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Abstract: Thermal management systems are integral to electric and hybrid vehicle battery packs for
maximising safety and performance since high and irregular battery temperatures can be detrimental
to these criteria. Lithium-ion batteries are the most commonly used in the electric vehicle (EV)
industry because of their high energy and power density and long life cycle. Liquid cooling provides
superior performance with low power draw and high heat transfer coefficient. Two liquid cooling
designs-the Linear Channel Design (LCD) and Helical Channel Design (HCD)-underwent multiple
numerical and geometrical optimisations, where inlet mass flow rate, channel diameter, and inlet and
outlet locations were analysed using CFD (computational fluid dynamics). The primary objectives
were to maintain maximum temperatures and thermal uniformity within the operational limits
derived from the literature. These were both achieved with the LCD using a mass flow rate of
7.50E-05 kgs_l. The Tmax goal was met for the HCD but not the thermal uniformity goal. The
LCD achieved 1.796 K lower in maximum temperature and 8.740 K lower in temperature difference
compared to the HCD, proving itself superior in both metrics. The HCD required a higher mass flow
rate than the LCD to regulate temperatures, resulting in an undesirably high power consumption.

Keywords: lithium-ion battery; thermal management; liquid cooling; linear channel; helical channel;
design optimisation; electric vehicle

1. Introduction
1.1. Background

With ever-increasing concern for pollution due to the use of fossil fuels, the demand
for electric and hybrid vehicles has noticeably been on the incline in recent years. In 2015,
65% of global oil consumption was due to the transport sector [1], and in 2021, a declaration
was made at COP26 (the UN climate change conference) entailing the sales of all new cars
and vans to be zero emission vehicles globally by 2040 and by no later than 2035 in leading
markets [2], meaning that developments for sustainable EV (Electric Vehicle) technology
are in high demand by automotive companies.

Lithium-ion batteries have been a popular choice within the industry for EV power-
trains due to their high energy density, high power density and long life cycle [3]. When
lithium-ion batteries undergo the discharge cycle during operation, they generate a consid-
erable amount of heat that needs to be expelled, because high and irregular temperatures
can severely impact the battery pack’s performance, life cycle and safety [4]. The main aim of
this research is, therefore, to provide a suitable and effective thermal management system for the
use of EV battery packs. The criteria needed to reach this aim include maintaining the maximum
temperature of the cells within the optimal operating range of 298 K < Tax < 313 K [5] and
the thermal uniformity of the cells in the form of temperature difference in the range of
AT <5 K [5]. Thermal uniformity is an important metric for analysing thermal performance
due to the application of the Arrhenius law [6], where areas of high cell temperature in-
crease the current and accelerate electrochemical reactions, causing a local peak SOC (State
of Charge). Uneven SOCs within electrodes shorten the operating lifespan of the cell by
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accelerating the ageing of the electrodes at high SOCs [6]. Furthermore, the thermal man-
agement solution should be realistic for use in an EV and not consume unnecessarily large
quantities of power in order to operate that would otherwise be more usefully diverted
to other systems in the vehicle. Additionally, the cost and manufacturing complexity will
be minor factors to consider towards the end of the design optimisation process. These
criteria will be achieved through a series of numerical and geometrical optimisations to the
given designs.

1.2. Literature Review

Over the past decade, extensive research has been conducted on EV lithium-ion battery
packs’ thermal management systems. The demand for new innovative ways to improve
battery performance from various electric car manufacturers, has always been prevalent
due to cooling being a major factor in the vehicle’s overall performance and efficiency. This
literature review will be categorised in order to cover the three key areas of EV battery pack
cooling research, comprising PCM cooling, air cooling and liquid cooling.

1.2.1. PCM Cooling

One of the fundamental areas for research within the thermal management of EV
battery packs involves the use of a PCM enclosure for the Li-ion cells. PCM cooling relies
on the absorption and release of thermal energy when the coolant material changes phase.
PCMs have been explored in recent research such as that of Li et al. [7] where porous
cellulose nanofibril (CNF)/silver nanowire (AgNW) hybrid supporting materials were
used to increase the phonon propagation of the cellulosic material lattice and improve the
thermal transmission ability of the hybrid carriers.

Multiple structural arrangements of PCM enclosures have been proposed in the litera-
ture, such as Choudhari et al. [8] comparing the use of rectangular, triangular, trapezoidal,
I-shape and T-shape fins within the PCM enclosure in order to counteract the heat ac-
cumulation in PCMs due its low heat conduction [8]. It was concluded that the I-shape
and rectangular fins had the strongest performance in terms of maximum temperature
reduction and thermal uniformity. Although it should be said that each of these fin types
had very similar results, leading to the conclusion that fin shape is not a major determining
factor in the performance of a battery thermal management system. Additionally, this test
was conducted on a single Li-ion battery and not a pack, which may limit the usefulness
of this data for car manufacturers, so a battery pack should be tested for future research.
Landini et al. [9] studied the use of direct-metal-laser-sintered aluminium heat exchangers
containing PCMs, finding that the system showed promising results in comparison to
natural convection and maintained an even thermal uniformity.

An interesting development in the research of PCM cooling involves the combination
with liquid cooling, as researched by Cao et al. [10], who proposed a structure containing
EG/RT44HC acting as a PCM alongside a cold plate situated in amongst the battery pack.
It was found that in order to best control the battery pack’s thermal performance, the
coolant water temperature should be limited to less than 313K and as close to the ambient
temperature as possible [10]. It was found that these low inlet temperatures reduce the
general temperature of the battery pack but increase the temperature in the axial and radial
directions, worsening the thermal uniformity of the Li-ion cells. Hekmat et al. [11] investi-
gated a hybrid PCM and liquid-cooled structure for prismatic cells, finding that the PCM
was especially beneficial in creating a strong thermal uniformity. The addition of coolant
pipes reduced the maximum temperature significantly compared to singularly using PCM,
indicating that liquid cooling systems will majorly influence the thermal performance of
an EV battery pack. Perhaps the liquid cooling structures should be researched heavily to
optimise cooling performance instead of purely relying on passive cooling.
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1.2.2. Air Cooling

The use of natural convection (air cooling) is commonly used for effectively managing
the thermal performance of an EV battery pack. Fans are generally used in practice [12] as
opposed to purely relying on the exterior winds around the moving vehicle which would
be unreliable and not keep temperatures steady enough over an extended period of time.
Air cooling systems for EV battery packs are generally cheaper and simpler in design when
compared to liquid cooling loops [12]. However, some issues can arise in terms of the
thermal uniformity of Li-ion cells since predicting the exact flow path of the air and making
sure it evenly cools each Li-ion cell can be troublesome to model, which is why much
literature has focused on this, along with minimising maximum temperatures.

Forced air cooling systems have been developed by scholars such as Wang et al. [13],
where two cooling channels were used and tested at multiple discharge rates. Results
showed that the cooling efficiency reached 73%, and the maximum temperature decreased
from 343 K to 328 K at a discharge rate of 1C. The main appeal of this design is the alternat-
ing airflow system, which has a noticeably beneficial impact on the thermal uniformity of
the battery pack. However, it had a negligible effect in reducing maximum temperatures.
The idea of alternating inlet airflow arrangements was also researched by Sharma et al. [14],
with the conclusion that dual-direction airflow provided great benefits to thermal unifor-
mity and required a lower power consumption compared to unidirectional airflow. The
airflow velocity was also optimised to be 2 ms ™! for 1, 2 and 3C discharge rates and 4 ms ™!
for 4C.

The battery pack structure and layout of the cells are important considerations and
determining factors when it comes to the thermal performance of an EV battery pack.
Xi et al. [15] proposed a novel Z-type structure, which produced promising results for
thermal performance when an optimisation process was conducted. Furthermore, the
addition of deflectors and rounding-off chamfers reduced the maximum temperature by
2.52 K and enhanced the thermal uniformity due to the more balanced airflow within the
battery pack. A J-type airflow structure was studied by Liu et al. [16] with a comparison to
U-type and Z-type structures. It was found that after the J-type system was optimised using
surrogate-based optimisation, it showed a 4.12 K reduction in maximum temperature in
relation to the U-type system and a 15.42 K reduction compared to the Z-type structure since
the optimised system benefits from a highly balanced and uniform airflow distribution.

