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Abstract: Battery pack specific energy, which can be enhanced by minimising the mass of the battery
thermal management system (BTMS), is a limit on electric fixed-wing flight applications. In this paper,
the use of phase-change materials (PCMs) for BTMSs is numerically explored in the 3D domain,
including an equivalent circuit battery model. A parametric study of PCM properties for effective
thermal management is conducted for a typical one-hour flight. PCMs maintain an ideal operating
temperature (288.15 K-308.15 K) throughout the entire battery pack. The PCM absorbs heat generated
during takeoff, which is subsequently used to maintain cell temperature during the cruise phase of
flight. In the control case (no BTMS), battery pack temperatures fall below the ideal operating range.
We conduct a parametric study highlighting the insignificance of PCM thermal conductivity on BTMS
performance, with negligible enhancement observed across the tested window (0.1-10 W m~! K~ 1).
However, the PCM’s latent heat of fusion is critical. Developers of PCMs for battery-powered flight
must focus on enhanced latent heat of fusion, regardless of the adverse effect on thermal conductivity.
In long-haul flight, an elongated cruise phase and higher altitude exasperate this problem. The
unique characteristics of PCM offer a passive low-mass solution that merits further investigation for
flight applications.

Keywords: battery thermal management; lithium-ion cell; lithium-ion battery; electric aircraft; electric
flight; phase change material

1. Introduction
1.1. Motivation

Global climate change and dwindling natural resources are currently two of the major
challenges in the world. Aviation has had a significant impact on these problems; in the
21st century, civil aviation has contributed 2.5% of total anthropogenic CO, emissions [1].
Consequently, electrification of aircraft propulsion systems has been proposed as a solution,
and has been a focus of recent research. While progress is being made to commercialise
electric aircraft, the limiting factor is battery pack specific energy. In the case of an electric
car, the possibility of the battery pack running out of energy represents an inconvenience to
the user. However, the result is much more catastrophic in the case of electric aircraft. In
the very long term, solid-state battery technology may provide a solution to this problem;
however, it cannot be relied upon as the aerospace industry is decarbonised in the coming
decade. Smart engineering solutions are essential to enhance the specific energy of battery
packs using existing lithium-ion cell chemistry.

One of the possible solutions is to develop a low-mass battery thermal management
system considering the profile of flight-specific power demand. In certain phases of flights
where high power level is demanded, such as take-off and landing, batteries generate
significant amounts of heat (Figure 1) [2,3]. This consequently increases the temperature
of a battery. For lithium-ion batteries (LIB), the operational temperature range specified
by battery manufacturers is typically between —20 °C and 60 °C [4]. Above this range,
catastrophic failures such as thermal runaway represent considerable risks, while below
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this range battery performance is severely hindered because battery resistance increases at
low temperatures (itself a catastrophic failure in the context of powered flight). Safety risks
must be avoided at all costs, especially when the battery provides power to flying objects.
Further, battery pack designers aim to maintain a far narrower operating window for
optimised performance, typically around 15-35 °C [4]. A failure to operate in this optimal
range results in accelerated degradation and reduced performance [5,6]. For example,
Ramadass et al. showed that an LIB cycled 800 times at 50 °C lost 60% of its initial energy
storage capacity. In the same test run at 55 °C, the LIB lost 70% of its initial energy storage
capacity after just 600 cycles [7]. Uneven distribution of temperature across a single LIB or
an entire battery pack leads to imbalances and high localised loading of current flow, again
contributing towards accelerated degradation [8,9].

Battery-powered flight is a particularly challenging thermal management problem
because, away from take-off and landing, the LIBs are discharged at a lower rate (i.e.,
cruise phase), generating significantly less heat [10]. This characteristic is coupled with
the very nature of flight; cruise occurs at a high altitude where ambient conditions are
cooler than on the ground (sub-zero temperatures are commonly experienced) and at high
speeds (implying high convective cooling rates). Figure 1 graphically presents a qualitative
description of the typical operational characteristics for a flight. Conventional aircraft
employ an Environmental Control System for climatic control and fresh air ventilation in
the majority of the aircraft (cockpit, cabin, cargo and avionics room). This system uses the
heat generated as a byproduct of thrust from the gas turbine engines [11]. This clearly is not
possible for battery flight, leading to the conclusion that heat energy management must be
very carefully considered and optimised for this emerging application. It is important both
to keep batteries cool (especially during take-offs and landings) and warm (while cruising),
requiring use of an effective battery thermal management system (BTMS). In general, the
current BTMS techniques can be categorised based on their use of different heat transfer
media: air, liquid, phase change material (PCM), or their combinations [12].
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Figure 1. Simplified profiles of power demand and ambient temperature for typical regional passen-
ger flights.

1.2. Background Knowledge on PCM

This work investigates the use of solid-liquid PCMs for application in a BTMS.
Uniquely, PCMs provide an opportunity to store heat energy rather than dissipate it,
as with other BTMS designs. This is an avenue towards solving the problem introduced
above. Further, PCMs can aid in the homogeneous distribution of temperature, and are
designed to provide a significant thermal barrier against excessive temperature rise at
the temperature of the user’s choosing (i.e., the melting temperature of the PCM). This
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enables efficient control of temperature and the capacity for fast thermal response from the
BTMS [13]. The heat transfer medium can be categorised into three main classes, each with
advantages and disadvantages for BTMS application, as can be seen in Table 1. The typical
ranges of thermal properties of these PCM categories are listed in Table 2.

