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Abstract: This paper focuses on the comparative analysis of lithium-ion batteries (LIB) thermal man-
agement with aim to maintain working temperature in the range 15 °C — 35 °C. This is to prevent
thermal runaway and high temperature gradients. The proposed approach is to employ the bio-
diesel, situated inside the diesel/LIB powered hybrid electric vehicle, to supply as fuel and coolant.
A 3S2P LIB module is simulated using Ansys-Fluent CFD software tool. The system without a cool-
ant shows that LIB has exceeded the optimum maximum temperature, which leads to shortened
life-cycle and poor performance. Four fatty acid methyl ester biodiesels are used as coolants, namely
palm, karanja, jatropha, and mahua oils. When compared with conventional methods of cooling,
using air and 3M Novec liquid, the palm biodiesel coolant proves to be the best option to maintain
LIB temperature within the optimum working range. With the use of palm biodiesel, the system is
estimated to lightweight the BTMS by 43%, compared to the case when 3M Novec is used to main-
tain the same temperature range.

Keywords: battery thermal management; biodiesel fuel; hybrid vehicle; Li-ion battery; cooling tech-
nology

1. Introduction

The world is moving towards a series of energy security, environmental and eco-
nomic challenges, with the fossil fuel slow depletion and high pollutions [1-3]. As such,
the term ‘renewable energy’ is more popular than ever. The current renewable energy
resources for alternative liquid fuels are biofuels [4]. In Diesel engines, biodiesel is the
renewable alternative. Biodiesel has so far been only used in conjunction with direct com-
bustion engines (e.g., [5-7]), but it has not been facilitated for the cooling of lithium-ion
batteries (LIB) in hybrid electric vehicles (HEV). On the other hands, LIB have been used
in battery electric vehicles (BEV) and HEYV applications as a source of energy due to the
recent world shift to clean technologies and the aligned policies to meet the net zero emis-
sion. The high temperature values and contrasts can have significant effects on the LIB
performance, capacity, life-cycle and safety [8,9]. As LIB discharges and charges its power,
heat is generated, gradually increasing its temperature [10]. While excessive heat is gen-
erated in hot counties such as in Gulf Region leading to weak marketing of HEV. An
effective battery thermal management system (BTMS) can be implemented to maintain
the optimal operating temperature of LIB within the recommended range of 15°C - 35°C
[11,12]. This range is found essential for extending the LIB service life, reducing mainte-

perature across LIB to avoid faster cell degradation and for good voltage balancing at
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temperature [14]eei. For larger LIB pack, which consists of several LIB modules (small
packs), it is difficult to control the temperature homogeneity due to the LIB cell arrange-
ment.

BTMS uses several thermal management techniques such as air cooling, liquid cool-
ing and Phase Change Materials (PCM) [15]. Liquid cooling is deemed the most efficient
due to higher liquid coolant thermal conductivity compared to air and PCM [16]. How-
ever, the high density of liquid coolant increases the vehicle weight, and subsequently
consumes more energy from LIB. With the emergence of BEV and HEV, the importance
of efficient thermal management systems for LIB packs have increased. In [17], the finding
outlines the main thermal issues that occurs when temperatures exceed this range which
includes thermal runaway, affecting the safety of the vehicle and reducing the overall
lifespan of LIB cells. Thermal runaway can cause the electrolyte structure of LIB cells to
break down thus increasing the temperature to an uncontrollable point which negatively
affects the vehicle safety [18]. In addition to reducing the maximum temperature, the tem-
perature gradient across the LIB module and pack must not exceed 5 °C as it would cause
LIB cells to degrade faster due to uneven voltage discharges [14]. An experiment devised
by [19] compared two LIB packs, one with even temperature distribution and one with an
uneven temperature distribution. The study concluded that the LIB pack with uneven
temperature distribution degraded 7% faster. Over time, this uneven temperature distri-
bution would cause the LIB to significantly lose its potential charge. Many techniques are
developed and used to reduce the max temperature of LIB, including air and liquid cool-
ings [20,21].

