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Thermal management especially cooling of electric vehicles (EVs) battery pack is of great significance for
guaranteeing the performance of the cells as well as safety and high-efficiency working of the EVs. Liquid
cooling is a powerful way to keep the battery temperature in a proper range. However, the efficiency of
conventional liquid cooling is still limited due to the inherently low thermal conductivity of the coolant
which is usually water or aqueous ethanol. In this paper, a new kind of coolant, liquid metal, is proposed
to be used for the thermal management of the battery pack. Mathematical analysis and numerical sim-
ulations are conducted to evaluate the cooling capability, pump power consumption and module temper-
ature uniformity of the liquid metal cooling system, in comparison with that of water cooling. The results
show that under the same flow conditions, a lower and more uniform module temperature can be
obtained and less pump power consumption are needed in the liquid metal cooling system. In addition,
liquid metal has an excellent cooling capability coping with stressful conditions, such as high power
draw, defects in cells, and high ambient temperature. This makes it a promising coolant for the thermal
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1. Introduction

Electric vehicle (EV), which is fossil fuel independent and car-
bon emission free, is a promising means for future transportation
under the increasingly serious issues on fuel shortage and air pol-
lution. Battery is the heart of EVs and can directly influence the
working performance of the whole vehicle. Such component is
generally very sensitive to temperature. High temperature acceler-
ates its degradation and shortens its life span, while low tempera-
ture increases the internal electric resistance of the battery and
reduces its efficiency [1,2].

Heat is generated in the cell during charge/discharge process,
which is mainly composed of Joule heat and electrochemical reac-
tion heat. The power that one cell can provide is very limited, thus
a large number of cells are needed for strong driving force for EVs.
Those cells are closely packed, thus the heat generation in the pack
is notable, especially under quick charge/discharge situations.
Temperature increase of 1 °C would lead to the decrease of battery
life by 2 month in the operation temperature range of 30-40 °C [3].
Overheating of the battery will result in short lifespan, degradation
of capacity and power and even thermal runaway [4]. In addition,
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uneven temperature distribution among the cells in the pack/mod-
ule significantly affects the life and performance of the battery sys-
tem. Hence, an effective thermal management system is critical for
the safe and high-efficiency working of EVs. The main targets of the
thermal management system for EV battery lie in two aspects: (1)
keep the temperature of each cell in a proper range, usually 20-
45 °C; (2) maintain the temperature of the whole pack uniform,
usually 5 °C difference are tolerated [1].

Both cooling and heating are needed in the thermal manage-
ment system. In this paper, attentions are only focused on the cool-
ing process and the conclusions can also be applied to the heating
issue. Air cooling [5-8], liquid cooling [9-12], heat pipe cooling
[13-16], phase change cooling [17-21] and the combination of
them [22,23] are the most commonly used technologies for the
thermal management of EV battery system. Air cooling system is
low cost, light weight and easy construction and maintenance,
while is normally suitable for relatively low heat generation and
small size module situations due to the low specific heat capacity
of air. As for more stressful conditions, such as quick charge/dis-
charge process, or high ambient temperature situations, the bat-
tery cooling would become very challenging and liquid cooling
may be a better option [24]. Water or aqueous ethanol is usually
used in liquid cooling system and a better cooling capability and
more uniform temperature distribution can be obtained than that
of air cooling [25]. However, the cooling efficiency of liquid cooling


http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2016.03.054&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2016.03.054
mailto:jliu@mail.ipc.ac.cn
http://dx.doi.org/10.1016/j.enconman.2016.03.054
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman

578 X.-H. Yang et al./Energy Conversion and Management 117 (2016) 577-585

Nomenclature

Ac cross-sectional area (m?)

Cp specific heat capacity (J/kg/K)

D hydrodynamic diameter of the channel (m)
d half width of the channel (m)

E, open circuit voltage (V)

f fractional coefficient

h convection heat transfer coefficient (W/m?/K)
1 electric current (A)

k thermal conductivity (W/m/K)

L length (m)

Nu Nusselt number

pump power (W)

pressure (N/m?)