1.2.3. Liquid Cooling

Liquid cooling is the method of EV battery thermal management employed by car
manufacturers such as Tesla, BMW and Ford [17] and is the most widely researched in the
literature, with many different types of designs. It should be noted that liquid cooling can
be split into direct and indirect cooling, where the former involves the submersion of the
Li-ion cells directly into the coolant fluid. While direct cooling comes with the advantages
of maximal thermal contact area for the cells and greatly improved thermal uniformity [12],
this method is uncommon in the real-world manufacturing of battery thermal management
systems. This is due to the troublesome requirement of the water-resistant performance of
the battery pack, where electrical short circuits and electrochemical reactions may occur [12].
This is why indirect liquid cooling (designs involving exterior channels for coolant flow) is
a well-researched area in the literature and is held at a higher degree of importance by both
scholars and EV manufacturers.

Car manufacturers such as Tesla make use of a serpentine wavy channel cooling
structure, which a fair level of academic research has been conducted on, such as Zhao
et al. [18], that used a simulation of a serpentine channel cooling arrangement battery pack.
The pack comprises 71 18,650 Li-ion cells, where the heat generation is based on experi-
mental data of a single cell. Zhao et al. [18] found that increasing the discharge/charge
rate of the cells increases the battery pack temperature and worsens its thermal uniformity
and increasing the coolant flow rate significantly lowers the temperature and improves
thermal uniformity. However, this was only tested with two inlet velocity rates, 0.1 ms~!
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and 0.5 ms™!, providing very little sample space, so there is room to research and find an
optimal flow rate. Zhao et al. [18] also found that modelling a contact area between each
cell had a negligible effect on the thermal performance and that increasing the contact area
between each cell and the coolant loop resulted in lower battery pack temperatures (due
to the increase in contact surface area resulting in a higher rate of thermal dissipation).
Although, again this was tested arbitrarily with contact angles of 10°, 20°, 30° and 40°, so
an optimal or maximum can still be researched.

The following year, this research was built upon again by Zhao et al. [19], with the
main focus being to optimise thermal uniformity with the battery pack. The removal of
the coolant loop’s U-turn resulting in multiple single wavy channels was tested, with the
findings that this improved the thermal uniformity and reduced the maximum temperature
of the battery pack. This time, the contact area of the cell and coolant loop was tested much
more in-depth. It was found that increasing the contact area improved thermal uniformity.
The serpentine wavy cooling channel structure was also researched by Xu et al. [20],
comparing it with a U-shaped coolant loop with grooves. It was found that the serpentine
wavy structure had better performance in terms of maximum temperature reduction,
that being 0.37 K lower than the U-shaped structure, and demonstrated a better thermal
uniformity. It would be potentially useful to combine the research of Zhao et al. [18] and
Xu [19] to test a single-channel system with grooves.

In terms of alternative liquid cooling structures, many novel designs have been pro-
posed in the literature that are not similar to those currently adopted by car manufacturers,
such as the use of a helical duct structure encasing each Li-ion cell. Multiple parameters
within this design were tested by Zhao et al. [21], and it was found that the battery pack’s
maximum temperature was lowered, and the temperature uniformity was improved as
the inlet mass flow rate increased, concurring with the findings of Zhao et al. [18] even
for a vastly different coolant structure. It was also discovered that when the pitch and
number of helical ducts were varied on the optimal flow rate model of 3 x 10~* kgs’l,
this had a negligible effect on the thermal performance of the battery pack. Various cases
of alternating fluid flow were tested in an attempt to regulate temperature (since outlet
temperature will inevitably be lower than inlet temperature). The findings highlight that
having three inlets and two outlets at the positive electrode of the battery gave a Tmax of
306.95 K and AT of 7.4 K at 40% DOD compared to a Trmax of 307.85 K and AT of 8.7 K for
a one inlet, four outlet case. This technique improved cooling effectiveness and thermal
uniformity when the fluid flow is alternated. Finally, the helical duct diameters were
tested with the conclusion that smaller diameter ducts result in slightly lower maximum
temperatures but a worsened thermal uniformity.

The use of helical liquid ducts was also researched by Dong et al. [22], who analysed a
novel double helix structure. It was also found that an increase in coolant mass flow rate
resulted in lower maximum temperatures. Although in this paper, a wider sample was
used in order to derive a converging relationship, where the cooling benefits of higher mass
flow rates began to diminish as the flow rate increased beyond 5 x 10~ kgs~!. The pitch
and diameter parameters were also tested, with the conclusion concurring with the findings
of Zhao et al. [21] that the smaller diameters result in lower maximum temperatures but a
worsened thermal uniformity.

The use of linear mini-channel cooling structures has been a key area of EV battery
liquid cooling research over recent years, with many design variations being proposed and
evaluated in the literature. Some designs have linear channels flowing perpendicular to the
length of the cells, such as the structure proposed by Rao et al. [23], comprising aluminium
blocks between the Li-ion cells with mini channels for coolant flow. The particular design
shown in this paper provides adequate cooling performance for the battery pack since
the temperatures are kept well within operating conditions. However, it is obvious from
the schematics of this design that since the straight mini-channels flow perpendicular to
the lengths of the Li-ion cells, the thermal uniformity of the cells is weakened. This is
mainly due to the distance between a given coolant channel and the cells is constantly
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changing along the length of the channel. This is evident in the results of Rao et al. [23],
where the temperature contours demonstrate large variation within the cell volumes. This
can be a major issue as denoted by Zeng et al. [6], where the volumetric heat generation
rate increases with the energy density and charge rate. There is more battery heat to be
dissipated, requiring more cooling power. Zeng et al. [6] mentions the application of the
Arrhenius law, where areas of high cell temperature increase the current and accelerate
electrochemical reactions, causing a local peak SOC. Uneven SOCs within electrodes shorten
the operating lifespan of the cell by accelerating the ageing of the electrodes at high SOCs.
From this, the thermal uniformity of the Li-ion cells shall be an important consideration for
the proposed designs in this paper.

Most of the proposed linear cooling channel designs within the literature comprise
channels parallel to the lengths of the cells. Lai et al. [24] researched designs in this area
and identified a gap in the literature research, being the lack of focus on the weight and
compactness of the battery pack, which is an important factor for the performance of electric
vehicles. A lightweight battery pack was constructed comprising multiple aluminium
thermal conductive structures containing coolant channels, allowing the cooling water to
flow from an upper reservoir and down the lengths of each cell to the lower reservoir. It
was also stated that liquid cooling, in general, provided far superior heat transfer coefficient
and power consumption levels in relation to PCM and air cooling. A similar concept was
presented by Sheng et al. [25], utilising a cellular liquid cooling jacket. Sheng et al. [24]
discovered that interlaced flow directions provide a lower temperature standard deviation
and improved thermal uniformity, concurring with the findings associated with the helical
channel designs of Zhao et al. [21]. A glycol aqueous solution was also tested, with the
conclusion that this is a more effective coolant than regular liquid water. Although, there is
still room to potentially test more coolants to fully optimise this design.

Another such design would be the mini channel cylinder cooler proposed by Zhao et al. [26].
Similar to the design proposed by Lai et al. [24], the battery pack comprises an upper and
lower reservoir connected via vertical ducts for the coolant to flow along the length of the
cells. However, this design makes use of smaller channels (0.8 mm diameter) compared to
that of the design proposed by Lai et al. [24] (2 mm diameter), and utilises up to sixteen chan-
nels surrounding each cell as opposed to three per cell from Lai et al. [24]. Zhao et al. [26]
and Lai et al. [24] made use of different form factors of Li-ion batteries, 42,110 and 18,650,
respectively. Comparing cooling performance among these designs provide little analytical
benefit, so perhaps a comparison of these designs under the same boundary conditions and
using the same battery form factor should be studied in future studies.

