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Abstract

Since 2007, the impact of aviation industry emissions on climate change has garnered significant
scientific attention. Electric aircraft (EA) are emerging as a promising solution to mitigate these effects.
However, the design of battery packs capable of withstanding particular obstacles encountered by EA
remains a challenge. During flight, critical challenges include meeting flight energy demands with
batteries that have a lower energy density compared to conventional fuel aircraft, managing thermal
conditions to ensure optimal battery performance, and reducing the weight of the battery system
without compromising functionality. The integration of battery thermal management systems (BTMS) to
maintain battery efficiency further increases the energy requirements and weight of the battery system.
This paper aims to optimize mass energy density and Battery Thermal Management System (BTMS)
energy consumption under the condition of meeting the energy, power and temperature requirements
of large-scale battery packs for regional All-Electric Aircraft (AEA).

This thesis presents the design of an efficient and lightweight battery pack and its BTMS for pure electric
aircraft. Based on a predefined flight cycle, the size of the battery required to meet the energy demands
of the electric aircraft is calculated. Using experimental data on battery charging and discharging under
varying temperatures and C-rates, an equivalent circuit model (ECM) of the battery cell is established.
This ECM predicts the electrical and thermal behavior of the battery during flight. Subsequently,
the material selection, specifications, dimensions, and structure of the battery module and BTMS are
designed. With a focus on maintaining cell temperature and minimizing BTMS energy consumption,
simulations of the packaged battery module are conducted. These simulations are used to explore
and optimize various parameters. Finally, the modeling and simulation of the complete battery pack
are performed. The simulation results demonstrate that the design effectively meets the operational
requirements of pure electric aircraft in the targeted use scenario.
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Introduction

1.1. Background and Motivation

Since 2007, the World has been increasingly concerned about the adverse impact on climate change
of aviation emissions. In 2022, aviation Green House Gas (GHG) emissions accounted for 3.8% to 4%
of total direct emission of Europe, and accounted for 13.9% of transport emission, seconded only to
road transport emission[1]. As aviation continues to grow, its emissions problem will become more
significant. In 2011, the European Commission set ambitious targets for European aviation by 2050 to
protect the environment and the energy supply[2]:

® In 2050 technologies and procedures available allow a 75% reduction in CO2 emissions per
passenger kilometre to support the Air Transport Action Group (ATAG) target and a 90%
reduction in NOx emissions. The perceived noise emission of flying aircraft is reduced by 65%.
These are relative to the capabilities of typical new aircraft in 2000.

¢ Aircraft movements are emission-free when taxiing.

To meet the demand for aviation emission reduction, technologies such as hybrid/turbine electric,
fuel-cell electric, hydrogen electric, bio-fuel electric and AEA are worth further exploration. However,
only AEA offer the potential opportunity of long-term zero flight emissions. Meanwhile, AEA can
further reduce travel costs than other More-Electric Aircraft (MEA) because fuel is the main air travel
expense. In addition, AEA have the potential to reduce aircraft noise[3, 4, 5].

Based on the above driving forces, the number of AEA development projects has expanded rapidly
over the past few years[6], with approximately 170 individual projects underway around the world
as of February 2020[7]. And alongside the growth of the aircraft electrification market, the demand
for aviation-specific battery packs has become increasingly urgent. However, the adaptation of battery
packs to the aviation condition has been an under explored domain.

Battery packs in AEA face much greater power supply challenges than those in conventional air-
craft. As for conventional aircraft, the engine power is converted into four main types of energy:
pneumatic, mechanical, hydraulic, and electrical energy[8]. The thrust to move the aircraft is generated
by the engine. In addition to the thrust power requirement, the most important power consumers in a
conventional aircraft are: avionics systems (electrical), pumps (mechanical or hydraulic), drive systems
(hydraulic), environmental control systems (pneumatic), and wing anti-icing systems (pneumatic). In
AEA, the energy for most of the systems including thrust will be provided by batteries. Given that
the energy density of the battery is much lower than that of conventional aviation fuel, the size of the
battery pack in AEA will be large. The impact of the strengths and weaknesses of the battery pack
design is also amplified. The importance of battery pack design has therefore increased.
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1.2. Current Research Status

This section discusses existing literature related to the field of battery packs for AEA as well as BTMS
design.

Current approaches to aircraft sizing in the literature are almost logically consistent, with differ-
ences mainly in the terms used and the sequence of processes.

Mattingly’s method[9] is a representative method used in several researches[10, 11, 12]. Its process
consists of three main parts: constraint analysis, mission analysis, and weight estimation. Constraint
analysis ensure to meet the thrust-weight ratio and wing load constraints. By mission analysis, estimated
fuel or battery weight (measured by Take-Off Gross Weight (TOGW)) was calculated from flight
performance equations. Weight estimation combines thrust-weight ratio and wing load information
to finally determine the three quantities of thrust, wing area and weight. Liang et al. [10] determined
the aircraft size based on data from reference conventional aircraft. They also found that compared
with the reference fuel aircraft, the range of the converted AEA is greatly reduced due to the energy
density limitation. The all-electric modification of the Cessna 172R reduces the range by about 80%.
With the increase of the payload of the retrofit AEA, the energy density demand of the battery pack also
increases accordingly. This means that in order to have sufficient range, the mass energy density of
the AEA battery pack design is important. The mass energy density loss from cell to pack needs to be
minimized, so excellent battery pack structure design is required.

Some designs of aircraft battery pack geometry have been done in the existing literature.

Chin et al. [13] presented a method for determining the optimal package shape for a range of material
choices. Existing solid battery packs with filling of aluminum and Phase Change Material (PCM) were
examined. And the structure of the variant battery pack with grid layout and honeycomb layout with
hole added is optimized. The optimization targeted at minimum weight with different mass energy
density and geometry. Optimization geometric variables include cell spacing and internal notch size. It
was found that the PCM interstitial materials with high latent heat and low thermal conductivity were
heavier than aluminum in their respective optimal structures. In addition, it is found that the staggered
hexagonal layout is more mass efficient when the cell energy density is low, while the grid layout is
better when the cell energy density is high.

Heit and Liscouet-Hanke [14] estimated the efficiency rate of weight energy density and volume energy
density with various shape cells in the cell-to-module and module-to-pack processes. The accurate of
estimation is verified by actual AEA battery pack parameters, with errors below +10% for the cylindrical
cell and +2% compared to the Pipistrel aircraft.

Numerous designs of BTMS have been done in the existing literature. The application scenarios include
Electric Vehicle (EV),Hybrid Electric Aircraft (HEA), MEA and AEA.

Xia, Cao, and Bi [15] discussed series, series-parallel, and parallel cooling configurations for air and
liquid cooled battery modules in EV application. It is concluded that liquid cooling, especially direct
liquid cooling has high potential. In addition, three main thermal processes are divided: heat generation,
heat transfer and heat dissipation. For large-size batteries, multi-scale multi-dimensional coupling
models have been developed. It has been recognized that enhancing thermal boundary conditions helps
to reduce the average cell temperature but enlarge the temperature gradient in the cell. The gradient is
related to local irreversible heating, thermal resistance, current distribution and other factors.

Kim et al. [16] numerically explore the use of PCM in BTMS for a typical one-hour flight in the 3D
domain. The PCM of 298.15K and 308.15K melting temperatures tested in this thesis can prevent
the battery temperature from exceeding the thermal limit. This study found that the PCM thermal
conductivity has a negligible effect on the performance of PCM, which increases exponentially with
the latent heat of melting of PCM. However, as a passive temperature control, PCM of PCM lacks the
ability to adjust to different requirements during flight phases.

Kellermann et al. [17] designed and optimized the BTMS for a 19-seat HEA, considering the case
when the ambient temperature is higher than the operating temperature of the battery cell due to hot
weather. A numerical model of a thermoelectric cooling heat pump combined with a fan-driven air heat
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exchanger is developed and the parameters associated with its performance are determined. The best
optimization results resulted in only a 2% increase in aircraft take-off weight.

Kuijpers, Kampen, and Hofman [18] designed a 304 kWh battery system with BTMS for light electric
passenger aircraft, ensuring fault redundancy through two parallel switching battery packs. The
optimization results highlight the better performance of cold plate water cooling over air cooling. The
addition of 9.9 kW water cooling BTMS resulted in an increase in weight of 16.5% (387 kg), reducing the
simulated range of the aircraft from 480 km to 410 km..

Annapragada et al. [19] has conducted design studies for battery thermal harvesting for the aerospace
industry to reduce weight and parasitic power. It is found that even at high efficiency, the Electric
Storage, Conversion, and Distribution (ESCD) systems of hybrid electric aircraft exhaust a significant
amount of heat at relatively low temperatures. Three evaluation metrics are proposed for BIMS: the
ratio of the heat exchanger mass to the battery mass, the temperature difference between the center of
the cell and the fluid, and the pressure drop required to achieve cooling. It is also found that using
liquids rather than air as coolants can reduced pressure drop.

Fredericks et al. [20] calculated and analyzed the performance index of the next generation battery to
achieve Vertical Take-off and Landing (VTOL) aircraft. In this thesis, the power requirements of electric
VTOL are studied, and a 650V, 52.5 kWh Lithium-ion Battery (LIB) pack using advanced technology is
constructed. The estimation results in a discharge rate of 4C for take-off and close to 5C for landing.
The ratio of heat generation to battery pack size due to a high discharge C-rate is found to be more
than one order of magnitude higher than the equivalent range of an EV and more than two orders of
magnitude higher than that of an electric semi-truck. The predicted discharge C-rate of turboprop
aircraft is also relatively high. Therefore, different from the traditional strategies used in EVs, the
application of these two AEA requires unique thermal management solutions. The design of BTMS
needs to ensure acceptable battery performance and eliminate the risk of thermal runaway propagation
to the entire battery pack.

Other research devoted to assessing the parameters and performance of AEA battery pack designs.
Sripad, Bills, and Viswanathan [21] reviewed the current understanding of battery-related safety issues
in the context of urban and regional electric aviation and conducts a discussion of battery capacity
attenuation and power attenuation. Barke et al. [22] evaluated the environmental, economic, and social
impacts of eight potential battery systems for short-range aircraft from a life-cycle perspective. They
completed some of the late work of the design under their set design scheme.

1.3. Research Gap

With comprehensive reference to previous work in the field of EA! (EA!) battery pack structure and
BTMS system design, a large number of works are aimed at HEA and other aircraft with relatively small
battery pack weight ratio, and lack of thermal performance analysis of the battery pack throughout the
flight. Therefore, the focus of this thesis is:

* Most of the previous research focuses on the cooling effect of BTMS. Due to the possible heating
and cooling requirements of the battery pack during the flight, this thesis applied the control of
the BTMS and explore the thermal performance when switching between heating and cooling
states. And some control optimizations are done for BTMS flow rate control.

¢ Existing studies mostly used the steady-state assumption and are not able to capture the transient
heat transfer process between different components, which may lead to inaccurate performance
evaluation. In this thesis, Computational fluid dynamics (CFD) method is used to perform
transient simulation of the whole flight process to observe the time-dependent performance of
BTMS.