Prandtl number

heat generation density (W/m?)

internal resistance (Q)

radius (m)

Reynolds number

temperature (K)

velocity along x direction (m/s)

velocity along y direction (m/s)

surface average velocity along y direction (m/s)
volume (m?)

-
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w rate at which work is performed (W)
X,¥,z  rectangular coordinates (m)

Greek letters

o thermal diffusivity (m?/s)

0 mass density (kg/m?)

4 local pressure loss coefficient

u viscosity (kg/s/m)

Y surface tension (N/m)

n pump efficiency

Subscripts

c cell

co coolant

in inlet condition

j jacket

Im liquid metal

m mean value over a channel cross section
max maximum

s1 cell surface

s2 jacket surface adjoined to the cell

s3 jacket surface adjoined to the coolant
w water

is still limited due to the intrinsically low thermal conductivity of
water.

In 2002, Liu and Zhou [26] proposed for the first time that using
room temperature liquid metal, typically gallium and its alloys, as
the coolant for the thermal management of computer chip. Soon
afterward, many works have been done to investigate the liquid
metal based cooling system for high performance CPUs [27-31],
large power LEDs [32] and lasers [33,34], etc. All of these works
showed that liquid metal has an excellent heat extraction and
spreading capability and can effectively cope with high heat flux
situations, which mainly benefits from its inherent high thermal
conductivity.

This paper is dedicated to investigate the feasibility and superi-
ority of using liquid metal for the thermal management of Li-ion
battery. Mathematical analysis and numerical simulations were
conducted to investigate the cooling capability, pump power con-
sumption and temperature uniformity of the liquid metal cooling
system, in comparison with that of water cooling. In addition, some
other factors, such as cost, weight, maintenance, corrosion, leak-
age, and complexity of the cooling system were also discussed.

2. Mathematical analysis
2.1. Analysis model

Li-ion battery, which has advantages such as long cycle life,
high energy and power density, is considered to be the best candi-
date for future vehicles. In this paper, a prismatic Li-ion battery
(LiFePO4, 100 Ah, ZhongHang Li-ion Battery Co. Ltd, China) was
selected as an example for investigation, and a battery module
composed of 24 cells with jacket liquid cooling for each cell was
constructed, as shown in Fig. 1(a). The main technical parameters
of the cell are listed in Table 1. Since the main purpose of this paper
is to explore the thermal management capability of liquid metal for
battery pack in comparison with water cooling, the thermal behav-
ior in the cell core was not considered in detail and a system level

thermal analysis was conducted. For system level thermal analysis,
the cell is simplified to a uniform heat source and its thermo-
physical properties are considered to be uniform and constant.
The cell shell is neglected and the influence of the two electrode
terminals are out of account.

The energy conservation equation in the cell region can be
expressed as

-0 (4 OF +£ kT +2 kT + 6 (1)
Poae =ax\ax) Tay\ay) Taz\eaz) T4
where p, ¢, and k are the equivalent density, heat capacity and heat
conductivity of the cell, values of which are listed in Table 1. ¢
denotes the heat generation density in the cell, which is mainly

caused by electrochemical enthalpy change and electrical resistive
heating during discharge process [35-37] and can be expressed as

(g0
q’VC<IR’_TaT> 2)

where V., R; and Ze are the volume, internal electric resistance and
entropic coefficient of the cell, respectively; I and T are the dis-
charge current and temperature of the cell. It is obvious that large
current and high temperature lead to large heat generation in the

cell.
2.2. Cooling capability evaluation

The cooling channel of the analysis model used in this paper is a
single straight channel along y direction, without any serpentine
bend. Considering a steady state situation and neglecting the heat
dissipation on the top and bottom of the module, one has 2L =0
and 2L = 0, thus the analysis model is simplified to a two dimen-
sional steady state situation, as shown in Fig. 1(c). Considering that
the geometry model is symmetrical and neglecting the asymmetric
cooling condition of the 8 cells on both sides of the battery module
along x axis, only half of the cell, one side of the jacket and half of
the coolant region were selected as the analysis objective, in Fig. 1
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