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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu Phase change material (PCM) has gathered much attention in battery thermal management for
Keywords: electric vehicles, in which form-stable PCM is a promising method to reduce the leakage of energy
Form-stable composite PCM storage material. In this paper, a composite PCM that has form-stable property is used for passive
Electric vehicle battery cooling of electric car battery. Three cooling configurations are set up in the gap between two
Passive cooling batteries, and their performance is analysed by a numerical model. The results show that inte-
Numerical investigation grating composite PCM with forced air convection can maximally prevent battery from heat

accumulation at 5C and reduce the core temperature by 15.9 K, while filling the gap with
composite PCM can reduce the temperature by 15.7 K. With the discharge rate decreased, forced
air convection plays more significant role than PCM in slowing down the rise in battery tem-
perature. The maximum battery temperature reduces when the ratio of PCM thickness to battery
width increases from 0 to 0.1, but the maximum temperature is limited to a certain level with
thicker PCM. The addition of 4.6 wt% graphite to the composite PCM greatly improved the heat
absorption capacity of PCM, and the forced air with 20 m-s! velocity has better cooling behaviour

than PCM.
Nomenclatures
Symbol Meaning Units
A Surface area m?
[ Specific heat Jkg! K
h Heat transfer coefficient W-m2-K!
H Height m
I Current A
l Length m
L Latent heat J-kg™!
n Number of battery charge/discharge rate
Nu Nusselt number \
P Pressure N-m™
Pr Prandtl number \
q Volumetric heat generation rate W-m™
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1. Introduction

Development of electric vehicle (EV) and hybrid EV (HEV) is gathering momentum in recent years because of its eco-friendly
features. As the depletion of fossil fuels and the global warming, EV/HEV continues to be entrusted with important role in the
coming future. The performance of the EV/HEV strongly depends on the battery pack which undergoes thousands of charge and
discharge cycles during the life of a vehicle [1]. Temperature increases when battery releasing the energy, and non-uniformity dis-
tribution of temperature are the major concern of the battery design and operation. In general, temperature impacts various aspects of
battery performance, including its power capability, charging efficiency, lifespan etc. [2]. Considering that the EV/HEV normally
operates over a range of weather conditions, effectiveness and reliability of battery are crucial [3].
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Lithium-ion (Li-ion) battery is emerging as the most suitable technology for EV/HEV, mainly because of its higher energy density
[4]. Safety issues surrounding Li-ion battery have been endlessly discussed, among which the most important element is its thermal
performance [5]. A high battery operation temperature would accelerate thermal runaway and power fading of Li-ion cell if the
accumulated heat is not removed properly and effectively [6,7]. Improving thermal performance of the battery can be achieved by
reducing the heat generation rate of the battery and increasing the heat dissipation rate. Meanwhile, the battery thermal management
system (BTMS) as part of battery management system (BMS) is essential to be used to maintain the operation temperature within the
recommended operation temperature range. Battery thermal models have been developed coupling with the electrical model to predict
the evolutions of the batter temperature and to ensure a good battery behaviour [8,9]. The traditional BTMS techniques based on air
and liquid heat transfer mediums have been widely investigated [10]. Free air convection is not sufficiently fast for reducing battery
temperature, and the general solution is to optimise the structure design of an air-cooled battery [11], or to create a forced convection
cooling [12]. Forced air cooling system has the advantages such as simplicity of operation and electrical safety, whereas it still has a
problem of lower heat transfer coefficient compared to liquid coolant system, causing it more difficult to unify the temperature on the
pack [13]. Liquid-based cooling uses fluid coolant e.g., water, glycol, oil as mediums to cool the battery cell, but it usually comes with
disadvantages like spare space, leakage, and complex design [14]. Under this situation, phase change material (PCM) passive cooling
as a viable BTMS with simple design and low cost has drawn intensive research attention [1,15].

