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Abstract

Battery thermal management system (BTMS) design is crucial for its performance, which can be associated with
extra costs and system complexity. Most of the current studies are focused on the BTMS design but with a little
focus on the improvement of coolants. In this work, the feasibility of using combustion engine fuel for the LIB
thermal management of hybrid electric vehicles is investigated. N-heptane is used as a dielectric hydrocarbon
coolant in the introduced system. The thermal performance of the proposed system is investigated numerically
using the CFD software ANSYS-Fluent. To benchmark and validate the system performance, a comparative study
is made among other common approaches, including the use of air and 3M-Novec 7200. A variety of input
parameters are accounted for, including inlet velocities and discharge rates. The results show that air cooling is
the least effective method to control the battery module temperature uniformity and the Li-ion battery safety
limit. At the same time, n-heptane and 3M-Novec 7200 have shown good control of the module temperature
range (20 °C-40 °C) at various discharge rates and different inlet velocities. However, using n-heptane is a
considerable improvement to the cost of the system and reduction in its weight and maximum temperature,
compared to that using 3M-Novec 7200 coolant. For instance, at 0.1 m's’!, n-heptane has reduced the Li-ion
battery maximum temperature at 1C and 2C discharge rates by more than 7.9 °C (2.6%) and 17.9 °C (5.65%),

respectively, compared to those predicted using the same battery module without cooling.
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Nomenclature

Abbreviation
BEV Battery electric vehicle(s)
BTMS Battery thermal management system(s)
CFD Computational fluid dynamics
EV Electric vehicle(s)
HEV Hybrid electric vehicle(s)
ICE Internal combustion engine(s)
LIB Lithium-ion battery
MSMD Multi-scale multi-domain
ocv Open circuit voltage
SoC Stage of charge
UDF User defined function

Mathematical scripts

Symbol Definition Unit

C. Specific heat IkolK!

Dy Hydraulic diameter m

G, Rate of generated kinetic energy by buoyancy w

Gy Rate of generated kinetic energy A"\

I Discharge current A

I Turbulence intensity % -

k Thermal conductivity W-m 1K
Heat generation rate W

0, Joule heat w



Qoen Heat generation w

0, Electrochemical reaction heat \'\
Re Reynolds number -
S Entropy I'ke!
T Temperature K (or °C, as indicated)
Usn Inlet velocity m-s?
V Cell voltage \%
Greek Symbols
U Dynamic viscosity kg'mlst
O Turbulent Prandtl number for k -
&k Turbulent Prandtl number for e -
Sk User defined source -
Sk User defined source -
p Density kg'm™3

1. Introduction

It has been believed that electric vehicles (EV) produce zero pollution and high energy utilization [1]. Recently,
EV and hybrid electric vehicles (HEV) have been increasingly relied upon in the automotive industry to
minimise greenhouse gas emissions and running costs [2]. For instance, 315000 BEV were sold in 2014,
increased around 50% from 2013 [3]. This number reached 774,000 in 2016 with a 40% growth rate, compared
to 2015, and from 754,000 in 2017 to over 1.5 million in 2019, according to ACEA [4]. Also, 12.3m BEV were
produced in 2020 worldwide, where HEV alone were 15.1% of newly manufactured vehicles across the EU [4].
Therefore, BEV have undoubtedly become an important domain in the automotive industry associated with the
growth rate in recent years. Therefore, lithium-ion battery (LIB) is becoming an important source of power for

on-road vehicles [5,6].

Alipour et al. [7] studied the thermal and electrochemical performance of 20 Ah LiFeP0O4 prismatic cells at
discharge rates: 0.2C—5C, in the range of operating temperatures: -20 °C —50 °C. The general trend of results in
[7] shows the importance of BTMS for the high-capacity cells at higher temperatures and C-rates. That was

attributed to the finding that high LIB temperature differences can lead to nonuniform material utilization,
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which results in cell failures. Therefore, the lifecycle of 20 Ah LIB was significantly decreased when the

discharge C-rates increased.

Spitthoff et al. [8] have given a detailed overview of experimental studies on the influence of LIB operating
conditions involving variety of chemical features, sizes, state of charge (SOC) and C-rates. It has been concluded

that the LIB lifespan can be dependent on the reduced C-rates (i.e., at lower operation temperatures).

Liang et al. [9], investigated the selection of optimum cooling surface for prismatic LIB based on system
dimensions, thermal conductivity, and metal shell. For instance, the study determined the importance of the
heat transfer enhancement using aluminium shell. Also, it was shown that a double surfaced cooling system can

mimic the temperature gain by up to 24.1%, compared with that using the single surfaced cooling system.

