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L S N N

Abstract: Battery thermal management systems (BTMS) in hybrid electric vehicles can be complex
and heavy. They tend to increase energy consumption, leading to higher carbon dioxide emissions.
In this study, a new approach was investigated for the potential use of four fuel components as
coolants for direct liquid-cooled (LC)-BTMS, N-Pentane, N-Hexane, N-Butane, and Cyclo-Pentane.
The performance of the fuel components was numerically analysed and CFD modelled using ANSYS
Fluent software. Several meshing iterations of the lithium-ion battery (LIB) module were performed
to conduct mesh independence check for higher accuracy and less computational time. The LIB
module was simulated, in comparison to a free air convection (FAC)-BTMS as a benchmark, at three
discharge rates (1C, 1.5C, 2C) for each of the inlet velocity values (0.1, 0.5, 1 m/s). Results show that
FAC-BTMS exceeded the LIB module optimal operating temperature range (293-313 K) at 2C. On
average, at the worst condition (lowest inlet velocity and highest discharge rate), all fuel components
of the LC-BTMS were able to maintain the LIB module temperature below 288 K. That is at least
4.7% cooler compared to FAC-BTMS, which renders the new approach viable alternative to the
conventional BTMS.

Keywords: lithium-ion battery; battery cooling; fuel; HEV; energy management

1. Introduction

Over the past few centuries, the world has relied on fossil fuels as the main energy
source to power vehicles with internal combustion (IC) engines. This has come at a great
cost to the environment and human health, as 20% of all carbon dioxide (CO,) emissions
originate from road traffic [1]. As a result, electric vehicles (EVs) have begun to dominate the
automotive industry to reduce CO, gas emissions. In 2015, 550,000 units of EVs were sold,
and this subsequently increased to 774,000 units in 2016 [2]. However, EVs have several
inherited issues, such as range anxiety [3], long charging time [4], and the availability
of charging infrastructures [5]. One of the solutions for these issues is to have different
powertrain topologies, such as hybrid electric vehicles (HEVs) [6].

Rechargeable lithium-ion batteries (LIBs) are the most common type of energy storage
for HEVs. However, LIBs generate heat while charging or discharging, and if this heat is
not dissipated, it affects the battery’s performance and causes it to have a reduced lifespan,
leading to thermal runaway [7]; thus, the heat generated by LIBs must be adequately
thermally managed. For instance, Sato [8] investigated the effect of LIBs operating above
323 K, which showed a decrease in charging efficiency and LIB longevity.

To mitigate these concerns, a battery thermal management system (BTMS) is intro-
duced to cool LIBs at an optimal operating temperature range of 293-313 K [9]. The
temperature difference within LIBs could also influence their longevity and be kept below
5 K [10]. Several cooling techniques could be implemented, such as direct and indirect
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cooling, and with several cooling media, such as air, liquid, phase-change material (PCM),
and heat pipes (HPs) [11].

The heat generation inside LIBs is a complex process that requires knowledge of
how the electrochemical reaction rate varies with time, temperature, and current flows.

Kim et al. [12] presented the heat generation of LIBs as Q =I(U-V)-1 (T‘;—LTI), where Q, I,
U, and V are the rate of heat generation, the electric current passing the cell, open circuit
voltage, and the cell voltage of the LIB, respectively. The resistance loss and reversible
entropic heat in the electrochemical reaction are denoted by I (U — V) and (T‘;—LTI), respec-
tively. During charging and discharging processes, LIBs generate three types of heat: (1) the
activation of irreversible heat due to the polarisation of the electrochemical reaction, [13]
(2) joule heating due to ohmic losses [14], and (3) reversible reaction due to the entropy
change [15].

The LIB thermal runaway is a common issue when it reaches the maximal threshold
temperature. The thermal runaway is caused by the exothermic reactions among the anode,
cathode, and electrolyte [16]. These exothermic reactions are caused by short circuits,
high-speed charging/discharging, and overcharging LIBs [17]. The thermal runaway of a
single LIB may lead to the thermal runaway of the entire LIB pack, which causes severe
damage [18].

BTMSs can be categorised into three strategies: (1) active, (2) passive, and (3) hybrid [19,20].
Active BTMSs often use air or a liquid cooling medium where the cooling medium can
be in either direct or indirect contact with LIBs. Pumps and fans are used to circulate the
cooling medium and transfer the heat to the ambient condition. Passive BTMSs implement
PCM and HP on the surface of LIBs to improve the heat transfer with the boundaries [11].
Lastly, hybrid BTMSs adapt PCM + air, PCM + liquid, or PCM + HP.

Air-cooled is a preferable BIMS solution due to less weight and system complexity
compared to those of liquid-cooled solutions. An efficient air-cooled (AC)-BTMS can
remove excess heat generated from LIBs during charging/discharging and maintain the
optimal operating temperature. However, in forced AC-BTMSs, air cooling capacity is
limited due to poor thermal conductivity, which increases the working temperature and
causes thermal imbalances within LIBs under harsh operating conditions, in addition to
having difficulty in achieving uniform air distribution [21]. Moreover, forced AC-BTMSs
require higher volumetric flow to achieve similar cooling performance to that of other types
of BTMS; thus, AC-BTMSs are not efficient in controlling the temperature in LIBs that have
fast charging/discharging rates.