* Because of the complexity of the model, the previous study lacks simulation of the entirety of
large battery pack in the aircraft. In this thesis, the thermal performance of a multi-module battery
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pack is initially simulated based on simplification assumptions.

1.4. Research Goal

In this thesis, the goal of the battery pack design is to minimize the mass and volume of battery pack
while meeting the power and energy requirements of the AEA and maintaining a stable and uniform
battery temperature throughout the flight.

Specifically, the battery pack design and optimization are mainly divided into two parts: geometric
design and BTMS design. The geometry is optimized to achieve the highest possible mass and
volumetric energy density. The design objectives of BTMS control are to achieve thermal stability,
thermal uniformity, and regulation speed.

1.5. Research Questions

The following questions dominate the research direction presented in this thesis: 1) How to analyse the
AEA flight energy demand and how will this decide the size of battery pack?

2) How to simulate the battery cell electrical and thermal behavior in the discharge?

3) How to design the BTMS of the battery module?

4) Is the design of the battery pack appropriate?



Flight Analysis and Battery Pack
S1z1ng

To design the battery pack, its total energy specification should be determined first. In this chapter, firstly
the typical flight process of the AEA model is analysed in Section.2.1 to obtain the energy requirement
of AEA. Then the battery cell type selection is made among existing battery cell chemical types in
Section.2.2 to select the appropriate cell type for the battery pack. Finally, the number of cells in the
battery pack is sized in Section.2.3.

2.1. Flight Mission Analysis

In this thesis, the aircraft under consideration has a capacity of less than 20 passengers. In order to meet
the traffic between the major airports in Europe, the cruising range target is set to 220km. With this
range, commuting between small regional or remote utility airports can also be achieved.

To determine the design requirements of the battery pack, the first step is to determine the spec-
ifications of the AEA. In view of the limited actual experimental data of AEA, to make the design
easier to transform from theoretical data to practical outcome, this thesis modifies the existing mature
commercial aircraft specification to meet the flight parameter requirements of AEA. In this way, the
aerodynamics and part of the flight mechanics of the conventional aircraft, which has already been
verified in test flights, can be extended to the AEA. The PC-12 model was selected as the reference
model and some of its specifications are shown in Table.2.1. The relevant parameters of the retrofit
PC-12 have already been estimate[10] and shown in Table.2.2.

Aircraft Model Reference Conventional Aircraft PC-12
Take-Off gross Mass Wiotref 4740kg

Engine power Ppeak ref 890kW

Wing Area Ay ref 25.8m?

Wing Span by, ref 16.28m

Lift to Drag Ratio Lp ref 16.07

Power loading Pp;\,;::f 0.0522N/W

Wing loading % 1801.6N/m?

Table 2.1: Technical specifications of the reference aircraft PC-12
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Table 2.2: Technical specifications of conventional reference aircraft(PC12) and Designed AEA

Aircraft Model Designed electric aircraft
Take-off mass Wiy/g 10059.2kg
Propeller Revolution Speed n 1700rpm
Propeller Diameter D 105inch
Wing Area Ay 49.8m?
Difference between cruise altitude and airport altitude Al 4575.4m
Power loading PV‘\’/—ZT 0.0522N/W
Wing loading VX—‘V? 1981.5N/m?
Static Thrust Coefficient 0.73
Zero-lift Drag Coefficient cop 0.025
Induced Drag Correction Factor k 0.0303
Take-off Lift Coefficient cj 4, 1.7

Take-off Friction Coefficient 1 0.03

Climb Gradient o 0.083
Descent Gradient oy -0.083

Based on the typical missions of the existing aircraft, it was decided to consider five main phases in the
flight mission: take-off, climb, cruise, descent and landing. Because the landing phase is with minimal
energy consumption and lowest power requirements[23], while the time is relatively short, this phase is
ignored in this thesis.

Table 2.3: U.S. Standard Atmosphere Air Density and Altitude Profile[24] Table 2.4: Air Density of Main Phases
Altitude above Sea Level [m]  Air Density [kg/m’] Phase Air Density [kg/m’]
0 1.225 Take-off pato  1.225kg/m?
1000 1.112 Climb p; 0.9983kg/m3
2000 1.007 Cruise par  0.7716kg/m?
3000 0.9093 Descent p,ge  0.9983kg/m?
4000 0.8194
5000 0.7364

The U.S. standard atmosphere air density profile below 5000m above sea level is shown in Table,2.3.
With linear correlation coefficient of 0.9984, air density is considered to be linear in altitude within the
scope of the flight, so the air density during climb and descent phase is calculated by interpolation and
shown in Table.2.4:

Pa,cl = Pa,de = (pa,to + Pa,cr) /2 (2.1)

1) Take-off Phase: The aircraft faces the greatest power demand during take-off. Assuming the same
power-loading ratio (All the variables appearing in this thesis use SI units):

p peak . p peakref
Wtot Wtot,ref

(2.2)

where Ppeak ref and Ppeax are respectively the peak power of reference conventional aircraft and retrofit
AEA during the take-off process.

The aircraft is considered to have zero velocity in the direction perpendicular to the runway. The
characteristics of the take-off phase can be described by the balance of forces in the direction of horizontal
acceleration of the aircraft:

dv _ Ft - Fd - Ff

= 2.3
dt Wtot/g ( )

where v and t are the aircraft velocity and time, % is the acceleration of aircraft, F;, Fq F¢ are respectively
the thrust force, the aerodynamic drag and the friction, g is the gravitational acceleration. During
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take-off phase the velocity and the acceleration are horizontal.
During take-off, the efficiency of the propeller varies, as calculated:

2

T]pmp_1+\/1+ct (2.4)
2F; ’

€= 2 2

Nprop Pa,to V" Tt prop
Then the thrust force is expressed as follows:
P
Fi= — o (2.5)
TMlpropTlem’]gbUh

where Pemto is the electric motor power during take-off, 17prop, Tlem, gb are respectively the efficiency of
the propeller, the electric motor and the gearbox, shown in Table.2.5.

Component Efficiency

Propeller 80% (during cruising)
Electric motor 95%

Gearbox 99%

DC/DC converter 99.5%

DC/AC inverter (controller) 99.5%

Cabling 98.5%

Battery pack 96%

Table 2.5: Efficiency of electric propulsion system components with state-of-the-art technology in AEA

The aerodynamic drag is expressed as follows:

1
Fq = Epa,toUZAw (COD + kcl,toz) (2.6)
where p, is the air density at airport altitude, A, is the wing area of the aircraft, cop is the zero-lift drag
coefficient, ), is the lift coefficient during take-off, k is the induced drag correction factor. Note that

these coefficients vary according to the angle of attack in every phase.

The friction is expressed as follows:
1 2
Fe= u [ Wiot — Epa,tov Awcl (2.7)

where p is the friction coefficient of tire-ground interaction. When the aircraft takes off, the tires are not
rotated by the power unit. Its role is to support the weight of the aircraft and provide rolling while
taxiing on the ground, so the sign of the  is positive.
At the start of the take-off phase, the static thrust is estimated[25]:

Figt = 1.283 x 1071212 D*p, 1o Kig (2.8)

where Fi g is the static thrust provided by propeller, n is the propeller revolution speed (Revolution Per
Minute), D is the diameter of the propeller in inches, K; is the static thrust coefficient.

At the end of the take-off phase, in the vertical direction lift is equal to TOGW:

1
Whot = Epa,tovto,ezAtho (29)

where vy, is the take-off equilibrium speed.
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Because the use of active control keeps the propeller operating close to its maximum efficiency
point for each flight condition[26], it is assumed that the motor power remains relatively constant and
always maximum during the take-off phase. In this thesis, Eq.2.3 to 2.7 is iteratively calculated by the
single-step method with one second iteration time interval. At iteration start, static trust is calculated by
Eq.2.8. When vy, is not less than the take-off equilibrium speed, the iteration ends, and the time used in
the take-off phase is obtained.

Therefore, the battery energy consumption during take-off can be estimated as follows:

P em,to

Eto = tto (210)
1E

TE = 1DC/DC * 1IDC/AC * Tlcab " Mbat (2.11)

where Ey, is the total battery energy consumption during take-off, t, is the take-off time, 7g is the total
efficiency of the electric propulsion system, which is the product of converter efficiency npc,pc, inverter
efficiency npc/ac, cable efficiency 1.t and battery efficiency npqt.

2) Climb and Descent Phase: It is assumed that the acceleration of the aircraft during the climbing
and descending phases is negligible[26]. Thus:

v = V1 + a?v4e (2.12)

Uy = AVt (2.13)

where v, is the vertical velocity of the aircraft. Similar to Eq.2.9, based on the balance of forces at lift
direction acting on the aircraft:

1
Wiot—= ~ Wit = EPaUZAwCI (2.14)

(2.15)

+ 1pavaW (co + kclz)

Then, expressions for the climb and descent powers can be obtained as:
P= Ft?]

1
= Wiot0y + Epavg’Aw (co + kclz) (2.16)
2kvvtot2

PaVAw

1
= Wiotvy + Epavg’cho +

where p, is the air density during climb and descent phase.

Similar to Eq.2.10, the battery energy consumption in the climbing and descending phases can
be calculated. The duration of the climb and descent phases can be calculated from the vertical distance
difference between take-off, landing and cruising altitude. In this thesis, it is assumed that the take-
off and landing airports are at the same altitude, so the vertical distance of climb and descent are the same.

Eq = _ Pa A_h 2.17)
NENprop’lemlgb  Ov
P
Eq4 de A (2.18)

o= ——— — -
NETpropfleml]gb  Uv
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where Al is the difference between cruise altitude and airport altitude.

3) Cruising and Reserve Phase: Similar to Eq.2.16, the cruise power is expressed as:

2k Wiot?
“PerVAw

1
Per = 5per0® Awco + (2.19)
The time of the cruise phase is derived from the required range. Therefore, the energy consumption of

the cruise phase is as follows:
P R
Eq= —e — (2.20)
NENpropTlem?]gb U

where R is the range of the aircraft design requirement.

To reduce security risks, considering reserve enough energy to support an additional 15 minutes
of cruising, then the reserve energy is expressed as follows:

P,
Eres = —crtres (2.21)
NETpropTlem!]gb

where t,es is the reserve time.

The above calculation yields the battery energy required for the propulsion system throughout
the flight. In addition, the Auxiliary Power Unit (APU) also needs battery function. Typically, the energy
consumption of the APU accounts for 2% of the total energy consumption during a typical flight[27].
Therefore, the required battery pack energy can be calculated as follows:

Edem = Eto + Ea + Ecr + Ege + Eres + Eapu

2.22
= (Eto + Eq + Ect + Ege + Eres) - 102% ( )

where Egem is energy demand of battery pack, Eapy is the energy consumption of the APU.

By calculation, the power and energy profile of the designed AEA is shown in Table.2.6 and Fig.2.1.

