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Abstract: An electrochemical thermal coupling model of lithium battery was established to study the heat
generation characteristic in this study. The simulation results showed that the heat generation density of the
battery increased with the discharge rate. With the discharge process, the heat generation density of the battery
increased continuously. With 2.5C discharge rate, the heat generation density at the end of discharge was 1.82
times of that at the beginning of discharge. The heat generation density at different areas of the battery was not
uniform and 46% of the total ohmic heat was generated near the electrode tabs. A cooling plate with variable
mini-channels was designed to improve the temperature non-uniformity caused by the heat generation
characteristic. A cooling plate with uniform mini-channels was designed for compared experiment. The
experiments were conducted with deionized water and refrigerant R141b and carried out with 1.5C, 2C and 2.5C
discharge rates. Experimental results showed that the cooling plate with variable mini-channels had a better

cooling performance in both single-phase and two-phase cooling conditions.
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1. Introduction

In recent years, Electric Vehicles (EVs) have become
popular over the world due to their high energy
efficiency and large potential to reduce the emission of
fossil fuel combustion pollutants in urban areas. From the
perspective of solving the utilization of renewable energy
(photovoltaic power generation, wind power generation,
etc.), reducing pollutant emissions in densely populated
areas, and alleviating the pressure of environmental
pollution in large cities, electric vehicles are the main
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direction for the development of the transportation
industry in the future. As the main energy storage
component of EVs, lithium-ion battery has drawn the
intensive attention of researchers.

As a type of power lithium-ion battery, pouch
lithium-ion battery has been developed in EVs recently.
But the safety, cycle-life and performance of lithium-ion
battery are very sensitive to its working temperature [1].
There are two kinds of temperature problems: the battery
temperature may exceed the allowable temperature range
because of heat generation in the batteries, leading to
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Nomenclature
q Li" concentration in liquid phase/mol-m™ Greek letters
F Faraday constant, 96 485 C-'mol! Occ thickness of current collector/um
i current density/A n over potential/V
fapp applied current density/A-m > oy electric conductivity for liquid phase/S-m
Jioc local current density/A-m’2 A electric conductivity for solid phase/S'm™
Lneg thickness of negative electrode/ m ) potential/V
Lpos thickness of positive electrode/pm Subscripts and superscripts
Lgep thickness of separator/um 0 initial state
N, liquid ion flux/A-m > act active heat
Oact active heat generation/J cc current collector
Ouve average heat generation density/J i neg/negcc/pos/posce
Oce heat generation of current collectors/J 1 liquid phase
Oomm Ohmic heat generation/J neg negative electrode
Orea reaction heat generation/J ohm Ohmic
Ootal total heat generation/J pos positive electrode
S entropy/J-mol "K' rea reaction heat
S, specific surface area/m s solid phase
T temperature/°C sep separator
U; open circuit potential/V

dangerous accidents at high discharge rate; the other
problem is the temperature uniformity on the internal
battery and battery pack. When many cells in a compact
module work at different temperatures, each cell is
charged and discharged differently during every charge
and discharge cycle, and it will bring about some
difference in the state of charge between different cells.
This would be amplified for large difference with the
long time operation [2]. Effective thermal management
for lithium-ion battery module is an indispensable part to
guarantee the operating safety, extending the cycle-life
and improving the operating performance of batteries.
Many factors have influences on the evaluation of the
cooling strategy like cost, weight, space, pump power
and cooling performance [3].

In order to solve the two kinds of temperature
problems mentioned above, some cooling measures can
be arranged accordingly. For example, the heat generated
by a battery can be taken away through fluid flow or
energy storage materials to control the temperature of the
battery. The surface of the battery can also be locally
cooled to improve the temperature uniformity inside the
battery. According to heat dissipation mechanism, main
types of cooling strategies for battery thermal
management (BTM) are classified as air cooling, heat
pipe cooling, phase change material (PCM), liquid
cooling and their combination [4, 5].