For fast charging/discharging applications, direct liquid-cooled (LC)-BTMSs are pre-
ferred since they have a higher heat coefficient than AC-BTMSs [22]. A dielectric cooling
medium is used in direct LC-BTMSs due to its electrically nonconductive properties and
high thermal stability. Direct LC-BTMSs require two to three times less energy compared to
AC-BTMSs to maintain the same average temperature of LIBs [23]. One of the dielectric
cooling media is oil. The rate of the heat transfer of oil was significantly higher than that of
air at the same mass flow rate [24]. However, a newer experiment found that using mineral
oil as a dielectric coolant introduced weight to a vehicle, which worsened its performance
and increased its energy consumption [25]. The 3M Novec-7000 is another type of dielectric
coolant, and it is commonly used in direct LC-BTMSs. For instance, Thakur et al. [22]
developed the boiling LIB cooling method using 3M Novec-7000. At a discharge/charge
rate (C) of 10C, the performance of direct LC-BTMSs was examined by comparing an AC-
BTMS and a boiling LC-BTMS. Using the air-cooled system, the LIB temperature increased
to 353-363 K, whereas with total immersion in the 3M Novec-7000, the LIB temperature
remained at 308 K.

Implementing indirect LC-BTMSs can be considerably more complicated and expen-
sive than direct LC-BTMSs. Indirect LC-BTMSs are where the cooling media do not get in
direct contact with LIBs, and are mainly used to prevent electrical conduction with LIBs
whilst dissipating heat. However, there are two issues with indirect LC-BTMSs: (1) leakage
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at cooling connections that cause LIBs to short circuit, and (2) high thermal resistance due
to the electrically insulating coating that reduces the heat transfer performance [26].

For passive PCM-BTMSs, PCM is designed to surround LIBs. When LIBs heat up,
the PCM softens and absorbs the heat. When LIBs cool off, PCM hardens and releases
all the heat into the atmosphere. PCM stores thermal energy via the latent heat phase of
transitions [27]. Moreover, it has a large amount of latent heat; and during LIBs discharge,
it acts as a heat sink. PCM can effectively lower LIBs’ maximum temperature and reduce
the temperature differences at the end of the discharge cycle [28]. However, there are three
disadvantages of PCM-BTMSs, namely (1) low thermal conductivity, (2) leakage problems,
and (3) limited capacity of heat absorption after melting [29].

On the other hand, passive HP-BTMSs have high thermal conductivity and are used to
maintain the temperature of LIBs within the optimal working temperature range [30]. For
example, Nasir et al. [31] implemented HP-BTMS to cool HEVs LIBs, and it was found that
the system was able to reduce the maximum LIB temperature by 287.7 K and maintain an
average temperature below 323 K [31]. The advantage of using HP-BTMSs is providing a
lightweight system with an extended lifecycle. However, the main concern with HP-BTMSs
is the relatively high cost compared to other cooling techniques [29].

To reduce the overall weight of HEVs and, subsequently, the vehicle energy consump-
tion, the ideal volume and weight of BTMSs should be less than 40% of the LIB module [32].
These requirements motivate the need to find alternative solutions where fuel (already
stored in the tank) has the potential to maintain the LIB’s temperature. The concept of
using fuel as the cooling medium for BTMSs, introduced in [33], can reduce the weight of
EVs and improve vehicle performance and energy consumption.

Many hydrocarbon molecules in petroleum are found as good dielectrics. However,
dielectric permittivity can be altered by the number of carbon atoms in the fuel compo-
sition. For instance, using N-Heptane as a coolant for BTMSs managed to control the
LIB’s maximum temperature at discharge rates 1C and 2C by not more than 280.9 K and
290.9 K, respectively, compared to a LIB without BTMS [33]. Fuel must have good material
compatibility with LIBs to protect the elastomer seals, copper, and insulation materials
from any harm. High flash point reduces the fire risk in high temperatures and improves
safety. Fuel components that have dielectric constants (x) lower than 2 are suitable for
direct LC-BTMSs [34].

From the above literature, the challenges are to identify a suitable cooling medium for
LIBs that can maintain the optimal operating temperature range and the low-temperature
differences between LIBs. Additionally, this approach can reduce the overall weight of
HEVs and minimise system complexity. In this paper, we investigated the cooling strategy
of petrol components for direct LC-BTMSs using computational fluid dynamics (CFD) for
HEVs application. The approach is the first of its kind and has not been revealed elsewhere
before, to the best of our knowledge. A commercial software, ANSYS-Fluent, is used to
simulate LIB thermal behaviour at different discharge rates. Dielectric components of petrol
molecules are investigated for their suitability in BTMSs.