Table 2.6: Technical specifications of conventional reference aircraft(PC12) and Designed AEA

Phase Power [kKW] Energy Requirement [kWh]

Take-off 1888.75 9.4438
Climb 1040.06 300.7554
Cruise 408.563 471.5117
Descent 34.2109 9.8928
Total 807.4359
Battery Power [kW] A g
—— Battery Energy Cosumption [kWh] 800 X,
5
1600 &
3
S
- 400 >
g
- 200 "';
o
‘ 1 ] ] ) 0 E
0 1000 2000 3000 4000
Time[s]

Figure 2.1: Power profile of designed AEA during a typical regional flight
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Fig.2.2 depicts the altitude and temperature of four typical operation phases of the flights considered
in this thesis. The model of the relationship between atmospheric temperature and altitude is as
follows[28]:

T, = T; — 0.00649h (2.23)

Where T, is the atmospheric temperature, T; is the earth surface temperature, / is the altitude.

— - — Ambient temperature

|
|
|
Climb Cruise Descend :
1

|

: /

| |

f e
|

|

|

A

! ! —— Altitude
|

|

|

|

N

|

7 Righ
7 Flight progress
/ |

......................... 2 I
|

Figure 2.2: Simplified profiles of height and ambient temperature during a typical regional flight

2.2. Battery Cell Selection

After obtaining the target load of the battery pack, the type of battery cell needs to be selected. As the
only power supply for AEA, batteries face various performance requirements in energy density, power
density, life time, safety. The existing battery cell types are difficult to achieve high energy density, high
charge and discharge cycle and low cost at the same time. In Table 2.7, comparison of some critical
parameters across different chemical types of battery is given to select the best battery cell type for the
mission.

Table 2.7: Comparison of different chemical types of battery[29][30][31][32]

Nominal Mass specific
Battery cell type  Abbreviation [\{(I)]ltage energy [Wh/kg] Cycle Price
Lead acid Pb-acid 2.0 35 1000 Low
Nickel cadmium  Ni-Cd 1.2 50-80 2000 Low
Nickel-metal Ni-MH 12 75 <3000 Low
hydride
Lithium cobalt = -, 37-39 150 500-1000  Medium
oxide
Lithium nickel,
manganese cobalt NMC 3.6-4.0 170-240 1000-2000 Medium
oxide
Lithium iron .
LFP 3.3 90-160 1000-2000 High

phosphate
Lithium-sulfur Li-S 25 350-650 300 Low

-y . . 1300-2000 .
Lithium-air Li-air 2.9 (theoretical) 100 High

For the energy demand of AEA, mass specific energy, volume specific energy, mass power density,
temperature influence and cycle life are used as the prior selection criteria in this thesis. Batteries with
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high mass specific energy and volume specific energy have low weight and small volume with the
same energy storage requirements, which is beneficial to save aircraft load and space. Meanwhile,
batteries for AEA should be able to operate efficiently over a wide temperature range(-10 to 60°C),
thereby reducing the burden and energy consumption of BTMS. And in order to reduce maintenance
costs and safety risks, the cycle life of batteries should be as large as possible. For comprehensive
evaluation in the above aspects, due to its high energy density, well-established technology, and strong
battery supply chain which is ready to use, NMC batteries (a popular type of LIB) is selected in this thesis.

NMC batteries are traditionally available in three shapes: cylindrical, prismatic, and pouch (soft
cladding). Cylindrical batteries offer superior mechanical stability. The circular structure ensures that
internal pressure from side reactions is evenly distributed along the circumference[33][34]. However,
at the battery module and pack levels, cylindrical batteries have lower space utilization compared to
prismatic and pouch batteries due to the gaps created by their circular cross-sections. But thermal
management is also easier. Thermal and mechanical safety issues are significant for aircraft design, so
cylindrical batteries are selected in this thesis.

The characteristic properties of simulated battery model in this thesis is shown in Table 2.8.

Table 2.8: The characteristic properties of simulated battery model Samsung INR18650-35E[32]

NMC battery

Manufacturer Samsung

Model INR18650-35E

Dimension Height: Maximum 65.25mm
Diameter: Maximum @ 18.55mm

Nominal discharge capacity C, Min 3350mAh

Charging voltage V, 4.2V

Nominal voltage V;, 3.60V

Charging method cc-Ccv

Standard charging current I, o 1700mA

Maximum charging current /o max 2000mA

Maximum discharging current I3 m,x  13000mA

Discharge Cut-off voltage Vinin 2.65V

Cell Weight M. 50g

Charge: 0 to 45°C

Operating temperature Discharge: -10 to 60°C

2.3. Battery Pack Sizing

The power supply profile of the battery pack during flight is indispensable for its sizing. The battery
pack should:

* Satisfy the existing highest power output: Power requirements are typically orders of magnitude
greater during take-off than at other processes[35]. Take-off power will serve as a reference
threshold for battery pack sizing.

¢ Meet the total energy demand of whole range with enough margin. The target range has been
set at 220 km to meet the minimum flight distance requirement between most of Europe’s major
airports. And for safety reasons, the battery pack will reserve energy equivalent to 15 minutes of
cruising time to hovering behavior or possible accidents.

According to the cruising and reserve calculation in this chapter, if the battery size just meets 100%
discharge in the case of emergency landing, 87.35% energy will be consumed at the end of the normal
flight with rest of the energy reserved.

In the powertrain, the DC output of battery packs is connected to the DC/DC converter. There-
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fore,
Vpack = Valts 2 Vbc/Dein (2.24)

where Vjack is the voltage of battery pack, n is the series connection number of battery cell in the pack,
Vbc/pe,in is the input voltage of DC/DC converter. In order to reduce the current and thus the diameter
of the harness, a HVDC grid of 3kV(+1.5kV) is proposed[36]. A conservative value of 1.5kV is used in
this thesis.

The size of the battery has to meet the total energy demand of the flight. Therefore,
Epack = VpackCnp 2 Edem (2.25)

where Epack is the total energy of battery pack, n;, is the parallel connection number of battery cell in the
pack.

Based on the calculations in this chapter, the parameters of the designed battery pack are given
in Table 2.9.

Table 2.9: The specifications of designed battery pack

NMC battery pack
Size Epack 809.672kWh
Voltage 1500V
Cell number 7y 67137
Cell series number 74 417
Cell parallel number 7y 161

1934kW (for continuous discharge)

Maximum discharge power P max 3142kW (not for contimuous discharge)




Electric and Thermal Model of battery
cell

To understand the electrical and thermal behavior of the cell, it is necessary to construct its model. The
electric model of battery cell is introduced, verified by experimental data and analysed in Section.3.1.
The thermal model of cell is simplified in Section.3.2.

3.1. Electric Model of Lithum-ion Battery Cell

In this thesis, the Thevenin Equivalent Circuit Model (ECM) was adapted to model the dynamic
discharging and thermal behavior of a cell. Compared with other battery models, ECM can better
simulate the battery characteristics without increasing the complexity[37].

R] R2 R,
Ry 1
B B B

IT ||
C] 2 Cn

O]

R, R,
R I -
——o0
IT N N
1| 1|
C, C

1
O

Figure 3.2: 2-order Thevenin ECM of a battery cell

In this thesis, the second-order Thevenin ECM as shown in Fig.3.2, is applied. The model consists of Voc,
Rg and multiple RC combinations. Voc and Vi, respectively are the open circuit voltage and terminal

13
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voltage of the battery cell. Ry is the ohmic resistance, which includes the surface layer resistance and the
volume resistance of the battery cell. R; and R are polarization resistances. C; and Cs are polarization
capacitors. Each of the two RC combination has a time constant. The time constant 75 of Rs and Cs is in
the range of several seconds, showing the short-term characteristics of the battery.

7o = RyCs 3.1)

The time constant 71 of Rj and C; is in the range of tens of seconds or longer, showing the long-term
characteristics of the concentration polarization of the cell.

7 = RiCy (3.2)

The mathmatical expression of ECM is as below:

Voe = Voc = IRy = Vs =V (3.3)

Ve dV.
I= g+ (3.4)

Vv
=g +0 (3.5)

or,

Vi) = Vi (0)e™ + IR, (1 - e*) (3.6)
Vi(t) = Vi (0)e ™ + IR, (1 - e?f) (3.7)

where ¢t is the time, I is the current through the circuit, positive for discharge and negative for charge.

3.1L1. Model Parameter Identification Method

The accuracy of the model parameters largely depends on the Parameter Identification Method (PIM).
PIMs can be divided into static methods and dynamic methods. Static PIM is to use fixed parameter
values to measure circuit components, and its disadvantage is to ignore that the work of the battery
is a dynamic process. The parameter values will depend on State of Charge (SOC), discharge rate,
temperature and State of Health (SOH) in this ECM. Therefore, dynamic identification is used to imitate
the circuit component performance. In fact, during battery cycling aging, the evaluation of SOH must
continue until the end of the life of the battery cell. And, the test must be repeated on a large number of
cells to obtain reliable results. Thus, the impact of SOH is neglected in this thesis due to the complexity
and test time considerations.
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3.1.2. Parameter Extraction Experiment
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Figure 3.4: Zommed Voltage and current within the test cycle

The experiment tests the parameters in two parts:

Internal Resistance and Capacitance Test
Following the existing ECM battery parameter test method[38][39], the current of the pulse test cycle in
this experiment is shown in Fig.3.3. Three battery cells were used for each test set to reduce chance
errors. The constant current and constant voltage (CC-CV) charging procedure was consistent before
each set of tests to ensure the same initial SOC of battery cells. The same test procedure was repeated
under the following conditions:
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* When the ambient temperature was maintained at 25°C, the C-rate is set as: 0.1C, 0.2C, 0.3C, 0.4C,
0.5C, 0.6C, 0.7C, 0.8C, 0.9C, 1C, 1.5C, 2C. 12 cases in total

* When the C-rate was maintained at 0.5C, the ambient temperature is set as: 0°C, 10°C, 20°C, 30°C,
40°C. 5 cases in total

Open Circuit Voltage Test

Considering the hysteresis effect of the Open Circuit Voltage (OCV), the residence time of the test OCV
was extended from 3 minutes to 180 minutes under the same experimental procedure as the test of the
internal resistance and capacitance. The experiment was repeated at different temperatures to explore
the effect of temperature on OCV.

Test Data Post-processing

SOC indicates the amount of charges stored in the battery cell as a percentage of its rated charge capacity.
This value can not be determined directly, so Coulomb counting is applied to derive this value in this
thesis:

/Ot Idt

Cn

SOC (t) = SOC (0) — 100 (3.8)

After the same charging procedure before test, SOCy is considered to be 100. To ensure that the SOC
is as stable as possible when collecting a set of other data, a period that the current is close to zero is
selected. Hence the sampling is preformed during the relaxation time between charging(or discharging)
pulses as shown in Fig.3.4. At the end of the current pulse, the battery switches from the loaded state
to the relaxed state. The instantaneous voltage drop (rise) is used to determine the internal ohmic
resistance:

_ AV
=T

where AV is the instantaneous voltage change, positive for discharge and negative for charge; I. is the
injected current during pulse, positive for discharge and negative for charge.