Air cooling is simple and cheap, and it was the first
and common cooling technology applied in battery

thermal management [6-9]. But it was limited owing to
its low specific heat which led to rapid temperature rise
along the air flow and low thermal conductivity which
caused poor convective heat transfer coefficient
especially when the required battery capacity was large
or the ambient temperature was high. Heat pipe cooling
is compact and doesn’t need extra power supply in
battery thermal management [10-13]. But a suitable
condensing volume in battery compartment is a challenge
topic. PCM cooling is also a passive cooling method that
can absorb the heat generated by the battery and keeps
battery temperature in constant because of the phase
change [14—17]. The biggest problem of PCM cooling
system is the poor ability to adjust cooling capacity to
adopt different kinds of weather and thermal situations,
and may work inefficiently after its completely melting.
Liquid cooling for BTM has been the most promising
and popular cooling method for its good cooling capacity
and easy adjustment control by changing the pump power
[18-28]. The liquid cooling is divided into two different
kinds generally. One is indirect, and employs tube,
cooling plate and so on to prevent the liquid from
contacting the battery [22-24]. The heat generated by
batteries is transferred by the convection or flow boiling
of liquid. The other is direct, and the batteries are
immersed in the liquid [25, 26]. The heat generated by
batteries is transferred from the battery to the liquid by
the form of convection or pool boiling. There are many
aspects worth of being researched in liquid cooling such
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as the different kinds of liquid, single-phase heat transfer
or two-phase heat transfer, different designs of the
cooling plate or tube, and so on.

There were kinds of structures for cooling channels
used in the current research. According to the layout of
the channel, it can be divided into: serpentine channel [18,
27], uniform multi-channel [19, 29], topological channel
[30] and so on. An et al. [29] studied experimentally the
multi-mini-channels cooling performance applying in the
battery module thermal management, and the results
indicated that it could control the maximum temperature
and improve the temperature uniformity of the battery
module efficiently. One of the disadvantages of uniform
multi-channel cooling plate is that it does not match the
non-uniform distribution of the generated heat by
batteries. The cooling plate with gradient-variable
mini-channels can solve this problem, and improve the
uniformity of battery surface temperature.

Some coolants, like refrigerant [26], water [31], oil [1]
and glycol [1] have been studied. The thermal properties,
such as thermal conductivity and specific heat, should be
considered to choose as the coolant of the liquid cooling.
The specific heat and thermal conductivity of deionized
water are high compared to the other coolant, so it’s often
used for single-phase experiment. Flow boiling heat
transfer is an efficient heat dissipation way. Selecting a
coolant whose boiling point is within the optimal
operating temperature range of the battery can achieve
efficient battery thermal management effect with a low
flow rate.

For different types of lithium-ion batteries, such as
cylindrical battery, prismatic battery and pouch battery,
different designs of battery tabs arrangement, different
scales and different module structures assembled by the
single cells, the thermal management methods and design
parameters need to be specifically designed and
optimized. Excellent battery thermal management system
needs to be comprehensive in terms of space, weight,
cost (initial cost, running cost, maintenance cost), life,
stability and reliability, etc.

In most studies, the battery thermal managements
were based on the assumption of uniform and constant
heat generation of batteries in discharge process. It does
not match the actual heat generation characteristic of
batteries. An et al. [32] established a one-dimensional
electrochemical-thermal coupling model of a prismatic
cell and found that non-uniform distribution of heat
generation in the cell increased with the discharge rate.
Du et al. [33] established a three-dimensional thermal
simulation model and found that the heat generation of
different part of the battery was different. Therefore, the
feature of non-uniformity heat generation performed in
Li-ion batteries should be considered in the design of
battery thermal management. It will improve heat
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dissipation capacity and work efficiency.

In this study, an electrochemical thermal coupling
model of lithium battery was established to study the heat
generation characteristic. Two types of cooling plates
were designed and optimized based on the analysis of
simulation results. A large-capacity battery thermal
management system with the mini-channels cooling plate
was established. The effect of the structure of cooling
plates on the cooling performance of BTM system was
discussed with different discharge rates. A pouch
lithium-ion battery was used as the test object and the
maximum temperature and temperature difference on the
surface were discussed at all test conditions.

2. Electrochemical Thermal Coupling Model of
Lithium Battery

2.1 Coupling mechanism of the models

The battery used in this study is a pouch LiyTisOq,
power battery, whose parameters are presented in Table 1.
The three-dimensional cell unit was divided into two
different dimensions of models: one-dimensional
isothermal electrochemical model and two-dimensional
electrochemical-thermal coupled model. The models
were established on the COMSOL Multiphysics 5.4
simulation platform.

Table 1 Parameters of the battery

Parameters Numerical value
Nominal voltage/V 2.3
Capacity/Ah 40
Length/mm 200
Width/mm 160
Height/mm 11.3

As shown in Fig. 1, the one-dimensional isothermal
electrochemical model was used to simulate the porous
negative electrode, the separator and the porous positive
electrode. The two-dimensional electrochemical thermal
coupling model was used to simulate the negative current
collector and the positive current collector. The two
models were coupled in the following way: the average
heat generation density obtained by the one-dimensional
model was used as the heat source of the two-
dimensional model, and the average temperature of the
two-dimensional model was used as the input
temperature of the one-dimensional model.