It has been known that the best form of BTMS is liquid based with direct cooling [11].
The present work is made to envisage a conjugate heat transfer system that can utilise the
temperature of HEV LIBpack within the optimum range of 15 °C- 35 °C [11,12]. The sys-
tem is based on direct cooling methods using biodiesel as a coolant, which in turn reduces
the weight of the vehicle and ultimately eliminates the need for additional coolant. The
design will be analysed using the commercial Computational Fluid Dynamics (CFD) soft-
ware tool of ANSYS-Fluent® and verified where possible. Also, the vehicle light-
weighting is a crucial design aspect for increasing lifecycle and reducing fuel consump-
tion; hence, adding economic and emission reduction benefits [22]. Also, waste heat re-
covery is a promising solution to clean and efficient HEV [23]. The current research in
BTMS will be assessed with special attention to direct liquid and air-based systems. The
thermal airflow systems embedding liquid (3M Novec coolant) and air-based methodol-
ogies will then be reviewed including a selection of four biodiesels. It is hypothesised that
using a biodiesel will be a viable option in BTMS with extra benefits in vehicle light-
weighting [24]. Four dielectric biodiesel fuels are used in our comparative analysis,
namely palm, jatropha, mahua, and karanja Fatty Acid Methyl Esters (FAME).

As one can see from the literature, BTMS has a vital role in the power system lifecycle,
performance, and cost aspects. There has been extensive research in this field. However,
most of previous studies have focussed on the classical approach of cooling the LIB or
showing the importance of providing accurate predictions. There has been only one con-
cept on the use of fuel as coolant to reduce the dependence on heavy liquids [24]. To the
best of our knowledge, there has not been a single study on the use of biofuels as LIB
coolants. Hence, the work presented in this paper is first of its kind. In what follows we
show the method used for the numerical analysis and verification of data in Section 2. The
results of BTMS using various approaches are presented in Section 3. The research find-
ings are summarised in Section 4.

2. The model and system specifications

In the following section details of the methods used in the analysis including conju-
gate heat transfer physics and CFD setup are laid out. The section will also look at the four
different biodiesels selected to be used as coolants whilst also including properties of
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conventional methods in air and 3M Novec. A mesh convergence analysis is performed
to ensure the mesh does not affect the results thus increasing the accuracy.

2.1. LIB module description

The study is focussed on a 30 Ah LIB module that consists of several prismatic LIB
cells arranged in series and parallel connection. A series connection increases the LIB mod-
ule total voltage whereas a parallel connection increases the capacity of the LIB module
meaning a slower discharge rate. The LIB cells are configured as 3 cells in series and 2 in
parallel creating a 352P LIB module, as depicted in Figure 1. Following [25], the simulation
of LIB module was assumed sufficient to replace the periodic flow behaviour in a full LIB
pack system considering the highest temperature predictions.

LIB cells were attached using tabs and busbars to form the complete LIB module. The
distance between LIB cells were set to 5 mm giving room for a fluid enclosure to allow for
conjugate heat transfer and thus the cooling of LIB cells. LIB cell specifications were im-
portant in this analysis to ensure for a true representation of a HEV LIB pack. The LIB
component materials and parameters are listed in Tables 1 and 2 respectively.

Tab

Figure 1. Schematic of the 3S2P LIB module.

Table 1. LIB module component material properties.

Properties Aluminium (Busbar) Copper (Tab) LIB C‘?ll
material
Density (kg/m?) 2719 8978 2029
Specific heat (J/kgK) 871 381 678
Thermal conductivity (W/m-K) 202.4 387.6 18.2
Electrical conductivity 3.541 x 107 5.8 x 107 5.8 x 107
Table 2. Specifications of LIB cell used in this study.
Nominal capacity (A-h) 30
C-rate 3
Maximum voltage (V) 4.2
Minimum voltage (V) 2.7
Height (mm) 100
Width (mm) 100

Thickness (mm) 5



https://doi.org/10.20944/preprints202207.0299.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2022 doi:10.20944/preprints202207.0299.v1

An enclosure was adopted in Ansys fluent where the fluid will flow around LIB cells.
This enclosure consists of a rectangular inlet and outlet with section breaks that guide the
fluid in an alternating pattern around each LIB cell. This would ensure the fluid is con-
tacting every LIB cell surface without it being very large thus decreasing the mass of the
system. Figure 2 shows the enclosure geometry. The main function of the enclosure is to
reduce the LIB cell maximum temperature and to create an even temperature difference
across the LIB module. This will improve the LIB performance and efficiency.