Ro (3.9)

After switching to the relaxed state, the battery still takes some time to reach equilibrium, which
is due to the limited response rate of the chemical reactions inside the battery cell to current changes. In
ECM, this process is embodied in short- and long-duration transient RC combinations.

Vies (£) = Vs (£) + Vi () (3.10)

where Vies(f) is the remaining voltage. Thus, to obtain parameters of two RC combinations, the
remaining voltage curve during rest time were fitted with the nonlinear least squares method using
equations (3.1), (3.2), (3.6), (3.7) and (3.10).

3.1.3. Model Parameter Identification Result

After obtaining the test profile that incorporates discharge pulses that take place at different state of
SOC, temperature and C-rate, functions are used to reflect the performance of the battery under various
conditions. As shown in Fig.3.5, the open circuit voltage of the battery cell does not change significantly
with respect to temperature, so the open circuit voltage of the battery cell is considered as a monotonic
function of SOC. For all other parameters, it is found that it is affected by SOC, temperature, and C-rate.
After attempts of curve fitting, a sufficient parameter identification equation is obtained as shown in
Eq.3.11 to 3.16.
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Figure 3.5: Test result of open circuit voltage at discharging rate of 0.5C with different temperature

Voc(SOC) =aiocve V9 + asocy + as0cvSOC (3.11)

_bogo

Ro(SOC, T, Crate) =(a1ro + a2r0SOC + a3roSOC? + agrgSOC? + asgoSOC?) - b1R0€<Tc’b3R°)

- (c1R0Crate ™ + c3R0) (3.12)
Ry(SOC, T, Crate) =(a1rs + 02rsSOC + a3rsSOC? + a4rs SOC? + a5rsSOC* + ars SOC? + a7rsSOCO)

- (b1Rs + barsTe + bars T2 + bars TS + bsps T + bersT?)

: (Cle + C2RsCrate + CBRSCrate2 + C4Rscrate3 + C5Rscrate4) (3‘13)
Cs(SOC, Tt Crate) =(a10s + a20sSOC + a3¢sSOC? + a4 SOC? + a5csSOCH + a6csSOC + a7¢,SOC)

: (ble + bZRsTc + b3RsTc2 + b4RsTCS + bSRsTC4 + b6RsTc5) . (CleCrateCZCS + C3CS) (3'14)
Ri(SOC, T, Crate) =(a1r1 + 1201SOC + a3uSOC? + aguuSOC? + aspuSOCH) - (bywe ™% + by

: (ClRl + coR1Crate + C3R1Crate2 + C4R1Crate3) + diri (3‘15)
C1(SOC, Tt Crate) =(a1c1 + a2c1SOC + a3c1SOC? + a4c1SOC? + a5c;SOC* + ag1SOC)
- (bic1 + baar T + b3 T2 + baai T2 + bsaiTe + bei T2

2 3 4
- (c1c1 + c2c1Crate + €3¢1Crate” + C4ciCrate” + €5C1Crate”) (3.16)

Where T, is the volumetric average temperature of the battery cell. Values of all coefficient are in appendix.

Considering the dynamic characteristics and application of the battery, the non-linear least squares
method is used to identify all the coefficients of ECM parameters. The result comparison of curve fitting
and test is shown in Fig.3.6.
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Figure 3.6: ECM parameter curve fitting result based on least squares method (the first 12 cycles were the test sets with C-rate
varying from 0.1C to 2.0C and ambient temperature of 25°C; while the the last 5 cycles were the test sets with ambient
temperature varying from 0°C to 40°C and C-rate of 0.5C)

The mean absolute percentage error of Ry, Rs, Cs, Rj and Cj are respectively 3%, 21%, 10%, 30% and
18%. The curve fitting is relatively good and can be used for later simulations.

3.2. Thermal Model of Lithium-ion Battery Cell

The thermal model of a single lithium-ion cylindrical battery is essential to understand and manage the
thermal behavior of the battery during operation. The model includes the heat generation within the
batteries and the heat transfer mechanism within and between the batteries, as shown in Fig.3.8.
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Figure 3.7: Schematic diagram of the cross-section structure of the cell

Spiral electrode assemblies is applied in the Samsung INR 18650-35E battery cell used in this thesis. The
main structure consists of 19 turns of tape-shaped electrodes wrapped around the mandrel[40], shown
in Fig.3.7. The mandrel shapes and seals the battery cell structure. The anode tape is connected to the
edge of the shell, while the cathode tape is located in the middle of the package. During winding, the
electrodes are stacked on top of each other with tape-shaped separators between them to prevent short
circuit. Both sides of the anode and cathode are coated except for the part of the outermost edge of the
anode that is in contact with the package. According to ante-mortem analysis, material composition of
the electrodes are Graphite and 1%wt Silicon in anode and Li(Ni9.g7C00.11A[0.02)O2 in cathode[41].
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Figure 3.8: Schematic of the thermal model of the battery cell

3.2.1. Heat Generation
To understand the thermal behavior of Li-ion batteries, the rate of heat production inside the battery

is crucial. With ECM parameters, the heat generation of the battery cell can also be expressed, as
follow[42]:

Qc = Qirrev + Qrev (3.17)
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Qirrev = (Ro + Rs + Ry) (3.18)
. A%
Qrev = —IT; agc (3.19)

where Q. is the heat generation of the battery cell, Qirrev is the irreversible heat generation, Orev is the
reversible heat generation. The irreversible heat generation is caused by ohmic heat generation and
electrochemical reactions while reversible heat is related to the entropy change due to chemical reactions.
According to the Voc experimental results in this chapter, the relationship between Voc and temperature
is not obvious, and I is much smaller than I?, so the reversible heat can be neglected compared with
the irreversible heat. The effect of reversible heat is not considered in this thesis. Building an accurate
heat generation model in 3D space for different electrochemical properties at each turn of electrodes
requires massive computational power. To simplify the model in this thesis, the heat generation within
the battery cell is considered to be spatially uniform.

3.2.2. Heat Transfer and Energy Conservation

In the charge and discharge cycle of the LIB, heat is usually conducted inside the battery cell, and
transferred between the shell and the outside in conductive or convective way. Based on the available
finite element analysis results, it is considered a reasonable assumption to treat the cell of the module
as a homogeneous material, but with different thermal conductivity in different directions[43]. In
cylindrical coordinate system, the energy balance in the battery cell can be expressed as follows:

al. 19 dT; 10 JdT; d dT; .
pcpg = ;5 (Aﬂ’y) + r—zz (/\qb?’%) + & (/\Zrz) + Q (320)

where p is the density, C;, is the specific heat capacity, A is the thermal conductivity, r, ¢ and z are the
cylindrical coordinates.

Due to the large number of interfaces between the electrode and the electrolyte tape in the radial
conduction path, there is a difference of nearly two orders of magnitude in the thermal conductivity
between the radial and axial directions of cylindrical LIBs. In the three-dimensional simulation of
battery heating, the temperature difference in the axial direction is not obvious (<2 °C) as shown in
Fig.3.9. Thus, the model is simplified to a two-dimensional model and the axial heat flow is neglected.
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Figure 3.9: Temperature distribution of 3D battery cell model



Design of Battery Thermal
Management System at Module Level

In the pursuit of high performance battery systems, it is crucial to manage the geometry and thermal
environment inside the battery module. BTMS play a key role in maintaining optimal operating
temperatures, ensuring safety and extending battery life. This chapter outlines the comprehensive
design process of BTMS at the module level, focusing on heat/cooling method, system geometry and
configuration, refrigerant control strategy, CFD model construction and simulation result.

4.1. Battery Thermal Management System Selection
The basic requirements of the BTMS include:

® Stability: Keeping battery cells within the optimal temperature range

¢ Uniformity: Maintain a uniform temperature distribution within the battery module

Apart form these, additional factors such as weight, size, reliability, and other application-specific
requirements of the AEA are taken into account. The most common methods of BTMS design is listed
here. Each strategy has its own set of advantages and limitations. Because the mechanism of cooling
and heating are similar in the desired condition of BTMS, only the cooling ability of the methods is
compared in this thesis.

4.1.1. Air Cooling

Air is not a good cooling medium due to its low heat capacity and low thermal conductivity. However,
direct air-cooled BTMS is still a popular solution due to its low cost, stable properties, and simple
structure[44].

For aircraft, the direct use of air from external or cabin might not meet the demand. It is often
necessary to preprocess the air in some way, such as a vapor compression cycle. Conventional aircraft
can use this system to heat air with the heat generated by the gas turbine[45], which cannot be applied
to the AEA scenario.

The methods of air cooling are mainly devided to natural convection and forced convection, and
the selection depends on the cooling demand. The natural convection of air can only meet the needs of
low-density batteries. Other cases require the use of a fan to enhance the convection coefficient. Air has
lower heat capacity and lower thermal conductivity than liquid at the same flow rate. Thus, air cooling
systems are less effective at keeping the temperature uniform and releasing the large amount of heat
generated under high power output of the battery[46]. As a result, in order to ensure performance when
using this system, the gap of the battery will be wider, which leads to overall energy density decrease.
At the same time, the noise problem caused by the fan is not easy to solve.

21
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4.12. Liquid cooling

The ability and performance of liquid cooling systems largely depend on the properties of the coolant,
such as viscosity, thermal conductivity, specific heat capacity, density and flow rate. Liquid cooling can
be divided into direct cooling and indirect cooling.

Direct Liquid Cooling

Direct liquid cooling, also known as immersion cooling. The cell surface is fully or partially in direct
contact with the coolant to minimize thermal resistance in between. Therefore, direct cooling coolants
need to be electrically insulating and non-flammable to avoid security risk. Mineral oil and silicone
oil are the common choice[47]. Direct liquid-cooled BTMS has not yet been widely used in electric
vehicles or aircraft, which may be due to cost and security considerations. And with the high viscosity
of mineral oil and silicone oil coolant, additional pumping power is required at the same mass flow
rate or volumetric flow rate. Meanwhile, silicone oil has poor thermal conductivity, while mineral oil is
volatile and chemically unstable at high temperatures.

Indirect Liquid Cooling

Indirect liquid cooling has good electrical insulation due to the space separation between the battery cell
and the cooling channel. This method provides a more reliable and effective heat dissipation solution
than air cooling. It performs well in uniform cooling, efficient heat transfer and noise reduction. However,
indirect liquid cooling increases the design complexity and maintenance difficulty. Additionally, the
increased thermal resistance of the cooling line is a significant consideration.

4.1.3. Phase change materials

Phase change materials have high latent heat. When the battery operates at high power, the PCM melts
and absorbs heat. The PCM releases heat to the battery and the environment when the battery is on
standby or needs to be heated. If the melting point of the PCM used for thermal management is within
the optimal performance range of the LIB, it will be possible to keep the battery temperature at a suitable
temperature. PCM does not require any moving parts, which brings low power consumption and
maintenance requirements. However, as a passive cooling method, the heat storage capacity of PCM is
limited. In the timescale of electric aircraft flight, the PCM may completely melt and lose its cooling
capability. At this time, due to its low thermal conductivity, PCM will instead become thermal resistance.