2.2 The heat generation

A one-dimensional isothermal electrochemical model
was established to calculate the heat generation in the
porous electrodes and separator. Heat generation included
reversible heat and irreversible heat. Irreversible heat
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Table 2 Expressions for various types of heat generation
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Schematic of the models

Types

Expressions for heat generation

Reaction heat

Active polarization heat
Free electron ohmic heat

Ton ohmic heat
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Table 3 Governing equations of the electrochemical thermal coupling model

Physical process Part

Governing equations

Non-electrode tab
Electric charge conservation

Electrode tab

Lapp

2 .
0.V =% , [ =neg, pos

ce,i

O'Cc),.Vz(pi =0,i =neg, pos

included active polarization heat and ohmic heat. Ohmic
heat could be further divided into ion ohmic heat and free
electron ohmic heat. The specific expressions for
different types of heat generation are shown in Table 2.

The heat generation in the porous negative electrode
and porous positive electrode included reaction heat,
active polarization heat, free electron ohmic heat and ion
ohmic heat, given as follows:

Qtotal = Qrea + Qact + Qohml + QohmZ (1)

The heat generation in the porous separator only came
from ion ohmic heat and expressed as follows:

Qtotal = Q ohm2 (2)

As the heat generation distribution on the microscale
(135 pm) was of little significance to the macroscopic
heat dissipation, this model focused on the average heat
generation density of the cell unit, which could be
determined by the following equation:

Lneg +Lsep +I‘pos
IO Qtotal dx
Qave = (3)

Lneg + Lsep + Lpos

The influences of current collectors on the heat
generation were the accumulation and dispersion of

current during discharge process, which caused the
non-uniformity of the battery’s heat generation. The
current collector was divided into electrode tab part and
non-clectrode tab part. The governing equations are
shown in Table 3.

After getting the potential distribution of positive and
negative current collector, the ohmic heat generation
distribution of collectors could be calculated by the
following equations:

o, oo,
iy, =—0,,—=,ly, =—0,,;,—=,i=neg,pos (4
X,i cc,i ox Y,i cc,i oY 2, P ( )
Qcc,i: (i)zf,i +i}%,i)’ i =neg, pos (5)

cc,i

2.3 Boundary and initial conditions
The solid phase potential at the left boundary is
expressed as follows:
2], =0 ©)

The equations of the solid phase current and liquid
phase current at the boundary of the electrodes and
separator are shown in follows, while the symbols “-”
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and “+” refer to the left and right sides of the interface:

iS|x:ang+Lscp+Lpos = lapp ™
iS|x=Lneg =i X=Logg +Logp =0 ®)
i1|x:0 =i Loy Loyt Lps 0 ©

i |x:ng— = i1|x:ng+ (10)
(g ) = (o2 (11)

The lithium ion fluxes at the left boundary of the
porous negative and the right boundary of the porous
positive were zero. The lithium ion fluxes were
continuous at the interface between the porous electrodes
and the separator. The equations are shown in follows:

Nl |x:0 - Nl |x:Lneg+Lsep+Lpos =0 (12)
N1|x=ang— = Nl |x=ang+ (13)
Nl |x:(L“eg +LSeIJ )_ - Nl |x:( Lneg +Lsep )+ ( 14)

In the one-dimensional electrochemical model, the
dependent variables were solid phase potential, liquid
phase potential and lithium ion concentration. There were
8 initial conditions as shown in Table 4.

Table 4 Initial conditions of the model

Area Initial conditions

Porous negative

=0,¢,=-U,.,,¢, =¢,
electrode ?=0.0 neg>€1 = Clo0

Porous separator O ==V =€y

Porous positive electrode DU s = Uy @ = U6 = €1

3. Experiments

3.1 Experimental apparatus

The schematic diagram of the cooling circulation
system is illustrated in Fig. 2. The coolant driven from
the reservoir flowed across the preheater which was used
to adjust the cooling plate inlet temperature of coolant by
changing the heating power. The coolant flowed through
the cooling plate with mini-channels and cooled down
the battery. The coolant would be cooled down by a plate
heat exchanger. A Coriolis-type mass flow meter
(SIEMENS SITRANS FC MASS 6000) was installed
after the plate heat exchanger to measure the mass flow
rate. Three pairs of temperature transmitters and pressure
sensors were arranged before the mini-channels cooling
plate, after the mini-channels cooling plate and the plate
heat exchanger. The charge and discharge of pouch
battery were controlled by a battery test station (Neware
BTS-60V100A).