Outlet

Geometry
break

Inlet

Figure 2. Schematic of the enclosure geometry, showing (a) isometric view and (b) topview of the
domains.

2.2. Basic heat transfer equations

Conjugate heat transfer occurs when there is direct contact between a fluid and solid.
This is also called forced convection. To calculate the convective heat transfer of a system,
the following formula is used [26]:

QConvection = hA(Ts —To) (1)

where h is the convective heat transfer coefficient, A is the surface area, T; is surface
temperature and T,, is the free stream temperature of the fluid. As the fluid passes the
cells, a thermal boundary layer is generated. The Reynolds number of the fluid affects the
thickness of this boundary layer which is calculated with the following formula [26]:

_pVL
U

where p is the fluid density, V is the fluid velocity, L is the characteristic length and
p is the dynamic viscosity of the fluid. These values are all known, therefore making it
simple to calculate the Reynolds number of the fluid. The formula suggests that an in-
crease in velocity would increase the Reynolds number thus increasing the boundary
layer thickness. The Prandtl number is another non-dimensional parameter that defines
the relative thickness of the thermal boundary layer. It is obtained using the relationship
[26]:

Re 2)

pr== ®)
where u is the dynamic viscosity of the fluid, C, the specific heat and k the conduc-
tive heat transfer coefficient. The Nusselt Number is the final dimensionless parameter
which is used to determine the convective heat transfer coefficient. Nusselt Number de-
notes the convective heat transfer through the fluid layer, relative to the conduction of the
fluid. Nusselt Number is defined as follows [26]:


https://doi.org/10.20944/preprints202207.0299.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2022 doi:10.20944/preprints202207.0299.v1

hL,
Nu = —¢
ST

where L. is the characteristic length and k is the conductive heat transfer coefficient. If
the Nusselt number increases, it means the convection of the fluid is more effective. For
laminar and turbulent flows, the following formula are used to calculate Nu using Reyn-
olds and Prandtl numbers as [26]:

(4)

hL
Laminar — Nu = -~ = 0.664 Re,/?Pri/3 Q)

hL
Turbulent — Nu = —= = 0.037 Re}/°prt/3 (6)

2.3. Mesh Independence test

In order to solve this complex problem and geometry, the LIB module was meshed
within Ansys-Fluent® tool. A mesh convergence analysis is performed. The number of
elements used in the mesh was reduced from a highly refined mesh to coarser ones until
the mesh did not affect the solution stability and convergence was achieved. As such, the
optimised mesh helped for accurate results and computational time efficiency. To ensure
the mesh convergence was correct, the temperature values and gradients across the LIB
module were monitored for the solution consistency. The mesh convergence study was
applied to the air cooling system, with the results illustrated in Figure 3 to show the effects
of the number of mesh elements on the domain temperature.

41
(a) Tmin (OC)
40.68
40.65
Numb fel
40 m er o eeme

13953 142683 308180


https://doi.org/10.20944/preprints202207.0299.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 July 2022 doi:10.20944/preprints202207.0299.v1

53

(b) Trnax (°C)

13953 142683 308180

11

() AT (°C)

10 A

9 -
13953 142683 308180

Figure 3. Temperatures across the domains versus number of mesh elements, showing (a) maximum
temperature, (b) minimum temperature, and (c) maximum temperature difference.

A hexahedral meshing type is used for the convenience of mapping our rectangular
fluid and solid domains. Hexahedral elements are economic; i.e. tend to be more efficient
for the same number of nodes compared to the tetrahedral and polyhedral ones [27]. This
convergence study clearly demonstrated the effects of the mesh on the results. As the
number of elements were increased, the results consistency reveal sufficient mesh inde-
pendence check in Figure 3. Any further attempt to decrease mesh size would mean more
unnecessary computational power was needed increasing the run time of each simulation.
Between a mesh size of 2 and 1.5mm, there was a negligible difference in the three results.
Consequently, a mesh size of 2mm was chosen which has high accuracy based on the
results. The final meshed model is depicted in Figure 4. This mesh consists of hexahedral
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elements with an element size of 2mm with a total of 142683 elements that make up the
complete BTMS ready for the simulations.

