the heat transfer rate potential and the temperatures of the managed fluids at each heat
sink. A TMS will be preferable if it has a higher cooling capacity with lower mass, drag,
and power consumption impacts.

As highlighted earlier, this study has two major assumptions: (i) a constant equipment
heat load is considered throughout the mission; and (ii) quasi-steady state simulations.
Even though both assumptions impact the results, from our point of view these do not
negate the comparison between TMS architectures. The first is a conservative approach
valid for the conceptual design at which the aircraft should be sized for the critical heat
load and allows for a better understanding of each component in the studied architectures.
The second was considered to reduce the cost of the computational simulations and make
it possible to explore a wider design space.

Some comments about the primary heat transfer technologies are worth considering.
Fuel is one of the primary heat sinks, although its cooling capacity is limited by the volume
of the tank. It will be challenging to achieve cooling needs since the trend toward less
on-board fuel and higher thermal loads raise various safety concerns. Furthermore, its
temperature must be very carefully controlled to ensure flight safety. RA has a considerable
cooling capability. Depending on the thermal loads being dissipated, it will impose an
extra drag penalty. The evaluated air mass flow needed to cool the load discussed in
this work is considerable for the current generation of RHXs. Thus, a more efficient RHX
must be explored in order to increase efficiency and decrease drag and weight. An SHX
is an adequate solution to decrease the drag impact; however, the size and weight of this
equipment can be challenging due to the fuselage or wing area needed for installation. At
the same time, the introduction of composite materials in aircraft structures has decreased
the likelihood of removing excess heat through the aeroplane skin since composites have
lower heat conductivities than metallic materials.

A parametric study was also implemented, which gave a sensitivity analysis of the
design factors to improve each architecture performance. With the insights from the
parametric study, a multi-objective optimisation to minimise TMS drag, weight, and energy
consumption using a genetic algorithm was also formulated.

Finally, even though all the architectures were able to dissipate the heat load and
maintain the control temperature, none of them, as expected, stood out from the three
analysed performance metrics simultaneously. Thus, when designing the TMS for future
HEA, different architectures must be analysed and the different objective functions must
be evaluated so they can be prioritised according to the different power requirements and
design needs. The direct integration in early design phases of the TMS and HEP system
is thus of extreme importance to study the feasibility of this aircraft concept. Moreover,
multidisciplinary analyses also addressing aerodynamics and structures in a synergistic
way should be conducted to decrease fuel dependency without losing performance.
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FHX Fuel Heat Exchanger

FTMS Fuel Thermal Management System

HEP Hybrid Electric Propulsion

HEX Heat Exchanger

CFD Computational Fluid Dynamics

ISA International Standard Atmosphere

LMTD Log Mean Temperature Difference

NSGA-II Non-Dominated Sorting Genetic Algorithm
PEGASUS Parallel Electric-Gas Architecture with Synergistic Utilisation Scheme
RA Ram Air

RDO Robust Design Optimisation

RHX Ram air Heat Exchanger

SAF Sustainable Aviation Fuel

SHX Skin Heat Exchanger

STARC-ABL Single-aisle Turboelectric AiRCraft with an Aft Boundary-Layer Propulsor
SUSAN Subsonic Single Aft Engine

TMS Thermal Management System

TRL Technology Readiness Level

ULI University Leadership Initiative

VCs Vapour Compression System

Nomenclature

The following nomenclature is used in this manuscript:

Friction factor

Objective function

Enthalpy per unit of mass, J/kg

Convection heat transfer coefficient W/m2K

B Surface density, m?/m3

7 Thermodynamic efficiency

v Ratio of specific heats

K Thermal conductivity, W/mK
U Viscosity, kg/ms

P Mass density, kg/m?3

o Porosiy factor

A Area, m?2

p Specific heat at constant pressure, ] /kgK
D Drag, N

E Energy, |

f

8

h

h
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Mass flow rate, kg/s

Mach number

Mass, kg

u Nusselt number

Pressure, Pa

Prandtl number

Heat transfer rate, W

Universal gas constant, ] /kgK

Reynolds number

Thickness

Global heat transfer coefficient, W/m2K
Volume, m3

Scalar velocity, m/s

Power, W

Distance along the fuselage from the aircraft nose, m
Design variable

=T zZ3I xS

HXIST<ISTRROT

The following subscripts are used in this manuscript:

1,2,3,4 Different states of a system
00 Free-stream condition
al Aluminium

aw Adiabatic wall

b Bottom

bd Boundary Layer

cv Control volume

C Cold

comp Compressor

e Engine fuel

equip Propulsion components
eval Evaluated

evap Evaporator

ext Exterior

h Hot

i Inlet

int Interior

isen Isentropic

Im Log mean condition
liquid Ethylene-glycol and water mixture
n Nozzle

0 Outlet

r Recirculation fuel

ref Refrigerant R314a

s Side

T Fuel tank

The following superscript is used in this manuscript:

* Reference value
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