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Abstract

The future use of electric vehicles in the southern regions of the world could face several problematics related to high
temperature, mostly when charging at high power. This paper proposes a new external cooling solution for cooling EV batteries
pack at higher temperature conditions especially for those without effective cooling system embedded. A 3D-thermal model has
been developed in order to investigate and to analyse the temperature distribution over the battery pack, the ANSYS FLUENT
software has been used to solve the model development. Furthermore, different external cooling solutions have been proposed
by using the engineering process design to study their impact on the internal temperature of the battery pack.

(© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the Tmrees, EURACA, 2019.
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1. Introduction

Recently, greenhouse gas emissions and the depletion of natural resources have become a major global problem
[1], transportation is the most growing factor of the world’s fuel consumption taking up 49% of oil resources [2],
it is also estimated that if oil consumption follows current trends, global oil resources will be depleted by 2038
[1]. These concerns encourage automotive researchers and engineers to focus on the development of various energy
sources as well as electric vehicles [3].

The electrification of transport involves incorporating, more or less massively, a reversible electrical storage
system within the vehicles. Today, lithium-ion batteries have made their mark in the transport sector, mainly because
of their very good energy density performance. However, despite these undeniable advantages, this technology,
when used in the automotive field, suffers from certain defects: low battery life, high recharge time, high costs,
etc. Another major problem is their inefficiency when the operating temperature is too high, which results in the
reduction of available energy and a decrease in their life.

Battery thermal management is therefore required to help the battery operate at a desirable working temperature
range at all times preventing battery degradation [4,5], thermal runaway [6,7], and loss of loads [8]. Thermal
management strategies can be internal, or external, passive (only ambient air is used) or active (an integrated source
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provides heating and/or cooling), or categorized according to the transfer medium [9—11]; either by air, liquid, or
phase change material, by the heat pipes or any combination.

The operating temperature is not a factor without consequences in the cities where the summer is rough. In this
context, the study made previously by [12], has shown a lack of cooling when the ambient temperature is too high
(48 °C), which can reduce battery performance and lifetime [13—15]. Recently, many researchers (J. Smith [16],
A. Jarrett [17], L. W. Jin [18] and W. van Gils [19]) are interested in the development and the optimization of the
cold plate in order to minimize the pressure drop and maximize the removal heat and temperature uniformity.

In this paper, a novel external solution of cooling the battery pack while the vehicle is parked is presented.
The first steps are the investigation of the thermal behaviour of the battery module in order to model the thermal
behaviour of the battery pack in Section 3, using the finite volume method. Section 4 present the proposed solution
and the different designs proposed in order to optimize the energy flow provided by the external cooling system.
Extended numerical models are developed to simulate the existing cold plate’s designs in order to predict the optimal
architecture design which allows to decrease the temperature and to obtain a more uniform temperature distribution
over the battery pack. This comparison is carried out by using the same cold plate’s designs at the same conditions.
In addition, the influences of liquid inlet temperature, liquid mass flow rate are also analysed. Finally, Section 5
conclude the paper.

2. Investigation of the thermal behaviour of the battery module
2.1. Characteristics of the battery
This study is devoted to the Renault Zoe battery pack (Fig. 1), which consists of 192 soft pouch cells, arranged

in series and in parallel configuration. The dimensions of each module are: 373 L x 204 W x 140 H which consists
of 16 cells with a 2P 8S configuration. Each cell has as dimensions: 325 x 135 x 11.2 mm, and a capacity of 35

Ah.
i 2 H ¢I
(a) (b) (c) i (d)

Fig. 1. (a) chassis (b) cover, (c) cellule, (d) Module (e) battery pack.

The LiFePO4/graphite lithium-ion pouch cell is made with different domains (electrode, cathode and anode)
made of different materials, taking into account a thickness of 11, 2 mm for each.

2.2. Temperature distribution in lithium-ion batteries pack
In order to model the thermal behaviour of the pack, the behaviour of each module was first modelled by deducing

the heat flow generated by each module (Fig. 2). The heat development in the y-direction can be neglected [20].
Thus, a two-dimensional transient heat conduction equation is sufficient to describe the thermal phenomena in the
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Fig. 2. Decomposition of the heat sources in the battery pack.

battery module. However the convective term inside each cell of the battery (electrode—electrolyte) can generally be
neglected [21]. Therefore, the thermal conductivity is anisotropic, with a higher value along the x and z-directions,
than the normal direction to the layers. Furthermore, the thermal conductivity along x-direction is the same than
the z-direction.