Figure 4. Final mesh of LIB with enclosure which consists of 142683 hexahedral elements.

2.4. Biodiesel and conventional coolants

Four biodiesels were analysed and compared to each other to select the best cooling
performance in BTMS. ., Two conventional coolants, air and 3M Novec 7100 werealso
simulated in conjunction with the biodiesel cooling. This approach has createda good
comparison and allowed the effectiveness of the biodiesel to be assessed alongside current
cooling methods. Four dielectric FAME biodiesels were investigated for BTMS, namely:
palm, jatropha, mahua, and karanja. Their thermodynamic and transport properties are
inferred from [28,29].

Biodiesels are a form of alternative fuels that are made from natural substances such
as oils, animal fats and plants [30]. These fuels are more economically friendly when com-
pared with fossil fuels making it a better alternative in HEV where the aim is lowering
exhaust gas emissions [30]. Palm oil biodiesel is a type of fuel made from a vegetable oil
collected from palm trees. The fuel is created using methanol as a catalyst [30]. The fuel
can be used directly in engines or can be mixed with diesel to produce different blends as
outlined by [30]. The density of the fluid is around 865 kg/m?3 making it considerably less
dense than conventional coolants such as 3M Novec (1510 kg/m?). This would reduce
overall vehicle weight and make it a more appealing option if the cooling efficiency is on
par with the conventional coolants. Jatropha is a type of plant which produces seeds with
an oil content of around 37% [31]. This oil is used to produce biodiesel as an alternative to
fossil fuels. Mahua biodiesel is also an option as outlined [31], which is made from oil
extracted from a Mahua seed. The final biodiesel in this study is Karanja. Karanja is a
tree that is mostly found in India. Karanja oil can be extracted from this tree and used as
a biofuel [31]. In [32], the effects of different blends of these four biodiesel fuels on their
thermodynamic properties were investigated experimentally. The experiments extracted
properties of the fluid at 300 K with a composition of C18:1. They showed that palm oil
biodiesel wasthe least dense out of the four tested ones and has the highest heat capacity.
It wasassumed that the properties wereconstant at 300 K.
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Air can be used to cool LIB at a cold ambient temperature via forced convection
where the fluid comes in direct contact with the LIB cells [20]. Air does not require indirect
cooling making it the easiest form of cooling as well as being the cheapest and best option
for ease of maintenance. However, due to the low heat capacity of air, the system is very
inefficient as specified by [33]. Some studies, such as [34], have developed methods of
increasing efficiency by adding fins or by optimising the compressor velocity to ensure
maximum cooling is achieved. As such, an increase in the compressor power is demanded
to generate higher air velocities which is not ideal in a HEV. Therefore, air cooling is con-
sidered the least effective approach due to its low density and specific heat. To increase
the cooling efficiency of air, a high velocity is required meaning higher power consump-
tion from a compressor. These issues with weight and power consumptions are reduced
with the use of biodiesels fulfilling the aim of this project. .

3M Novec is used in many cooling applications such as processor cooling in comput-
ers. In recent years, 3M Novec has been employed into BTMS. BTMS employs direct cool-
ing method due to the dielectric nature of 3M Novec making it smaller in volume when
compared to an indirect cooling approach. On the other hand, the disadvantage to using
3M Novec is the high density as presented in Table 3. A sufficient amount of 3M Novec
needs to be circulated through the system which requires storage of dense fluid. This stor-
age would increase the mass of the vehicle whilst also taking valuable space.

Table 3. Cooling fluid key properties.