Although previous studies highlighted the importance of BTMS with varies applications and conditions, there
were very limited studies on the use of novel coolants for the conventional BTMS, to the authors’ knowledge.
The reliance on fossil fuels can be vanishing in the coming era, due to their depletion and high pollution [2,10].
However, energy is not limited to these types of fuels only. Alternatives fuels are visioned as a bridge to the
future resources of energy [11]. For instance, LIB recycle can be a major environmental challenge associated
with its toxic electrolyte [12]. Hence, the rushed perceptions about BEV as the only alternative solution can be
misleading [10]. Generally, EV are less powerful than vehicles powered by internal combustion engines (ICE)
and can still contribute to pollutions [13]. Meanwhile, HEV is a successful response to the market yet [2,12],
which can bridge the temporary gap between the ICE vehicles and EV. HEV are potentially cost-effective and

beneficial in reducing emissions on the roads, compared to the pure ICE [14].

LIB heat up during their charge and discharge states. In order to preserve the safety, effectiveness, and longevity
of the LIB, they need to be cooled effectively [1,15]. 3M Noves 7200 is used as a conventional dielectric coolant
in these LIB thermal management system, which is, however, relatively heavy (specific density= 1.4) [16], more
expensive [3], and of lower thermal conductivity [17], compared to the proposed dielectric fuel in this work. We
will numerically investigate the battery thermal management systems (BTMS), using a variety of cooling
techniques for temperature management. ANSYS-Fluent computational fluid dynamics (CFD) software, with a
user-defined function (UDF) (see an example of the ANSYS-Fluent UDF in [18]) of the temperature dependent
properties, is used in this analysis. More importantly, a dielectric fuel (used in ICE) is used as a coolant in an
HEV. Such an approach can contribute to the light-weighting of HEV, in replacement to the conventional liquid

coolant. This new concept of using a dielectric fuel cooling has not been presented in the literature, to the best



of our knowledge. It is expected that the findings of this study can contribute to improving the thermal
management efficiency and reducing the cost and weight of HEV in total. The selected fuel components are made

in the LIB optimal temperature range, which is beyond these fuel flashpoints to avoid the risk of fire.

There are different length scales and different physics associated with each LIB component, which complicates
the problem [19]. Due to the multi-domain and multi-physics nature of LIB, it is a challenge to provide an
accurate thermal management model. When performing a thermal analysis, the goal is to determine the
temperature distribution at the battery length scale. Despite having efficiencies higher than ICE, heat rejection
from EV battery cells remains a challenge due to lower operating temperatures. When combining ICE and EV
systems in hybrid vehicles, there is a potential of using the operating fuel as a coolant. Air-cooled BTMS is widely
applied to several EV due to its simplicity and cost effectiveness [20,21]. However, air cooling in such systems
may not meet the cooling requirements under high power and stressful conditions (e.g. fast discharge or charge
rates) [22]. 3M-Novec 7200 is dielectric liquid, which has been widely engineered as an immersion-coolant of
LIB in the EV industry. This coolant has proven its good efficiency in maintaining the system temperature in the
needed range under practical operating conditions [23]. It has relatively low viscosity, non-flammability feature
and high thermally conductivity [23]. N-heptane is a dielectric hydrocarbon and a dominant component of
petrol (gasoline) fuel composition [24,25]. The concept of using n-heptane as an alternative to standard BTMS
coolants is the first of its kind, which can improve the system efficiency, reduce its cost, and contribute to the
HEV light-weighting. It can also achieve a good temperature uniformity among cells and reduce the variation in

temperature across the LIB module, with less than 1°C (in this study).

This work entails a full thermal simulation to compare a highly performing widely used dielectric liquid coolant
(3M novel 7200) with dielectric hydrocarbon fuel, represented by heptane, as an alternative cooling liquid. The
physics governing the LIB transport in the anode-separator-cathode sandwich layers (the electrode pair length
scale) are accounted for. LIB transport in an active material occurs at the atomic length scale. The Multi-Scale
Multi-Domain (MSMD) approach, which is made for several physics in different solution domains, is used in this
analysis. The simple semi-empirical electrochemical sub-model of Newman, Tiedemann, Gu, and Kim (NTGK)
(see [26] for details about this model) is used to simulate the electro-chemistry and discharging process. The
discharging process of the battery pack is occurring under both constant C-rate and transient C-rate and at a
low state of charge, with a nominal cell capacity of 10 Ah. In what follows, the model and parametric set-ups are

described in Section 2, the results of the studied cases and comparative analysis are presented in Section 3, and



the main findings are summarised in Section 4. Relevant illustrative figures and findings are provided in

Appendices A and B.
2. The model

In this work, a three-dimensional computational fluid dynamic (CFD) model has been developed using ANSYS-
Fluent software (see Figures 1 and 2 for illustration). The lifespan, performance and safety of LIB are primary
concerns for the industry, which are influenced by their thermal management. In our ANSYS-Fluent model, the
battery module is simulated to account for the thermal and electrochemical behaviours. In a hybrid (engine and
battery) power system of EV, fuel is still needed to feed the ICE. Therefore, to improve the system effectiveness,
dielectric fuels can be used for cooling and feeding the ICE. In this study, three types of coolants are analysed:

air, 3M-Novec 7200 [16] and n-heptane (inferred from [24,25]).