PCM has been popularly applied in thermal energy storage area. Commonly, PCM can absorb heat and change phase from solid to
liquid, and it can release heat and change phase from liquid to solid in an opposite way. The energy absorbed by the PCM is mainly by
means of latent heat which can store more quantities of energy than sensible heat. Advantages of PCM reflect in high potential for
thermal energy storage and temperature control [16]. In the applications of EV/HEV, PCM can both reduce the maximum temperature
and temperature unevenness in the battery pack [17]. A battery pack is composed of hundreds or thousands of cells modules. Con-
figurations of PCM are normally set as wrapping around or locating between the cells of battery modules, so that heat generated from
the cells can be input directly to the PCM [18,19]. Lots of experimental work were conducted to investigate the cooling efficiency of
PCM and impact factors on the thermal management performance [20]. It was shown that cooling behaviour of PCM was affected by
PCM structure, thickness, and phase change temperature. The combination of PCM with metal foam and fins was designed to wrap
around a cylindrical battery pack for better cooling performance, and the work also revealed the melting characteristics of the PCM
when heat is transferred from the battery to ambient [21]. In addition, selection of a PCM needs a few conditions which include high
latent heat and suitable operation temperature of the battery pack [22]. Based on chemical constituents, PCM can be subdivided into
three classifications, i.e., organic, inorganic, and eutectics PCMs [23]. Organic PCM presents superior characteristics to inorganic PCM
due to its low corrosive properties and stable phase change temperature [1,24]. Among the extensive research of organic PCMs,
paraffin (PA) wax that is mostly made up by a mixture of straight chain n-alkanes CH3-(CH3)-CHs, has desired thermal performance,
which has also been demonstrated its popularity as the PCM in the BTMS [25,26]. However, leakage of melted PA needs to be pre-
vented by certain containers or tanks, resulting in more complex structure in practice.

Many strategies are developed to address the leakage problems, e.g., micro-encapsulated PCMs and form-stable PCMs [27,28].
Micro-encapsulated technique is used to produce PA into powder as the core-shell structure [29]. In contrast, form-stable PCM is
shapable with more applications. To form the shape-stabilised PA, PA is usually blended with porous carbon materials or polymers, and
it retains in solid state without volatilisation and leakage of liquid before and after the phase change [30]. Multiple materials such as
polypropylene [31], expanded perlite [32], diatomite [33], high density polyethylene (HDPE) [34] etc., are used for PA as supported
matrix. HDPE shows a little effect on the melting point of PA, which becomes a promising candidate for preparation of form-stable PA
[25,34]. Another problem of PA is low thermal conductivity, since the average thermal conductivity of PA is only 0.2 W-m ™K ™! [35].
Therefore, materials with high thermal conductivity are added into composite PCM to enhance the heat transfer. Expanded graphite
(EG) is a commonly used additive with a layered structure and has good thermal conductivity [36], and has been shown to have a more
temperature delay effect on PCM [37]. Experimental work presented that the thermal conductivity of PA/HDPE composite PCM with
adding 4.3 wt% EG was improved to 1.36 W~m’1-K’1, more than four times of that without EG Ref. [38]. Based on a creative polymer
PCM that was constructed by a cross-linked polymeric backbone with stearyl side chains, adding EG delivered a high thermal con-
ductivity of 2.33 W-m~1K~! without PCM leakage during the long-term operation [39]. Combining PA with plastics and EG can
potentially have great performance in avoiding liquid leakage and improving thermal conductivity. Lots of research have focused on
the property investigation of form-stable composite PCM, but studies of using PA/HDPE with EG into BTMS on EV/HEV are limited.

In this paper, a composite PCM consisting of PA, HDPE, and EG, which has form-stable property, is used in the field of BTMS.
Meanwhile, forced air convection is also implemented to assist in BTMS with composite PCM. To achieve a comprehensive analysis of
battery cooling system, a numerical model is developed and validated. Different cooling scenarios of battery are compared to analyse
and improve the thermal performance of battery. Sensitivity analyses are also explored to investigate the effects of PCM thickness,
thermal conductivity, and air velocity on the battery heat dissipation effects. This study could provide some insights into the design of
battery protection systems that utilise form-stable composite PCM and forced air convection.

2. System description

2.1. Battery cooling system

A commercial prismatic LiFePO4 battery composed of numerous cells with 90 mm in height, 27 mm in thickness, 70 mm in width
was selected as battery sample for BTMS studies [18]. The cells were connected in series in battery module, and all the cells were
chosen from a same batch which contains LiFePOy4 as the material for cathode and carbon-based material as the anode. A separator is
attached between two electrodes and electrolyte (alkyl carbonate + LiPF¢) allows ions to transfer through it [40]. Main parameters of a
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single battery cell used in the simulation have been collected in Table 1. The rated capacity of the used battery module is 12 Ah, which
indicates that the battery module can charge/discharge 12 A electricity for 1 h. Normally, this battery charge/discharge rate is named
as 1C. If the same 12 A battery is charge/discharge at a 2C rate, 24 A electricity will be used/obtained or provided for 30 min. For
battery charge/discharge at nC rate, the battery will work with 12n A current for 1 hour. In this study, the battery is assumed to be
charged/discharged at a constant current procedure of 1C, 3C, and 5C, respectively.