Table 1. PCM categories and their details for BTMS application.

Categories Advantage Disadvantage Subcategories
Is stable and safe. .Has high Is flammable and toxic [15]. . .
. latent heat of fusion and Paraffin (paraffin wax) and
Organic - . Has low thermal . .
available in large range of - non-paraffin (fatty acid) [15].
. conductivity [14].
melting temperature [14].
Has high latent heat of fusion. Insufficient long-term stability
Inoreanic Is thermally safe and available  due to thermal cycling and/or Salt hydrate and
& in large range of melting corrosion between the PCM metallics [18].
temperature [16]. and its container [17].
This is a mixture of organic
and inorganic PCM, and . .
. Organic-Organic,
. therefore, desired values of . .
Eutectic . N/A Inorganic-Inorganic and
thermal properties of PCM Inorganic-organic [18]
can be achieved by controlling organicorganic ’
the ratio between the two [18].
Table 2. Typical values of thermal properties of each PCM category presented in Table 1.
Categories Melting Temperature [°C] Thermal Conductivity [Wm~' K~!] Latent Heat of Fusion [k] kg~']
Organic 15-45 [14] 0.1-0.35 [14] >180 [14]
Inorganic 5-130[16] <15[19] >220 [16]
Eutectic N/A N/A N/A

PCMs absorb, store and release heat by undergoing a phase change from solid to
liquid states or vice versa. During this transition, energy is stored in the form of latent heat
at a near constant temperature (the melting temperature of the PCM), as shown in Figure 2.
This characteristic of PCMs is beneficial for systems that experience large fluctuations in
both ambient temperature and the heat generated by systems, such as space vehicles and
buildings in desert areas [20,21].
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Figure 2. PCM temperature as a function of thermal energy stored in a PCM.



World Electr. Veh. |. 2023, 14,15

4 0f22

Another such system is a battery pack. In particular, battery packs used for flights
require high power output, thereby generating a significant amount of heat during take-off
and landing. On the other hand, the rate of heat generation while cruising is relatively low.
This is further coupled with the low temperatures at high altitudes. Consequently, a PCM-
based BTMS absorbs and releases heat during take-off/landing and cruising, respectively.
This means that PCM-based BTMS can be used for both the cooling and heating processes,
instead of requiring two separate systems for each process, which potentially increases
payload by reducing the mass of BTMS. Moreover, this passive BIMS can be favorable
compared to active ones due to the fact that:

1. No moving parts such as pumps and fans are required. Less frequent maintenance is
required, meaning that it is less likely for the BTMS to malfunction.

2. The BTMS is passive; it consumes little energy, reducing the parasitic demand on the
battery pack and inherently increasing the energy available to power the flight.

However, any PCM adds mass to the system. In flight applications this is of critical
importance, as the power demand is increased and the payload of the aircraft is reduced
with the increased mass of the system. This is contrary to the automotive application of
PCM-based BTMS, where the reduction in weight is less prioritised [18].

Due to low thermal conductivity of PCM, highly thermal conductive materials such
as ultrathin graphite sheets, carbon nanotubes, and expanded graphite can be added to
create composite PCM (CPCM) [22,23]. Alternatively, instead of using these additives,
the PCM can be combined with metal networks fitted around a heat generating system;
examples of these include fins [24]. For the application of PCM to BTMS, especially, there
have been attempts to develop flame retardant CPCM to account for global issues of battery
explosions and fire [25]. However, a large amount of additives are required to sufficiently
increase the thermal conductivity and flame retardancy by creating CPCM. Therefore,
growth in these two properties is achieved only at the cost of reducing the latent heat of
fusion for a given mass of CPCM. Accordingly, a trade-off has to be made between the two
competing properties for a targeted application.

1.3. Objectives

The idea of PCM-based BTMS for application to electric vehicles (EV) has existed for a
long time [26]. However, unlike the literature on EVs, there have been few studies on the
aerospace applications of PCM-based BTMS.

The fundamental objective of this work is to test the practicality of a PCM-based BTMS
for aviation applications. In particular, its application to regional passenger airplanes is
tested. In addition, parametric studies for PCM properties are carried out in order to aid
PCM selection in future studies. This study conducts a sensitivity analysis on the latent heat
of fusion and thermal conductivity in order to contribute towards the optimised design of
PCMs in the future (comparing the suitability of PCM and CPCM), and further investigates
the effect of different PCM melting temperatures on overall BTMS and LIB performance.
The methodology followed in the presented work is as follows:

1.  Battery Equivalent Circuit Model (ECM) parameters are extracted.

2. These parameters are used to calculate the voltage response and heat generation
rate of battery for thr power demand of regional passenger airplanes taken from
the literature.

3. A 3D numerical model of a part of a battery pack (composed of the BTMS and cells) is
developed using STAR-CCM+.

4. The output of the numerical model is used for feasibility and parametric studies of
PCM-based BTMS for flight applications.