2.3. Model development

The behaviour of the battery is investigated by using 2D-thermal model, however, the heat source in each lithium-
ion battery cell has mainly three contributions: the reaction heat (g,.,) the reversible heat (¢g,.) and the electrical
ohmic heat (o). The 2D-thermal model requires as inputs the thermal parameters as estimated in Table 1.

Table 1. Thermal analysis parameters.

Material proprieties Value

Cell Lithium-ion
Cell specific heat (JKg~'k™!) 1027
Thermal conductivity of cell in x and z-direction (Wm~'k™ 1 25

Thermal conductivity of cell in y-direction (Wm~'k~1) 1

Rate of heat generation (kW m3) 22.5
Density of cells (Kgm™) 4035

The temperature of a single cell in the battery module can be calculated by the general conservation energy:

ar MVAT = Q (1)
dt i - Total,i

where p; (kg/m?) is the density of each cell, C,,; (jkg™'K™!) is the specific heat capacity of each cell, A (Wm™'K!)
is the thermal conductivity of the battery cell, Qryqr.i (Wm‘3 ) is the heat source generated by the cell, and T (K)
is the temperature of the battery. The total heat source generated by each cell (Qryqz.;) is given by:

Pi Cp,i

QTatal,i = Yreac,i + Gact,i + qohm,i (2)

where ¢re.; (Wm™?) is the reaction heat, guer; (Wm™) the activation heat, and gopn,; (Wm™) the ohmic heat.
These 3 parameters can be computed from the electro-chemical model as estimated in Table 1. In addition to heat
generation in the battery pack, there are different heat dissipation mechanisms in a battery cell; heat conduction and
heat convection. As the cell is an opaque system, the radiation heat transfer inside the battery pack is insignificant.

The boundary conditions are given by the balance between the conductivity heat flux from the battery module
to the surroundings and the contribution of convection heat:

AVT = hconv (Texternal - T) J i (3)
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aT oT )

)"i — +— |b0undaries = hconv (Texternal - T) 51 (4‘)
ax ay

where /o, (Wm™2K™!) represent the convective heat transfer, T the battery surface temperature and Ty ernas iS

the external temperature. Knowing the heat generation variation and thermal parameters, finite volume numerical

method is used to solve the energy balances by ANSYS Fluent software.

2.4. Results and discussion

All equations are solved numerically by ANSYS FLUENT software by using the Finite Volume Method (FVM).
Indeed, domain is discretized onto a finite a set of control volumes, and the general conservation equations for
energy are solved on this set of control volumes. Since the equations are nonlinear, the performance and efficiency
of the calculation depend on the mesh and solver. A structured mesh is generated with CFD Fluent. To ensure
the accuracy and the mesh independency of the solutions, 13,160 structured elements are used over the entire
computational domain after testing several grid densities with refining zones.

The temperature is determined by using the Semi-Implicit Method for Pressure-Linked Equations Solver
Algorithm. For each time step, the convergence is reached where the relative tolerance is below than 103 for
all variables. Then, the time step progresses until the cut-off potential is reached.

(a) (b)

Fig. 3. (a) Temperature distribution over the battery Module; (b) The energy content in the battery module.

The Fig. 3(a) and (b) show respectively the temperature distribution and the energy content in the battery module
at high discharge rate. In fact, it indicates that the battery surface temperature is nearly uniform, except in the side
wall where the maximum temperature is (39,975 °C). The battery module temperature rises more by time, due to
the increase of the heat generation in the electrodes and tab domains.

3. Investigation of the Thermal behaviour of the battery pack
3.1. Model development

The thermal behaviour of the pack is investigated by using the thermal model as used for the battery module.
Indeed, the battery modules have been considered as heat sources with a maximum heat generated (5134 Wm™3).
Moreover, the investigation’s result of the thermal behaviour of each module has been used as thermal parameters
inputs (see Fig. 4).