2. Modelling and Parameterisation Study

A transient 3D modelling of LIBs and their enclosure is conducted using the com-
mercial CFD software ANSYS-Fluent. The system design is produced using CATIA V5.
Both thermal and electrochemical interactions are accounted for and coupled in the sim-
ulation. The main result indicators are the individual LIB maximum temperature, and
the temperature differences across the domain and between LIBs. Five cooling media are
considered in this study: air, N-Pentane, N-Hexane, N-Butane, and Cyclo-Pentane, based
on a direct LC-BTMS strategy. The dimensions and materials used in LIB sub-components
are provided in the following sections. In addition, the governing equations used in the
numerical simulations are highlighted, along with the coolant properties.
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2.1. LIB Module

The LIB module used in this study consists of four LIBs, as shown in Figure 1. The
configuration of the LIB module is based on 4S1P (four LIBs in series and one LIB in
parallel). Each of the LIBs is connected to two aluminium tabs (positive and negative
connections). These tabs are connected via copper busbars to form the LIB module. In total,
the sub-components of the LIB module are four LIBs, eight tabs, and three busbars. LIBs
are spaced by 5 mm gaps for the cooling medium. The properties of the LIB and tab and
busbar are shown in Tables 1 and 2, respectively.

Busbar g

Tab

LIB

== -

(a) (b)

(c) (d)

Figure 1. LIB module 4S1P design with busbar and tab with third angle projection view (a) isometric
view, (b) plan view, (c) side view, and (d) front view.

Table 1. LIB specifications.

Parameters Value
Nominal capacity (A-h) 14
Max discharge rate (C) 2
Min discharge rate (C) 1

Max module voltage (V) 12
Min module voltage (V) 8.1
Height (mm) 100
Width (mm) 100
Thickness (mm) 5
Density kg-m3 2092
Specific heat (J/kg-K) 678
Thermal conductivity (W/m-K) 18.2

Table 2. Tab and busbar properties.

Properties Tab Busbar
Material Aluminum Copper
Density (kg/m?) 2719 8978
Specific heat (] /kg-K) 871 381
Thermal conductivity (W/m-K) 2022.4 387.6

The LIB module enclosure has inlet and outlet ports for the cooling medium, as shown
in Figure 2. An inlet port is on one side at the top of the wall, and the outlet port is on
the diagonally opposite side, positioned at bottom of the wall. The design of the inlet
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Outlet

and outlet ports allows for the cooling medium to flow through the LIB module and to
fully immerse the LIB module surfaces. This approach can ensure uniform temperature
distribution across the LIB module, which helps maintain the optimal working temperature
range between 293 and 313 K.

Inlet

(a)

(b)

Figure 2. LIB module enclosure design for cooling medium inlet and outlet, in (a) isometric view and

(b) top view.

2.2. Meshing

CFD simulation requires high-quality mesh and appropriate convergence criteria
to produce accurate and reliable results without requiring high computational time and
power. Hence, mesh convergence is performed to ensure the highest possible accuracy.
Two different types of mesh are used for the LIB module enclosure and the LIB module,
tetrahedral and structured.

The LIB module enclosure is meshed using tetrahedral elements due to its complex
geometry and to avoid any distortion. For the LIB module, hexahedral elements are used
with four different element size refinements. Four simulation iterations are run based on
the full depletion of the LIB module. The element sizes are set between 2 and 4 mm, with
0.5 mm intervals. The average LIB module maximum temperature is plotted against the
number of elements.

As shown in Figure 3, at an element size of 3 mm, the mesh gave a converged model.
The differences between the average LIB module maximum temperatures of element sizes
2 mm, 2.5 mm, and 3 mm are negligible. Element sizes of 2 mm and 2.5 mm will require
high computational time, but contribute insignificantly to accuracy. Hence, it is more
practical to rely on the 3 mm element size. The total number of elements used for the LIB
module is 125,068. Figure 4 shows the final mesh for the BTMS (LIB module, enclosure,
and coolant medium).

2.3. Input Parameters

In this analysis, the dielectric fuel components (molecules) are utilised as the BTMS
coolant. Only fuel components of a dielectric constant x < 2 are considered in this model,
avoiding any possible short circuit inside the LIB module. To validate the effectiveness of
using fuel components as BTMS coolant, they are compared with the conventional coolant
(3M Novec-7000).

The 3M Novec-7000 is a dielectric fluid, used for direct liquid cooling in HEV applica-
tions or electronic components, as discussed in the literature [22]. It has proven its efficiency
in keeping LIBs within the optimal working temperature range at various discharge rates,
and maintaining a uniform temperature distribution across the LIBs.
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Figure 3. LIB module maximum temperature versus element size, showing the mesh independence
check.

(a) (b)
Figure 4. LIB module and LIB module enclosure of (a) complete mesh and (b) flow field of cooling
medium.

The cooling medium is set with inlet port temperature of 298 K and outlet port pressure
of 1 atmospheric. The flow is simulated for three different inlet velocities: 0.1 m/s, 0.5 m/s,
and 1 m/s, to understand the velocity influence on the thermal performance of the LIB
module. Additionally, for each of the inlet velocities, three discharge rates are accounted
for, 1C, 1.5C, and 2C. The transient discharge effects are considered in a quasi-steady
format, with 30-time iterations until the LIB module is fully depleted. The free convection
effect is included with the heat transfer coefficient set to 5 W/m? K. The turbulence model
(K-epsilon) is used for the CFD model, where the cooling medium inside the enclosure is
expected to show some turbulent flow.