This thesis considers the application of battery pack for AEA. Focusing on the safety of the bat-
tery pack and the performance of the BTMS, the characteristics of the above three cooling methods are
compared. It is concluded that indirect liquid cooling ensures the electric safety of battery pack, and its
cooling effect is sufficient, controllable and easy to maintain. Therefore, indirect liquid cooling is used
in the design. In addition, aluminum was selected as the material for the flow channel design due to its
good thermal conductivity and low density compared to other support materials[48, 49, 50].

4.2. Geometry of Thermal Management System at Module Level

The battery pack in this thesis is designed by connecting multiple battery modules, which enables a
larger scope of modularity than cell level. When AEA is under maintenance on the ground, the number
of cells in the current battery pack design may need to be increased to meet the energy requirements of
a specific application, or a few cells may need to be replaced. In these cases, modularity can reduce
the difficulty of retrofitting. When AEA is in the air, modularity is able to control each battery module
independently, reducing the risk of a complete battery pack shutdown in the event of a failure in one or
several cells. Meanwhile, with sufficient thermal independence battery modularity reduces the heat
exchange between modules, which also reduces the thermal behavior complexity of battery and the
burden of BTMS.
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Figure 4.2: Zoomed Geometry of the battery module

Fig.4.1 shows the geometry of the battery module design. BTMS requires uniform cooling of each
battery cell under various operating modes and external conditions. For ease of analysis and discussion,
the 40 battery cells of the module are numbered. For example, the third cell from the left in layer 2 is
numbered ‘Cell 2 3".

Serpentine channel liquid cooling is applied in this thesis. This cooling method is inspired by the
battery module used in Tesla Model S and X cars[51]. There is one waveform aluminum cooling/heating
channel in each module. Considering the limited cooling ability of a single flow channel, each module
is packed with 40 battery cells. The flow channel with a rectangular cross section passes through all cell
layers. The height of the channel is the same as battery cell as 65mm. As shown in Fig.4.2, the width
and the wall thickness of the flow channel wall determine its shape.

The upper and lower surfaces of the battery are in direct contact with the module package. Each element
is fixed at a specific position by a convex groove on the inner surface of the enclosure. The distance
between two adjacent cells on the same side of the flow channel is 2mm.

The filling between the battery cell and the flow channel has a flexible and thermal-conductive material.
This thermal interface material is graphite sheet material or polymer composite material, which is used
to prevent air gaps on imperfect contact surfaces between the element and the flow channel[52]. Due
to the large thermal resistance of still air, the existence of air gap will reduce the cooling ability and
uniformity of BTMS. The thermal resistance of the thermal interface material is much smaller relative
to the other components, so in the thermal model it is neglected.

When the battery temperature rises beyond a certain limit for some reason, a series of chemical reactions
will lead to uncontrollable heat release, making the temperature rise further and fall into a vicious
cycle. Such a chain reaction will continue and spread in battery modules. This phenomenon is known
as thermal runaway. To prevent it from happening, thermal insulation material is used as the cuboid
enclosure of the module. The common thermal insulation material parameters are as follows:
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Table 4.1: Parameters of most common thermal insulation materials

Material Density Compressive Yield Thermal Conductivity
[kg/m3] Strength [MPal] [mW/(m*K)]

Aerogel 70-110 0.4 29(400°C)

Ceramic thesiss 240-310 0.38-0.47 (60% deflection) 80(400°C)

lc\:/leizznli:r;}ilr?es\frzs with Thickness dependent 60(400°C)

Flexible Graphite 2800-4500(400°C)

Polyamide thesiss 89-839 [g/m?] 100(room temperature)

Based on the above parameters, aerogel is selected as the insulating material for the packaging. Aerogel
offers excellent thermal insulation properties and a very low density, which significantly reduces the
weight and size of the packaging while meeting the required thermal insulation performance. The Imm
aerogel layer was selected as the package for this design because its capability to block the thermal
runaway of LIBs has been experimentally verified[53][54].

4.3. Computational Fluid Dynamics Model Construction

CFD method is applied as the conjugate Heat Transfer simulation method in this thesis, in which
numerical analysis and data structures is employed to analyze and solve problems related to fluid.
ANSYS Fluent software is used to perform the computations necessary for simulating the flow of fluids
as well as the interaction between fluids and surfaces defined by boundary conditions. The continuity
of fluid is express as:

V-5=0 (4.1)

where 0 is the vector of fluid velocity.
To determine the state of fluid flow, the Reynolds number is introduce as:

(4.2)

where p and p are the density and viscosity of the fluid, d. is the characteristic length. In this thesis, the
characteristic length of the flow is the equivalent diameter(hydraulic diameter) of the channel, which is

calculated as,
4A  2ab

== — 4.
fe L a+b (4.3)
where A is the cross-sectional area of the channel, L is the wetted perimeter length, a and b are the
width and height of the inner sides of the channel. Upon calculation, the Reynolds number in this thesis
does not exceed the order of hundreds. The viscous forces significantly outweigh the inertial forces,
resulting in a stable, laminar flow. The turbulence intensity is hence set to a very low value to represent
fully developed internal flow in the simulation. Within the temperature and pressure ranges considered
in this thesis, the fluid is treated as incompressible. Based on the conservation of momentum and mass,
the N-S(Navier-Stokes) equations is as follow:
9 L= Vo Boo-
—+((@©-Vjo=g+f—-—+=V 44
op T V)T=gafo e OV (44)
where g and f are the gravitational and external force acceleration, p is the static pressure. The energy
balance of the fluid is represented as follows:
dT 9T JT JaT PT 9T *T .
Col—+u—+v—+w—|= — tro—+tw—s|+ 4.5
Porl g T ox T 0%y waz) (”axz el R (*3)

Due to the low velocity and incompressibility of the fluid, a type of pressure-based methods (segregated
methods), Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), is employed in this study.
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The process is illustrated in Fig.4.3, where the control equations for each variable are decoupled from
the solutions of other equations during the solving procedure.
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Figure 4.3: Flowchart of the SIMPLE method

Given the complexity of the model’s geometry, which involves a significant number of unstructured
grids, the distance-based Rhie-Chow method is employed. This approach improves the coupling
between pressure and velocity fields through interpolation, thereby reducing discretization errors and
avoiding numerical oscillations. For the same reason, least squares cell based method is employed to
solve for the gradients of the flow field variables.

4.3.1. Basis Initial and Boundary Conditions
To simplify the calculation, the following assumptions are made in this thesis:

e Initially, the cell, coolant, channel, package, and air in all voids were at a uniform temperature of
298K. The battery is fully charged (SOC=100%).

* The power load of the battery in the process only changes with time, and its numerical profile is
shown in Fig.2.1.
¢ The outer surface of the battery module package is assumed to have sufficient heat exchange

with the external environment, and its temperature is regarded as consistent with the external
temperature, which only changes with time.
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e The interfaces between the coolant and the channel, and between the channel and the cell are
regarded as a well-contacted interface, which means that the temperature and heat flux are
spatially continuous.

® The temperature is considered to be continuous in time. The volume average temperature (area
average temperature in 2D) of each battery is regarded as the battery temperature. The heating
rate of each battery at each time is obtained by solving the ECM in Chapter.3.

¢ The velocity inlet characterizes the turbulent state with a turbulence intensity of 5% and the
corresponding hydraulic diameter calculated by Eq.4.3.

4.3.2. Mesh Independence Verification of Computational Fluid Dynamics Model
From the perspective of finite element analysis principles, finer mesh discretization generally results in
higher solution accuracy. However, in practical engineering applications, a dramatic increase in the
number of mesh significantly raises computational time costs. Moreover, beyond a certain mesh density,
the improvement in computational accuracy becomes marginal and may even lead to increased error
accumulation. Therefore, it is necessary to identify the minimum mesh density required to achieve
sufficient accuracy of CFD simulation.

This study simulates models with mesh quantity ranging from 10,000 to 210,000 elements. The mesh
characteristics within each component of the module are maintained, while the mesh size is adjusted to
achieve an exponential increase in the number of mesh.

In order to judge the accuracy of simulation results with different grid densities more easily, the
complexity of case should be reduced. So the basis initial and boundary condition is simplified further:
The outer surface of the module is set to be adiabatic and no external refrigerant is input, so that
the impact of the BTMS and external temperature is excluded. It was observed that the maximum
temperature of each battery cell within the module occurs at the same time point (the end of the climb
procedure of the flight). This temperature maximum value is used to evaluate the accuracy of the mesh
simulation results, as illustrated in the Fig.4.4.
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Figure 4.4: Maximum temperature comparison in each cell with different mesh quantity

The results show that as the number of mesh increases, the data trends remain generally consistent.
Considering the spatial structure of the battery module, the continuous spatial arrangement of similarly
cooled cells within the same battery layer should lead to temperature continuity. Thus, it is determined
that simulations with more than 110k mesh elements are reasonably accurate. Numerically, the difference
between the results for 110k and 200k mesh elements is less than 0.4%, indicating that the simulation
results have converged when the mesh quantity reaches 110,000. Therefore, the model with 110k mesh
is used for subsequent simulations.
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Property Air Mineral oil ~ Silicone 0il ~ Water
Density [kg-m? 1.225 924.1 920 998.2
Specific heat capacity [J/(kg-K)] 1006 1900 1370 4182
Thermal conductivity [W/(m-K)] 0.0242  0.13 0.15 0.0242
Kinematic viscosity [m?/s] 1.46e-5 5.60e-5 - 0.898e-6

Table 4.2: The thermal properties of normal refrigerant

4.4. Refrigerant Control Strategy

The normal refrigerant are air, liquid and the thermal properties are shown in Table.4.2.

As one of the most effective coolants in a variety of industrial applications and with low kinematic
viscosity and high specific heat capacity, water is chosen as the coolant in this design.

When the system reaches the steady state, the coolant flow velocity could be calculated as:

QmN
- 4.6
Ust plel AT] (4.6)
where vy is the steady flow velocity requirement of refrigerant, Qy, is the net heat input to the battery
module, N is the number of battery cells in a module, p) and Cy, are the density and the specific thermal
capacity of refrigerant, ATj is the temperature difference of the refrigerant at channel inlet and outlet.

But in fact, the temperature change of the working fluid is an unbalanced transient process. Therefore,
in the transient simulation, in order to achieve temperature uniformity and stability, BTMS monitors the
volumetric average temperature of each cell in real time. Moreover, since the average temperature of all
cells is not representative for the most extreme cell temperature case, the average of the highest and
lowest cell temperatures is used instead as the basis temperature for deciding the BIMS mode in this
design, in order to control the temperature of all batteries within appropriate range.

1
Tb = E (Tc,rnax + Tc,rnin) (47)

where Tj, is the basis battery cell temperature.