2. Methods

In this paper, a part of a battery pack in a regional passenger aircraft is numerically
modelled. A battery pack refers to a system consisting of individual cells and a BTMS.
Because a PCM-based BTMS is to be tested, the components in the numerical model include
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a lithium-ion cell, PCM, and insulation. STAR-CCM+ (Version 2020.3) was used to develop
and run the model.

2.1. Battery Modeling/Properties

To model the dynamic behavior of a cell, the Thevenin equivalent circuit model (ECM)
was adapted (Figure 3). This battery model was chosen over others such as electrochemical
models due to its simplicity and low computational cost relative to the others [27]. The
ECM of a cell is composed of several components:

*  Avoltage source Vpc emulating the open circuit voltage (OCV) of the cell.
*  Aresistor Ry the representing internal resistance of the cell.

e The i*" resistor—capacitor (RC) pairs, R; and Cj, respectively, characterising the tran-
sient behaviour of the cell.

C1 CQ cN

|_

—_— — — +

Voc

Figure 3. Typical Thevenin-based ECM of a cell [28].

All of these ECM parameters are functions of battery temperature and state of charge
(SOC), which is defined as

[y Ip(t) dt

c

)
where t is time, Q. is cell capacity in Ah, and Ip is the current flowing through a cell.

These ECM parameters take current profiles as an input and provide the voltage
response, which is given by

N
Vg =Voc—IgRo— ) Vi ()
i=1

where N is the number of RC pairs (= 3 in this work) and V; is the voltage loss at each RC
pair, given by
avi Vi g

A — 3
dt R,C; G ®)

where t is time.
The same ECM parameters allow for calculating the internal heat generation. A
general equation for this variable was developed by Bernardi et al. [29], as follows:

Q = Qirrev + Qrev (4)
where Qe is the irreversible heat generation rate, defined as
: 2 2 il
Qirrer = IgRo — I Z R;, @)
i=1
and Qe is the reversible heat generation rate, given as

. aV
Qrev = _IBT ar(l)wc (6)
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where T is temperature, a‘a/% is the entropy coefficient, Q;., accounts for irreversibilities
such as mass transfer limitations, charge-transfer overpotentials, and ohmic losses, and
Qrev is related to entropy change. It should be noted here that other terms such as enthalpy-
of-mixing and phase-change can be added to Equation 4 in order to put the equation in an
exact form. However, when compared to Qj;r., and Qyey, these terms are negligible, and
are omitted here [29].

To find the temperature field, the heat transfer of the cell was modelled using the Three-
Dimensional, Solid, and Implicit Unsteady models on STAR-CCM+. The energy source
option was activated to include the battery internal heat generation rate using Q defined
above. The ECM parameters were expressed in terms of SOC, assuming that parameter
dependency on the cell temperature is insufficient to severely affect their quantities. This
assumption is valid within the temperature ranges tested in the present study [30-32].
Under this assumption, it is possible to eliminate a dimension of parameter determination
that is necessary at every time step of the numerical simulation, making all ECM parameters
functions of SOC alone. This significantly reduces the computational demand for the ECM
within the CFD solver, enabling far greater resolution for the planned parametric study
with four variables (thermal conductivity, latent heat of fusion, and battery pack initial and
PCM melting temperatures).

A 5Ah high=power pouch cell manufactured by Kokam (SLPB11543140H5) was used
in this work. Its material properties and dimensions are provided in Table 3. The ECM
parameters and entropy coefficients determined and validated by Zhao et al. were used to
develop the ECM in the present study [33]. Identical drive cycles to those used by Zhao et.
al. were tested on the ECM for this investigation. Strong agreement between the data of
Zhao et al. and the thermal and voltage responses from the present study’s ECM provided
the validation for the present model. These ECM parameters were expressed as functions
of SOC using high-order polynomial regression, with a unique function for each ECM
parameter and the entropy coefficient. Each function was imported into the numerical
model using STAR-CCM'’s Field Functions module, allowing the parameters to be calculated
at each time step for a given SOC.

Table 3. Material properties and dimensions of the cell used.

Parameter Value
Length 140 mm
Width 42 mm
Thickness 114 mm
Mass 0.123 kg
Specific heat capacity 1.030 k] kg ' K1
Effective thermal conductivity (layer to layer) 0.916 Wm~—1 K1 [34]
Effective thermal conductivity (in layer) 67.08 Wm~1 K1 [35]

2.2. PCM Modelling/Properties
To model the flow and heat transfer of PCM, the following assumptions were made:

1. The flow of solid/liquid PCM is in a laminar regime and unsteady.
The change in volume during liquid-solid (or vice versa) phase change is negligible.
3. The density of PCM during liquid—solid (or vice versa) phase change changes linearly.

N

During the melting process of PCM, its volume change can move from 0 to around
20% depending on the nature of PCM [36]. This is significant, and must not be ignored in
BTMS design. That said, the focus of this study is the performance of PCM as a thermal
mass, and the mass of the PCM is unchanged throughout any change of state. To this end,
this investigation does not go into great depth in proposing intuitive methods to contain a
PCM during expansion or contraction, instead focusing on the thermal effects that result
from the change of state. Under these assumptions, the STAR-CCM+ models listed in
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Table 4 were used. The PCM modeling techniques first validated by Dekhil et al. are used
throughout the present study [37,38].