Coolant Density (kg/m?) Viscosity =~ Thermal Conductivity =~ Specific Heat

(kg/ms) (W/mK) (/kgK)

Palm 865 3.91 x10°3 0.172 1687.248

Jatropha 870 4.49 x 103 0.166 1344.881

Mahua 875 4.88 x 103 0.170 1379.166

Karanja 895 5.62x 103 0.172 1257.633
3M Novec 7100 1510 6.0 x 104 0.069 1183

Air 1.225 1.79 x 105 0.0242 1006.43

3. Results

LIB module was simulated at different discharge rates without any form of cooling
and used as benchmark data. The benchmark cooling was compared with air cooling, 3M
Novec cooling and biodiesels cooling to analyse their thermal performance. Finally, a brief
parametric study was performed to investigate the relationship between biodiesel cooling
performance and inlet velocity.

In the CFD analysis, the turbulent flow was taking into account with thermal bound-
ary layers. K-epsilon turbulence model was used to accurately represent the turbulent na-
ture of the flow whilst reducing computational time. Energy equations were enabled to
allow for heat transfer in the system. It was assumed that radiation acting on the system
wasnegligible. Furthermore, the following assumptions were made within the CFD work-
flow:

e Transient conditions — A transient setup was utilised due to the transient nature of
the LIB chemical reaction,

e Velocity at the inlet was assumed to be uniform,
e Negligible radiation,

e  Incompressible flow and

e  Viscous flow.

As air is the least effective at lower velocities, the inlet air velocity was tested in an
extended range of 0.5-3 m/s to improve the convective heat transfer as will be outlined in
Section 3. For liquid (3M Novec and biodiesel fuels) cooling, the velocity was set to the

range 0.09-0.5 m/s, and initial temperature to 300K.
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3.1. LIB without cooling

The LIB module was simulated at four discharge rates of 0.5C, 1C, and 3C. The tem-
perature distribution of the LIB module is shown in Figure 5. It can be seen that the tem-
perature homogeneity across the LIB module was affected by increasing the discharge
rate. At 0.5C, LIB cell 1 and cell 4 produced the lowest temperature with a temperature
difference of 0.007 °C between LIB cells. However, at 1C and 3C, the temperature differ-
ence between LIB cells was increased to 1.222 °C.

Figure 6 shows that as the discharge rate increased, the LIB module temperature rise
rate was also increased in almost linear behaviour. LIB module required 11,900 seconds
to reach a maximum temperature of 41 °C at 0.5C. At 1C, the LIB module required 7000
seconds to reach the maximum temperature of 57 °C. This temperature was 42% higher
than the LIB maximum operating temperature of 35 °C [cite]. 3C produced higher LIB
module maximum temperatures and faster rates, 105 °C (>162 % of the LIB maximum
operating temperature) at 1500 seconds

Based on the LIB module temperature distribution, maximum temperature, and the
temperature rise rate, it is imperative to implement effective BTMS solutions, particularly
when operating at a high discharge rate. Therefore, for the remainder of this work, the
simulations of other cooling methods were focused on a discharge rate of 3C.
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Figure 5. LIB module temperature distribution without cooling at discharge rate of a) 0.5C, b) 1C,
and ¢) 3C.
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Figure 6. LIB module temperature during full depletion at different discharge rates ( Convert unit
to Celcius or Kelvin for consistency. Delete 5C).

3.2. Air cooling

Air cooling is the least efficient when compared to other cooling methods. Figure 7
shows the LIB module temperature distribution using air cooling at a discharge rate of 3C
and inlet velocity of 3 m/s. Air cooling has significantly reduced the LIB module maximum
temperature by 50% compared to no cooling temperature. However, the air cooling at 3
m/s inlet velocity was not effective to maintain the LIB module temperature below the LIB
maximum operating temperature. This was due to the low density and specific heat of air
which reduced the convective heat transfer [cite].

In terms of LIB temperature homogeneity, the results showed a 10 °C difference be-
tween LIB cells, which can significantly reduce the LIB voltage balancing capability and
promote faster cell degradation. The air temperature towards the outlet has a large in-
creased temperature which suggested that air was not as efficient at removing heat from
the LIB module and thus needed a higher velocity. This explanation was further backed
up by the LIB cell thermal behaviour as a function of discharge time in Figure 8.
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Figure 7. LIB module temperature characteristics at 3C discharge rates with air cooling a) tempera-
ture distribution , b) cell cross-section temperature.
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Figure 8. LIB cells temperature characteristic at 3C discharge rate with air cooling.