In this thesis, the target cell temperature of the battery is set to 298K (25°C), where the cell si-
multaneously has a high discharge capacity and a long cycle life. For the stability of cell temperature,
the rate and temperature of the input refrigerant to the BTMS will be determined by the required heat
transfer load. Therefore, it is necessary to decide which parameter is the control variable of BIMS and
which stays constant. There are three options:

Constant Temperature and Variational Flow Rate: Keeping the temperature of the refrigerant constant
means stable heat transfer performance. Because in the process of heat exchange, a stable temperature
difference provides a stable heat transfer rate. The adjustment of the flow rate is realized by the
adjustment of the pump or valve. To avoid excessive heat transfer, the flow rate should be controlled
accurately and quickly. So the pump needs fair variable-speed adjustment ability.

Constant Flow Rate and Variational Temperature: When the flow rate is kept constant, the con-
trol of the pump for the refrigeration cycle is relatively simple. The control of the temperature change
of the refrigerant can flexibly control the cooling capacity and heat supply, which can be realized
by adjusting the compressor or throttle valve of the refrigeration cycle. Nonetheless, temperature
regulation requires accurate cooling capacity control, which usually requires the addition of more
complex temperature regulation equipment and control algorithms in the refrigeration cycle.

Variational Temperature and Flow Rate: In theory, adjusting the temperature and flow rate si-
multaneously is the most flexible method. However, the need for additional equipment greatly increases
the complexity and maintenance difficulty of the system.
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In summary, the refrigerant control with constant temperature and variatianal speed is the best
selection to achieve stable battery cell temperature. The constant refrigerating temperature of the
refrigerant is set as 293K (20°C), and the constant heating temperature of the refrigerant is set as 303K
(30°C). And the simulated flow rate control strategy is set as follow:

4.4.1. Constant Flow Rate Control

Setting flow rate as a constant is the most simple way of refrigerant flow rate control. Considering that
constant flow rate control would not be the optimal choice for this design, so the simulation goal for this
method is to observe its characteristics and performance. Based on this reason, several attempts were
made as follow:

The inlet flow velocity of this control strategy is fixed to a relatively high value of 0.02m/s for
large temperature variations during simulation, expecting more obvious characteristics of thermal
control performance.

vin = 0.02 (4.8)

where vj;, is the flow velocity of input refrigerant.

It can be expected that because the flow velocity is always constant and greater than vy, the bat-
tery basis temperature will not stabilize at the target temperature, but will frequently fluctuate up and
down around the target temperature. In order to prevent unrealistically frequent switching between
heating and cooling level of inlet refrigerant temperature, mode switch is triggered only when the basis
temperature deviates from the target temperature 298K (25°C) by no less than 3K. In the case that this
condition is not met, the thermal management mode remains unchanged:

When T;, — 301 > 0, Tooo1 = 293;

When T, — 295 < 0, Theat = 303.

During the simulation time, the cell to cell maximum difference was monitored as well to evalu-
ate the uniformity of thermal control.

4.4.2. Proportional (Linear) Flow Rate Control

Linear control is a simple temperature-based control method, which is to make the flow rate of the
working fluid linearly dependent on the basis temperature of the battery. The flight process in this thesis
does not have extreme dynamic characteristics, so the method is expected to achieve good thermal
stability. For proportional control, because the system of the module is not a thermal closed system, the
offset(steady-state error) must exist. Therefore, a constant term is added to the governing equation to
eliminate part of the offset:

When T, — 301 > 0, v, = 0.005 (T;, — 301) + 0.005;

When T;, — 295 < 0, vjn = 0.005 (295 — T;,) + 0.005.

4.4.3. PD Flow Rate Control

PD control consists of proportional control and differential control. Compared with Proportional
(Linear) Flow Rate Control, PD control can quickly respond to input changes. Especially in the dynamic
process of the system, differential control can predict the change trend of the error, make adjustments in
advance, and reduce the response time. At the same time, the differential control part can effectively
suppress the overshoot of the system and reduce the oscillation or overshoot phenomenon. However,
differential control adjusts the rate of change of the error, so it is sensitive to high-frequency noise. The
PD control simulated in this thesis is as:

When T, — 301 > 0, v, = 0.005(T;, — 301) + 5%‘” +0.005;

When T;, — 295 < 0, vin = 0.005 (295 - T;,) — 5% +0.005.
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4.4.4. Simulation Result

At the beginning of the simulation, the time of the initial refrigerant flowing through the whole channel
is affected by the velocity. In order to better compare the two cooling methods, this part of the influence
needs to be eliminated. Therefore, the initial refrigerant temperature in the flow channel is set to 293K
in this simulation.
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Figure 4.5: Cell temperature with constant flow rate control
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Figure 4.6: Flow temperature with constant flow rate control

The cell temperature and the flow temperature variation with constant flow rate control are shown in
Fig.4.5 and 4.6. The cell to cell maximum difference is 4.1K. The highest temperature is 302.3K at 752s
(the end of the climbing phase). The lowest temperature is 294.0K at 2493s. The piecewise analysis of
the mechanism is as follows:

It is observed that the battery cell temperature and the refrigerant outlet temperature during take-off and
climb process rise with time. This is because the cell volumetric heat generation is at a high level during
this time, so the refrigerant is only able to slow down but not stem the increase in cell temperature. At
the same time, the rising temperature of the cell increases the heat transfer between the cell and the
refrigerant. This causes the temperature difference between the highest (at outlet) and the lowest (at
inlet) of the refrigerant in the entire flow channel to increase with time. And the spatial uniformity of
the temperature difference between every cell and the refrigerant in adjacent position of cell decreases
with time. The consequence is that the temperature range of all batteries increases with time.

Since the beginning of the cruise process, it is observed that the cooling and heating state switch
occurs three more times during the flight. The cooling and heating effects are significant. The mech-
anism is similar to the mechanism of take-off and climbing process, except that the heat dissipation
of BIMS and the battery exceeds the heat dissipation of the battery in the cooling process, and the
heat supply of BTMS and the battery exceeds the heat dissipation of the outside world in the heating
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process. Under the influence of a large flow rate, the refrigerant provides excessive heat transfer, so
the battery module frequently switches between cooling and heating, which means unnecessary heat
transfer energy consumption.

It can be observed that in a single cooling or heating process, at the instant of mode switching,
the refrigerant temperature change along the channel reaches the maximum value, and then the
refrigerant outlet temperature always approaches the inlet temperature. This is because in the heat
transfer process, as the temperature of each cell gradually approaches the temperature of the refrigerant
in adjacent position of the cell, the heat transfer between them decreases with time. So the temperature
change of the refrigerant after flowing through the whole flow channel decreases with time. This also
leads to a more uniform heat transfer of the refrigerant to the battery cell along the whole flow channel,
so that the temperature range of the battery cells is reduced with time.
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Figure 4.7: Cell temperature with linear flow rate control
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Figure 4.8: Flow temperature with linear flow rate control

The cell temperature and the flow temperature variation with linear flow rate control are shown in
Fig.4.7 and 4.8. The cell to cell maximum difference is 9.4K. The highest temperature is 305.7K at 752s
(the end of the climbing phase). The lowest temperature is 294.1K at 4413s. Compared with the constant
flow rate control, the average velocity of the linear flow rate control is much smaller. The temperature
change of the battery tends to be stable during the whole flight, and this control strategy meets the
requirement of keeping battery cells in the optimal temperature range. However, due to the always large
temperature difference between the inlet and outlet of the working flow, the temperature difference
between the battery cells in this process exceeds 8K, which is unacceptable.
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Figure 4.10: Flow temperature with PD flow rate control

The cell temperature and the flow temperature variation with PD flow rate control are shown in Fig.4.9
and 4.10. The cell to cell maximum difference is 6.2K. The highest temperature is 303.2K at 752s (the
end of the climbing phase). The lowest temperature is 293.2K at 4050s. PD flow rate control only
adds differential control to linear flow rate control. Observing the battery temperature curves during
climbing, it can be found that the differential control accelerates the response speed of the system, and
the trend of temperature rise is quickly contained. The refrigerant temperature difference between
the inlet and outlet during the flight is between the constant flow rate control and the linear flow rate
control.

During the flight, the thermal uniformity and thermal stability of the battery reached a balance, and
both were relatively good. Thus, this design selects PD flow rate control as BTMS control strategy.

4.5. Geometry Optimization

The BTMS system needs to control the temperature of the LIB in the optimal operating temperature
range of 20 to 40°C, while maintaining the maximum temperature difference between the cells below 5
°C[55]. However, the thermal performance of the battery module and the power consumption of the
BTMS are often promoted simultaneously. In this thesis, we consider minimizing the BTMS power
consumption during a scheduled flight while meeting the thermal performance target of the battery
module. Therefore, it is necessary to optimize the various parameters of the battery module. The design
prioritizes optimizing the energy consumption of BTMS and the energy density of the battery module.
To achieve this, some key geometric parameters that significantly influence these factors are selected
for optimization: the interval between adjacent cells, the thickness of the flow channel wall, and the
thickness of the outer packaging of the module.

In order to amplify the difference in thermal performance of the battery module with different
battery intervals, the constant flow rate control mentioned above is selected as the refrigerant control
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strategy in this simulation to increase the temperature variation. Cell 1 1 with the smallest contact area
with the flow channel, Cell 1 10 near the entrance and not surrounded by other cells, and Cell 3 10 near
the exit and surrounded by other cells are selected as the observation objects.

4.5.1. Battery Cell Interval

The effect of Imm, 2mm, 4.5mm and 7mm cell spacing on the thermal performance of the battery
module was studied. Since the upper and lower surface area of the flow channel is much smaller than
the side area of the flow channel, it can be considered that when the thickness of the channel stays the
same, the volume and mass of the flow channel are directly proportional to the side area of the flow
channel. The utilization ratio of the flow channel side area can be obtained:

n= Acon
Atot

4.9)

where 7 is the utilization ratio of the flow channel side area, Acon is the contact area between the flow
channel side and the battery cell side, A is the total area of the flow channel side.

@18mm @18mm

Figure 4.11: Geometric constraints on the shape of the flow channel with 2mm and 4.5mm battery cell interval (the contact
surface is marked in red)

The constraints to construct the flow channel geometry are shown in Fig.4.11 for the example of 2mm
cell interval. From the exact geometry, the volume of cell, channel, flow and package within a single
module can be calculated, and thus the weight of the module can be obtained:

Mm = Z piVol; (4.10)

where My, is the total mass of the module, p is the material density of every component, Vol is the
volume of every component.

In general, the specific heat capacity is a function of temperature. However, considering that the
temperature variation range of the refrigerant through the whole flow channel is minor, the specific heat
capacity can be approximated to a constant. Therefore, the heat transfer of the refrigerant to battery
module is calculated as follows:
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Qe = pICy / Go (Tout — Ton) dt
4.11)

= pleIAin/ Uin (Tout - ’Er\) dt

where Qy is the heat transfer between refrigerant and battery module, gy is the volume flow rate of
refrigerant, Aj, is the cross-sectional area of the flow channel inlet.