The properties of the proposed coolants are shown in Table 3. All fuel components
have x < 2 and reasonably good thermal conductivities, compared to the 3M Novec-7000.
These fuel components will be further investigated for their suitability using ANSYS-fluent.
In [35], the thermo-physical properties of different fuel components are provided with
detailed methods of calculation, embedded in our model.
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Table 3. Comparison of thermo-physical properties of fuel components, and 3M Novec-7000 [34,36].

Cooling Medium  Density (kg-m?) Consfalat/ls(gigﬁc Heat Therm?évi?%wﬂvﬁy ‘(’;:/:’Ifl;y x
N-Pentane 622 2330 0.105 0.0002140 1.84
N-Hexane 653 2260 0.114 0.0002970 1.88
N-Butane 581 1675 0.095 0.0000074 1.77

Cyclo-Pentane 763 1757 0.170 0.0004622 1.97
3M Novec-7000 1400 1300 0.075 0.0004500 7.40

3. Results

The results are based on the main indicators for improving the BTMSs, in terms of
temperature value and uniformity. The discharge rates, velocity and types of coolants are
the controlling parameters in this study. In what follows, four types of petrol fuels are
assessed for use as coolants and compared to the conventional coolants of 3M Novec-7000
and air (inferred from [37]).

3.1. N-Pentane

The temperature behaviour of the LIB module using N-Pentane as a coolant is shown
in Table 4. When the inlet velocity is set to 0.1 m/s, the maximum LIB module temperature
is maintained within the optimal operating range for all discharge rates, 1C (301.51 K), 1.5C
(304.545 K), and 2C (306.534 K). In comparison with the free air convection (FAC)-BTMS
results [33], it reduces the maximum temperature of the LIB module at 1C, 1.5C, and 2C
by 2.6% (8.10 K), 2.2% (6.92 K), and 3.5% (10.99 K), respectively. When the inlet velocity of
N-Pentane is increased to 0.5 m/s, the maximum LIB module temperatures are reduced
by 2.5% (9.14 K), 4% (12.50 K), and 5.2% (16.37 K) for 1C, 1.5C, and 2C, respectively. At
a higher inlet velocity (1 m/s), the maximum LIB module temperatures at 1C, 1.5C, and
2C are further reduced by 3.3% (10.12 K), 3.4% (10.63 K), and 5.9% (18.74 K), respectively.
Since the temperature reduction between 0.5 m/s and 1 m/s is significant, passive control
strategies can be implemented for such energy management by regulating the pump speed
at high ambient temperatures.

Table 4. Temperature behaviour of the LIB module with N-Pentane LC-BTMS.

LIB Type 1C 1.5C 2C

Tmax (K) Tmin (K) Tmax (K) Tmin (K) Tmax (K) Tmin (K)
Cooling medium velocity = 0.1 m/s
Module 301.516 299.753 304.545 301.437 306.534 302.154
LIB1 300.729 299.753 303.243 301.437 304.292 302.154
LIB 2 300.81 300.014 303.39 301.813 304.545 302.899
LIB3 301.263 300.636 304.132 302.907 305.723 304.553
LIB 4 301.516 301.008 304.545 303.557 306.534 305.605
Cooling medium velocity = 0.5 m/s
Module 300.478 298.83 300.981 298.963 302.346 299.378
LIB1 300.149 298.83 300.529 298.963 301.59 299.378
LIB 2 300.178 299.134 300.558 299.348 301.66 299.942
LIB3 300.305 299.771 300.742 300.33 301.956 301.413
LIB 4 300.478 299.974 300.981 300.627 302.346 301.862
Cooling medium velocity =1m/s

Module 299.497 298.335 300.834 298.648 301.551 298.788
LIB 1 299.306 298.335 300.472 298.648 301.023 298.788
LIB 2 299.336 298.455 300.545 298.873 301.107 299.073
LIB3 299.398 299.107 300.659 300.111 301.302 300.572
LIB 4 299.497 299.21 300.834 300.296 301.551 300.818

The constant behaviours of the maximum LIB module temperature at all discharge
rates are significantly improved compared to the inlet velocity of 0.1 m/s, which indicates



Sustainability 2023, 15, 5868

8of 19

that the inlet velocity is governed by the heat transfer process between the LIB module and
to N-Pentane cooling medium, as shown in Figure 5. One can see that using N-Pentane as
a BTMS liquid coolant (LC-BTMS) successfully maintains the LIB module temperature at a
constant level within 80% of the total discharge time. This constant temperature behaviour
can help to maintain the state of health of LIBs in the long run [10].

310 9 ---01mys —05m/s — lmy/s 310 1 ---0lm/s —05m/s —-lm/s
2 %
g g
£ 305 £ 305 | ,
b o 1
& & ;
g H: | snglsseee=ss /
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= 295 ; . : ,
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(C) Discharge time (s)

Figure 5. LIB module temperature with N-Pentane LC-BTMS at three inlet velocities (a) 1C, (b) 1.5C,
and (c) 2C.