Battery internal resistance Rg;s can be calculated based on the function of state of charge (SOC). Experimental results of Rg; have
been fitted into Equation (1) [18]:

R4is(SOC) =0.00705 — 0.01853 x SOC +0.05894 x SOC* —0.09151 x SOC*

+0.06579 x SOC* —0.01707 x SOC? (€9)]

Four different scenarios of battery cooling are considered as shown in Fig. 1 in which the case 1 is a reference system that batteries
are packed without any cooling methods. In case 2, composite PCM (PA mixed with HDPE and EG) is located between the battery cells
on the largest surface side (YZ) of battery modules to assist in BTMS. Initial ratio between battery cell width and PCM thickness is set as
0.2. In case 3, battery is cooled by traditional forced air convection without placing PCM between cells. Cooling air would enter the
space between cells at the YZ plane to transfer the excess heat. The gap that lets cooling air pass through between cells has the same
width as the PCM thickness in case 2. In case 4, configuration that combines PCM with forced air cooling is brought forward to cool the
batteries. Half of the PCM in case 2 is divided equally and placed on both side of cells, leaving middle gap for air convection.

2.2. Form-stable composite PCM

A commercial PA RT35HC supplied by Rubitherm® was used as PCM due to its proper melting point and high thermal energy
storage capacity. The melting point needs to ensure that PCM returns easily from liquid to solid state at room temperature. The main
properties of PCM are provided by the company as shown in Table 2.

HDPE was chosen as the supporting matrix which has good compatibility with PA. EG was used as a thermal conductivity enhancer
of composite PCM. Values of properties of HDPE and EG are given in Table 3. To avoid seepage and keep the shape of PCM, the
maximum weight percentage for PA dispersed in the composite PCM has been found through the experimental work as high as 77 wt%
[43]. The percentage of HDPE in composite PCM should not be less than 23 wt% otherwise the leakage will happen. And when the
percentage of EG is added to 3 wt%, thermal conductivity of composite PCM can be increased by 24%. Therefore, the ideal percentage
of three materials to prepare the composite PCM to achieve form-stable property is recommended as 74.7 wt% paraffin, 22.3 wt%
HDPE and 3 wt% EG. Such combination helps the composite PCM to keep a stable form during the phase change while improving the
thermal conductivity. The bulk density of composite PCM is measured by weighting the material and measuring the volume.

When the composite PCM has no phase change happened, the specific heat capacity of composite PCM can be calculated based on
the mass fraction of each material and their heat capacities, which could be expressed as Equation (2):

Cp.com = OHDPEC) HDPE + WpcMCp.pcu + WEGC) EG (2)

where w is the mass fraction of each component.

For the region of phase change, effective specific heat capacity of PCM is calculated by using the effective heat capacity method as
shown in Fig. 2. The latent heat of PCM is depicted as a triangle shape surrounded by the effective specific heat capacity and the
abscissa within a pre-defined temperature range from T to T;. The used equations to calculate ¢, pcy by triangle model are confirmed
by Ma et al. as shown in Equations (3) and (4) [44]:

C —c s 4AL
eppem=(T—T;) { pm‘;"i _ TFIPCMP T, P;ﬁ;z +eppems T<T<(T,+T)/2 3)
s 1 — Ls
4AL c - s
cprem = (T —T) (7, P;N;z - p'PCA;; — Tp'PCM‘ +cppemy (Ti+T)) /2 <T<T “4)
1= T s

where Lpcy is latent heat of PCM, ¢, pem; and ¢ peus are specific heat capacities of composite PCM with liquid and solid states, Ty and T;

Table 1

Parameters of a battery cell.
Parameter Value®
Specific heat capacity of cell, ¢, » 950 Jkg 1K
Thermal conductivity of cell, 1 ¢ 2.6 Wm 1K
Density of cell, peen 2335 kg-m™
Nominal voltage 32V
Rated capacity 12 Ah
Weight of one battery cell 0.4 kg
Temperature coefficient of voltage, dU/dT 0.00022 V-K!