The models are constructed separately according to the same channel geometric constraints to maximize
the utilization ratio of the flow channel side area, which is to minimize the weight of BTMS. As can be
inferred: When the battery cell interval increases, the angle of each arc forming the flow channel shape
also increases. As a result, the contact area between one cell and the flow channel increases, while the
utilization ratio of the flow channel side area decreases. The former accelerates the heat transfer effect of
BTMS, while the latter lowers the energy utilization of BTMS. Because the lower utilization ratio of the
flow channel side area means that the ineffective heat transfer of the flow channel to the air increases.
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Figure 4.12: Variation of basis and 3 typical cell temperature at different battery cell interval: (a) The basis temperature (average
of maximum and minimum cell temperature) (b) The cell with the worst heat transfer to the flow channel; (c) The cell with the
best heat transfer to the flow channel; (d)The cell with poor heat transfer to the flow channel and surrounded by other cells

The simulation result is shown in Fig.4.12. Consistent with the previous conjecture, the cooling and
heating rates of all stages increase with the increase of the battery interval. Therefore, the temperature
curve of the larger cell interval has the same shape as that of the smaller cell interval, except that it
shrinks in equal proportion in the horizontal direction.

With Eq.4.11, the energy consumption in the first period of cooling and the first period of heat-
ing are calculated. And with Eq.4.10, the mass energy density is calculated. Since the total energy of the
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Table 4.3: Comparison of simulation results calculation for different battery cell intervals

Battery Cell Interval [mm] 1 2 4.5 7
Heat Transfer Energy (cooling) [Wh] 17.68 1723 1680 16.79
Heat Transfer Energy (heating) [Wh] 6.49 6.47 6.70 5.90
Heat Transfer Energy (sum) [Wh] 2417 23.70 2350 2270
Mass Energy Density [Wh/kg] 221.40 22044 218.04 215.58
Volumetric Energy Density [kWh/m?] 39439 376.02 336.95 305.68

battery module maintains, the volumetric energy density of the module is inversely proportional to the
module volume. These result are shown in Table.4.3

Considering the energy consumption and module energy density, this design chooses 2mm battery cell
interval.

4.5.2. Channel Wall Thickness

The influence of 0.4mm, 0.7mm and 1.0mm channel wall thickness on the thermal performance of the
module is studied. Because the flow channel wall material is aluminum, which is an excellent thermal
conductivity material, its thermal resistance can be ignored in the heat transfer process between the
refrigerant and the battery. The thickness of the flow channel wall is predicted to have little influence on
the thermal performance of BTMS.
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Figure 4.13: Variation of basis and 3 typical cell temperature at different channel wall thickness: (a) The basis temperature (average
of maximum and minimum cell temperature) (b) The cell with the worst heat transfer to the flow channel; (c) The cell with the
best heat transfer to the flow channel; (d)The cell with poor heat transfer to the flow channel and surrounded by other cells

As shown in Fig.4.13, different thickness of the flow channel has a very limited impact on the thermal
performance of the battery module. In order to pursue the maximum battery mass energy density with
enough structural strength, the flow channel of 0.4mm is selected in this thesis.
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Table 4.4: Comparison of simulation results calculation for different channel wall thickness

Channel Wall Thickness [mm] 0.4 0.7 1.0
Heat Transfer Energy (cooling) [Wh] 1713 1723  17.19
Heat Transfer Energy (heating) [Wh] 6.18 6.47 6.67
Heat Transfer Energy (sum) [Wh] 23.32 2370  23.80
Mass Energy Density [Wh/kg] 226.04 22044 215.11
Volumetric Energy Density [kWh/m?] 382.09 376.02 370.18

4.5.3. Package Thickness

The effect of 0.5mm, 1.0mm and 2.0mm package wall thickness on the thermal performance of the
module is studied. The larger packing thickness can better isolate the battery module from the external
heat exchange. Considering that during the flight in this thesis, the outside temperature is always lower
than the battery temperature, so the battery module dissipates heat to the outside during the whole
process. It is predicted that a larger packing thickness will slow down the cooling process and speed up
the heating process of BTMS.
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Figure 4.14: Variation of basis and 3 typical cell temperature at different package thickness: (a) The basis temperature (average of
maximum and minimum cell temperature) (b) The cell with the worst heat transfer to the flow channel; (c) The cell with the best
heat transfer to the flow channel; (d)The cell with poor heat transfer to the flow channel and surrounded by other cells

The result is shown in Fig.4.14. The larger package thickness compared with the smaller package
thickness, the curve of the cooling part lengthened in equal proportion in the horizontal direction, and
the curve of the heating part shortened in equal proportion in the horizontal direction.

As can be seen in Table.4.5, the larger packaging thickness reduces the total energy consumption of
BTMS, but also reduces the bulk energy density of the battery module at the same time. Balancing the
two, Imm packing thickness is selected in this thesis.
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Table 4.5: Comparison of simulation results calculation for different package thickness

Channel Wall Thickness [mm] 0.5 1.0 2.0
Heat Transfer Energy (cooling) [Wh] 1721 1723  17.29
Heat Transfer Energy (heating) [Wh] 6.68 6.47 6.23
Heat Transfer Energy (sum) [Wh] 23.89 2370 2352
Mass Energy Density [Wh/kg] 220.67 220.44 219.99
Volumetric Energy Density [kWh/m?] 382.15 376.02 364.21

4.5.4. Conclusion

Based on the above simulation results, the energy consumption of the BTMS system and the energy
density of the battery module are balanced, and structural strength restriction is considered. The
optimization battery module with 2mm cell spacing, 0.4mm flow channel wall thickness, Imm packaging
thickness, and constant flow rate control to have the best temperature characteristics and lowest energy
consumption. The external dimension of the module is determined to be 222mmx88mmx67mm. The
weight ratio of the BTMS in battery module is 5.99%.



Thermal Performance of Battery Pack

Compared to a single battery module, a battery pack contains a combination of multiple battery modules,
so the complexity and importance of its thermal management increases accordingly. In large battery
packs, thermal management systems must consider heat transfer between multiple modules, heat
uniformity, and the potential risk of thermal runaway.

5.1. Module to Pack Structure

To design the battery pack, the location of its placement should be determined first. The distribution
of the battery pack in AEA in this design is inspired by the fuel tank distribution in conventional
aircraft. Conventional passenger aviation designs used to place fuel tanks on the wings, known as wet
wing technology. This technology has been popularized in large conventional passenger aircraft, small
general aviation aircraft, and some military transport aircraft. It is also very valuable in the design of a
AEA battery pack with several advantages:

¢ In terms of the load reduction, If the battery pack is stored in a separate area within the fuselage,
additional support structures, partitions, and protective shell will be required to isolate it from the
rest part of the fuselage. By contrast, wet wing technology directly utilizes the internal structure
of the wing as storage space, eliminating the need for separate storage area and thus reducing the
weight of the aircraft.

¢ In terms of the load distribution, placing more weight on the wing can reduce the weight of the
fuselage and avoid excessive deformation of the wing near the fuselage due to large torque.

¢ In terms of space utilization, the wet wing maximizes the structural volume available within the
wing.

¢ In terms of the safety, the battery pack located outside the passenger compartment prevent the
high-voltage components of battery pack from posing any threat to passengers. And convective
heat dissipation from external high-speed air can also reduce chain overheating between modules
in the event of thermal runaway.

In order to maximize the space usage inside the wing and balance the weight distribution, all the battery
packs are in the same horizontal plane and there is no stacking in the altitude or front direction. It also
eliminates the need for additional structural support for multi-tier configurations.

Because each battery management system is only able to monitor a limited number of cells, the
total number of cells within a single battery pack is limited. By design, 8 rows, 3 columns, and 1 layer of
modules are distributed in each battery pack, with 40 cells in each module. Each battery module has its
corresponding stationary frame, electrical connection device, as well as temperature sensor, voltage
detection circuit, etc. This single layer distribution is selected to perform better thermal uniformity of
the modules within the battery pack than multi-layer distribution, since thermal accumulation between
layers is avoided.

37
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In order to cope with the possible battery expansion requirements, the connection between bat-
tery modules has also been modularized to a certain extent. One battery pack is composed of repeated
structures next to each other arranged in the vertical direction, and the smallest repeated structure is
two rows with a total of six modules, which is shown in Fig.5.1. The connection between these two
rows of modules is the flow channel and the connecting circuit. The inlets and outlets of each module
are connected and then lead to the cooling and heating system through the passages on the side of the
battery pack (in the fireproof layer). This structure obtains a smaller total length of the flow channel
and wire. A smaller channel length leads to a shorter flowing path of refrigerant from the refrigeration
cycle to the cell, which causes a faster control response of the BTMS. The resistance loss of the wire
decreases with the total length, which can improve the system efficiency.

Figure 5.1: Geometry of 6 battery modules

The fireproof material of aerogel is placed between each two battery packs, which reserve space for the
flow channel to pass inside. On the one hand, this makes the structure between the battery packs more
compact and saves space in the wings. On the other hand, the good thermal insulation ability of the
fireproof material itself reduces the unnecessary heat transfer of the flow channel to other components.
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Figure 5.2: Geometry of 3 battery packs

After the shape of the battery pack has been designed, it needs to be verified that it can fit inside the wing.

In quantity, based on the results in Chapter.??, the minimum number of required cell is 67137.
With 40 cells per module, the minimum number of modules required is 1679 (rounded up). Similarly,
there are 24 modules in each battery pack, and the minimum number of battery packs required is 70
(rounded up). Considering the balance of the weight in the aircraft, 35 battery packs are placed on each
wing.

In size, based on Chapter.4, the external size of the module is determined to be 222mm X 88mm
x 67mm (front X vertical X altitude). The modules are arranged in 8 rows, 3 columns and 1 layer
in the battery pack, so the minimum external size of the battery pack is 1.776m x0.258m X0.067m.
Considering to reserve space for the connection structure between modules and the stationary structure
of the module, the external dimension of the battery pack is designed as 2mXx 0.26m x0.07m. Since 35
packs are arranged in vertical direction in each wing as shown in Fig.5.3, minimum total dimension of
35 battery packs is 2mx 9.1mx 0.07m.
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Figure 5.3: Layout of the battery pack on the wing

The PC-12 conventional aircraft has 16.28m wing span and 25.81m? wing area[56]. Minus the fuselage
width and the tip width, the single wing length is 6.4m. The wing shape is assumed to conform to a
rectangular straight wing. Therefore, the wing dimension of the conventional aircraft is 2.02mx 6.4m
(frontx vertical).

In the case of satisfying the wing unit area load calculated in Chapter.??, the total wing area of
the AEA in this design increases to at least 49.80m?. In the design, the wing remains the same shape
and the size is enlarged in equal proportion, thus:

szAw,ref =Aw (51)
(XDws,ref = Dws (5-2)
aDywyref = Dww (5.3)

where « is the proportionality coefficient, Ay ref Dws ref Dwwref are respectively the wing area, wing
span in vertical direction and wing width in front direction of the conventional reference aircraft, and
Aw Dyws Dy, are respectively the wing area, wing span in vertical direction and wing width in front
direction of the AEA.