Busbar
Tab
Cell

Figure 1. Schematic of the battery module, showing the isometric-view and three main side-views.

Outlet
oshamy

Cut-out

Enclosure

Figure 2. Top and isometric views of the battery module and enclosure.

The ANSYS-Fluent CFD tool is utilized to evaluate the power and thermal management of the LIB module under

stretched ambient conditions. The LIB module and BTMS are investigated for a fluid enclosure, LIB cells, and
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cooling channels. The performance of BTMS is investigated in a comparative analysis, using air, 3M-Novec 7200
and n-heptane, as coolants in a direct contact flow. The system performance for each case is assessed based on
the temperature distribution and values, compared to the benchmark result using the LIB module without a

cooling medium. In what follows the main settings considered in the CFD model are presented.
2.1 Basic equations

The LIB is evaluated using MSMD approach with NTGL sub-model to simulate the electrochemical behaviour
and power source [27]. The battery cell temperature distribution is calculated based on the energy conservation

equation [28,29]:
]
a(pb Cpr) =V (kaT) + Qgen' [1)

where G, is the specific heat capacity, pj, is the density of battery material, Qg, is the battery heat generation,
T is the temperature, and k,, is the thermal conductivity. The LIB cell temperature is subject to the amount of
heat generation (Qg,) in (1), which consists of two main sources, electrochemical reaction heat @, and joule

heat ; [30]. Reaction heat can be calculated as [1]:
I
Q= -TAS—, (2)

where AS is the change in entropy, I is the current of electric discharge, F is faraday constant (assumed in this

study as 96485.0 C - mol'l), and n is the number of electrons. The dissipated Joule heat is determined as [31]:
Q=IE-V), (3)

where E is the open circuit voltage and V is the operating voltage. Both E and V are dependent on the battery

temperature and state of charge (SOC). Thus, Qg is determined as:

Qgen = Qr + Q; = I(E — V) — TAS n’—F (4)
The conservation of momentum for the coolant flow is calculated as:

2 (pv) + V- (pvv) = —VP. (5)
The conservation of mass (continuity equation) is calculated as:

2+V-(ov) =0. ©)

The energy equation of the coolant is expressed as [31]:



a -
E(pccchc) +Vv: (pccpchc) =V (k/VT), (7)
Cpc is the specific heat capacity of coolant, p, is the density of coolant, and v is the velocity of coolant.

The flow turbulence effects are accounted for using the kinetic energy and dissipation (k — &) turbulence model,
due to its simplicity and robustness for this application [32]. Using ANSYS-Fluent CFD software, the transport

equation for standard turbulent kinetic energy (k) and eddy viscosity (&) are determined as [32]:

2254 plpie] = [+ ) 7] + 6+ 6o = pe =1y 45, Y
s e (2] 65 00 v, g

where g, is the eddy viscosity using the turbulent kinetic energy, o, is the turbulent Prandtl number, G, is the
rate of deformation due to k, Y, is the turbulence kinetic energy due to the fluctuating dilatation, G, is the
turbulence kinetic energy due to buoyancy effects, respectively, the constants are assumed as C; = 1.44, C, =
1.92 and C; = 0.09, and S,. and S, coefficients are user-defined sources. In this study, it turned out that the inlet
turbulence of fluid has a significant impact on the prediction of downstream flow. Our analysis is based on the
assumption that the coolant is fully turbulent, with a flow direction normal to the inlet surface. The level of inlet
turbulence is defined by the turbulence intensity, which is dependent on the hydraulic diameter and velocity.

The turbulence intensity (/;) is calculated for each case as [33]:
I, = 0.16 Rep 2%, (10)
where Rep, is the Reynolds number calculated for the hydraulic diameter Dy = 0.013 m.

2.2 System parameters and specifications

The velocity-inlet is the main defined boundary condition of the system flow field. To investigate the impact of
fluid motion on the LIB thermal performance, three different inlet velocities are considered: 0.1 m-st, 0.5 ms?
and 1 m's™L. Also, three different discharge C-rates (1C, 1.5C and 2C) are accounted for at each inlet velocity in a
transient simulation, within each time-step (1s), until the battery full discharge state is reached. The inlet
temperature and outlet pressure of the three coolants are assumed as 298 K ambient temperature and 1 atm
ambient pressure, respectively. The heat transfer coefficient for the module is assumed equal to 5 W-m2K.
The boundary conditions for the three coolants, air, 3M-Novec 7200 and n-heptane, are shown in Table 1. The

main physical properties of the three coolants at room temperature are shown in Table 2. The LIB system

without cooling is considered as the benchmark case.