With liquid cooling showing very promising results within this field of research,
the aim of this study shall be to further develop the specific types of cooling loops used
within the literature. A comprehensive evaluation shall be conducted to determine the
applicability of each design, to encourage further research for the superior model.

2. Materials and Methods
2.1. Battery Chemistry

On a basic level, the purpose of a battery is to convert chemical energy to electrical
energy via an electrochemical oxidation-reduction reaction, for which the inverse of this
reaction is used to recharge a rechargeable battery. This type of reaction involves the
transfer of electrons from one material to another through an electric circuit [27]. The
batteries store and discharge energy in the form of charged atoms or ions, and the charge
and discharge rate of the battery is restricted by the speed that ions can move through the
cell [28].

A typical cell comprises three primary components:

1. The anode—gives up electrons to the external circuit and is oxidized during the
electrochemical reaction [26].

2. The cathode—accepts electrons from the external circuit and is reduced during the
electrochemical reaction [26].
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3. The electrolyte—is usually a liquid medium to sustain ionic conductivity and transfer
ions between the cathode and anode.

In order to maximise the efficiency of the battery, the materials for the anode and
cathode should be light and provide high cell voltage and high capacity [27]. The metal
with the lowest density on the periodic table is lithium, which also has a high electro-
chemical potential, making this a logical choice for the production of batteries. Research
into intercalation electrodes has led to the use of lithiated carbons and lithium alloys in
lithium-ion technology [27]. There are many different types of lithium-ion batteries, such
as LiCoO,, LiFePOy, LiMn,0y, LiNiMnCoO; and Li, TiO3. Each of these types comes with
its own benefits and drawbacks. LiCoO; is the most commonly used form of lithium-ion
battery, and is under consideration for use in innovative solid-state batteries [29]. The
LiFePOy battery uses lithium iron phosphate as the cathode material and in comparison
to LiCoO,, has a lower energy density, longer lifetime, and higher power density [27]. A
study performed by Tang et al. [30] showed that under external heating conditions, the
LiFePOy4 battery was able to withstand a higher heat until failure compared to both the
LipTiO3 and LiNiMnCoO; batteries, proving itself superior in thermal stability. Develop-
ments have recently been made using a silicon anode for solid state lithium-ion batteries
such as Gu et al. [31], where a novel SiO,@Liz PO @carbon shell coated on micron-sized
silicon was shown to maintain mechanical integrity and stable cycling performance with
high capacities. Han et al. [32] also demonstrated the benefits of a novel silicon MXene
with interfacial nitrogen engineering, which also achieved high mechanical stability as
well as stable and fast lithium-ion transportation pathways. Both of these silicon-based
anodes could potentially be incorporated into the proposed thermal management systems
in this study, although requiring a moderate reconstruction of geometries to account for
dimensional changes. Table 1 shows data for the lithium iron phosphate battery modelled
in this study [27,28,33].

Table 1. Lithium Iron Phosphate battery properties.

Battery

Cell Voltage (V) Specific Energy (MJkg~1) Cycle Life (Cycles) Charge Rate (Hours)

Lithium Iron
Phosphate (LiFePOy)

3.3 >0.32 1000+ <1

Under extreme conditions, the safety of a lithium-ion battery can be compromised,
for example during a short circuit, when temperatures can increase rapidly [34]. The use
of hydrogel to rapidly absorb thermal energy and mitigate thermal runaway when was
explored to a high degree of success by Zhao et al. [34]. Collisions are also a major risk
to the battery pack integrity and safety, for which shock-absorbing “sacrifice” tubes and
crushable foam were tested by Kukreja et al. [35] and were successful in reducing the
severity of collisions.

When a battery is under operational use, it is undergoing its discharge cycle. For
practical purposes, the performance efficiency of batteries is often rated not on a full
discharge cycle, but instead using a percentage of DOD (Depth of Discharge), since batteries
are seldom fully discharged due to long term damage this could cause to the batteries.

Figure 1 shows a typical representation of the discharge process of a cell. It can be seen
that the electron flow takes place from the oxidised anode to the cathode via the external
load. As the electrons are received by the cathode, the cathode material is gradually
depleted. Anions (negative) flow from the cathode to the anode, and cations flow vice versa
through the electrolyte to complete the circuit. Over the charging cycle of a rechargeable
battery, the flow of current is reversed, and the anode and cathode switch places to become
the positive and negative electrodes, respectively. The electrochemical reactions during
both of these processes are represented by Equations (1) and (2) [26]:
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2.2. Numerical Model

In this investigation of liquid-cooled battery pack thermal management systems,
the computational fluid dynamics (CFD) method is introduced, where it is important to
understand the governing equations behind the simulation of lithium-ion batteries and
the energy transfer due to the liquid cooling channels. First of all, the heat generation of a
single lithium-ion cell was modelled according to the following Equation (3) [36]:

d
a (pb’Cp,b'Tb) = V'(kb-VTb) + qgen (3)

where py, is the generalised density of the battery, ¢, }, is the specific heat capacity of the
battery, ky, is the generalised thermal conductivity of the battery, finally qgen is the heat
generation of the battery and can be determined by [21]:

g = @

where Qy, is the rate of heat flow across the battery and Vy, is the volume of the battery.
Much work relating to lithium-ion battery heat generation within recent literature has been
based upon the work of Bernardi et al. [37], for which a simplified Bernardi equation is
used within this research and is as follows [38]:

1 dU
gen = 7, I*Rp, + IbdeiTb ©)
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where dUy, /dT refers to the temperature coefficient, a parameter related to the electro-
chemical reaction within a lithium-ion cell derived from the open-circuit voltage of the
battery, Uy. I, is the current through the battery and Ry, is the internal resistance of the
battery. The coolant used within this research was liquid water, for which the fluid flow
and heat transfer model can be expressed using the three following equations [21], firstly
the continuity equation [21]:

P 9. (pyvar) =0 ©

ot

where p,, is the density of water, t is time and 7W is the velocity of the water. The
momentum conservation equation [21]:

v 1

S (VaV )V = = VP4 1, V2 (Vo) %
ot P

where P is pressure, W, is the dynamic viscosity of water Lastly, the energy conservation

equation [21]:

0 -
= (Puwcpne Tw) + V- (Pu-cpw Vau Tw ) = V- (k VT ®
where the aforementioned variables are associated with water denoted by subscript “w”.
The heat transfer between the coolant, aluminium channels and the battery can be modelled
through the following heat flow equations:

Q =m-cp-AT )

Q=h-AAT (10)

where m is the mass flow rate, h is the heat transfer coefficient and A is the contact area for
heat transfer. When dealing with fluid flow, the distinction between laminar, transitional
and turbulent flow is important to consider and is characterised by the Reynolds number:

pvL 4m
Re = & (11)

The properties of the materials used in this investigation are summarised in Table 2,
for which the properties of aluminium and liquid water were sourced directly from the
materials database in ANSYS Fluent. The properties of the battery are sourced from
the work of Zhao et al. [4] and are assumed to be uniform throughout the geometry of
the battery.

Table 2. Material properties.

Materials p (kg m—3) (kg TK) kWm 1K p (kgm—1s-1)
Liquid water 998.2 4128 0.6 1.003 x 1073
Aluminium 2719 871 202.4 -

Battery 1760 1108 391 -

2.3. Modelling a Single Lithium-Ion Cell

There are many different types of lithium-ion batteries to consider for study such as
cylindrical, prismatic and pouch. The LiFePOy cylindrical lithium-ion battery was selected
for modelling, given this has shown promising electrochemical and thermal characteristics
as described earlier, and there has been a recent wave in the EV manufacturing industry
to mass adopt this particular battery chemistry [39]. Many form factors for cylindrical
batteries exist, such as 18,650, 21,700 and 4680. The numbering system is characterised
by the dimensions of the battery. For example, the 18,650 battery is 18 mm in diameter
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and 65 mm in height. The new “tabless” 4680 batteries, which are still in development
by Tesla, were originally considered for study. Although this, unfortunately, means that
there is limited technical information available to the general public and academic scholars,
which would make the heat generation model of the battery impossible to validate. This
is why the 18,650 form factor was eventually chosen for study, given there is plenty of
technical information available about this battery in the literature as summarised in the
literature review.