Air cooling caused a large temperature difference between LIB cell 1 and cell 6. How-
ever, air cooling managed to keep all LIB cell temperatures in stable conditions for most
of the discharge time. Also, the air cooling kept LIB cell 1 — 4 temperatures below the
maximum operating temperature. After 2200 seconds, all LIB cell temperatures started to
increase due to higher internal resistance at a low state-of-charge (SOC), where LIB cell 6
temperature has the highest value of 51.3 °C. These thermal behaviours indicated that air
cooling can be used as a cheaper alternative in applications where LIB does not require
full discharge and hence does not reach beyond the maximum operating temperature. The
high-temperature difference between LIB cells will require improvement in the air cooling
by adding fins and hot plates.

3.3. 3M Novec 7100 Cooling

The temperature distribution of the LIB module based on 3M Novec cooling is shown
in Figure 9. 3M Novec cooling managed to reduce the LIB module maximum temperature
to 30.6 °C which was 70 % lower than the benchmark maximum temperature. The tem-
perature difference in each LIB cell was also kept below 2 °C (See Fig. 9). The LIB module
maximum temperature reduction in 3M Novec cooling suggested that it can provide a
better solution compared to air cooling at a reduced working fluid velocity. However, the
high specific density of 3M Novec fluid (1.4 — 1.8 kg/m? [35]) increases the overall vehicle
weight, demands a higher pumping power, and adds up the requirement for a closed-
loop storage tank.
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Figure 9. LIB module temperature characteristics at 3C discharge rates with 3M Novec cooling a)
temperature distribution , b) cell cross-section temperature.

The temperature behaviour at full depletion of each LIB cell is shown in Figure 10.
3M Novec cooling was able to maintain the temperature of all LIB cells below 28 °C for
2000 seconds. Also, 3M Novec cooling was able to characterise the LIB cells' temperature
in a fast response. Therefore, the pump can control 3M Novec fluid constantly and require
less pumping energy. After 2000 seconds, it started to increase sharply to a maximum
temperature of 30.35 °C due to the high LIB cell internal resistance at a lower SOC. Based
on the LIB thermal behaviour using 3M Novec cooling, it is possible to let the LIB cell
temperature rise in free convection environment until it reaches a certain temperature
limit. Subsequently, a control system can start to pump 3M Novec fluid through the cool-
ing system to keep the LIB cell temperature below the maximum operating temperature.
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Figure 10. LIB cells temperature characteristic at 3C discharge rate with 3M Novec cooling.

3.4. Biodiesel Cooling

This section is investigating a new cooling method when using biodiesel as a coolant.
From the temperature distribution in Figure 11, it is clear that the use of biodiesel as a
coolant was effective in BTMS with the maximum temperature of all the simulations being
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below 35°C after the LIB was fully discharged. As discussed in the literature, this LIB
module's temperature characteristics can help to improve their performance efficiency
and minimise cell capacity degradation. Palm oil was the marginal effective cooling me-
dium based on having the lowest maximum temperature (<2.6% ) compared to the other
three biodiesels.

ontourd:

Seabic Temaeratura mi““m
e 321e+01
34T~ 218501
392e+01 Ite+0
3.06e+01 305e+07

| 301e+01 3 tite <01
288e+01 295e+01
St 280e+01

'+ 2.85e=01
279e+01
2.74e+01
268e+01

284e+01
279e+01
2748+01
2.688+01

[el

canszer2
Static Tamperaten

‘Stistic Temparature
321e+01 317e=01
3166401 3128501
311e+01 307e+01
305e+01 302e+01
300e+01 297e+01
oLl 293001
e 2886401

- [ 2836401
2 T9e+01

278e+01
2.73e+01
258e+01

2688+01
[e}
fel

Figure 11. LIB module temperature distribution at 3C discharge rates with biodiesels cooling.