Table 1. Boundary conditions used in the BTMS analysis for the three cooling mediums.

Coolants Case Parameters
T () wy (mes™) Re Iy (%)
1 298 0.1 83.2 9.206
air 2 298 0.5 416 7.529
3 298 1 832 6.904
1 298 0.1 3182.75 5.838
3M Novec 2 298 0.5 15913.8 4.774
3 298 1 31827.6 4.378
1 298 0.1 2285.9 6.084
n-heptane 2 298 0.5 11362.5 4.979
3 298 1 227249 4566

Note: I, is calculated by using Eq. (10).

Table 2. Main thermodynamic properties of the three cooling mediums.

Properties air 32103] ovee n-heptane
Density (kg'm®) 1.184 1420 684
Specific heat (] - kg - K1) 1007 1220 2219
Thermal conductivity (W-m~2-K™%) 0.00255 0.068 0.14
Dynamic viscosity (kg'm s 1) 0.0000185 0.00058 0.000409

The EV LIB module used in this analysis is composed of four commercial 10 Ah prismatic LIB cells. However,
the number of cells within an LIB module, and the modules within an LIB pack, can differ upon the
manufacturer’s preference, in response to certain design parameters. The 4-cell string module of LIB is
connected in series and the total string is connected in parallel ( 4S1P) with aluminium tabs and copper busbars.

The prismatic cells are spaced with 5 mm channels of cooling fluid to sustain a good temperature uniformity of



the cells. A schematic of the LIB module was illustrated in Figure 1. The main material properties and

specifications of the module are presented in Table 3.

Table 3. Specifications and material properties of the LIB module.

LIB cell specification Busbar (Copper)

Nominal capacity (Ah) 10

Max voltage (V) 4.2 Density (kg-m™) 8978
Min voltage (V) 3 Specific Heat (]-kg_ll{'l) 381

Max discharge rate 2C-rate (20 A) | Thermal conductivity (‘ﬁ."u"-m'l [('1) 387.6
Min discharge rate 1C-rate (10 A) | Electrical conductivity (Sm™) 5.8 x 107
Height (mm) 100

Width (mm) 100 Tab (Aluminium)

Thickness (mm) 5 Density (kgrm™®) 2719
Gap between cells (mm) 5 Specific Heat (] 'kg'lK'l) 871
Density (kg'm™®) 2092 Thermal conductivity (Wm™K?) 202.4
Specific Heat (J-kg 'K ) 678 Electrical conductivity (S'm™) 3.541 x 107

Thermal conductivity (W-m™K?) 18.2

2.3 Fluid domain and meshing

The LIB module is wrapped up with the fluid enclosure for effective thermal management. In contrast to
previous studies (e.g., [3,19,23,29]), where the LIB module is immersed inside a box-like enclosure or plated
with indirect cooling, we have created cut-outs around the LIB cells for guided flows in this analysis. This was
so much similar to the approach introduced in [34]. However, in our approach, the coolants are different, and
the flow is in direct contact with the LIB surface areas. Such an innovative approach has evidently improved
BTMS efficiency and is expected to reduce the weight and cost of the whole system. This new concept is
ultimately aimed to introduce a cost-effective technique in a trial to maintain the LIB cells in their optimal
temperature range (20 °C - 40 °C). As one will see from the results Section, this has been achieved, in addition
to a good temperature uniformity with up to 1 K difference across the module. In what follows, the meshing

practice is described.

In this analysis, the numerical simulation is conducted using ANSYS-Fluent CFD software. The convergence is
tested for the residuals of all fluid flow governing equations (see Section 2.1). The results are verified with a
mesh independence check to ensure their reliability. The mesh type is optimised based on the consistency of the
LIB module maximum temperature using different types and sizes of mesh elements for both the LIB cells and

enclosure (see Figure 3).
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Figure 3. LIB Module maximum temperature versus number of elements, showing grid independence of the

battery thermal effect with enclosure.

The enclosure domain is meshed with hexahedron cells. A boundary layer is accounted for with a 1.15 inflation
rate and local refinement of prisms cells. The battery module is meshed with four different element categories
and various element refinements (in the range: 2 mm - 3.5 mm, and 0.5 mm interval), according to local
geometric and flow complexity demands. As can be seen from Figure 3, the LIB module maximum temperature
(Tmax) approaches its consistency at an increased number of elements, up to 329293 elements where T,
remains unchanged. Thus, the mesh is considered verified at 329293 elements (element size 2mm). See Figure

4 for further illustration of the geometry meshing.
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Figure 4. Mesh of the BTMS, using 329293 total elements and 2 mm element size. Uniform structured and

tetrahedral mesh types are used for the battery module and fluid domains, respectively.