The temperature of the battery pack can be calculated by the general conservation energy equation which is
formulated as:

»—T—AVZT—Q- 6))
Py J =Y
where p;(kg/m?) is the density of each module, C, ; (jkg_lK_') is the specific heat capacity of each module,
A (Wm™'K™") is the thermal conductivity of the battery module, Q; (Wm™?) is the rate of heat generated by the
module, and T (K) is the temperature of the battery.

p;C
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Fig. 4. Heat source generation in the battery pack and the boundary conditions.

The boundary conditions are given by the balance between the conductivity heat flux from the battery pack
surface to the surroundings and contribution of convection heat.

AJVT = —hconv Texternat = T) . J ©

aT dT dT
. |boundaries = _hconv (Texternal - T) (7)

/ 3x+5+3_z

3.2. Results and discussion

The equations are solved by using the same method as used for the battery module. To ensure the accuracy
and the mesh independency of the solutions, 1,108,273 structured elements are used over the entire computational
domain after testing several grid densities with refining zones as shown in Fig. 5(a).

Fig. 5. (a) Meshing of battery packs; (b) Temperature distribution in the battery pack.

Fig. 5(b) shows the temperature distribution over the battery pack at high discharge rate. It indicates that the
battery surface temperature is nearly uniform, except in the middle where the maximum temperature is located
(48 °C). This value is higher than the recommended operation value in the charging state [22], in fact and external
cooling system is required to reduce it.

4. Investigation of the proposed solution’s designs

Sections 2 and 3 showed that the battery is affected by the temperature of the chassis, that can easily rise at high
ambient temperature. As the heat transfer to the battery pack is made possible through the chassis, the proposed
solution is to place a cold plate directly in contact with it, as shown in Fig. 6. The battery pack is then cooled by
conduction when in contact. The cold plate includes one or more internal channel through which a liquid is flowing,
in order to increase the cooling efficiency and reduce the amount of liquid and the power consumption. The heat is
generated by the battery, transferred into the cold plate, and removed throughout the cooling channels. This system
is generally used in a smaller range for cooling cells in each module [23].
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cold plate

battery pack

Fig. 6. The external cooling plate place under the battery pack.

4.1. Model assumptions and geometry features

Four cold plates’ designs are investigated in order to illustrate the most efficient in terms of the maximum
temperature rising and temperature distribution of the battery pack. The overall system is insulated in order to
quantify the effectiveness’s of the different cold plate designs and to represent the real situation in pack level where
the battery is covered by protective material. The cooling plate and cooling channel are made of aluminium and
copper, respectively. The schematics of the different cold plate’s designs are represented in Fig. 7 and have the same
dimensions of 1630 mm in length, 1200 mm in width and 40 mm in thickness. The different cold plate designs
differ from the structure of the cooling channels with an inner diameter of 30 mm:

’ outlet

(a) (b) () (d)
Fig. 7. Different cooling plate designs: (a) design 1; (b) design 2; (c) design 3; (d) design 4.

Design 1 comprises one cooling channel having an inlet and outlet ends on the left side of the cold plate, the
intermediate portion with a sinuous arrangement horizontally; this design has the advantage of conducting the total
flow rate into the cooling channel. However, the second design has the same characteristic as the design 1, except
the intermediate portion which arranged vertically. The design 3 is characterized by 12-straight cooling channels
distributed equidistantly along the width of the cold plates; the inlet connector channel is placed at the middle in
order to have more flow rate at the middle of the cold plate. The outlet connector channel is placed at the middle
of the bottom to recover the hot liquid. This design has the advantage of reducing the pressure drop inside the
cooling channel. Finally, the design 4 is characterized by 6-straight cooling channels, where the total flow rate is
split uniformly into the different lines.

The simulation of heat transfer of the full system requires a 3D geometry representation, while the simulation
of 3D flow and heat transfer inside the cooling channels is expensive. As the diameter of the cooling channel is
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smaller (30 mm) the flow and heat transfer inside the cooling channels can be modelled with 1D pipe thermal-flow
equations coupled with the 3D modelling of the cold plates [23]. The equations describing the cooling channel flow
are fully coupled with the heat transfer equations of the cooling plate and the battery pack.