Figure 6 shows the temperature distribution of the LIB module and each of the LIBs.
Even though the maximum LIB module temperature is below the maximum threshold value
for all discharge rates and inlet velocities, at 2C and an inlet velocity of 0.1 m/s, the surface
temperature difference of the LIB module is 146.3% (4.38 K) higher compared to FAC-BTMS.
In terms of the maximum LIB temperature difference, N-Pentane also produces lower
temperature differences (i.e., maintained homogenous thermal distribution) compared to
FAC-BTMS at all discharge rates and inlet velocities. Between LIB 4 and LIB 1, the highest
temperature difference is 2.24 K at the highest discharge rate (2C) and at an inlet velocity
1m/s.

3.2. N-Hexane

At an inlet velocity of 0.1 m/s, N-Hexane LC-BTMS reduces the temperature of the
maximum LIB module at 1C, 1.5C, and 2C by 2.7% (8.219 K), 2.3% (7.195 K), and 3.5%
(11.262 K), respectively, compared to FAC-BTMS. From Table 5, the inlet velocity of 0.1 m/s
is able to maintain the maximum LIB module temperature below 313 K for all discharge
rates.

As can be seen from Table 5, the use of N-Hexane as LC-BTMS was useful in reducing
the maximum LIB module temperature. For instance, at 0.5 m/s inlet velocity, the LIB
module temperature is decreased by 3% at 1C, 4% at 1.5C, and 5.2% at 2C, compared to
FAC-BTMS. As the inlet velocity is doubled to 1 m/s, further reductions in the maximum
LIB module temperature are received as 3.1%, 3.5%, and 5.9%, lower than the case of
FAC-BTMS, obtained at 1C, 1.5C, and 2C, respectively. As can see from the results, the
temperature reductions for both 0.5 m/s and 1 m/s are similar. Therefore, to maintain low
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pumping power, the inlet velocity of 0.5 m/s can be sufficient to maintain the LIB module
temperature within the safe range.

o By =
301.4 304.3 306.3
301.1 303.3 305.4
301.0 02.7 304.6
3009 024 3037
3505 3015 a05s

301.0
300.1 st 302.1
299.7 2008 301.3
o 2002 3005
298.8 2086 299.6
298.4 208.0 2988
2980 w 298.0
(a) (b) (c)

Temperature Temperature Temperature
Contour 1 Contour 1 Contour 1

301.0
300.9
300.6
300.3
300.0
2997
299.3
299.0
2987
298.3
298.0

300.2
300.1

300.0
299.9
299.6
299.3
299.1

298.8
298.5
298.3

298.0
K]

302.0
301.8
301.4
301.0
300.5
300.1
299.7
299.3
298.8
298.4

298.0
K]

Temperature Temperature
Contour 1 Conour 1
300.1 3014
299.9 3011
299.8 3008
2096 300.4
299.4 300.4
200.1 299.7
2089 299.4
2687 299.0
s 208.7
208.3
2982
298.0
298.0 I
K

Figure 6. LIB module temperature distribution with N-Pentane LC-BTMS at (a) 1C at 0.1 m/s, (b) 1.5C
at0.1m/s, (c) 2Cat0.1 m/s, (d) 1.5C at 0.5m/s, (e) 1.5C at 0.5 m/s, (f) 2C at 0.5 m/s, (g) 1Cat 1 m/s,
(h) 1.5Cat1m/s,and (i) 2C at 1 m/s.

Table 5. Temperature behaviour of the LIB module with N-Hexane LC-BTMS.

LIB Type 1C 1.5C 2C

Tmax (K) Tmin (K) Tmax (K) Tmin K) Tmax X Tmin X

Cooling velocity = 0.1 m/s
Module 301.395 299.630 304.269 301.169 306.264 301.848
LIB1 300.636 299.630 302.992 301.169 304.058 301.848
LIB2 300.716 299.937 303.143 301.632 304.312 302.709
LIB3 301.154 300.570 303.869 302.752 305.453 304.391
LIB 4 301.395 300.921 304.269 303.369 306.264 305.388

Cooling velocity =0.5m/s
Module 300.167 298.762 300.88 298.993 301.932 299.320
LIB1 299.789 298.762 300.342 298.993 301.077 299.320
LIB2 299.837 299.067 300.408 299.415 301.17 299.902
LIB3 300.003 299.567 300.641 300.224 301.534 301.104

LIB 4 300.167 299.764 300.88 300.522 301.932 301.518
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Table 5. Cont.

LIB Type 1C 1.5C 2C

Tmax (K) Tmin (K) Tmax (K) Tmin K) Tmax (K) Tmin X)
Cooling velocity =1m/s

Module 299.930 298.494 300.461 298.61 301.399 298.817
LIB1 299.713 298.494 300.153 298.61 300.871 298.817
LIB2 299.708 298.676 300.137 298.849 300.863 299.149
LIB 3 299.817 299.45 300.293 299.905 301.154 300.573
LIB 4 299.93 299.576 300.461 300.049 301.399 300.790

The LIB module temperatures at three inlet velocities versus discharge time are pre-
sented in Figure 7, based on the three discharge rates, (a) 1C, (b) 1.5C, and (c) 2C. As can
be seen from the figure, the results show similar trends to those shown for N-Pentane
LC-BTMS. The constant temperature behaviour occurs during the first 80% of the full
discharge time.
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Figure 7. LIB module temperature with N-Hexane liquid-cooled BTMS at three inlet velocities (a) 1C,
(b) 1.5C, and (c) 2C.