3. Results
3.1 LIB module without cooling

In this analysis, the LIB module (without cooling) is simulated as the benchmark data to assess each case of the
BTMS. The LIB cell temperature distributions are simulated for various discharge rates (1C, 1.5C and 2C) to
predict the interaction between the LIB power demand, voltage, and temperature, as shown in Figure 5. The
initial temperature of LIB cells was 300 K and voltage was 4.2 V (please refer to Table 3 for the full parameters).
The transient simulation of the LIB module is conducted in the range 1C - 2C until complete power discharge,

using 1 s time-step.

----- 1.0C
- = 1.5C
_ - 20C
a ~~‘~~~~
) ~“~.
eV} s,
S ~“s‘
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> ‘\‘
G .
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29 Discharge time (s)
0 500 1000 1500 2000 2500 3000 3500

Figure 5. LIB cell voltage versus discharge time at 1C, 1.5C and 2C discharge rates.

As can be seen from Figure 5, the LIB cell power discharge time becomes shorter at high discharge rate (2C),
and vice versa at low discharge rate (1C). This is similar to the trend in the literature (e.g. [7]). The LIB module
is found to have fully discharged in about 57.25 minutes at 1C, about 38 minutes at 1.5C, and about 28.5 minutes
at 2C. The discharge time of the LIB module is slightly shorter than the predicted optimal discharge times of the
LIB module (i.e,, 60 minutes at 1C, and 30 minutes at 2C). This is attributed to the fact that some energy is
dissipated as heat. Note that LIB energy loss into heat can cause as severe damage to its capacity as 95% [8]. To

understand the impact of such loss on the temperature rise in the LIB module versus time, this has been

illustrated in Figure 6.
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Figure 6. LIB module maximum temperature versus discharge time at 1C, 1.5C and 2C discharge rates.

As can be seen from Figure 6, the increase in the LIB module temperature was always proportional with the
discharge time, but it increased more rapidly at higher discharge rates. In the case of 1C rate, the LIB module
temperature reached its maximum at about 306.4 K at the full discharge state and 3429 s. In the case of higher
discharge rates, the module temperature reached its maximum of 311.4 K at 1.5C and 316.8 K at 2C. One can
see that the LIB module temperature exceeded its safe operating temperature. Such a high temperature is a
serious problem in practical applications, as it can cause capacity degradation, thermal runaway, and shortened
lifespan. The contours of temperature distributions within the LIB module are further investigated for these C-
rates (see Figure 10, Appendix A). It is found that the temperature distribution on the LIB module for these
cases is non-uniform, which can be a cause of battery thermal degradation and ageing. It turned out from this
proof of concept that the BTMS is a necessity to avoid exceeding the optimal temperature and ensure
temperature uniformity, which ultimately helps to improve the EV performance and efficiency. In what follows,

the BTMS is investigated for three thermal-management coolants.
3.2 Air-cooled system

Air is pumped inside the enclosure to motivate a forced convective heat transfer in direct contact cooling. The
air of 298 K is assumed of inlet velocities 0.5 m's and 1 m-s’.. The system is set at three different discharge
rates for each inlet velocity; these are 1C, 1.5C and 2C. Therefore, six case studies are investigated for the air-

cooled BTMS.
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One can see from Figure 7 that the LIB module maximum temperature is decreased to 305.4 K at 1C rate and
0.5 m-s” inlet velocity (see Table 4 for details). This temperature is found within the recommended LIB range.
The air-cooled forced convection has decreased the maximum temperature by 1 K, compared to that of the
benchmark results without cooling. At higher discharge rates (1.5C and 2C), the flow has not been sufficient to
regulate the LIB module maximum temperature. This can be attributed to the incompetent cooling properties
of air (for example, the low specific heat capacity and density). The temperature contours of the system are
further illustrated in Figure 11 (Appendix A), which shows poor distribution of temperature across the LIB cells
of this module. It has been observed that the temperature of the last two (edge) cells is much higher than those
in the middle and other end of the LIB module. It has been noted that a large difference in temperature across
the LIB cells can be a cause of their low capacity and high internal resistance. Thus, the air-cooling approach

does not conform to the cooling and temperature uniformity requirements of the BTMS.

320 314
(a) 0.5 m-s? (b) 1 mst

316 -
310

312 -
306

308 -
302

304 -

/
7 Discharge time (s)
300 ——argeme 18) 298 : : :
0 1000 2000 3000 0 1000 2000 3000

Figure 7. LIB module maximum temperature at air temperature 298 K and inlet velocities: a) 0.5 m-s* and b) 1

m-s’!, and for discharge rates 1C, 1.5C and 2C.

At 1 m-s inlet velocity, and 1C and 1.5C discharge rates, the maximum temperature has been controlled. As can
be seen from Table 4, the maximum LIB temperature is decreased within the safe LIB temperature range (for
this prismatic LIB, 20 °C - 30 °C [9]) at 1C and 1.5C. The LIB maximum temperature, however, exceeds the
optimal range by 3.2 °C at a higher discharge rate (2C). Therefore, this BTMS is still insufficient for controlling
the maximum temperature within its safety limit. It neither achieves the temperature uniformity needed for the

LIB module at all discharge rates (see Figure 11 for more details).