4.2. Governing equations

The energy equation for the energy balance is given by:
oT )
pC Py = AVT (8)

where p (kg/m?) the density of the cold plate is, C, (jkg™'K™!) is the specific heat capacity of the cold plate,
A (Wm™'K™") : is the thermal conductivity of the cold plate, made of aluminium.

For the Flow and heat transfer in the cooling channels, the momentum and mass conservation of the 1D pipe
flow in the cooling channels describes below are a simplified form of the Navier—Stokes equations:

av 0
pgz_vp_fDE|v|v+Fgmvily &)
0Ap
LV (4p) =0 (10)

where v (m/s) is the averaged fluid velocity at the cross section of the cooling channel, A (mz) is the cross section
of the cooling channel, dj, (m) is the hydraulic diameter of the cooling channel, p (kg/m3) is the density of the
water ethylene glycol, p (N/m?) is the pressure, Fg,qyiry (N/m?) represents the body force due to the gravity, and
fp Is the Darcy friction factor, which describes the pressure drop due to the viscous shear.

Between all the existing Darcy friction factor models in the literature Joseph and Yang [24], [25] for single phase
flow, the Churchill relation is more suitable to describe the water. This relation is valid for laminar flow, turbulent
flow, and transitional region in between. In the Churchill relation, the Darcy friction factor, where A and B are

constants.is formulated as:
1

8 12 Vi
fp= [(—) +(A+B>—1*5} (11)
Re

€1

7 \09 ¢ 12
A= |:—2.457 In <R_e> +0.27 (d—h):| 12)

37530\ "¢
B = (13)
Re
The Reynolds number is equal to:
d
Re = PV (14)
"

where p(Pa.s)the dynamic viscosity and e(m) is the surface roughness. The surface roughness is a function of the
cooling channel material.
The energy equation for the cooling channel flow is:

oT
P ot
where C, (jkg’lK’l) the specific heat capacity of the water ethylene glycol is, A (Wm_'K’l) is the thermal
conductivity of the water ethylene glycol, the second term on the left hand corresponds to the heat dissipated

due to viscous shear. Q. (W/m) is the heat transferred from the cold plate to the water ethylene glycol in the
cooling channel through its wall is expressed as:

Qwall = hian(Twall - T) (16)

Where Z (m) is the wetted perimeter of the cooling channel, 4;,,(W/m?K is an overall heat transfer coefficient
between the internal film of the cooling channel and the wall of the cold plates, T,,,;; (°C) is the external temperature

A
PAC, ==+ PAC,v.AT = V (AAVT) + fo s 1vF + Quan (15)
h
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outside of the mini-channel given by the 3D heat transfer in the cold plate, hj,, has been estimated from the forced
convection correlation, which depends on the Nusselt number (N,) and Prandtl numbers (P;), the flow regime and
design of the channel. For laminar flow regime with round pipes [26]

For turbulent flow regime, the following Nusselt correlation has been used [27]:

_ (fp/8)(Re —1000)Pr
Nuwyrp = 1+ 127 Fa/8(Pr2/? — 1) a7)

The Prandtl number is expressed as:

C
Pr= % (18)
hins 1s expressed as:
i = Nuih (19)
With:
Nu = max (Nujapm, Nigrp) (20)

4.3. Boundary and initial conditions

For the interface battery pack/cooling plates, the heat flux continuity is applied, where the heat from the battery
is transferred to the cold plate:

_)"packbatteryVT |bmmduries = _)\coldplateVT |b0undaries (21)

At the interface between the cold plate and cooling channel, the boundaries conditions are given by the continuity
of the heat transfer fluxes. Indeed the heat from the cold plates is transferred to the channels:

)‘coldplateVT|b(11mdaries = Qwall (22)

At the inlet of the cooling channel, a temperature of T;,;., (°C) is specified:
At the outlet of the cooling channel, an outflow condition is applied. At the external surface, the heat is dissipated
through the ambient air by convection:

AVT|h0Ltndaries‘ = hext(T - Tamh) (23)

hexe (W/m? K) is the convective heat coefficient between the interface battery and cooling plates included and
ambient environment. 7,,,(°C) is the ambient air temperature. The initial temperature of the battery pack is defined
as Tini(°C):

In the inlet, the liquid velocity is equal to the ratio of volumetric flow rate and the cross-section of the cooling
channel (see Table 2).

qv,0

vV =
A

@v.0(m3/s) is volumetric flow rate. In the outlet, the atmospheric pressure (p, (Pa)) is assigned p = p,

(24)

4.4. Results and discussion

All equations are simultaneously solved numerically in ANSYS FLUENT by using the Finite Element’s Method.
However, the unstructured mesh was generated by using the ANSYS Meshing software, with refining zones at the
cooling channels zones. The temperature is solved by using the SIMPLE Solver Algorithm. For each time step, the
convergence is reached where the relative tolerance is below 103 for all variables.