The temperature contours of the LIB module are illustrated in Figure 8, showing all
nine cases of discharge rates and inlet velocities, (a) 1C at 0.1 m/s, (b) 1.5C at 0.1 m/s, (c)
2Cat0.1m/s, (d) 1.5Cat0.5m/s, (e) 1.5C at 0.5 m/s, (f) 2C at 0.5 m/s, (g) 1C at 1 m/s,
(h) 1.5C at 1 m/s, and (i) 2C at 1 m/s. For instance, at 0.1 m/s and 2C, the LIB module
temperature is more homogenous than that of FAC-BTMS, with a 148.4% (4.416 K) less
temperature difference. Although using N-Pentane as a coolant showed promising results,
using N-Hexane as a coolant further reduced the temperature difference by almost 2.2 °C.
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Figure 8. LIB module temperature distribution with N-Hexane LC-BTMS at (a) 1C at 0.1 m/s, (b) 1.5C
at0.1m/s, (c) 2C at 0.1 m/s, (d) 1.5C at 0.5 m/s, (e) 1.5C at 0.5 m/s, (f) 2C at 0.5 m/s, (g) 1ICat 1 m/s,
(h) 1.5C at 1 m/s,and (i) 2C at 1 m/s.

3.3. N-Butane

The BTMS using N-Butane is investigated and presented in Table 6. As can be seen
from Table 6, using N-Butane as a coolant in BTMS, the temperature values and distribution
are reasonably good. At an inlet velocity of 0.1 m/s, N-Butane LC-BTMS has a slightly better
cooling performance than N-Heptane LC-BTMS at higher discharge rates. In comparison to
FAC-BTMS, N-Butane decreases the maximum LIB module temperature by 2.0% (6.16 K),
2.5% (7.85 K), and 3.6% (11.57 K) at 1C, 1.5C, and 2C, respectively. When the inlet velocity of
the cooling medium is increased to 0.5 m/s, the maximum LIB temperatures are decreased
to 300.075K (at 1C), 302.217 K (at 1.5C), and 303.032 K (at 2C), which reduce the maximum
temperature by 3.8% below the maximum threshold temperature (307 K). At 1 m/s, the
maximum LIB module temperatures at 1C, 1.5C, and 2C are further reduced by 3.1%
(9.60 K), 3.4% (10.88 K), and 5.9% (18.65 K), respectively. The temperature trends at both
inlet velocities, 0.5 m/s and 1 m/s, are similar, especially at 1C and 1.5C; i.e., the pump
speed can be reduced to maintain the same system efficiency. The temperatures versus
discharge time for N-Butane are presented in Figure 9, which shows similar trends to those
seen for other fuels. Nevertheless, the maximum LIB module temperatures tend to plateau
for the first 80% of the full discharge time.
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Table 6. Temperature behaviour of the LIB module with N-Butane LC-BTMS.

LIB Type 1C 2¢
Tmax (K) Tmin (K) Tmax (K) Tmin K) Tmax (K) Tmin (K)
Cooling velocity = 0.1 m/s
Module 303.456 300.15 303.611 300.975 305.957 301.957
LIB1 301.647 300.15 302.211 300.975 303.522 301.957
LIB 2 302.19 300.586 302.349 301.355 303.731 302.626
LIB3 302.914 301.926 303.104 302.164 304.857 303.854
LIB 4 303.456 302.396 303.611 302.823 305.753 304.879
Cooling velocity = 0.5m/s
Module 300.075 298.474 302.217 299.042 303.032 299.112
LIB1 299.338 298.474 300.924 299.042 301.202 299.112
LIB2 299.685 298.545 301.507 299.190 301.923 299.283
LIB3 299.901 299.275 301.923 300.742 302.574 301.023
LIB 4 300.075 299.607 302.217 301.348 303.032 301.830
Cooling velocity =1m/s
Module 300.013 298.383 300.631 298.483 302.575 298.877
LIB1 299.372 298.393 299.703 298.483 301.118 298.877
LIB2 299.711 298.456 300.212 298.562 301.841 299.02
LIB3 299.901 299.148 300.457 299.409 302.309 300.592
LIB 4 300.013 299.464 300.631 299.826 302.575 301.316
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< %
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g g
g g
S | EeeeEEeRiRN T T e 2
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Figure 9. LIB module temperature with N-Butane LC-BTMS at three inlet velocities (a) 1C, (b) 1.5C,
and (c) 2C.