As can be seen from Figure 7, the LIB module maximum temperature has not been maintained at a constant

value with the discharge time, which is consistent with the trends in literature (e.g., [35]). It has, however, not
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maintained a uniform distribution for the LIB cells at both velocities (0.5 m-s” and 1 m-s™). It can be concluded
that the forced air-cooling may fulfil the optimal temperature range of LIB in limited cases when reducing the
inlet temperature of the air below 293 K and increasing the inlet velocity above 1 1 m-s”, which are not practical

and inconvenient cases in general applications.

Table 4. LIB module and individual cell temperature ranges in K at air inlet velocities 0.5 m-s! and 1 m-s™..

1C 1.5C 2C
LIB component
Thax K Toin K | Thax K Thin K | Thax K Thin K
Inlat valacity — 0 & m.cl
Mndula ranca UL 2017 2112 2044 21789 RUYAS
Cell1 207 7 201 R 205 2 204 5 2R 7 2077
Call? N2 4 207 R 2N7 4 R 2127 209 4
Call? 204 5 202§ 209 § 207 R 215 2172 R
Cell4 205 4 204 4 2112 209 5 2178 215§
Inlat valacity — 1 m.c-l
Mndula ranca N2 1 20N ] 2NA R 207 A 2119 24 R
Cell1 2011 00 K 2032 N2 7 NS A 2N4.9
Call? 201 ] 201 1 204 4 2037 N7 4 2057
Call? 20?7 & 201 R 205 7 204 5 RURS 207 R
Cell4 2031 202 4 204 8 2057 2112 209 A

3.3 3M-Novec cooled system

Three different inlet velocities were considered in 3M-Novec 7200 coolant namely 0.1 m-s”, 0.5 m-s”, and 1.0
m-s-. Each inlet velocity was tested at three discharge rates, 1C, 1.5C, and 2C. Table 5 shows simulation results
of inlet velocities against the discharge rates. 3-M Novec 7200 coolant was able to keep the LIB module
maximum temperature consistently for every inlet velocity and discharge rate as well as the homogenous

surface temperature distribution between LIB cells.

Table 5. LIB module and cell temperatures in K using 3M-Novec 7200 coolant at three inlet velocities (0.1 m-s™,

0.5 m-s! and 1 m-s'!) and three different discharge rates.

1C 1.5C 2C

LIB component

Tmax Tmin Tmax Tmin Tmax Tmin

Inlet velacity = 01 m.c’
Madnle rance 70Q A 2QQ A 2Q0 N 70Q A 72Q0 A 270QQ
Cell1 20QA ?729R4 | 27929 ?729RA | 7994 ?79R9
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Cell? 708A 7084 | 2090 ?208A | 7902 2989
CellR 708A 7084 | 2000 2087 | 7904 2989
Celld 2084 2084 12990 29087 [ 2994 2990
Inlat velacity — N & m.c™
Madula ranca 7022 7081 | 72084 7081 | 2025 20Q9?
Celll 2087 2081 | 2084 2087 | 2985 ?20R?
Cell? 7087 2081 | 2083 27081 | 7985 20987
CellR 7087 7081 | 2083 2087 | 7985 209K 7
Celld 2022 2081 | 2983 2082 | 2985 2987
Inlat velacity — 1 0 m.c™
Madula ranca 7027 70R1 | 2082 7081 | 2022 2021
Celll 2085 2081 | 2082 2081 | 2983 2081
Cell? 7081 7081 | 20872 2081 | 2983 2081
CellR 7081 2081 | 20872 2081 | 7982 2081
Celld 2022 2081 | 2982 2081 | 2982 2981

In Figure 8, the LIB module maximum temperature at 0.1 m-s” and discharge rate of 2C was slightly increased

by 1.4 K, which was only an 8 % increment compared to the benchmark coolant at the same discharge rate. This

increment has no significant impact on the LIB module performance and efficiency. Also, the maximum surface

temperature distribution consistency across LIB cells was kept below 0.5 K for all discharge rates, as shown in