2 The values were collected from the reference [18,41].
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Fig. 1. Four cooling configurations of BTMS.
Table 2
Main parameters of PCM (RT35HC) [42].
Parameters Value

Melting temperature
Heat storage capacity
Specific heat capacity, ¢, pcu

307.15 K-311.15 K
240000 J-kg!
2000 J-kg1.K!

Density solid, ppcu;, s 0.88 kg-L!
Density liquid, ppey, 1 0.77 kgLt
Heat conductivity (both phase), 4 pcy 0.2 W m1tK!
Volume expansion 12%
Flash point 450.15K
Table 3
Main properties of HDPE and EG.
Parameters HDPE EG

Thermal conductivity, Auppg, dsc

Density, puprE, PEG
Specific heat capacity, ¢, upre ¢, rc

0.45-0.52 W-m.K!
0.93-0.97 kg-L!
1900 J kg t.K!

3WmtK? [34]
0.0035 kgL [34]
610 Jkg 'K

h Specific heat

capacity

Latent heat

Fig. 2. Model of effective specific capacity of composite PCM [44].

T

«
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are solid and liquid temperatures of PCM, respectively. Here, the T; is set to the melting temperature of PCM as 308.15 K, and Tj is set to
increase by 4 K to reach 312.15 K to ensure complete melting of the PCM.
For estimating the thermal conductivity of the composite PCM, the classic Maxwell-Eucken model is used, as given by Equation (5):

Aa + 22 + 204 — Ac)

A=A
Aa+ 24 —@(Ag — A.)

6]

where the subscripts e, ¢ and d indicate effective, continuous phase and disperse phase respectively, ¢ is the volume fraction of the
disperse phase. Here for the present composite PCM, HDPE is considered as continuous phase, PA-EG is considered as disperse phase
(thermal conductivity of PA-EG is calculated first with EG as continuous).

The obtained properties of the developed PCM are shown in Table 4. Considering the narrow temperature range in the study, the
temperature independent properties are used.

2.3. Air convective heat transfer coefficient

When a fluid with velocity u and Ty flows over a surface of area A, the total heat transfer rate Q.ony is Obtained by integrating the heat
fluid over the entire surface and is expressed as Equation (6) [45]:

Q('r711\r = (Ts - Tf)/ha,',dA (6)
A

where hg; is the convective heat transfer coefficient, A is the surface area of the subject where the pair passes through, T is the
temperature of solid surface.

For the condition of forced air convection, the actual heat transfer coefficient depends upon multiple properties, including air flow
velocity, and roughness of the solid surface. As shown in Fig. 3, it is assumed that the velocity of the air is zero at the surface of the
object. When the air flow is generated by a fan to cool the battery, fluid will flow between two cells, which means that the air goes
through the middle has the fastest velocity. Thus, velocity of the air could be calculated as an average value between the highest
velocity and zero. In case 3 and 4, cooling air passes through YZ plane of cell and the plane can be assumed as a flat plate. In
determining whether a fluid flow passing through the boundary layer is laminar or turbulent, it is frequently to calculate Reynolds
number as Equation (7) [45]:

PUcX

H

Re @

where u,, is the relative velocity between object surface and air,  is the viscosity of the fluid, x is the distance from the leading edge. A
representative value of critical Re that decides the beginning of turbulence is 5 x 10°. When 300 K air flows at 20 m-s™* velocity over YZ
plane of cell with 0.09 m length, critical location for transition from laminar to turbulent flow is calculated as 0.4 m, which is much
longer than the length of cell. Therefore, calculation of air heat transfer coefficient in this study is based on the laminar equations.