In terms of the temperature distribution of the LIB module and the comparison with
FAC-BTMS, the maximum temperature difference still occurs at 2C and an inlet velocity of
0.1 m/s (higher by 125% or 4.00 K). This temperature difference, however, is slightly better
than N-Heptane and N-Pentane LC-BTMS. The LIB module temperature distributions are
shown in Figure 10.
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Figure 10. LIB module temperature distribution with N-Butane LC-BTMS at (a) 1C at 0.1 m/s,
(b) 1.5C at 0.1 m/s, (c) 2Cat 0.1 m/s, (d) 1.5C at 0.5 m/s, (e) 1.5C at 0.5 m/s, (f) 2C at 0.5 m/s, (g) 1C
at1m/s, (h) 1.5C at1m/s,and (i) 2C at 1 m/s.

In terms of the LIB temperature difference, N-Butane LC-BTMS produces the highest
temperature difference of 2.922 K between LIB 4 and LIB 1. This temperature behaviour
occurs at an inlet velocity of 0.1 m/s and a discharge rate of 1C, at a different parameter
setting from those of N-Hexane and N-Pentane LC-BTMS.

3.4. Cyclo-Pentane

Compared to FAC-BTMS, Cyclo-Pentane LC-BTMS manages to reduce the maximum
LIB module temperature by 2.6% (8.08 K), 2.3% (7.23 K), and 3.4% (10.85 K) at an inlet
velocity of 0.1 m/s and 1C, 1.5C, and 2C, respectively. As shown in Table 7, the inlet velocity
of 0.1 m/s is able to maintain the maximum LIB module temperature below 313 K for all
discharge rates. When the inlet velocity of the cooling medium is increased to 0.5 m/s, the
maximum LIB temperatures are reduced to 300.422 K (1C), 300.999 K (1.5C), and 301.822 K
(2C), which provides the same average as N-Butane LC-BTMS, 3.8% below the maximum
threshold temperature.
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Table 7. Temperature behaviour of the LIB module with Cyclo-Pentane LC-BTMS.

LIB Type 1C 1.5C 2C
Tmax (K) Timin (K) Tmax (K) Timin (K) Tmax (K) Thmin (K)
Cooling velocity = 0.1 m/s
Module 301.539 299.525 304.236 300.736 306.674 301.561
LIB1 300.8 299.525 302.947 300.736 304.537 301.561
LIB 2 300.898 299.934 303.131 301.464 304.841 302.783
LIB 3 301.33 300.670 303.870 302.784 306.005 304.783
LIB 4 301.539 300.986 304.236 303.345 306.674 305.699
Cooling velocity = 0.5m/s

Module 300.422 298.816 300.999 298.983 301.822 299.243
LIB1 299.825 298.816 300.188 298.983 300.736 299.2243
LIB 2 299.920 299.178 300.323 299.452 300.922 299.860
LIB 3 300.187 299.591 300.681 300.127 301.399 300.856

LIB 4 300.422 299.841 300.999 300.489 301.822 301.36

Cooling velocity =1m/s

Module 299.736 298.444 299.879 298.462 300.665 298.644
LIB1 299.498 298.444 299.585 298.462 300.189 298.644
LIB 2 299.474 298.637 299.548 298.68 300.144 298.951
LIB 3 299.592 299.262 299.701 299.441 300.432 299.999
LIB 4 299.736 299.416 299.879 299.604 300.665 300.234

By doubling the inlet velocity of the cooling medium to 1 m/s, the maximum LIB
module temperatures are further reduced to 299.74 K, 299.88 K, and 300.67 K at 1C, 1.5C,
and 2C, respectively. These temperature reductions are not significant compared to the
temperature at the inlet velocity of 0.5 m/s. Hence, it is recommended not to adopt a higher
inlet velocity of more than 0.5 m/s for energy management strategy benefits. As shown in
Figure 11, the maximum LIB module temperatures have a steady trend (more than 80% of
the discharge time) for Cyclo-Pentane liquid-cooled at all discharge rates, which are similar
to other fuel components.
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Figure 11. LIB module temperature with Cyclo-Pentane liquid-cooled BTMS at three inlet velocities
(@) 1C, (b) 1.5C, and (c) 2C.

The maximum temperature distribution of Cyclo-Pentane LC-BTMS is significantly
poorer than that of other fuel components, with the highest temperature difference of 5.11 K
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at 0.1 m/s of inlet velocity and 2C. From Figure 12, the LIB cell temperature difference
is also the highest compared to the other fuel components for LIB 4 and LIB 1, with a
temperature difference of 4.138 K at an inlet velocity of 0.1 m/s and 2C.
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Figure 12. LIB module temperature distribution with Cyclo-Pentane LC-BTMS at (a) 1C at 0.1 m/s,
(b) 1.5C at 0.1 m/s, (c) 2Cat 0.1 m/s, (d) 1.5C at 0.5 m/s, (e) 1.5C at 0.5 m/s, (f) 2C at 0.5 m/s, (g) 1C
at1m/s, (h) 1.5Cat1m/s,and (i) 2C at 1 m/s.