Figure 12shows the cross-section temperature of LIB cells. It can be observed that all
biodiesels produced similar temperature differences of 1 °C. LIB cell 6 has the highest
temperature due to the flow direction of the coolant that carried the heat from previous
LIB cells. This issue can be improved by having another inlet that runs the coolant in the
opposite direction such that all the cells get the maximum heat transfer. However, a dou-
ble inlet system would require extra pumping power and is not necessary for this partic-
ular LIB cell configuration. A larger LIB module with more cells would require a revision
in enclosure geometry or an increase in velocity based on these results.
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Figure 12. LIB cell cross-section temperature at 3C discharge rates with biodiesel cooling a) Jatropha,
b) Karanj, c) Mahua, and d) Palm.

Figure 13 depicts the LIB cell temperature characteristics for each biodiesel cooling.
The results showed a similar trend to 3M Novec cooling where biodiesel cooling were able
to prevent the temperature from rising above 28 °C for 2000 seconds. The results further
supported the claim that Palm is the best out of the four in managing the LIB module
temperature as it has the lowest peak temperature. With Palm also being the least dense
coolant, it would decrease the overall vehicle weight and extra space is formed. This is
because the biodiesel is already stored in the vehicle meaning a separate storage tank is
not required for another coolant.
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3.4.1. Parametric study of Palm cooling

In this section, Palm cooling has been analysed and optimised in terms of inlet veloc-
ity. If the inlet velocity is too high, the fuel pump would utilise excess energy, reducing
the power efficiency of the system. If the velocity is too low, then the cooling efficiency
will be affected due to the reduction in the Reynolds number.

Parametric analysis was performed to evaluate the impact of inlet velocity on the
minimum and maximum temperatures and temperature differences across the LIB mod-
ule of the Palm cooling. The relationship between maximum temperature and inlet veloc-
ity from the analysis is shown in Figure 14. There was a noticeable and linear change in
the LIB module temperature for the inlet velocity of Palm cooling from 0.01 to 0.5 m/s.
After 0.5m/s, the results converged and the increase in velocity did not significantly affect
the LIB module temperature. This was due to the coolant flow being so turbulent, and the
heat from the LIB module was removed very quickly as it almost matches the initial tem-
perature of Palm. In terms of LIB maximum operating temperature, any velocity above
0.5 m/s would be over-designed as the change in temperature was minimal. However, it
would mean that the LIB module would reduce in temperature quicker due to the increase
in cooling efficiency.
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Figure 14. Relationship between LIB module maximum temperature and inlet velocity of Palm cool-
ing at 3c discharge rate.

As shown in Figure 15, a similar trend was observed with the minimum temperature
where after 0.5m/s, the increase in velocity did not affect the minimum temperature of the
LIB module due to the high Reynolds number. Inlet velocities in the range of 0.25m/s to
0.5m/s were selected which ensures the LIB module was within the optimum working
temperature. As a result of this large increase in velocities above the initial boundary con-
dition of 0.09m/s, more energy is required to pump the coolant and a different fuel pump
may be required for the increased velocities. The initial velocity was sufficient enough to
keep the LIB module temperature within the optimum working temperature for the ma-
jority of the discharge time. However, depending on the application, the LIB module tem-
perature may need to be further reduced or the coolant may need to be rapidly reduced,
in which case a higher velocity can be used.
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Figure 15. Relationship between LIB module minimum temperature and inlet velocity of Palm cool-
ing at 3C discharge rate.

Figure 16 depicts the relationship between the temperature difference of LIB cells and
inlet velocity. Also, a similar trend occurred when the result started to converge after
0.5m/s. However, the temperature difference of LIB cells was more sensitive in a bigger
LIB module battery as a small difference in temperature can still have a large effect on the
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LIB cell degradation. In this case, it might be best to use a higher inlet velocity to reduce
significant temperature differences between LIB cells. On the other hand, the temperature
difference between LIB cells can be negligible in some cases, so a lower inlet velocity can
be adopted to reduce the pumping energy.
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Figure 16. Relationship between LIB cell temperature difference and inlet velocity of Palm cooling
at 3C discharge rate.