Firstly, the heat generation of a single cell undergoing its discharge cycle must be
accurately modelled to produce meaningful results. The geometry for a simple 18,650 cylin-
drical lithium-ion cell was created in SolidWorks 2021 (Dassault Systemes, SolidWorks
Corp., Waltham, MA, USA) with the relevant dimensions of 18 mm diameter and 65 mm
height and was imported into ANSYS Fluent (ANSYS Inc., Canonsburg, PA, USA) as a step
file. The applied material properties are shown in Table 2 and are assumed to be uniform
throughout the geometry of the battery. This would provide a limitation to the accuracy
of the battery model since different components of the battery, such as the can, separator,
cathode, and anode foil, would all comprise unique material properties, but for the purpose
of this study, a generalised material composition provides accurate enough data without
compromising on highly complex geometry and computational power requirements.

Papers covered in the literature review, as well as other research in this field, use the
experimental results of Wang et al. [40], for which a cell operated at a 5C discharge rate
achieved a maximum temperature of 351 K after 720 s, and where the heat generation and
temperature of the cell increased approximately linearly with respect to time throughout
the 720 s discharge cycle. Furthermore, from the results of Wang et al. [34], it was shown
that as the discharge rate was increased, the heat generated in the battery was greater. For
this study, the single cell model was given a heat generation rate of qgen = 138,000 Wm 3
within the cell zone conditions and set to run transiently for 720 s. At the end of the
discharge cycle, the cell reached a maximum temperature of 351 K through a linear increase
in temperature with respect to discharge time (shown in Figure 2), validating this thermal
model against the literature. Given this was a very simple calculation for Fluent with simple
geometry, different mesh densities provided infinitesimal differences in results, so a mesh
dependency study provides little analytical benefit here. Mesh dependency will become
significant for the full simulated battery packs with cooling, given the higher complexity of
the problem.

Heat generation of single cell (5C discharge)
=360

(]
5350
m©
£340
o
£330
g
£320
35
E310
x
©
=300
0 80 160 240 320 400 480 560 640 720

Time (s)

Figure 2. Heat generation of a single cell (5C).

2.4. Construction of the Linear Channel Design (LCD) Battery Pack

The first proposed liquid cooling design is one based upon the work of Lai et al. [24],
where SolidWorks 2021 was used in order to plan the design for and build the CAD
model, shown in Figure 3 (all dimensions shown are in mm). The LCD considers a pack of
four lithium-ion cells to alleviate computational power requirements, with nine coolant
flow channels, as presented in Figure 3c. The channels each have four curved edges that
interlock with the cylindrical cell surfaces, and the upper reservoir carries fluid from the
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inlet through the channels to the outlet on the lower reservoir. As opposed to the staggered
battery arrangement with three contact surfaces per channel proposed by Lai et al. [24], the
LCD uses a uniform structured battery arrangement with four contact surfaces per channel
to provide a more useful comparison to the HCD. This is covered in the next section. It
should be noted that this arrangement of batteries is slightly less compact, providing a
minor limitation to the usefulness of this design within an EV. The channel diameter and
the inlet and outlet locations were chosen arbitrarily for now, as they are to be optimised
later in this study, as well as the inlet mass flow rate.

LINEAR CHANNELS, 18650 CELLS

! > .
@ ®) ©

Figure 3. LCD views and dimensions, all in millimetres: (a) Single channel side view; (b) Single
channel ISO view; (c) Battery pack top view with fluid domain removed.

2.5. Construction of the Helical Channel Design (HCD) Battery Pack

The second proposed liquid cooling design is one based upon the work of Zhou et al. [21]
and Dong et al. [22], involving helical coolant channel structures weaving around each
cell. Ideally, the main benefit of a helical channel structure should be the allowance for a
more even distribution of coolant around the circumference of the cell, improving thermal
uniformity. The CAD model created in Solidworks 2021 is presented in Figure 4 (all
dimensions in mm). Illustrated in Figure 4, a helix was swept, and an extruded cylindrical
cut of radius 9 mm was taken through the centroid, creating a half helix structure similar to
the work of Zhou et al. [21]. This allows the lithium-ion cell to have a maximal contact area
with the helical channel via a continuous flat edge, allowing for the greatest quantity of
heat transfer rate, as described in Equation (10). The HCD also comprises four lithium-ion
cells which are spaced in the same arrangement as the LCD, to provide the most relevant
comparison. Each cylindrical cell has its own helical channel, for which the coolant flows
from the inlet into the upper reservoir and through the helical channels to the outlet on the
lower reservoir.

Figure 4. Helical channel-side (mm).
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2.6. CFD Configuration and Boundary Conditions

Once each battery pack assembly had been created in SolidWorks 2021, they were
imported as a step file into ANSYS 2021 R1. A hexahedral mesh was generated for each
battery pack within ANSYS Mechanical. This provided low numerical diffusion, resulting
in a solution of higher accuracy [41] compared to meshing geometries such as tetrahedral.
Body and face sizings were applied to enhance the mesh density of critical areas of heat
transfer, such as the channels and sections of the fluid domain, as well as inflation layers
between the boundaries of the fluid, channel and batteries. Inflation layers are vital for
resolving the boundary layer between two regions where a significant temperature gradient
is occurring due to energy imbalance. The first layer thickness was set to 0.1 mm based
on the y+ value of 1 [42], with a growth rate of 1.2. It is generally good practice with
inflation layers to include between 10 and 15 layers to accurately resolve the boundary
layer and predict separation or reattachment points [43], which is why 10 layers have been
used for these studies. According to the Fluent User’s Guide [44], the orthogonal quality
should be kept close to 1 and skewness close to 0 (perfectly equiangular cells), which was
confirmed for every case and geometrical optimisation using the mesh statistics in ANSYS
Mechanical. Lastly, the named selections are applied to the relevant geometries for ease of
access within Fluent.

In Fluent, the double precision mode was activated to provide more accurate simula-
tions, and the transient model was selected. The energy model was activated to allow the
equations of heat transfer Equation (8), along with the 2-equation k-¢ turbulence model.
Liquid water was used as the coolant in this study, which is commonly used in the litera-
ture, and a custom material was created for the battery using the properties described in
Table 2. The appropriate materials were assigned in the cell zone conditions: aluminium
for the channels, liquid water for the fluid domain and the custom battery material for
the lithium-ion cells. The heat generation model described earlier is applied here for the
cells. The fluid inlet boundary condition is set to 300 K and as a mass flow inlet, initially
as 2.5 x 107 kgs~!, well within the laminar flow region as described by Equation (12)
(derived from Equation (11), using 8 mm as the inlet diameter and the dynamic viscosity of
water from Table 2.

Re-mL-p 2300 x 7 x 8 x 1073 x 0.001003

_ -1
i i = 0.0145 kgs (12)

Mmax =

Any walls separating fluid or solid domains were set as coupled, allowing natural
convection for energy transfer, and the interior faces of the channels were set to a no-slip
condition and as stationary. The ambient conditions are 300 K, and each case was assumed
to be in an adiabatic environment via the battery pack exterior surfaces set to thermally
insulating boundaries, due to the constricted airflow in real EV battery pack environments
where the thermal impact is negligible. As each optimisation is completed in this study, the
newfound boundary conditions are applied for the consecutive stages.

Monitors were set to record the maximum and minimum temperatures for the volumes
of the lithium-ion cells over time, and a hybrid initialisation was utilised. For the calculation,
each time step was set to a magnitude of 1 s for 720 time steps in order to recreate the 5C
discharge cycle [40], as described earlier. The maximum iterations per time step was set to
300 in order to significantly increase the likelihood of convergence, although it was found
that most time steps converged between 1 and 10 iterations.