3.5. Comparative Analysis

A comparative analysis is conducted to validate the performance of fuel components
LC-BTMS against 3M Novec-7000 (conventional cooling medium) in the worst-case scenario
at 2C and an inlet velocity of 0.5 m/s. As can be seen in Figure 13, all of the fuel components
in the LC-BTMS system, with the exception of N-Butane LC-BTMS, have better cooling
performance than the 3M Novec-7000 LC-BTMS. The results of this study suggest that
the fuel component LC-BTMS has the potential as a cooling medium to maintain the
temperature of LIB and can reduce the design complexity of BIMS. It is possible that
integrating the fueling system and BTMS could help reduce vehicle weight and improve
overall energy consumption.
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Figure 13. Comparative analysis of LC-BTMS, fuel components vs. 3M Novec-7000 [33] at 2C and an
inlet velocity of 0.5 m/s.
To verify the accuracy of the CFD model, FAC-BTMS is compared with the previous
work performed by [33]. Table 8 shows the LIB temperature behaviour of the module and
cells at three discharge rates. As shown in Figure 14, 1C, 1.5C, and 2C require 3480 s, 2340 s,
and 1740 s, respectively, to fully deplete the LIB module.
Table 8. Maximum and minimum temperatures of the LIB module with FAC-BTMS.
1C 1.5C 2C
LIB T
P Ti 0 Tain 0 Toax @ Tin (0 Toa ) Tin )
Module 309.614 307.208 311.464 310.261 317.526 315.748
LIB1 309.614 307.568 311.464 310.428 317.526 316.006
Lib 2 309.587 307.551 311.436 310.422 317.481 315.997
LIB3 309.587 308.55 311.436 310.422 317.481 315.997
LIB 4 309.614 307.568 311.464 310.428 317.526 316.006
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Figure 14. LIB module behaviour at three discharge rates with FAC-BTMS (a) LIB module voltage

and (b) LIB module temperature.
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The maximum LIB module temperatures have the same values, 309.614 K, 311.464 K,
and 317.526 K at 1C, 1.5C, and 2C, respectively. These results demonstrate that the CFD
model is a valuable tool for evaluating the performance of fuel component LC-BTMS and
can assist in the development of effective BTMS strategies.

4. Conclusions

LIB module temperature without any cooling at the ambient condition of 298 K and
2C exceeds the maximum threshold temperature and can lead to thermal runaway. Hence,
an efficient BTMS is required to maintain the optimal working temperature. Some fuel
components, such as N-Pentane, N-Hexane, N-Butane, and Cyclo-Pentane, show the poten-
tial for coolants in direct cooling of LIB due to their dielectric constants (< 2). The cooling
performance of fuel as LC-BTMS (liquid-coolant in battery thermal management system)
in the HEVs application was successfully simulated using commercial CFD modelling,
ANSYS-Fluent software. The CFD model shows a good agreement with the literature data
and can be extended for different cooling media applications to characterise the thermal
management of LIB modules.

The results demonstrate that at all discharge rates, the maximum LIB module temper-
ature is managed at:

e 301.526 K (1C), 304.545 K (1.5), and 306.534 K (2C) for N-Pentane LC-BTMS at inlet
velocity 0.1 m/s, indicating an average reduction of 2.8% compared to FAC-BTMS.

e 299.497 K (1C), 300.834 K (1.5C), and 301.551 K(2C) for N-Pentane LC-BTMS at inlet
velocity 1 m/s, indicating an average reduction of 3.9% compared to FAC-BTMS.;

e 301.395K (1C), 304.269 K (1.5), and 306.264 K (2C) for N-Hexane LC-BTMS at inlet
velocity 0.1 m/s, indicating an average reduction of 2.8%.

e 29993 K (1C), 300.461 K (1.5C), and 301.399 K(2C) for N-Hexane LC-BTMS at inlet
velocity 1 m/s, indicating an average reduction of 3.9%.

e 303.456 K (1C), 303.611 K (1.5), and 305.957 K (2C) for N-Butane LC-BTMS at inlet
velocity 0.1 m/s, indicating an average reduction of 2.7%.

e 300.013 K (1C), 300.631 K (1.5C), and 302.575 K(2C) for N-Butane LC-BTMS at inlet
velocity 1 m/s, indicating an average reduction of 3.8%.

e 301.539 K (1C), 3304.236 K (1.5), and 306.674 K (2C) for Cyclo-Pentane LC-BTMS at
inlet velocity 0.1 m/s, indicating an average reduction of 2.8%.

o 299.736 K (1C), 299.879 K (1.5C), and 300.665 K(2C) for Cyclo-Pentane LC-BTMS at
inlet velocity 1 m/s, with an average reduction of 4.1%.compared to FAC-BTMSs.

Also, it is noted that N-Pentane, N-Hexane, N-Butane, and Cyclo-Pentane produce an
average temperature difference of —0.101 K, —0.232 K, 0.490 K, and —0.380 K, respectively,
below that of 3M Novec-7000 LC-BTMS. Additionally, all fuel component LC-BTMSs are
able to maintain the temperature difference between LIB cells below 5 K.

To conclude, the relatively low density of these fuel components can help in reducing
the overall mass of the vehicle and improve its energy consumption which makes these fuel
components viable alternatives to conventional cooling media. It is important to note the
flammability of fuels when used in BTMSs. As such, indirect cooling can be more feasible
in practice, when the temperature range exceeds the advised temperature limited in this
research finding.
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