The simulation of the different cooling plate design is performed by using the same conditions, physical and
cooling parameters. The impact of the cold plate’s designs on the battery pack behaviour is investigated by
considering the heat removed by the refrigerant and the heat dissipated through the ambient air with convective
coefficient of 100 W/m?K. The water ethylene glycol is used as a refrigerant with a volume flow rate of 1 kg/s
and an inlet and initial temperature of 288 °K.
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Table 2. Thermal parameters for the investigation.

Material proprieties Value

Coolant fluid Water-ethylene-glycol

Coolant viscosity (Pa s) 0.00315

Coolant conductivity (Wm~'k~!) 0.419

Coolant specific heat JKg~'k™1) 3494

Coolant density (Kgm~3) 1065

Plate material Aluminium

Plate conductivity (Wm™'k~1) 202

Plate specific heat (JKg~'k™!) 871

Plate density (Kgm~>) 2719

Channel material Copper

Channel conductivity (Wm~ 'k 1) 390

Channel specific heat (JKg~'k~!) 390

Channel density (Kgm™3) 8900

Design 1 Design 2 Design 3 Design 4
Max =305,400 Max =301,410 Max =306,391 Max =314,400

309.390
308.060
306.730
305.400
304.070
302.740
301.410
300.080
298.750
297.420
296.090
294.760
293.430
292.100
290.770
289.440
288.110

(K]

Min =294,100 Min =292,700 Min=296,090 Min= 298,750

Fig. 8. Temperature distribution over different cold plate designs at Tj,e; = 290 °K and Tympian: = 300° with 7 = 100 W (mzK).

The Fig. 8 clearly shown that the cooling plate’s designs give different temperature profile trends. The results
indicate more temperature drops with the design 2, follow by design 1, design 3 and design 4. Due to the division
of the flow rate in the different channel branches of the design 3 and design 4, less temperature drops are observed,
compared to the designs 1 and 2, for which the flow rate remains the same and is equal to its total value. In
conclusion, as the difference between the maximum temperatures given by the different cold plate design is low,
our main criteria of selection are dictated by the design with the lowest temperature gradient. Therefore, the design 1
is identified to be more appropriate to build an efficient external cooling plate for the battery pack.

In fact, in the following Fig. 9 we see clearly the impact of the cold plate on the battery pack which can decrease
the temperature at 30 °C which is the best recommended value for the battery pack.

5. Conclusion

A 3D-thermal model is developed for Li-ion battery pack for EVs, which is able to investigate and to analyse
the temperature distribution of the battery at discharging conditions. The ANSYS FLUENT software has been used
to solve the model development. The simulation result show that the battery surface temperature is nearly uniform,
except in the middle where the maximum temperature is located (48 °C). This value is higher than the recommended
operation value in the charging state which means that an external cooling system is required to reduce it. Moreover,
different liquid cold plate’s configurations have been investigated in order to obtain the efficient cooling architecture,
which allows to decrease the temperature and to obtain a more uniform temperature distribution over the surface
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Fig. 9. Influence of the cold plate on the battery pack.

of the battery pack. It has been found that the cooling plate with (design 2) successfully controls the maximum
temperature and reduces the temperature gradient due to the high surface contact between the cooling channel
and plates. Furthermore, the optimization of the operating conditions for this solution has been calculated for a
flow rate of 1.5 kg/s at inlet temperature of 15 °C. These values represent an optimum for lowering the maximum
temperature increase. Finally, the required pump power needed is about 1 Kw for efficient cooling of the investigated
pack battery. Future work will focus on the optimization of the cold plate. And its operating conditions.
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