Table 4. STAR-CCM+ models used for PCM modelling.

Models Comment

Three Dimensional -

Implicit Unsteady -
Multiphase Models melting/solidification of PCM
Volume of Fluid Multiphase model chosen
Laminar -
Gravity Models natural convection effect of PCM in its liquid phase.

The PCMs used in the study were based on the properties of RT31, manufactured by
Rubitherm, a leading manufacturer of PCMs. The exact properties used across the study
are listed in Table 5. As evidenced, the range of thermal conductivity, latent heat of fusion,
and melting temperature allows for a parametric study of these properties. It should be
noted here that the ranges used in the present study do not relate directly to any one
category of PCM listed in Table 1 (i.e., organic, inorganic, or eutectic), instead representing
the broadest possible range of parameter magnitudes. This decision was made to ensure
that the study covered all possible PCM types, rather than focusing on any one category
without due consideration of others. The ranges used for both the thermal conductivity and
latent heat of fusion were selected based upon the values reported in the relevant academic
literature [13,39,40]. Latent heat of fusion can be decreased by adding highly thermally
conductive materials to enhance the thermal conductivity of the PCM. As such, a high value
in one of the two variables generally corresponds to a low value in the other. To widen
the relevance and enhance the impact of this study, the parametric study was extended
beyond the state-of-the-art PCM material properties available today up to high values of
the thermal conductivity and latent heat capacity. Thus, the results can aid designers of
new PCMs in prioritising development to enhance those material properties that can boost
performance most effectively. The range of melting temperatures used was decided such
that they would be within the range of the ideal battery operating temperatures.

Table 5. Tested PCM properties.

Property Value
Specific heat capacity [J kg ! K~lrr] 2000
Density (Liquid) [kg m 3] 800
Density (Solid) [kg m~3] 900
Thermal conductivity [W m~! K~1] 0.2,2.7,5.1,7.6,10[13,39,40]
Latent heat of fusion [k] kg '] 75,121, 168, 214, 260 [13,39,40]
Melting temperature [K] 288.15, 298.15, 308.15

2.3. Insulation Modelling/Properties

Unlike the PCM modelling, no optional models are needed for insulation modelling.
The Three-Dimensional, Solid, and Implicit Unsteady models were chosen to model the
heat transfer within the insulation. The insulation properties are summarised in Table 6.

Table 6. Insulation properties [41].

Property Value
Specific heat capacity [J kg_1 K1 1130
Density (Liquid) [kg m3] 64

Thermal conductivity [W m1K1] 0.1
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2.4. Battery Pack Geometry and Boundary Conditions

A battery pack refers to a system consisting of multiple cells and a BTMS. Assuming
adiabatic boundary conditions on the top and bottom surfaces of the pack, the domain
can be reduced to a 2D cross-sectional view, as can be seen in Figure 4a. In this work,
the modeled cells are entirely enclosed by the PCM, creating a conductive heat transfer
interface on each of the four modeled interfaces between cell and PCM. This optimises
the surface area to volume ratio of the PCM in order to maximise the effectiveness for
thermal management purposes [42]. Symmetrical boundaries allow the modelled domain
to be further reduced to just one-quarter of the full cell and the corresponding adjacent
PCM. It is assumed that heat transfer in the x-direction across the pack is negligible when
compared to that in the y-direction (Figure 4a), i.e., there is no heat transfer from one cell to
the adjacent cell. This is justifiable for large battery packs, as would be expected for use in
regional flight applications.

j Heat flux to the ambient I

O’ .
7, Modelled part
T I,

T AN NN XD :

L e s

% N\ % § % % X § : ss Symmetry =su. g, ¢

TN NI IXIIN : : :

TN TRNINR :

TR LTV IR :

NN AN AR : : :
NN ¢ :
DI N 0 i

Battery cell B e s s s a et A

(a) (b)

Figure 4. (a) 2D cross-sectional view of the modeled battery pack and (b) boundary conditions of the
modeled part of the battery pack.

Research among engineers in the battery industry has highlighted that a PCM con-
tained within a BTMS for flight applications must be kept to a minimum, with 5% of the
mass of the lithium-ion cells representing a reasonable circumstance. Minimising the mass
of the BTMS is key for its application in electric flights, as this maximises the payload and
efficiency of the aircraft. It is evident that the mass of the PCM used for an e-aircraft BTMS
is always affected by the application, and powertrain requirements, and ambient condi-
tions. For this reason, in order to maintain a generalised case and study that is relevant
to the BTMS design of any future e-aircraft, this threshold value of 5% of the mass of the
lithium-ion cells is used throughout the present study in order to calculate the thicknesses
of the PCM. Where insulating material is used in place of the PCM to create the control
case for the parametric study, the equivalent thickness of insulation is used.