To provide a measure of the convection heat transfer over a plate, Nusselt number is used to describe the temperature gradient at
the surface as Equation (8) [45]:

hl

where [ is the length of flat plate. The averaged Nu for laminar flow over the entire surface is also a universal function of Re and Prandtl
number (Pr), which can be calculated as Equation (9) [46]:

— hl

Nu=-= 0.664Re)”> Pr'/*  Pr>0.6,Re <2 x 10° 9)
f

Referring thermal properties of air at 300 K and atmospheric pressure, p, u, and A for air are 1.1614 kg-m>, 1.846 x 10”° N-s-m™2,

and 2.63 x 102 W-m™1-K'\, respectively [45]. Integrating Equations (7)-(9) and parameters, average heat transfer coefficient of air is
simplified as:

_0.664Re)* Pr'lil;  0.664p'Pus,' > Pr'ia o,
hair = = = 13u (10)
! (ut)'" "

where Prequals 0.707 when air flows over the cell surface at a temperature of 300 K. In this study, the cells module is tested in the fan

Table 4

Main properties of form-stable composite PCM (74.7 wt% PA + 22.3 wt% HDPE + 3 wt% EG).
Parameters Bulk density Specific heat Thermal conductivity
Value 1000 kg m3 Solid: 1614 J-kg*.K? 0.26 W-m.K!

Liquid: 1936 J-kg1.K!
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Z’lf QC onv Zero velocity

Upax
at the surface Qconv

2

A Air flow

Fig. 3. Air forced convection, adapted from Ref. [46].

under air flow velocities of 1-20 m-s™. Various heat transfer coefficients will be calculated based on Equation (10) and be further used
for evaluating impacts of air flow velocities on battery cooling performance. For the cases 1 and 2 that batteries are protected without
using forced air convection, it is assumed that natural air convection happens at the batteries surface with air heat transfer coefficient
of 2.25 W-m™K" [18].

3. Modelling

3.1. Governing equations

A thermodynamic model is developed for thermal analysis of battery and PCM. MATLAB is used for the simulation of the battery
cooling system. Due to the assumption of no leakage occurs during the phase change process of form-stable composite PCM, the heat
conduction process is only considered across the battery and PCM as a one-dimensional (1-D) model (X direction), as shown in Fig. 4.
Battery and PCM have the same height. The 1-D continuity equation for present model is given as [37]:

dp | d(pu)
ot Ox

The 1-D steady state momentum equation is derived from Newton’s second law of motion and is described as [45]:

=0 aan

ou_ 1dp & u

e T 12
“oxT oo THae (12)
where p is the pressure and body forces are ignored here.
A 1-D heat conduction equation is used to describe this heat transfer process as following [45]:
oT 0 [, oT .
P o = ax (la—x) + 4y (13)

where g, is the heat generated by the battery per volume (W-m'®) and is only applied to battery. Because of using effective specific heat

| —W Battery cell

H,
PCM (] [ ] [ )
— Ty Tp Ty
—
Ax

w > X

+“—r
8y Spcu

2 2

Fig. 4. Physical model of the passive PCM battery cooling system.
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capacity, latent heat of PCM is not considered in above equation. The initial condition of heat conduction is expressed as Equation (14):

T|,_g=Tums (14)

where T, is ambient temperature. Considering symmetry of two adjacent cells, following boundary condition (Equation (15)) is
considered for a single battery cell (all four cases) and composite PCM (case 2).

or

o =0 (15)

Sp | 0
0= g

And the contact surface of battery and PCM shares same boundary condition as Equation (16):

oT or
—Aha = _/IPCME (16)

The air cooling boundary condition (case 3 and case 4) is formulated as Equation (17):

—A—=— = ha[r(T - Tamb) (17)

Oy |t % ocu

where hg; is the forced convection heat transfer coefficient of air calculated by Equation (10).

Finite volume method is applied to transfer the above differential equation into algebraic form, which is then solved by implicit
method, as shown in Equation (18):
—Tro TE*TP+ Ty —Tp

=Agp Awp

At Ax Ay A 18)

T,
Axpc, u

where Agp and Ayp represent thermal conductivities in the directions of east to pole and west to pole, respectively. The output tem-

peratures at the nodes of x = 0, %”7 % + %"’ will be obtained from the model.