3.5. Comparative analysis of LIB module temperature

A comparison of air cooling, 3M Novec cooling, and biodiesel cooling showed the
effectiveness of biodiesels in line with the current coolants used in industry. Figure 17
shows the LIB module temperature with each cooling medium along with benchmark
data. The results showed that all cooling techniques used were effective in reducing the
maximum temperature from benchmark results. However, air cooling did not sufficiently
reduce the temperature of the LIB module, indicating that there is still an undesirable
maximum temperature that would decrease the performance of the LIB module. This
characteristic was caused by the low density of air, which reduced its Reynolds number.

3M Novec cooling provided the most effective solution with the lowest LIB module
temperature control throughout the discharge cycle. Nevertheless, in comparison with bi-
odiesel cooling, there was no significant difference in terms of cooling performance as
both cooling strategies can maintain the LIB module temperature with the optimum op-
erating temperature during the discharge cycle. The temperature characteristics of the LIB
module with Palm, in addition to its low density compared to other biodiesels, make it
the best candidate for BTMS. Also, it can be concluded that compared to 3M Novec cool-
ing, Palm'’s cooling capacity is sufficient to compensate for the slight losses in cooling ef-
ficiency through the positive aspects of weight reduction.
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Figure 17. LIB module temperatures versus time using different cooling strategies at 3C discharge
rate.

4. Conclusions

The LIB module was successfully analysed using a commercial CFD software Ansys
Fluent to characterise the biodiesel in BTMS application. Four biodiesels were analysed,
Palm, Jatropha, Mahua, and Karanja,and compared to more conventional coolants such
as air and 3M Novec. These comparison studies allowed for the effectiveness of biodiesel
cooling to be measured.A brief parametric study was established to determine the rela-
tionship between LIB temperature parameters and cooling inlet velocity. The key conclu-
sions from the studies are the following:

e A benchmark LIB module without any means of cooling exceeded the maximum
working temperature with the temperature increased linearly at different discharge
rates. At a lower discharge rate of 0.5C, the LIB module maximum temperature ex-
ceeded the maximum working temperature by 5 °C when fully depleted. As the dis-
charge rate increased to 3C, the LIB module maximum temperature reached 140 °C,
which can cause thermal runaway. Also, the change in discharge rate affected the
distribution of temperature across the LIB module. These results can significantly ac-
celerate the LIB cells capacity degradation and performance, which in need of an ef-
ficient BTMS to control the LIB module within the optimum operating temperature
range.

e Biodiesel cooling proved to be a very effective solution for BTMS with all the bio-
diesels being able to maintain the temperature within the optimum operating tem-
perature range. The best biodiesel out of the four used was Palm as it managed to
reduce the LIB module maximum temperature to 31.7 °C at discharge rate of 3, en-
suring the LIB cells are working to its full potential and maintaining their lifespan. In
addition, th low density of palm oil biodiesel (865kg/m?) decreases the overall weight
of the vehicle and the enclosure itself.

e Air cooling is a very inefficient method which could not maintain the LIB module
temperature below the optimum range. In addition, the temperature gradient of the
LIB module was 10 °C creating the issue of uneven cells voltage and leads to faster
LIB cell degradation.. When compared with air cooling, biodiesel is a much better
approach in terms of cooling efficiency and power efficiency from the fluid source as
air requires higher velocities to improve cooling.
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e  3M Novec performed the best out of the coolants in terms of maintaining the LIB
optimum operating temperature. 3M Novec managed to maintain the LIB module
temperature gradient at a desired temperature range. However, 3M Novec is heavy
and thus increases the overall vehicle energy consumption, expensive and requires a
complex system installation.Palm is a viable option to use as an alternative to 3M
Novec. Although there is a slight reduction in cooling performance when compared
with 3M fluid, Palm can maintain both LIB module optimum operating temperature
and temperature gradients. The advantage to using Palm is the lower density which
would reduce the weight of the enclosure by almost 43%. This weight reduction is a
big advantage for performance applications and general HEV as it improves fuel
economy.

e  Finally, a parametric study was carried out to see the relationship between LIB mod-
ule temperature parameters and cooling inlet velocity. The results demonstrated a
convergence where after 0.5m/s, the parameters were not affected by the cooling inlet
velocity and any increase would correlate with an increase in pumping power re-
quired.
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