The boundary conditions are shown in Figure 4b. This 2D cross-section was extended in
the z-direction by the cell length (given in Table 3) to create the 3D geometry on STAR-CCM+.
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In Figure 4b, the heat flux due to convection is modeled on the boundary of the
insulation. This heat flux is defined as
Tins — Tambient

Qfuy = —5— % @)

Rlumped

where Ry ppeq is the thermal resistance, Typiens is the ambient temperature, and Tjy; is the
temperature of the insulation at its interface with the environment. The profile of T,,pent
over a flight is discussed in the following subsection.

Here, Rjyypeq represents the thermal resistance of the material which separates the
lithium-ion cells from the ambient conditions, and is calculated as set out below:

Ax
klumped A

®)

Rlumped =
where A is the heat transfer area, Ax is the thickness of the sample, and k¢4 is the estimated
lumped thermal conductivity. A and Ax were approximated based upon estimations of the
dimensions of the battery pack (and its associated casing) found in the EcoPulse and E-fan
manufactured by Airbus (A = 1.725 m?, and Ax = 1 cm [43,44]). To obtain Kiumped, @
weighted average was calculated based on the expected thickness and thermal conductivity
of the constituent materials listed in Table 7. These materials can be considered as the casing

of the physical battery pack, and are kept strictly 1D to ensure that the presented study retains
relevance with any size and geometry of battery pack designed for a given application.

Table 7. Assumed battery packaging materials [45].

Layer Material Thermal Conductivity Estimated Thickness
Insulation Cork 0.036 Wm 1 K1 45mm
Battery casing Carbon fibre composite 100 Wm~1 K1 3.5 mm
Air frame Aluminium 236 Wm~1 K1 2 mm

There is a lack of publicly released electric aircraft battery pack specifications. Con-
sequently, the values listed in Table 7 and those used to calculate A and Ax were taken
from different aircraft prototypes. Figure 5 shows that the numerical model is not sensitive
to Rjumpes; When increased by five times, there is no discernible change to model out-
putted temperature rise. Therefore, R}, ,p.q was rounded to the nearest order of magnitude
(Riumped = 10~* K W) and maintained as a constant throughout the investigation.

310 | ——o.0001 KW'
----- 0.0005 KW'

305

300

295

290 1

Volume averaged cell temperature [K]

285

0 500 1000 1500 2000 2500 3000 3500
Time [s]

Figure 5. Sensitivity test of R-value.
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2.5. Flight Specific Profiles

In this study, a typical power profile for the flight of a regional passenger airplane was
used. This profile was taken from the work by Jux et al. [46]. The normalised power profile
can be seen in Figure 6a. In light of the assumption made earlier that ECM parameters
can be expressed in terms of SOC alone, the current profile can be calculated for this
power profile. Because power, current, voltage, and SOC are all interrelated, an iterative
calculation method was employed using the Goal Seek function in Microsoft Excel. In this
calculation process, a condition was introduced to ensure that the SOC at the end of the
flight was 0% (i.e., fully discharged state).

For the ambient temperature profile, a general case of 288.15 K on the ground and
249.2 K at a cruising altitude of 6000 m were taken from open-source data for a typical
flight in North America [47]. The temperature variation between the ground and cruising
altitudes was assumed to be linear, as can be seen in Figure 6d.

100
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40

Normalised power [%]

20

2000 2500 3000 3500

Time [s]

0 500 1000 1500

(@)

B
T

Current [A]
w

[h%]
T

1500 2000 2500 3000 3500

Time [s]

0 500 1000

(b)

Figure 6. Cont.
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Figure 6. Profiles of (a) normalised power, (b) current, (c) voltage, and (d) ambient temperature over
a flight by a regional passenger airplane.

2.6. Discretisation Schemes

Mesh independence tests were carried out to ensure the accuracy of the numerical
model. Testing began with the most coarse grid of 34,190 mesh elements. The base mesh
element size of this case was then divided by two and four to create refined grids of 108,638
and 336,859 mesh elements, respectively. Figure 7 shows that the change in the simulation
results when further increasing the number of mesh elements above 34,190 is negligible.
Therefore, a mesh configuration with 34,190 mesh elements was chosen. The first-order
implicit unsteady scheme was used for temporal discretisation, with a time step size of
0.02 s and maximum number of inner iterations of 15.
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Figure 7. Mesh independence test.

3. Results and Discussion

In this section, our simulation results are presented and discussed. To this end,
it is important to remember the definitions of the operational and optimal operating
temperature ranges, which are discussed in Section 1.1. The cell temperature must be
kept within the operational temperature range for it to operate in the way it is designed to
behave and to avoid any failures. This range is from 253.15 K to 333 K. On the other hand,
the optimal operating range refers to the range within which the cell temperature should
ideally be maintained in order to achieve its best performance and minimise the rate of
degradation, which is between 288.15 K and 308.15 K.

3.1. Benchmark Cases

Before our feasibility and parametric study results are presented, three benchmark
cases are discussed. This is to investigate whether PCM-based BTMS can be used to
improve battery operating conditions. The cases are: (1) real flight conditions; (2) no heat
generation assumed, and (3) perfect adiabatic conditions. Although the last two cases
are not representative of realistic flight conditions, they help to provide insight into the
previously mentioned objective.