Figure 12 (Appendix A). When the inlet velocities were increased to 0.5 m-s” and 1.0 m-s”, the LIB module

maximum temperature was not considerably affected by increasing the discharge rate. The consistency of

surface temperature distribution was slightly better than inlet velocity of 0.1 m-s”, at less than 0.3 K. It has

primarily contributed to reducing the LIB module temperature and maintaining its uniformity.
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Figure 8. LIB module maximum temperature at discharge rates of 1C, 1.5C, 2C, and 3M-Novec 7200 coolant inlet
velocities: a) 0.1 m-s”, b) 0.5 m-s™; ¢) 1.0 m-s-1. The maximum and minimum velocities of these cases are shown

in Table 5.
3.4 N-heptane cooled system

In this section, the n-heptane cooling performance was studied using dominating inlet velocity. This cooling
method can reduce the vehicle weight without relying on heavy coolants such as 3M-Novec 7200 and
subsequently improve the energy consumption and CO2 emission. However, n-heptane coolant should not
exceed its flashpoint temperature if it comes in direct contact with the LIB cells to avoid fire. As discussed
earlier, the inlet velocity, discharge rate, and inlet temperature have significant impacts on the thermal
management of the LIB module. Hence, the same inlet velocities as in the case of 3M Novec coolant were used
to verify the predicted performance of the n-heptane coolant. Figure 9 shows the temperature trends based on
three inlet velocities and three discharge rates. When the inlet velocity of n-heptane coolant was set at 0.1 m-s-
1, the LIB module maximum temperature behaviour was very similar to that of 3M Novec coolant with up to

0.1% error, as shown in Table 6.
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Figure 9. LIB module maximum temperature at discharge rates of 1C, 1.5C, 2C, and n-heptane coolant inlet

-’

velocities: (a) 0.1 m-s™; (b) 0.5 m's™%, (c) 1.0 m's™’. The maximum and minimum velocities of these cases are

shown in Table 6.

Table 6. LIB module and cell temperatures using n-heptane coolant at three inlet velocities (0.1 m-s?, 0.5 m-s!

and 1 m-s'!) and three discharge rates.

1C 1.5C 2C
LIB component

Tmax Tmin Tmax Tmin Tmax Tmin

Inlet velocity = 0.1 m-s”
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Module maximum | 298.5 298.3 298.8 298.5 299.1 298.7
Celll 298.5 2983 298.8 298.5 299.0 298.7
Cell2 298.5 2983 298.8 298.5 299.0 298.7
Cell3 2985 2983 298.8 2985 299.1 298.7
Cell4 298.5 2983 298.8 298.6 | 299.1 2988

Inlet velocity = 0.5 m-s”

Module maximum | 298.3 298.1 298.3 298.1 298.4 298.2

Celll 298.2 298.1 298.3 298.1 298.4 298.2
Cell2 298.2 298.1 298.3 298.1 298.4 298.2
Cell3 298.2 298.1 298.3 298.1 298.4 298.2
Cell4 298.3 298.1 298.3 298.1 298.4 298.2

Inlet velocity = 1.0 m-s”

Module maximum | 298.3 298.0 298.3 298.1 298.3 298.1
Celll 298.1 298.0 298.2 298.1 298.3 298.1
Cell2 298.1 298.0 298.2 298.1 298.3 298.1
Cell3 298.1 298.1 298.2 298.1 298.3 298.1
Cell4 2983 298.1 2983 298.1 298.3 298.1

Using n-heptane as a coolant at discharge rates 1C and 2C is found to have reduced the LIB module maximum
temperature by 17.9 K and 7.9 K, respectively, compared with those of benchmark results. The surface
temperature distribution also was kept homogenous across three discharge rates with a maximum difference

of 0.4 K as can be observed in Figure 9. Increasing the inlet velocity has also reduced the LIB module maximum
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temperature. For instance, the temperature reduction at inlet velocities of 0.5 m's™* and 1.0 m's™!, compared to
0.1 m's! at 2C was 0.7 K and 0.8 K respectively. At the inlet velocity 0.1 m-s-1, the LIB module maximum
temperature operated at a linear trend at almost discharge time at 1C. However, at 1.5C and 2C, the temperature
trends fluctuated until they were fully depleted and raised the temperature due to higher internal resistance at
low SOC. The differences of temperature 0.5 m-s-land 1.0 m-s'1, and three discharge rates were small, where n-
heptane coolant managed to cool down the LIB module effective at low SOC, a reduction by 18.6 K and 18.7 K

respectively compared to the air cooling results.
3.5 Comparative analysis

The hydrocarbon fuel of n-heptane is compared to the most common cooling strategies to showcase a
worthwhile cooling option of BTMS in HEV (see Appendix A for illustration). The simulation results exhibit that
both (3M Novec and n-heptane) liquid coolants are far better than the air-cooled BTMS. Using liquid coolants,
the LIB module maximum temperature was kept and regulated below 313 K. The trend of temperature
increased in the air-cooled forced convection almost in logarithmic growth, which was slower than the linear
rise of the benchmark model temperature. This technique showed a good improvement compared to the
benchmark results, but it also had a drawback. The air did not cool down the LIB module sufficiently quickly at
low velocities, in the assumption of passive cooling to avoid losing energy to the fan. In passive cooling, e.g. using
only natural convection, no energy is consumed and the LIB module is aimed to be maintained below its
maximum safety temperature. This arrangement reduces the amount of energy used in the system and increases
the vehicle range. This approach, however, may not be a feasible option in an air-cooled BTMS because air
cannot drastically change the temperature of the LIB module at moderate velocities and may require high speed

fans.