2.7. Mesh Dependency

A mesh refinement study was performed on the LCD and HCD to find convergence
in the solution where an optimal mesh can be applied to provide accurate solution data
without extending the computational time and power requirements unreasonably. This
is achieved by gradually applying denser element meshing via altering the global mesh
size, the body and face sizing, and inflation layers. The results were recorded in each case
(in this case, the maximum temperature of the cells), and the graphs presented in Figure 5
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Figure 5. Mesh dependency study for the: (a) LCD; (b) HCD.

From Figure 5a, it can be seen that the maximum temperature of the lithium-ion cells
decreases in magnitude rapidly as a denser mesh is used, up until roughly 300,000 elements,
where the maximum temperature thereafter levels off and converges tightly toward an
asymptote as the element number increases. For the HCD in Figure 5b, the same relationship
applies, except with roughly 200,000 elements as the convergence point. This is why a mesh
of 279,995 elements is to be used for the LCD model and 207,943 elements for the HCD
since these accurately predict the thermal models for the LCD and HCD to a reasonable
degree of scrutiny without the need for excessive computation time, especially in these
cases where Fluent calculations can take upwards of 5 h to execute. However, it should be
noted that the maximum temperatures at each of the mesh qualities tested in Figure 5a are
extremely similar, with a total variation of only 0.0083% from the minimum density mesh
to the maximum. The temperature reached the selected HCD mesh density (Figure 5b) at
Tmax = 326.301 K with 0.0032% error from the temperature recorded at 808,411 elements,
which is also considered a precise enough result for this study.

3. Results
3.1. Linear Channel (LCD) Results and Analysis
3.1.1. Influence of Mass Flow Rate on the LCD

The first step of the design optimisation process for the LCD was to vary the inlet
mass flow rate and examine the effect this has on the thermal performance of the battery
pack. Six mass flow rates were tested, within the range of 2.5E-05 to 7.5E-04 kgs !, based
on the range used by Yates et al. [45], and it should be noted that the three largest mass
flow rates are an entire order of magnitude higher than the three lowest. This was done
to achieve a wide range of results. The thermal performance was measured through the
maximum temperature the lithium-ion cells would reach at each time step and the thermal
uniformity of the cells (difference from minimum to maximum cell temperature at each
time step) over the full 5C discharge cycle of 720 s. Table 3 shows a snapshot of the results
taken at the 720th time step, after the discharge cycle concluded, and Figure 6a,b show the
maximum temperature of the cells and the temperature difference in the cells, respectively.
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Table 3. Influence of mass flow rate at 720 s-LCD.

Mass Flow Rate (kgs—1) Tmax (K) at 720 s AT (K) at 720 s
2.5E-05 310.595 1.105
5.0E-05 310.134 1.285
7.5E-05 309.695 1.431
2.5E-04 307.180 1.888
5.0E-04 305.004 1.881
7.5E-04 303.851 1.749
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Figure 6. LCD-effects of mass flow rate on: (a) Maximum cell temperature; (b) Cell temperature difference.

A relationship can be seen from Figure 6a that as the inlet mass flow rate increases, the
maximum temperature of the cells decreases. Within the first 80 s of the battery discharge,
the temperatures recorded for each mass flow rate are very similar, and after this point, the
temperatures deviate increasingly. This is due to the relationship of mass flow rate to the
heat transfer coefficient and rate of heat flow, demonstrated in Equations (9) and (10), since
the rate of heat flow varies linearly with mass flow rate. Figure 6b illustrates the thermal
uniformity of the cells at each mass flow rate, wherein the first 40 s AT increases rapidly.
This is due to the surface of cells rapidly undergoing a change in temperature from the
external liquid channel compared to the centre of the cells, creating a significant increase
in temperature differential, for which the effects are gradually mitigated after 40 s as the
core of the lithium-ion cells begin to cool at a similar rate to the surface. A temperature
differential will be inevitably caused due to this being an indirect cooling method, where
there are four liquid channels split evenly around each cell rather than each cell being
evenly submerged in coolant liquid. Furthermore, with the LCD model, the central channel
coolant will rise in temperature more rapidly than the other channels due to this channel
being in closest proximity and equidistant from each cell. The channels on the corners will
increase less in temperature due to being in proximity to only one cell. This is a limitation
mainly induced by the size of the considered model, given it analyses only a sample of four
cells from a full battery pack in order to not require unreasonable amounts of computational
power to execute the Fluent calculation.

Interestingly in Figure 6b, it would seem that increasing the mass flow rate actually
worsened the thermal uniformity of the battery pack, especially evident in the lowest three
mass flow rates. This phenomenon was also documented in different cooling designs by
Bai et al. [46] and Chen et al. [47]. The temperature difference for 7.5E-04 kgs_1 is the
largest from 0-320 s, thereafter, it becomes lower than that of 5.00E-4 kgs’1 and then lower
than that of 2.50E-4 kgs ! after 530 s. This is likely due to the aforementioned phenomena
where the surface of the cell is cooling rapidly compared to the core when the heat transfer
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coefficient is higher due to the higher mass flow rate, and as the temperature regulates
through the discharge cycle, this effect lessens since the rate of increase in temperature in
the core begins to match that of the surface. Considering the optimal operating temperature
for lithium-ion batteries lies between 298 K and 313 K [5] with a temperature difference
of no greater than 5 K [5], the LCD battery pack immediately performed strongly in both
regards, in that none of the mass flow rates tested resulted in results greater than these
values (evident in Table 3). It is important to consider that using a high inlet mass flow
rate in the cooling system inevitably draws more power, lowering the overall efficiency
of the EV and potentially reducing its driving range. This is why although the concept
of using the highest mass flow rate may be attractive, a compromise must be made to
maintain higher efficiency in the EV. This is why the mass flow rate of 7.50E-05 kgs !
has been chosen for further study, as it provides solid maximum temperature regulation
(298 K < Tmax < 313 K) and thermal uniformity (AT < 5 K) whilst not requiring excessive
power to run in an EV.

3.1.2. Influence of Linear Channel Diameter, d;,, on the LCD

The next step of the design optimisation process for the LCD involved varying the
diameter of the coolant channel, which would control the volume flow of fluid down the
aluminium channels, and examine the effect this has on the thermal performance of the
battery pack. Three values for channel diameter were tested, being d;, = 3 mm, 6 mm and
9 mm, illustrated in Figure 7a—c, respectively. In order to keep the simulations consistent,
the total number of mesh elements for each simulation was kept as close as possible,
despite the change in geometry. This was achieved through altering the body sizing of the
aluminium channels, where the total mesh density was kept roughly between 277,000 and
281,000. The thermal performance was again measured through the maximum temperature
reached by the cells for each time step and the temperature difference across the cells for
each time step over the full 5C 720 s battery discharge cycle. Figure 8a,b show the maximum
temperature of the cells and the temperature difference in the cells, respectively.

Figure 8a shows that as the diameter of the coolant channel increased, the maximum
temperature of the lithium-ion cells decreased. This, however, was only over a small
temperature range, taking the values at 720 s to be Tmax = 309.97 K when dy, = 3 mm, and
Tmax =309.31 K at dp, = 9 mm, indicating that the diameter of the coolant channels perhaps
does not hold a large influence of the maximum temperatures, but still a noticeable one that
is worth considering for optimisation. The study by Lai et al. [24], of a similar design to the
LCD, only altered the diameter from 1-3 mm, providing a small range of results where a
distinct relationship could not be found. The study performed in this paper, however, has
used a significantly larger range of input parameters for diameter, where the relationship is
well defined.

(b) ()

Figure 7. Top view of LCD channels for varying diameters: (a) di, = 3 mm; (b) d;, = 6 mm; () dy, =9 mm.
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Figure 8. LCD—effects of channel diameter on: (a) Maximum cell temperature; (b) Cell temperature
difference.