It is important to discuss the effects of heat loss and generation (cases (2) and (3),
respectively) separately, as the power and ambient temperature profiles used in this work
are for the general case (as described in Section 2.5), and the effect of one can outweigh that
of the other depending on the type of flight. As can be seen in Figure 8, case (2) shows that
when only the heat loss is considered the averaged battery temperature drops to nearly
273.15 K, which is below the lower limit of the optimal battery operating temperature range.
This highlights the concerns raised regarding the cruise phase of any flight profile. When
the power demand from the powertrain is low, there is little heat generation and the overall
temperature is expected to drop due to the low ambient temperatures and high convection
cooling coefficients. On the other hand, when only heat generation is taken into account
(case 3), the temperature crosses the upper limit. These two cases highlight the fact that
thermal control of the battery pack is necessary; it cannot be entirely insulated to create an
adiabatic system. This justifies the purpose of the presented investigation of PCM-based
BTMS usage cases, as a correctly designed BTMS using a PCM is able to provide insulation
as well as offering a heat sink from the system to maintain an ideal operating window.

Case (1) aims to be representative of real flight conditions, considering both heat
loss and generation. The temperature profile shows that the effects of heat loss and
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generation balance each other out to keep the battery temperature within the optimal
range. Nonetheless, it is important to note that flight conditions may vary depending on
the date and route of flights, as previously discussed. For instance, unlike the regional
flight modeled here, international flights with a longer cruising period experience cell
temperatures dropping further, causing the curve to be closer to case (2). Therefore, use of a
BTMS would allow flexibility in the operation of flights and provide an extra layer of safety
in case of emergency or if unexpected actions need to be taken. In addition, the BTMS helps
to achieve a uniform temperature distribution throughout the battery pack during those
flight stages in which a sudden peak in power use is required, such as take-off. In this
respect, a PCM-based BTMS can act as a passive thermal control mechanism, absorbing
heat energy during moments of high discharge and releasing heat back into the battery
during periods of low power demand.

325 T T T T
== Real flight conditions (1) r

320 |memeee Assumed no heat generation (2) ] 8
== =Perfect adiabatic conditions (3)
S . ; /

315 L Upper limit of optimal temperature range |
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285
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Figure 8. Simulation results of the three benchmark cases.

3.2. Parametric Study of PCM Properties

In this subsection and the following one, parametric studies are conducted. As a
performance indicator of the BTMS, the root mean squared difference (RMSD) is defined as

Ntime 2
Th . —308.15
\/ Lt (Thor P s a081s

Ntime
RMSD = Niime 2 )
Tn —288.15
Lot (Taor ) T2, < 288.15
Ntime
0 288.15 < T}, < 308.15

where Ny is the number of time steps, 1 represents each time step, and Tj,; is the volume
averaged battery temperature in Kelvin. RMSD is simply a measure of how much T,y is
off the optimal battery temperature range (between 288.15 K and 308.15 K). Consequently,
the lower RMSD is, the better performance the PCM-based BTMS is observed to deliver. It
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is noteworthy to emphasise that performance is inversely proportional to RMSD; thus, in
this paper the level of BTMS performance is defined as follows:

1

performance = RMSD

(10)

Using the variable defined above, a parametric study on PCM properties is carried
out in this subsection. More specifically, this study examines the latent heat of fusion and
thermal conductivity of the PCM at fixed values of the initial and melting temperatures of
the battery pack and PCM, respectively. For both temperatures, 298.15 K was used, which
is the mid-point of the optimal temperature range. To allow the PCM to be in its complete
solid form (i.e., remaining latent heat capacity is 100%) at the beginning of flight in a case
where initial and melting temperatures are meant to be the same, the initial temperature
was purposely lowered by 0.01 K. The effect of both temperatures is examined in the
following subsection.

It can be observed from Figure 9a,b that increasing the thermal conductivity corre-
sponds to improved performance of the BTMS. This is because heat is transformed across
the battery pack, thereby removing the issue of the PCM partially melting near the cell
surfaces. However, it is clear from Figure 9a that BTMS performance is far more sensitive to
changes in the latent heat of fusion. Hence, it is logical to focus on the relationship between
performance and latent heat of fusion.

Figure 9c suggests that the performance improves with increasing latent heat of fusion
in a close to exponential manner. It should be remembered that in this study the mass of
BTMS is set to be 5% of that of battery, which makes the thickness of the PCM layer quite
small. With this in mind, the heat conduction rate across the thickness of the PCM layer
is excellent, meaning even a very low thermal conductivity does not create a significant
insulating layer of PCM from the perspective of the cell generating heat. On the other hand,
because the volume of PCM used is consequently low, the PCM should be intrinsically
able to capacitate a large amount of energy in the form of latent heat in order to effectively
control the temperature of the pack. Hence, it is concluded that for the application of
PCM-based BTMS to flights, increasing latent heat of fusion should be prioritised over
increasing thermal conductivity. Thus, the data suggest that composite PCM (CPCM) is
not suitable for battery flight applications; the mass of PCM that can be used to maintain a
high battery pack specific energy means that adding conductive materials is unnecessary
and wasteful with respect to the property that ultimately needs to be maximised, that is,
thermal storage capacity.
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Figure 9. Cont.
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Figure 9. (a) Contour plot of normalised performance of BTMS against latent heat of fusion and
thermal conductivity of PCM; (b) surface plot of normalised performance against latent heat of fusion
and thermal conductivity of PCM; (c) graph of normalised performance against latent heat of fusion.