3.2. Heat generation by battery

To simply the simulation, the heat generation of Li-ion battery cells is spatially uniform. The simplified calculation of heat gen-
eration of battery that excludes the enthalpy of mixing and phase change terms can be shown as Equation (19) [40]:

dU

o 19

Qb.gen :I(U - V) +IT
where I is the current, U and V are the open circuit voltage and cell voltage, respectively. The equation is formulated based on the
thermal characteristic and not considered the complex reaction in the cell. The term IT% can be either exothermic or endothermic,
thus the equation can be transferred as [18]:

. du
Opgen =1"Ruis + 1T — (20)
" dt
Volumetric heat generation rate of the battery pack can be calculated as Equation (21), and
PR+ITY
R — 21
o VOlb ( )
340 335
335} —=— Experiment without PCM [18] g —=m— Experiment with PCM [20]
Simulation P 330 Simulation £
325
g 320
g
= 315
310
305
295 o 300 : : '
0 100 200 300 400 500 600 700 800 0 500 1000 1500 2000
T
(a) Time (s) (b) me )

Fig. 5. The validation of battery heat generation model with experimental data: (a) without PCM; (b) with PCM.
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where Vol is the battery volume. As shown in Table 1, & is 0.00022 vk

3.3. Model validation

The battery heat generation model has been validated by the experiments of the batteries with and without using PCM. The Tpy of
battery without PCM protection is compared with experimental data from the work [18]. Battery parameters used for simulation are
listed in Table 1. Ambient temperature is set as 298.15 K. Battery cell constantly discharges at the rate of 5C. Similarly, the Ty of
battery from model using PCM is compared with experimental results of the reference [20] which employed the battery with a capacity

350
—u— Case 1
340 —e—Case?2
—A— Case 3
330 —v— Case 4
S
g
= 320
310
300
5C
290 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
(a) Time (s)
330
—=— Case 1
325 —e—Case?2
—A— Case 3
320 —v—Case4
9
= 315
£
F
310
305
300
3C
295 1 1 1 1 1 1
0 200 400 600 800 1000 1200
(b) Time (s)
316
—a—Case 1
—e— Case 2
32F i Case3
—v— Case 4
& 308
%
£
H
304
300
1C
296 1 1 1 1 1 1
0 600 1200 1800 2400 3000 3600
(c) Time (s)

Fig. 6. Maximum temperature in the battery for different cases: (a) 5C, (b) 3C, (c) 1C.
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of 27 Ah and discharging at 2C. The PCM in the experiment has 333.15 K phase change temperature and 25 mm thickness. Validated
results of two simulation models are shown in Fig. 5. The curves show generally consistent changes among the simulated results and
experimental values over the discharge time. Minor deviations between simulation and experiment probably attribute to 1-D model
used in the simulation that ignores heat transfer from other directions. It is demonstrated that the battery heat generation model can
well predict thermal performance of the cell, which is feasible to be used for the subsequent investigation of battery with different
BTMSs.

4. Results and discussion

4.1. Comparison of different cooling scenarios

The influence of four BTMS configurations on the battery cooling is investigated in this section. In Fig. 6, tendencies of the
maximum temperature which is also the cell core temperature are compared under four cooling conditions at the discharge rates of 5C,
3C, and 1C. For cases 3 and 4, heat transfer coefficient of forced air convection is 41.1 W-m2K?! with a velocity of 10 m-s’L. It is
significant that faster discharge rate leads to larger increased temperature of battery. When battery is discharged without any cooling
method, i.e., in case 1, the temperature peaks of battery appear at the end of discharge stages, which are 339.6 K, 326.1 K, 312.5 K for
5C, 3C, 1C, respectively.

For the discharge rate of 5C, the Ty,qx corresponding to cases 2, 3, 4 are 323.9 K, 326.5 K, 323.7 K, and the temperature differences
are 15.7 K, 13.1 K, 15.9 K in compassion with T;;q when no BTMS is deployed (case 1). It indicates that coupled PCM and forced air
convection has the optimal cooling effect for battery, followed by independent utilisation of each method, and the variation trends of
Tmax for cases 2 and 4 are nearly consistent, meaning that PCM passive cooling can achieve the same function as forced air cooling at
faster discharge rate. For 3C discharge, the temperatures at the end of discharging stage are 315.5 K, 313.2 K, 314.6 K for cases 2, 3,
and 4, respectively. Therefore, the largest Ty,qy difference occurs between case 1 and 3 with 12.8 K. Three BTMSs show the different
cooling performance comparing with battery discharging at 5C. It is found that cooling of battery by forced air (case 3) considerably
slows down the increase of battery temperature, resulting in the lowest final temperature of battery. Similar performance of forced air
cooling also reflects at the lower discharge rate of 1C. The temperature in the case 3 has less rise than the temperature increments in the
case 2 and case 4, which is 11.0 K lower than the T,y in the case of no BTMS. Although the heat removed by PCM in case 2 is obviously
lower than cases 3 and 4, the battery temperature has been controlled within the range of phase change temperature of PCM, thus
satisfying the cooling requirement. Significant rise of the T4y in the case 2 as shown in Fig. 6 (c) demonstrates that the melting of PCM
is still proceeding.