The relationship presented in Figure 8a is due to a combination of factors. On the one
hand, since the inlet mass flow rate remains the same in each case but the fluid channel
diameter is decreased (note the inlet in question is the inlet to the upper reservoir, for
which the parameters are not changed), the water pressure and hence the fluid velocity
is increased, which increases the heat transfer coefficient (see Equations (9) and (10)),
providing increased levels of cooling to the lithium-ion cells. On the other hand, this effect
is cancelled out by the fact that the heat transfer area between the fluid and the inside of the
aluminium channel is decreased when the diameter is decreased. This results in a lower
heat transfer (see Equation (10)) which leads to reducing the cooling capability. From these
results, evidently, the latter effect has a slightly larger influence over the maximum cell
temperature compared to the former effect, but the cancellation is also still evident in that
Tmax only has a maximum variance of 0.66 K across the smallest and largest diameter tested.

Figure 8b shows that as the channel diameter increases, the thermal uniformity wors-
ens, but only marginally. At the end of the 5 C discharge cycle (t =720's), AT = 1.404 K when
dp, =3 mm and AT = 1.484 K when di, = 9 mm, which is a very small range of temperature
difference and is due to the same aforementioned reasoning for the results in Figure 8a.
Both the maximum cell temperature and thermal uniformity are kept within the optimal
range of 298 K < Tmax < 313 Kand AT < 5 K for all diameters, although since the maximum
temperature reduction is more apparent for the d;, = 9 mm case in relation to the worsening
of thermal uniformity, and also since Trax values are closer to the upper boundary of 313 K,
the 9 mm diameter channel geometry is selected as most optimal and will be considered
for further study:.

3.1.3. Influence of Inlet and Outlet Locations on the LCD

Based on the methods of Yates et al. [45], the final optimisation step for the LCD
involved varying the locations of the fluid domain inlets and outlets and examining the
effect this has on the thermal performance of the battery pack. Five different combinations
of locations were tested, for which the locations are presented in diagram form in Figure 9
and the combinations of these locations are presented in Table 4.
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Figure 9. Inlets (A-C) and outlets (D-F) locations (dimensions in mm)-LCD.

Table 4. Thermal performance of location combinations at t = 720 s-LCD.

Location Combination Tmax (K) at 720 s AT (K) at 720 s
Casel=A,F 309.366 1.796
Case2=B,E 309.362 1.779
Case3=C,D 309.308 1.484
Case4=A,D 309.364 1.799
Case5=C,F 309.321 1.492

When selecting the locations, it was important to make sure that the inlet was not
directly above one of the aluminium channels since, in reality, the coolant would not be
able to spread evenly in the upper reservoir to flow through each channel. The metrics
used for assessing the thermal performance of the battery pack were again the maximum
temperature reached in the lithium-ion cells and the temperature difference across the cells
over the full 5C 720 s battery discharge cycle. Table 4 shows the maximum temperature and
temperature difference measured at the 720th time step (end of the discharge cycle), and
Figure 10 shows the temperature difference in the cells. The main objective of this stage
was to optimise thermal uniformity since only location conditions are being altered, which
will not have a significant impact on the maximum temperature reached. This is why the
graph for maximum temperature is not plotted, as the curves for each combination are
more or less on top of each other, providing little analytical benefit.

Figure 10 shows the results of the five combination cases applied in this study, where
line markers were applied for clarity. Cases 3 and 5 performed the strongest in terms of
thermal uniformity, whereas cases 1, 2 and 4 were lacking in comparison. Cases 3 and 5
both used location C as an inlet (see Table 4 and Figure 9), and as this is the common factor,
it is most likely the reason for higher performance in these cases. This is because location C
provided the most central location out of all the inlets in relation to the LCD battery pack,
providing the most even distribution of coolant to all of the lithium-ion cells. This data also
shows that the location of the inlet holds greater significance to the thermal performance
than the location of the outlet since using outlets D and F in cases 3 and 5, respectively,
gave very similar results, as shown in Figure 10 and Table 4.
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Figure 10. Cell temperature difference over discharge cycle for differing inlet/outlet locations-LCD.

All of the inlet and outlet combinations tested fell well within the optimal temperature
regions of 298 K < Trax < 313 K and AT < 5 K. Although the results in Table 4 show that
case 3 provided the best results in both regards, with Tpax = 309.308 K and AT = 1.484 K at
the conclusion of the discharge cycle, just slightly ahead of case 5 in performance. The LCD
battery pack is now considered optimised within the bounds of this research, using inlet
location C and outlet location D (Figure 10). The final temperature contours for the LCD
are shown in Figure 11, whereas in Figure 11a, the effects of the aluminium channel contact
area are evident in the lower temperature regions.
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Figure 11. LCD contours: (a) Cell temperature (K); (b) Fluid pathlines.
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An experimental case was conducted by Sheng et al. [25] with the cellular liquid
cooling jacket containing liquid channels running parallel to the battery length, similar in
design to this study. Using cylindrical 21,700 Li-ion cells operating at 2.5C discharge rate,
the maximum cell temperature reached was 312 K, just falling under the upper boundary
in the optimal region of 298 K < Tpax < 313 K, in similar fashion to the LCD, having a Tmax
value just below at 309.308 K. The maximum temperature difference in this case found by
Sheng et al. was approximately AT = 1.4 K, extremely close to the AT = 1.484 K achieved by
the LCD, validating this study’s results.
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3.2. Helical Channel Design (HCD) Results and Analysis
3.2.1. Influence of Mass Flow Rate on the HCD

The inlet mass flow rate of coolant must be optimised for the HCD in order to con-
tribute to the objectives of maximum temperature regulation of 298 K < Tryax < 313 K and
thermal uniformity of AT <5 K whilst remaining realistic for the use in an electric vehicle.
Six mass flow rates were tested in the range of 2.50E-05 to 7.50E-04 kgs~!. Table 5 shows a
snapshot of the results taken at the 720th time step (after the discharge cycle has concluded).
Figure 12a,b show the maximum temperature of the cells and the temperature difference in
the cells across the entire discharge cycle, respectively.

Table 5. Influence of mass flow rate at 720 s—-HCD.

Mass Flow Rate (kg s—1) Tmax (K) at 720 s AT (K) at 720 s
2.50E-05 326.301 16.462
5.00E-05 324.562 19.332
7.50E-05 322.081 18.964
1.00E-04 319.264 17.197
2.00E-04 311.201 10.396
7.50E-04 303.702 3.439
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Figure 12. HCD-effects of mass flow rate on: (a) Maximum cell temperature; (b) Cell temperature
difference.

As can be seen in Figure 12a, the same relationship as in the LCD (Figure 6b) can be
found where as the mass flow rate increases, the maximum cell temperature decreases.
The same explanation of this relationship as given for the LCD can also be applied here,
where the link of mass flow rate to heat transfer coefficient given in Equations (9) and (10)
provides increased cooling capability with a higher mass flow rate. Figure 12b shows the
thermal uniformity in the form of temperature difference in the cells, where the relationship
with mass flow rate is unclear. In general, thermal uniformity is improving with higher
mass flow rates. Although the test with 2.50E-05 kgs ! seems to not align with this trend,
as it exhibits a lower temperature difference than with the 5.00E-05 kgs !, 7.50E-05 kgs !
and 1.00E-04 kgs~! mass flow rates. Additionally, the temperature difference over the full
720 s discharge cycle for the 5.00E-05 kgs~!, 7.50E-05 kgs~! and 1.00E-04 kgs~! mass flow
rates seem to overlap each other at varying points in the cycle. These occurrences were
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also reported by Zhou et al. [21] in a similar study and can be accounted for simply by a
computational error.

The results of the HCD immediately seem to give the impression of a lack of perfor-
mance relative to the LCD. The maximum temperatures reached for the HCD (Table 5) are
much higher for the same mass flow rates used as the LCD (Table 3). For example, where
both designs used m = 2.50E-05 kgs !, the LCD gave Tmax = 310.595 K, but the HCD gives
Tmax = 326.301 K, an increase in temperature by 15.706 K, and well beyond the desired
value within 298 K < Tmax < 313 K. The thermal uniformity of the lithium-ion cells in the
HCD has also worsened in comparison to the LCD, wherein the LCD AT remained between
1.105 K and 1.888 K (Table 3) for all tested mass flow rates. However, the HCD reached
its highest temperature difference of 19.332 K at m = 5.00E-05 kgs~!. This can be due to a
multitude of reasons, one being the lessened contact area with aluminium acting as a heat
sink for the HCD, meaning the rate of heat dissipation through the aluminium channel will
be lessened. Furthermore, the coolant within the helical channels is inevitably in closer
proximity to the cells due to the channels needing to weave in complete circumference to
the batteries. This includes the points where the distance between each cylindrical battery
is a minimum, rather than with the LCD where the centroid of a coolant channel is always
at the point of maximum distance in-between each cell. This means that the top of the
cells (positive electrode) will be cooled at a higher rate, with the coolant fluid increasing in
temperature more rapidly as it reaches the bottom (negative electrode), creating a more
significant imbalance in temperature throughout each cell.