3.3. Initial and Melting Temperatures

In this subsection, the temperature of the battery pack at the beginning of a flight
and melting temperature of PCM are tested. These tests were conducted by considering
the best PCM properties found in the previous subsection; the latent heat of fusion is set
to be 260 k] kg’l, which is the maximum value used in the previous parametric study.
Three different melting temperatures of PCM are examined, selected to perform across
the optimal temperature range at intervals of 10 K. Considering that at a given melting
temperature the PCM maintains a constant temperature under a continuous heat supply, it
is sensible to use a PCM with a melting temperature within the desired temperature range.
For the initial temperatures, the cases of 288.15 K and 298.15 K are considered. An initial
temperature equal to the upper limit of the optimal range is not considered in light of the
fact that the average temperature increases during take-off, which would make the average
temperature higher than the upper limit from the start.

In Figure 10a, for the case with a melting temperature of 288.15 K and initial temper-
ature of 298.15 K, the temperature at the last phase of a flight passes beyond the upper
limit. This is because at the start of a flight, the solid fraction of PCM is 0 (i.e., the PCM is
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fully melted because the temperature of the PCM is greater than the melting temperature),
as shown in Figure 11a. This can be determined from the fact that the temperature does
not maintain a constant temperature at any point of flight, which means that the PCM
remains fully melted from the beginning of the flight. Hence, it can be said that this case
is the one with the worst BTMS performance. This suggests that for PCM-based BTMS to
effectively manage temperature of batteries on regional passenger airplanes, two conditions
are necessary: (1) the melting temperature of the PCM is within the ideal temperature
operating window of the battery and (2) the initial temperature of the battery pack is below
the melting temperature of the PCM. The best case would be for the PCM to start a flight in
its completely solid form.

For all the other cases, the temperature over the entire flight duration predominantly
falls within the optimal range. However, the cases with melting temperature of 298.15 K
in Figure 10b specifically provide performance superior to that of all other scenarios.
This is because the full temperature window that these two cases span is small relative
to those of cases with melting temperatures other than 298.15 K, as can be observed in
Table 8. Moreover, this scenario spends a greater amount of time in the center of the ideal
temperature operating window relative to all other scenarios. Taking the case with a melting
temperature of 308.15 K as an example, Figure 11c shows that the PCM starts to melt at
around the onset of the last quarter of the flight, and the cell temperature increases to reach
the melting temperature before then, as can be seen in Figure 10c. This means that the case
with a melting temperature of 298.15 K has relatively high tolerance to sudden variations of
temperature due to unplanned events. Such events may include sharp changes in ambient
temperature, expected adjustment of air routes owing to severe weather conditions, and
emergency landings. Further, it can be noted that the temperature profile is maintained
at the melting temperature for a longer period. Here, it is important to highlight that this
melting procedure does not terminate before the end of take-off (as shown in Figure 11b),
after which power usage and the resulting battery heat generation rate is relatively low.
Thus, the BTMS is capable of absorbing all heat generated over the entire take-off phase. It
then uses this stored heat to prevent the battery temperature from decreasing due to low
ambient temperature during the cruise phase. The significance of this benefit is inherently
enhanced as the flight duration increases (e.g., international flights), where the battery
discharge rate is lower (i.e., lower heat generation rate) with the longer cruise phase and
keeping the cells warm is the primary role of the thermal system.

Thus, having analysed all the cases with different PCM melting and initial temper-
atures, it is concluded that a PCM with a melting temperature of 298.15 K has the most
promising characteristics for further investigation, for the reasons discussed above.

Table 8. Size of temperature span (represented in Figure 10) for each case of different PCM melting
and initial temperatures.

Melting Temperature [K] Initial Temperature [K] Size of Temperature Span [K]
288.15 288.15 19.2
288.15 298.15 21.7
298.15 288.15 12.6
298.15 298.15 11.3
308.15 288.15 21.0
308.15 298.15 12.0

For the case without BIMS under real flight conditions, presented in Figure 8 in
Section 3.1, the temperature falls and rises over the duration of the flight such that most of
time the temperature remains in the centre of the optimal temperature operating window,
which is ideal. On the other hand, with BTMS it can be seen that the temperature only
increases, eventually reaching the upper limit of the range at the end of the flight. This stems
from two factors. First, a thin layer of insulation was added to the outskirt of the BTMS.
Second, the PCM has thermal conductivity, which can be as low as that of the insulation.
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320