4.2. Effects of PCM thickness

Evolutions of the battery maximum temperature under different cooling systems have demonstrated that PCM has impressive
cooling performance for battery. PCM thickness is further to be discussed to investigate its effectiveness on the BTMS. Fig. 7 indicates
the variations of battery temperature under the conditions of different PCM thickness in case 2. The value of x-axis represents the ratio
of PCM thickness to battery width (thickness ratio). The sharp decrease in temperature when thickness ratio increases from 0 to 0.1
reflects the effectiveness of PCM cooling on battery. As shown in the figure, higher thickness ratio, i.e., thicker PCM has not visibly
improved battery temperature due to the fixed melting temperature of PCM used in the simulation. Thus, ranges of temperature in
which the battery could be cooled down (comparing to case 1) by PCM are limited around 16 K, 11 K, and 7 K for discharge rates of 5C,
3G, and 1C, respectively.

Detailed variations of temperature in case 2 with the increment of 0.02 for the thickness ratios in the range of 0-0.1 are shown in
Fig. 8. Fig. 8 (a) shows the change profile of the Tp,qy in the battery. When the thickness ratio is lower than 0.06, the T,y curves present

340

[ R
335 B sc
B ic
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305

0 01 02 03 04 05 06 0.7 038
Ratio of PCM thickness to battery width

Fig. 7. Effects of PCM thicknesses on the maximum temperature in the battery (case 2).
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Fig. 8. Different thicknesses ratio of PCM/cell vs. (a) the maximum temperature in the battery; (b) the temperature of PCM.

swift increases after a period of steady temperature. This phenomenon proves that PCM has been completely melted by heat generated
from battery. Due to thinner PCM, less heat can be absorbed and stored by PCM so that the battery temperature keeps increasing.
Comparably, the Ty, gradually rises to a plateau when the thickness ratio varies from 0.08 to 0.1. This is mainly because the PCM with
thickness ratio higher than 0.08 has enough capacity to absorb and store the heat from battery. This effect can also be confirmed by
variations of PCM temperature during the discharge process, as given in Fig. 8 (b). Apparent twists of PCM temperature happen at 388
s, 510 s, and 630 s which are related with thickness ratio of 0.02, 0.04, and 0.06, respectively, indicating the finish of melting of PCM.
With the increase of thickness ratio, sufficient PCMs are possible to contain battery heat, thus their temperatures are maintained at
melting points. As a result, the battery cooling effect of PCM varies significantly with the choice of PCM thickness, excessively thin PCM
is not applicable for the BTMS, and thick PCM will suffer from the issues with high cost and size of thermal management system.

4.3. Effects of EG mass fraction

Besides thickness of PCM, thermal conductivity of composite PCM is another critical parameter needs to be discussed for its effects
on battery cooling. The composite PCM in this study is investigated to be added into EG as thermal conductivity enhanced additives.
Referring a group of measured thermal conductivities from Ref. [38] with the increase of EG weight as shown in Table 5, thermal
conductivity of shape-stabilised PCMs increased from 0.31 W-m.K! to 1.36 W-m.K'! when EG weight fraction was up to 4.6 wt%.
These values are subsequently input into the model to compare the Ty of battery. Thickness ratio of PCM to cell is chosen as 0.2. Two
scenarios that the PCM is assembled without (case 2) and with forced air cooling (case 4) are considered here, and the results are shown
in Fig. 9.