Since the mass flow rates of 2.50E-05 kgs ! to 1.00E-04 kgs ™! resulted in a higher
temperature than the objective of 298 K < Tpax < 313 K evident in Table 5, they have
been automatically rejected, and the temperature difference also lies above the goal of
AT < 5 K. A mass flow rate of 2.00E-04 kgs~! was selected for further study, given this is
the lowest tested mass flow rate for Tmax to fall below 313 K, providing Tmax = 311.201 K
and AT = 10.396 K. Although AT remains above the desired 5 K, further optimisation to
the geometry of the HCD shall be carried out to reduce this. Additionally, the selected
mass flow rate should not be too high as this requires more power to operate within an
EV, reducing the overall efficiency and driving range. This means the HCD is already at a
disadvantage compared to the LCD since a higher mass flow rate must be used in order to
keep Tmax within acceptable levels.

3.2.2. Influence of Helical Channel Diameter, dy, on the HCD

The next chosen design optimisation for the HCD involved altering the diameter of
the helical coolant channels in order to examine and evaluate the effect this has on the
thermal performance of the battery pack. Four values for diameter were tested, comprising
dy = 2 mm, 3 mm, 4 mm, and 5 mm, illustrated in Figure 13, where the total height of
each helix and the dimensions of the reservoirs were altered slightly each time to keep the
structure consistent. Due to the nature of the helical geometry, the diameters, unfortunately,
cannot be increased beyond 5 mm, since the channels would be in contact with each other
at the point of closest proximity between the batteries, which provides another limitation
in comparison to the LCD. The drawings shown in Figure 13 are cross-section views of
the helical channel, where the channel would be in contact with the battery along the flat
edge. Once again, to keep the simulations consistent, the total number of mesh elements for
each case was kept between 207,212 and 207,943 by altering the body sizing of the channel
since this mesh density was considered accurate from the HCD mesh dependency study.
Figure 14a,b show the maximum temperature and temperature difference, respectively,
achieved in the full 5C 720 s discharge cycle.
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Figure 13. Varying diameter for HCD channels—cross-section view (dimensions in mm).

Cell temperature for differing diameter - Thermal uniformity for differing
HCD 12 diameter - HCD
<10
8
G
_‘q-_; 8
‘.%
2
=) 6 —— 5mm
S5mm =1
Q
4mm g- 4 4mm
3mm }E 3mm
2mm 2 2mm
0
80 160 240 320 400 480 560 640 720 0 80 160 240 320 400 480 560 640 720
Time (s) Time (s)
(a) (b)

Figure 14. HCD-effects of channel diameter on: (a) Maximum cell temperature; (b) Cell temperature
difference.

Figure 14a,b both show a very similar relationship in the characteristics of each tested
diameter over the 720 s discharge cycle. From roughly 5% DOD (t = 40 s) to 60% DOD
(t = 440 s), the difference in performance for each diameter is most noticeable, where the
larger diameter channel performs better in terms of maximum temperature reduction
and thermal uniformity. Beyond this point, up until the conclusion of the discharge
cycle, the performance difference of each diameter is less apparent but still follows the
aforementioned relationship. These results follow a similar relationship to the findings of
the double helix structure proposed by Dong et al. [22], although a larger range of diameters
has been tested within this research compared to Dong et al. [22] and the half helical design
proposed by Zhou et al. [21], in order to fully define the relationship between channel
diameter and thermal performance. In a similar fashion to the LCD channel diameter test,
the larger helical diameters for HCD provide stronger overall cooling due to the increased
contact surface area with the lithium-ion cells, which in turn increases the heat transfer rate
(described in Equation (10)).

Att=720s, when dig = 5 mm the value of Trhax = 311.104 K and AT = 10.224 K, whereas
when dyg = 2 mm the value of Tmax = 311.282 K and AT = 10.384 K. This shows that the
increase in diameter reduced maximum temperatures by 0.178 K and improved thermal
uniformity by 0.16 K. Although this is not a significant amount, it is still worth considering,
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especially when the values of Tmax and AT were improved by up to approximately 1 K
at the earlier DOD, which in the long term will mitigate the de-ageing of the lithium-ion
cells [5]. This is why the 5 mm diameter for the helical channels is to be selected as optimal. At
this stage, the maximum temperature is within the objective region of 298 K < Tpax <313 K,
but unfortunately, the thermal uniformity could not be reduced to the desired AT <5 K,
which will be attempted during the final stage of optimisation.

3.2.3. Influence of Inlet and Outlet Locations on the LCD

The final stage of optimisation for the HCD involved altering the inlet and outlet
locations for the fluid domain and examining the effect this has on the thermal performance
of the battery pack. Three combinations of inlet/outlet locations were tested, where the
locations are mapped in Figure 15, and the combinations are noted in Table 6. The central
hole shown in Figure 15 is named by both I (inlet) and ] (outlet) since they overlap in the
top view, the inlet is on the upper reservoir, and the outlet is on the lower reservoir.

ROTATIONAL
SYMMETRY - 23.00
ORDER 2 .00

Figure 15. Inlets (G-I) and outlets (J-L) locations (dimensions in mm)-HCD.

Table 6. Thermal performance of location combinations at t = 720 s-HCD.

Location Combination Tmax (K) at 720 s AT (K) at 720 s
Case1=G,L 311.279 10.794
Case2=1,] 311.104 10.224
Case3=H, K 311.328 10.733

It was established for the LCD that the combinations that were not symmetrical in
both axes performed weakest and that the inlet location is the dominant factor compared
to the outlet location, so in this study, only the three cases need to be analysed. For each
tested combination, the values for Tmax and AT at 720 s are presented in Table 6, along with
the temperature difference graph shown in Figure 16 representing thermal uniformity.

Figure 16 shows the results of the three combinations, where it is conclusive that Case 2
has performed the strongest in terms of improving thermal uniformity, making use of inlet
I'and outlet J (see Figure 15). This is due to this inlet and outlet providing the most central
location of all the possibilities, ensuring an even distribution of coolant for the lithium-ion
cells. All the combinations tested provided maximum temperatures within the goal of
298 K < Tmax < 313 K, however, the thermal uniformity still could not be reduced down
to AT < 5 K for the HCD, although Case 2 did get the closest to reaching this goal, with
a value for Trax = 311.104 K and AT = 10.224 K. Figure 17 shows the final temperature
contours for the HCD.
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Thermal uniformity for differing inlet/outlet locations - HCD
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Figure 16. Cell temperature difference over discharge cycle for differing inlet/outlet locations—-HCD.
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Figure 17. HCD contours: (a) Cell temperature (K); (b) Fluid pathlines.

In terms of experimental validation, a double helix cooling plate with PCM cooling for
18,650 cylindrical cells was investigated by Yu et al. [7], achieving maximum temperatures
varying between 310 K < Tmax < 313 K, where the HCD in this study achieves a similar
result of 311.104 K. The CFD simulations conducted in the literature on helical duct liquid
cooling structures similar to the HCD also seem to have issues with regulating temperature
difference. Dong et al. [22] achieved AT =7.01 K after the use of optimisation algorithms
for the double helix structure, and Zhou et al. [34] achieved AT = 6.7 K for the half-helical
duct structure, both falling outside the optimal range of AT <5 K.