These two factors mean that the effect of heat convection to the ambient temperature at a
high cruising altitude is minimised by limiting the rate of heat transfer through conduction
across the BTMS; this becomes significantly important for the application of prolonged
flights as compared to the regional one-hour flight studied here, such as international flights,
where the cruising phase (low ambient temperature and heat generation rate) accounts for
the most of flight duration. This implies that the main role of the BTMS in such cases is to
absorb and store the heat generated from the battery; it can be seen in Figure 11b,c that the
BTMS is capable of doing this, reemphasising that the latent heat of fusion should take the
highest priority among all of the PCM properties that need to be optimised.
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Figure 10. Profiles of the average lithium-ion cell temperature throughout the progress of each
modeled flight, where the initial temperature of the entire modeled domain (i.e., the battery pack
including PCM and lithium-ion cells) is either 288.15 K or 298.15 K; (a) considers the case where
the PCM melting temperature is 288.15 K, while (b) considers a melting temperature of 298.15 K
and (c) considers a melting temperature of 308.15 K. The upper and lower limits refer to the optimal
thermal conditions for the lithium-ion cells.
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Figure 11. Profiles of the solid fraction of the PCM throughout the progress of each modeled flight,
where the initial temperature of the entire modeled domain (i.e., battery pack including PCM and
lithium-ion cells) is either 288.15 K or 298.15 K; (a) considers the case where the PCM melting
temperature is 288.15 K, while (b) considers a melting temperature of 298.15 K and (c) considers a
melting temperature of 308.15 K.

4. Conclusions

A numerical model integrating a lumped ECM representing a lithium-ion cell with a
model of solid-liquid PCM has been developed in this study to investigate the suitability of
PCM-based BTMS for application in electric battery-powered regional passenger aircraft.

This model used the battery ECM parameters and power demand profile of the
analysed flight type in order to calculate the heat generation of the battery. Coupled with
this, a part of the battery pack was generated in STAR-CCM+ to model the heat transfer
within the system and heat loss to the environment using a lumped model representing
layers of materials between the battery pack and the outside of the aircraft body. The
mass of the PCM was set to contribute just 5% of the total battery pack mass. Ideal
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operating bounds of the lithium-ion cells, outside which safety, lifetime, and performance
are diminished, were set across the investigation to 288.15 K-308.15 K.

It was found that under idealised flight conditions of regional passenger airplanes,
heat generation from the battery and ambient heat loss counteract one another to an extent,
leading to a reasonable battery operating temperature being maintained throughout. How-
ever, it is apparent that deviation from such ideal conditions, an inevitability considering
operation throughout the year and in various geographical locations, results in battery
operating conditions outside of the bounds set by the investigation. In the case where the
thermal resistance to the ambient conditions is eliminated, the battery temperature drops
below the ideal temperature bounds, to 281.50 K, while in the adiabatic case (i.e., a perfectly
insulated battery pack), the battery temperature increases outside the bounds, reaching
323.60 K, which is close to the safety limit. These findings can justify certain BTMS design
considerations.

Our parametric study highlighted that the performance of a PCM-based BTMS in-
creases exponentially with the latent heat of fusion of the PCM, while thermal conductivity
has a negligible impact on performance. Increasing the latent heat of fusion must be priori-
tised over the thermal conductivity, making the PCM being more suitable than CPCM. Our
study shows that PCMs must be in their solid state at the start of flight, highlighting the re-
quirement for geographical and seasonal considerations in BTMS design. Pre-conditioning
on the ground before a flight may be employed as well. In the case where the initial
temperature was 298.15 K and the PCM melting temperature was 288.15 K, the battery pack
temperature rose above the ideal bounds, as the energy absorbed by state changes was
not harnessed. In all the other cases used to investigate the relationship between ambient
temperature and PCM melting temperature, the results were positive, and the battery tem-
perature did not exceed the thermal bounds. While this demonstrates that there is flexibility
in the exact design of a PCM-based BTMS for battery flight, further optimisation of BTMS
performance is possible. A PCM melting temperature in the centre of the ideal operating
conditions (i.e., 298.15 K in this study) yields the best overall performance. Here, the PCM
is able to work effectively both as a thermal mass to prevent overheating at any point in
the battery pack, and conversely to prevent excessive heat loss during the cruise phase
of flight. This design rule leads to the most robust BTMS design which is most capable
of damping the adverse effects of unexpected operational and thermal conditions. The
PCM-based BTMS has proven to be a viable technology for application to battery-powered
regional passenger aircraft; moreover, PCM-based BTMS can be expected to become ever
more viable as flight ranges are extended in the coming years.

Suggestions for Future Works

The purpose of this study was to test feasibility and find the trends of the optimal
parameter values, and it is hoped that the conclusions of the present study can motivate
researchers and leads to more detailed studies by helping to set the directions of future
investigations. For more detailed studies specific to different flight types and further system
improvements, the following possibilities are suggested for future works:

1.  Simulation with different batteries, ambient conditions, and power demand profiles.

2. Experimental studies is to test the system under realistic physical conditions in order
to assess any practical issues, such as PCM leakage.

3. BTMS design optimisation by varying the mass of PCM to observe the enhanced
temperature uniformity when more PCM is used, along with any offset in terms of
reduced performance of the powertrain due to the additional mass.
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The following abbreviations are used in this manuscript:

PCM Phase change material

BTMS  Battery thermal management system
EV Electric vehicle

CPCM  Composite phase change material
ECM Equivalent circuit model

LIB Lithium-ion battery

RC Resistor—capacitor

RMSD  Root mean squared difference

SOC State of charge
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