Similarly to n-heptane, using 3M Novec 7200 coolant made the LIB module maximum temperature more
controllable, where the temperature did not fluctuate drastically at every inlet velocity and discharge rate. This
feature makes both coolants very useful and effective solutions as it does not allow the LIB module maximum
temperature to go above the coolant temperature for a long period of time. They both managed to maintain the
LIB module maximum temperature at a constant level for a long period. Both liquid coolants had almost
identical LIB module maximum temperature curves. However, n-heptane was slightly better at exchanging heat
as can be seen in the first 500 s of the discharging time, and it had relatively the lowest LIB module maximum
temperature. Additionally, n-heptane has an advantage over the 3M Novec 7200 coolant in terms of low density,

which can contribute to the overall vehicle light-weighting and energy reserve. These results show that n-
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heptane can be a doable coolant for HEV BTMS thus supporting the hypothesis of this work. See Figure 14 for

further illustration of these findings.

In practice, using liquid coolants can demand higher pumping power than that needed for high-speed air fans.
To minimise the system exergy, it is suggested that the LIB module can be passively cooled until it reaches a
temperature close to a safeguard value (approximately 313 K). Once the safeguard temperature is reached, the
fluid is pumped through the system to cool it down, back to normal. This method can reduce vehicle energy

consumption and CO, emission.
4. Conclusions

The importance of Battery Thermal Management Systems (BTMS) was successfully validated using the
commercial CFD tool of ANSYS-Fluent. The benchmark simulation results showed an almost linear increase in
temperature with the increase in discharge time. Such phenomenon was more significant at higher discharge
rates, which led to a heated LIB module at a very high heating rate. At a higher discharge rate, the LIB module
maximum temperature reached the allowable maximum temperature that can lead to thermal runaway, which
required an effective BTMS to maintain the temperature within the optimum operating temperature. The
proposed n-heptane coolant provided a significant decrease in the LIB module maximum temperature
compared to other cooling strategies. The ability of n-heptane coolant to keep the LIB module maximum
temperature constant for an extended period making it an effective solution for BTMS. The relatively low
density of n-heptane and zero weight of liquid-coolants can help the overall vehicle light-weighting and
significantly improve energy consumption. n-heptane would be a viable option to use in the HEV BTMS and this
hypothesis has been supported with the results obtained from CFD. N-heptane BTMS managed to minimize the
impact of discharge rates between 1C and 2C on the maximum module temperatures for all inlet velocities. At
the lowest inlet velocity of 0.1 m-s1, the LIB module maximum temperatures at 1C, 1.5C, 2C were 298.5 K, 299.0
K, and 299.1 K respectively. For a higher inlet velocity, 1.0 m-s-!, the maximum LIB module maximum
temperatures were kept constant at 298.3 K for all discharge rates. Also, n-heptane reduced the LIB module
maximum temperature by 18.6 K at 0.5 m-s-! and 18.7 K at 1 m's™! compared to without cooling strategy.
Another important aspect of n-heptane was that the temperature gradients between LIB cells were kept below

1 K that can prevent LIB degradation over time.
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APPENDIX A. Temperature distribution
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Figure 10. Temperature contours of the battery module without cooling at discharge rates 1 (a), 1.5 (b) and 2

(c) C-rates.
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Figure 11. Temperature contours of the battery module using air as coolant at 1C (a and d), 1.5C (b and e) and

2C (c and f) discharge rates, and at 0.5 m's™ (a, b and c) and 1 m's™* (d, e and f) inlet velocities.
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Figure 12. Temperature contours of the battery module using 3M-Novec as coolant at 1C (a, d and g), 1.5C (b, e

and h) and 2C (c, f and i) discharge rates, and at 0.1 m's™ (a, b and c), 0.5 m's™ (d, e and f) and 1 m's! (g, h and

i) inlet velocities.
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Figure 13. Temperature contours of the battery module using n-heptane as coolant at 1C (a, d and g), 1.5C (b, e

and h) and 2C (c, fand i) discharge rates, and at 0.1 m's™ (a, b and c), 0.5 m-s™ (d, eand f) and 1 m-s* (g, h and

i) inlet velocities.
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Figure 14. Module maximum temperature versus discharge time at 0.1 m's inlet velocity and (a) 1C, (b) 1.5C

and (c) 2C discharge rates, using 3M-Novec 7200 and n-heptane as coolants.
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Figure 15. Maximum battery volume temperature versus discharge time at (a) 1C, (b) 1.5C and (c) 2C discharge

rates. These were conducted at inlet velocity 0.5 m-s™ for batteries without cooling and cooled using air, 3M

Novec, and n-heptane.
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Figure 16. The same as Figure 15, but at 1 m-s! inlet velocity.
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