3.3. Comparison of the LCD and HCD

The fully optimised LCD and HCD structures illustrated in Figure 18a,b, respectively,
shall now be compared and evaluated. Figures 19 and 20 show the maximum temperatures
reached and the temperature difference in the lithium-ion cells, respectively, over the same
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5C 720 s discharge. The LCD clearly provides a superior cooling performance compared to
the HCD in both metrics, where Trax = 309.308 K and AT = 1.484 K at 720 s, compared to
that of Trax = 311.104 K and AT = 10.224 K reached by the cells in the HCD, a reduction of
1.796 K in maximum temperature and 8.740 K in temperature difference. This is on top of the
fact that the LCD could make use of a lower value for inlet mass flow rate, providing a lower
power consumption requirement to run the thermal management system, maximising the
efficiency of the given EV.

Fluid Inlet
domain

Fluid
domain

Inlet

-
—
[
C—
—
—_—
—
—
—

(a) (b)

Figure 18. ISO views for the final optimised battery packs: (a) LCD; (b) HCD.
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Figure 19. Maximum cell temperature comparison-LCD & HCD.
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Figure 20. Cell temperature difference comparison-LCD & HCD.

Both objectives of 298 K < Trax < 313 K and AT < 5 K were achieved for the LCD
comfortably, and the maximum temperature objective for the HCD was also achieved,
albeit slightly higher in magnitude compared to the LCD. However, the objective to control
temperature difference under 5 K was not achieved by the final HCD structure. Theoreti-
cally, the objective could be achieved by using a higher mass flow rate, as shown in Table 5.
Although this would have to compromise even further on the overall efficiency of the EV,
given its requirement of much higher power consumption, preventing this power from
being more usefully allocated to other systems in the EV.

Excluding the masses of the lithium-ion cells, the mass of the HCD structure comes
to 50.2 g, and the mass of the LCD comes to 285 g, given the volumes computed from
SolidWorks 2021 and the mass density of aluminium to be 2719 kgm 2 from Table 2. This
at least gives the HCD the advantage of being much more lightweight, which is a quality
that vehicle manufacturers will strive for to achieve maximal efficiency. Given that the cells
are arranged in the same spacing for both designs and both designs output the same power
(but at different temperatures), the volumetric energy densities are the same for each design
when considering a full EV battery pack. The HCD has a 5.7 times higher gravimetric
energy density, based on the ratio of weights for each design. From a manufacturing
standpoint, the helical channels could be made in a similar fashion to a compression spring
using a CNC spring coiler machine, followed by heat treatment and grinding. Although
it would need to be heat treated and moulded awkwardly to shell out the pipe providing
the medium for fluid flow. This would be a significantly more complicated manufacturing
process than that of the linear channels, whereby, for example, a drill press could be used
for the extruded cut. This also would lead to the LCD being cheaper to manufacture and
simpler to maintain and clean, given there is less need for specialised equipment to clean a
straight pipe compared to a helical pipe.

The LCD would prove to be a more applicable thermal management system for
use in electric vehicles given its lower power consumption, and overall superior cooling
effectiveness compared to the HCD. The LCD could also be adapted to large scale energy
storage applications due to the simplicity of its manufacturing, meaning high volumes for
a large battery pack would be more economical to produce.

The shortfalls of the HCD are mainly due to the lack of significant contact area for
a heatsink and the lack of aluminium. This is corroborated by the designs tested by
Yates et al. [45], where the use of a heat sink in one design provided better thermal unifor-
mity compared to one without. Additionally, due to the closer proximity of the coolant
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to the cells in the HCD, an imbalance in temperature is created from the top of the cells
(positive electrode) to the bottom (negative electrode).

4. Discussion and Conclusions

In this research, two liquid cooling structures for EV lithium-ion battery packs, de-
noted as the LCD and HCD, were designed and evaluated. The heat generation of a
18,650 cell undergoing a 5C discharge cycle was modelled with the standardised 300 K inlet
temperature for the coolant water. The thermal performance of the cells were analysed
throughout the discharge cycle. Each design underwent a series of numerical and geo-
metrical optimisations, comprising the variance of inlet mass flow rate, channel diameter
and inlet and outlet locations. The metrics used for measuring the thermal performance
were the maximum temperature and temperature difference (thermal uniformity). The
important findings are as follows:

e  The performance of each design, especially the HCD, was most significantly dependent
on the inlet mass flow rate. It was found that as mass flow rate increases, the maximum
cell temperature decreases due to the relationship between flow velocity and the heat
transfer coefficient. The thermal uniformity improved for the HCD, and thermal
uniformity worsened for the LCD, with a few discrepancies.

e  As the channel diameter increased for each design, the maximum temperature de-
creased due to the relationship between contact area and heat transfer rate. The
thermal uniformity for the HCD improved, whereas it worsened slightly for the LCD.
The improvement in temperature regulation was more apparent towards the end of
the discharge cycle for the LCD, but for the HCD, it was more apparent during the 5%
to 60% DOD range.

e  The thermal uniformity was optimal when the inlet and outlet were centralised,
providing the evenest distribution of coolant among the four cells. Additionally, the
location of the inlet was more significant in influencing the thermal performance than
the location of the outlet.

e  The optimal LCD provided a cell Timax of 309.308 K and AT of 1.484 K at t = 720s, well
within the objectives of 298 K < Trax < 313 K and AT < 5 K. The final design used a
mass flow rate of 7.50E-05 kgs !, channel diameter of 9 mm and manifold locations C
& D (see Figure 10).

e  The optimal HCD provided a cell Trax of 311.104 K and AT of 10.224 Kat t =720's,
meeting the objective of 298 K < Tmax < 313 K but failing to satisfy AT <5 K. The HCD
could have theoretically reached the AT objective by using a higher inlet mass flow
rate, but in the interest of keeping the design realistic for use in an EV, the mass flow
rate was limited. The final design used a mass flow rate of 2.00E-04 kgs !, channel
diameter of 5 mm and manifold locations I & J (see Figure 15).

e  The LCD provided much stronger results than the HCD, even while making use of a
lower mass flow rate, reducing the power draw for the cooling system to operate. The
LCD is also simpler to manufacture, although it does weigh more, potentially harming
the overall efficiency and the driving range of the EV in question.

Some limitations of this study include that the material properties for the battery were
generalised and that the heat generation model was assumed to be uniform throughout
the volume of the battery, along with not being a function of time or temperature. Due to
the nature of the cooling system geometry, the cylindrical cells could not be structured in
a staggered layout, which would be more compact and applicable in the design of EVs.
Furthermore, only four lithium-ion cells were modelled in this battery pack simulation
in order to mitigate unnecessarily high computational requirements. Future work could
therefore evaluate these models on a larger scale more accurate to a real EV battery pack.
Additionally, analysing different materials for the cooling structure other than aluminium
as well as different coolants such as various glycol aqueous solutions would be useful to
optimise these designs further. It is also recommended that experimental studies are con-
ducted in future research for helical type channel designs similar to the HCD, as currently
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very little data exists for structures similar to this. Finally, the MSMD battery model within
Fluent could be used to develop a more accurate heat generation model providing more
applicable results, although requiring a slight reconstruction of some geometries.
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Nomenclature

Variables EV electric vehicle

A contact area (m?2) HCD helical channel design

I specific heat capacity (]kg_1 K1 LCD linear channel design

d channel diameter (mm) MSMD multi-scale multi-domain
h heat transfer coefficient (Wm—2K~1) PCM phase change material

1 current (A) SOC state of charge

k thermal conductivity (Wm~ 1K D

L characteristic length (m) Greek letters

m mass (kg) A difference

m mass flow rate (kgsfl) v dynamic viscosity (kgrrf1 s
P pressure (Pa) P mass density (kgm*3)

q heat generation (Wm~3)

Q rate of heat flow (W) Subscripts

R resistance (()) b battery

Re Reynolds number gen generation

T temperature (K) H helical

t time (s) L linear

U open-circuit voltage (V) max maximum

\Y% volume (m3) ) constant pressure process
v velocity (ms~1) w water

Acronyms

CAD computer-aided design

CFD computational fluid dynamics

DOD depth of discharge
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