In Fig. 9 (a), the increments of temperature fit into one line at initial phase until battery discharges at around 300 s. After this point,

Table 5

Thermal conductivity of PCM with increased EG mass fraction [38].
EG mass fraction (wt.%) 0 1 2 3 4 4.6
Thermal conductivity (W-m™-K™) 0.31 0.58 0.76 1.03 1.25 1.36
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Fig. 9. Different PCM thermal conductivities vs. (a) the Tpqy of the battery (case 2); (b) the T, of the battery (case 4); (c) temperature of PCM (case 2); (d) tem-
perature of PCM (case 4).

the changes of the T, appear divergence under different EG mass fraction. With higher quantity of EG in the composite PCM, better
performance on controlling battery temperature can be found, which reveals that more EG in the PCM could promote thermal con-
ductivity and therefore the heat transfer and cooling performance. The Ty, at the end of discharge stage is 317.7 K when EG fraction is
4.6 wt%, much less than 322.9 K without any EG additives. In Fig. 9 (b), half PCM between the cells has been removed and the gap is
used for air flow at 10 m-s™ with 41.1 W-m2K™ heat transfer coefficient, and the results show the consistent variations of the Tyqx
compared to case without forced air convection. Temperature gradients of case 4 are slightly lower than those of case 2, resulting the
Tmax of 317.5 K at the end of discharging. In order to shed light on combined effects of PCM and forced convection between two
scenarios, Fig. 9 (c) and Fig. 9 (d) presents temperature lifts of the PCM in the discharge process of case 2 and case 4, respectively, when
introducing different proportion of EG. It is observed that lower EG mass fraction decelerates upward trend of PCM temperature. In
Fig. 9 (c), more EG inside PCM leads to larger amount of heat absorbed by the PCM, resulting heat accumulation in the PCM and
temperature rising faster. When the temperature rises to a certain point, it starts the phase of smooth increasing until all the PCM
finishing the melting. Similar PCM temperature profiles are also found in Fig. 9 (d), and the differences are subtle between two cases.
With the help of forced air cooling, terminal temperature of PCM reaches up to 309.8 K at the highest EG mass fraction, which is 0.4 K
higher than that in the case without air cooling. This finding demonstrates that the effect of thermal conductivity of PCM on BTMS is
not singularly linear relationship, also depending upon the PCM thickness and the availability of air cooling.

4.4. Effects of cooling air flow velocity

To investigate cooling effects by forced air convection (case 3), the Tpyqy of batteries are compared under the conditions of different
air velocities. In Fig. 10, air flow velocity varies from 1 m-s™! to 20 m-s™! corresponding heat transfer coefficient of air from 13.0 W-m"
2x? to 58 W-m2.K! according to Equation (10). When the battery is cooled only under forced convection condition without PCM,
faster air velocity decreases the rising rate of the Ty,q. At the end of discharge, the Tp,q reaches 334.4 K under convection velocity of 1
m-s’!, which can decline by 11.1 K using 20 m-s! air velocity. In comparison with battery temperature of case 2, only 20 m-s™! air flow
can achieve better performance than PCM on battery cooling. Enhancing air velocity would not have obvious effect on improving heat
transfer coefficient when air passes through small gap between cells. Higher air velocity could also damage the structure and per-
formance of battery. Therefore, at high and medium discharge rates, form-stable composite PCM is more suitable for BTMS.
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5. Conclusions

A composite PCM consisting of PA, EG and HDPE, which has form-stable property, was used in this study to evaluate its effects on
the battery cooling. A numerical model was developed to comprehensively analyse and compare different battery cooling configu-
rations. Ideas for designing BTMS that considers form-stable composite PCM and forced air convection are summarised: (1) coupled
composite PCM and forced air convection has the optimal cooling effect for battery cooling at 5C, resulting 15.9 K reduction in the
maximum temperature (comparing to case 1), followed by 15.7 K reduction with the help of composite PCM only; (2) when
considering slower discharge rate of battery, forced air convection is more effective in avoiding heat accumulation inside the battery;
(3) the sensitivity analysis of PCM thickness revealed that the maximum battery temperature can reduce when the ratio of PCM
thickness to battery width increases from 0 to 0.1, but the maximum temperature is limited to a certain level when the thickness of
PCM constantly increases; (4) when mass fraction of EG in the composite PCM increases from 0 wt% to 4.6 wt%, the maximum
temperature of battery is reduced from 322.9 K to 317.7 K at 5C, due to the improvement by EG on the thermal conductivity; (5) a
possible velocity range of forced air showed that the maximum battery temperature can decline by 11.1 K using 20 m-s™* air velocity.
Based on different composite PCM and forced air cooling configurations between two batteries, suitable BTMS choices for the EV/HEV
should depend on the actual discharge rate, PCM thickness, EG mass fraction, and air velocity, thereby reducing dissipation of PCM and
complex structure.
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