Set a as 1.45, the wing dimension of the AEA is 2.92mX 9.28m (frontx vertical), which would leave
enough room for the battery pack and enough spare space for other components. The wing area of the
AEA is 54.20m?, which is enough for take-off. The distribution of battery pack in the wing is shown in
Fig,5.4.
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Figure 5.4: Distribution of the battery pack in the wing

5.2. CFD Simulation

The simulation of battery pack level aims to explore whether the thermal insulation design of the
battery modules is adequate when the temperature of the battery pack is affected by the heat transfer
between each other, and whether the differences in thermal performance of battery modules within
the battery pack are acceptable. Considering that the geometric structure, the thermal resistance and
heating structure of each battery pack are consistent, and the thickness of the fire proof layer between
the battery packs is considered to be thick enough, the thermal characteristics of each battery pack are
regarded as the same in this thesis. Thus, the simulation is carried out for a single battery pack.

5.2.1. Initial and Boundary Conditions
To simplify the calculation, the following assumptions are made in this thesis:

The battery pack is thermally conductive only on the surfaces that are in contact with the metal
of the wing, and because of the excellent thermal conductivity of these materials, the temperature of
these surfaces is always in line with the temperature of the outside atmosphere. The rest of the surface
is in contact with the fireproof material and is regarded as an adiabatic surface.

The temperature value profile of the internal components of the battery module (battery cell and flow
channel) over time in Chapter. 4 is used as the battery module temperature in the battery pack model.
This assumption is based on the low heat transfer between the cell and the outside world, which is not
sufficient to significantly affect the cell temperature. Therefore, the complex simulation of all battery
cells in the battery pack is avoided.

5.2.2. Result and Conclusion

A iy E AR,

Static Temperature [K]
290 292 294 296 298 300

Figure 5.5: Temperature contour of battery pack at at 1553s
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The result of simulation at at 1553s is shown in Fig.5.5. It can be seen that the temperature distribution
of each module is almost exactly the same. This is because all the gaps except the cell, the flow channel
and the package are filled with air, and the spatial structure constraints of the battery pack make this
air almost stationary. Still air has an extremely low thermal conductivity and therefore acts as a good
insulation material. as a result, the thermal insulation capability of the battery module is verified.



Discussion and Conclusion

This chapter aims to summarize the work carried out in the thesis. The content includes a summary of
the degree of completion of the goals proposed in Chapter.1, a discussion of the limitations of this thesis
and an exposition of future work that is helpful to this design.

6.1. Conclusion

The aim of this thesis is to design a battery pack for the application scenario of a regional AEA. The
current challenges of battery technology for AEA are specific energy, temperature uniformity and
stability of the battery pack. Therefore, it is necessary to provide the battery pack design with the
highest specific energy under the premise that the BTMS meets the uniform and stable cell temperature.
Firstly, this thesis analyzed the demand of flight, and then sized the battery pack to fulfill the demand.
Then, based on the size, the model building process in this thesis is analyzed, modeled and simulated
in turn from small to large, from the cell, the module to the pack level.

The main research question is answered as following;:
1) How to analyse the AEA flight energy demand and how will this decide the size of battery pack?

First the flight power demand of AEA is calculated using flight mechanics, in Chapter.2. Based
on the Pilatus PC-12 traditional aircraft modification, the corresponding AEA specifications are calcu-
lated under reasonable assumptions. The flight is divided into four main phases: take-off, climb, cruise
and descent. The energy and power of these phases are calculated separately based on the balance
of forces on aircraft. The result shows that take-off, climb, cruise and descent phases require power
of 1888.75kW, 1040.06kW, 408.563kW and 34.2109kW. Thesis phases have a total energy demand of
807.4359kWh, which should be provided by the battery pack. In this thesis, Samsung INR18650-35E
NMC battery cell is selected due to its high energy density, well-established technology, and strong
battery supply chain which is ready to use. Because of the round series and parallel number of the cells
in the battery pack, the energy of the designed battery pack will not be just equal to the flight energy
demand, and the actual design energy of the battery pack is 809.672kWh.

2) How to simulate the battery cell electrical and thermal behavior in the discharge?

In Chapter.3, the second-order ECM model is used to describe the discharge characteristics of the cell.
Experiments were performed to obtain equations for the various parameters of the ECM model. The
fitting accuracy of the formula is expressed as The mean absolute percentage error, For Ry, Rs, Cs, Ry
and C) precision are respectively 3%, 21%, 10%, 30% and 18%.. After the investigation, analysis and
simulation of the thermal behavior of the cell, the model is simplified to reduce the calculation while
retaining the thermodynamic characteristics of the cell. The cell heating model is simplified to be

43
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uniform. Based on the available finite element analysis results, the cell heat transfer model is simplified
to have anisotropic thermal conductivity. The 3D simulation of the above model packed in the module
shows that the axial temperature difference of the cell is not obvious, so the model is simplified to 2D
and the axial heat transfer is neglected.

3) How to design the BTMS of the battery module?

In Chapter.4, in view of the electric safety of battery pack, sufficient cooling effect, low difficulty
of control and maintenance, indirect liquid cooling is selected by this design as the thermal management
method. The thermal performance of multiple cells in the module under BTMS is simulated, and the
thermal performance of the cells under different conditions is shown in Fig.4.5,4.8 and 4.12 to 4.14.
Based on these results, the flow rate control and geometric parameters of modules are optimized by
focusing on the stability and uniformity of the cell temperature and the energy density of the battery
pack. Finally, the battery module with 2mm cell spacing, 0.4mm flow channel wall thickness, Imm
packaging thickness, and constant flow rate control had the best temperature characteristics and lowest
energy consumption.

4) Is the design of the battery pack appropriate?

In Chapter.5, the geometric dimension of the battery pack is designed and verified by the dimension
of the space for battery storage. Then, in order to observe the effect of BTMS at the battery pack level,
simulation were performed. The results show that the thermal insulation design of the battery module
is sufficient to make the thermal performance difference between battery modules caused by external
heat transfer within an acceptable range.

6.2. Discussion

Many of the methods used in this study have uncertainties and limitations, which are listed as follow:

6.2.1. All Electric Aircraft

The electric aircraft is modified from the reference conventional aircraft PC-12 design. Although the
design of relevant parameters of the reference aircraft is close to maturity and the product has been
put into use, it is difficult to predict the changes occurring in the process of electrification. In this
thesis, the modification of the wing is regarded as an equal scale enlargement to isolate the influence of
modifications of other aircraft components on it. In practice, the design of the all the components of the
aircraft will affect each other. For example, airfoils will be redesigned to cope with new aircraft loads
and flight cycles, and this will affect the available space for battery packs in the wings.

6.2.2. Model

In this thesis, through analysis and simulation results verification, it is believed that the cell model can still
reflect its thermodynamic characteristics after simplifying to 2D. However, this simplification needs to
be supported by actual experimental data. A measurement of the temperature spatial distribution inside
the battery cell when it is generating heat is needed to determine the reasonability of the 2D simplification.

The refrigerant control method in this thesis uses a combination of constant temperature and variational
flow rate. However, if only considering the technical difficulty, the constant flow rate output with
variational temperature is easier for the refrigeration cycle that supplies the refrigerant to the BTMS,
because in most refrigeration cycles the flow rate is usually fixed and the temperature control is achieved
by adjusting the compressor power. The control system and technology in this way are more mature.
If the only consideration is more flexible thermal management, the refrigerant control with variable
temperature and flow rate can be used to adjust the cooling capacity most accurately.
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6.2.3. Optimization

The parameters selected for the optimization in this thesis are limited. For example, the effect of changes
in the number of cells in a single module is ignored in this thesis. If the number of cells in the module
and the flow velocity of the fluid in the flow channel are increased simultaneously, the energy density of
the battery pack may be further increased while ensuring temperature uniformity. Moreover, only a few
groups of simulations are carried out for each parameter when optimizing in this thesis. Increasing the
density of test points for a given parameter may lead to a better approximation of the optimal parameter
value. In addition, the influence of each parameter on the module is tested separately, but the effect
of these parameters on the module may not be completely independent. The combined effect of each
parameter requires multi-objective optimization method.

In this thesis, the parameters in the governing equations of the refrigerant flow rate are determined by
simulation attempts, and no optimization analysis is carried out. In batter optimization, the charac-
teristics of heat generation during flight should be grasped, and the step and climb process should be
simulated separately to observe the performance of control.

6.3. Future Work

Regional AEA is an immature research area, and the technologies related to its design and production
are still developing rapidly. This study provides a preliminary design of battery packs for AEA, which
can be used as a basis for future research work:

¢ Design and simulate for battery packs of different chemical types and different shapes of the cell
to select the best type more reasonably.

* Combine the design of the BTMS with the other part of the Battery Management System (BMS) to
design a complete battery system.

¢ Test Battery packs for electric aircraft experimentally. According to the results of the corresponding
simulation, the experiment can be designed, and the multi-objective optimization of the battery
pack can be carried out on the basis of the experimental results, so as to obtain a design scheme
closer to the actual application. At the same time, the selected optimization objective should be
more comprehensive, including more complex fluid control and more variety of flow channels,
etc.

¢ Tune the refrigerant flow rate PD control. The step and climb processes of battery heat generation
in flight can be separated and used as input signals to test the control system for optimization.
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Thevenin Equivalent Circuit Model
Parameter Identification Coefficient

Voc Rs
aiocy | -0.8158 ars | 1.96803076e+06
axocy | 0.4339 aRs | -2.58332869e+05
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a40Ccv 0.008692 A4Rs -4.43425086e+02
R, asgs | 6.65600564e+00
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axRo | -2.36775439e+05 args | 1.45632742e-04
asgo | 6.95730070e+03 bigs | -2.48574374+03
asRo | -8.57920276e+01 bars | 6.54688868e+02
AasRro 3.79691090e-01 b3Rs -1.23415311e+02
blRO 7.14427587e-09 b4Rs 8.44494379e+00
bro | 9.67955610e+02 bsgs | -2.37800677e-01
baro | -2.69097188e+02 bers | 2.34962550e-03
ciro | 1.36546647¢-03 Cirs | -2.85171770e-11
Caro | 2.43985680e+00 Cors | 3.57970697e-11
Caro | 3.54177981e-02 Cags | -3.37765236e-11
Cars | 1.63956047e-11
Csrs | -3.26665166e-12
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a1Cs
a2Cs
a3Cs
4Cs
as5Cs
6Cs
a7Cs
ble
bZCs
bSCs
b4Cs
bscs
b6Cs
C1Cs
C2Cs
C3Cs
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2.03862268e+09
1.11506082e+09

-3.21726508e+07
3.08620146e+05
1.25648168e+03

-3.94023327e+01
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ai1cl
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asCl
a4C1
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aeCl
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bsci
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C2Cl1
€3Cl
C4C1
Cs5Cl1

Table.A ECM Parameter Identification Coefficient

G

2.74350258e-01
-1.99345918e-02
2.64036001e-03
-8.20580141e-05
9.75157146e-07
-3.98718332e-09
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1.43475014e+05
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