Deionized water and R141b were chosen as the
coolants in this paper. The R141b is a kind of dielectric
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liquid in case the liquid leakage, and is stable at high
temperature, non-flammable in case the battery catches
fire. Another factor is that the boiling temperature of the
R141b is 32°C at room pressure respectively, which is
located in the optimal operating temperature range for the
battery, 25°C—40°C. Deionized water was used for
single-phase experiment. The thermal properties of
coolants at 25°C are listed in Table 5.

!

Flow Plate heat é)
meter exchanger

S

Data Battery g
acquisition test 5]
system system 5
S

=9

Reservior

<)

Gear pump

Fig. 2 Schematic diagram of the cooling system

Table 5 Thermal properties of the coolants

Water R141b

Density/kg-m 997 1234

Specific heat/J- kg™ - K™ 4181 1154
Thermal conductivity/W-m K™ 0.607 0.091
Boiling point at room pressure/°C - 32.05

Latent heat of vaporization/kJ-kg ™' - 223

3.2 Thermocouples distribution

As shown in Fig. 3, eleven T-type thermocouples were
arranged to monitor the temperature during the discharge
process. The measuring points 1 and 2 were
symmetrically arranged 20 cm directly below the two
electrode tabs. Point 3 was arranged in the center of the
battery surface. Point 4 and point 5 were arranged
symmetrically, and the horizontal and vertical distance
from point 4 to the bottom left of the battery was 20 cm.
There were six points arranged symmetrically on surface
of the cooling plate. The temperature data were collected
by an Agilent 34970A Data Acquisition.

3.3 Uncertainty analysis

Temperature data of the battery surface were measured
by five T-type thermocouples. The temperatures and
pressures of the coolant at inlet and outlet of the cooling
plates and after the plate heat exchanger were measured
by temperature transmitter and pressure sensor,
respectively. The current and voltage of the battery were
acquired by the battery test station. The mass flow rate
was measured by the mass flow meter. The accuracy of
main devices is summarized in Table 6.
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Table 6 Accuracy of the data
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Fig. 3 Distribution of the thermocouples

Parameters Uncertainty
Temperature transmitter +0.1°C
Pressure transmitter +0.4%
P, pressure sensor +1%
g, mass flow meter +2%
0, heat power +2.4%

4. Results and Discussion

4.1 Heat generation characteristic of pouch lithium
battery

The battery heat generation densities with 1C, 2C and
2.5C discharge rates are presented in Fig. 4. It was
indicated that the heat generation density of the battery
increased with the process of discharge. In the initial
period, the heat generation density increased rapidly due
to the increase of reaction heat. The heat generation
density with 2.5C discharge rate was about 20 000 W/m’,
which was 1.69 times and 3.67 times of that with 2C
discharge rate and 1C discharge rate. At the later stage of
discharge, since the intensification of polarization caused
the polarization heat rapidly increased, the heat
generation density sharply increased again. The heat
generation density with 2.5C discharge rate was 40 000
W/m?®, which was 1.29 times of that with 2C discharge
rate and 1.82 times of that with 1C discharge rate. The
simulation results indicated that more attention should be
paid to the heat dissipation of the battery with high
discharge rate. With 2.5C discharge rate, the heat
generation density at the end of discharge was 1.82 times
of that at the beginning of discharge. Therefore, for the
battery cooling strategy, it is more important to
strengthen the heat dissipation in the later period of
battery discharge.
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Fig. 4 Battery heat generation density with 1C, 2C and 2.5C
discharge rates

As the battery was discharged with constant current,
the heat generation density at a specific area on current
collectors was constant. However, the heat generation
density at different areas on the collector was not uniform.
Fig. 5 shows the ohmic heat generation distribution on
the current collectors with 2.5C discharge rate. The heat
generation of positive current collector was about 1.5
times as much as that of the negative current collector.
Besides, since there was only ohmic heat on the current
collectors, the non-uniformity of heat generation
distribution increased with the discharge rate.

The total heat generation of battery was the sum of
heat generation calculated by one-dimensional model and
two-dimensional model. The distributions of total heat
generation at the beginning, middle and end of discharge
are shown in Fig. 6. The heat generation density was
higher in the area near the electrode tab due to the
concentration of current. The temperature in the area near
the electrode tab was higher. The main reason was that
the heat generation density was higher and the electrode
tab conducted joule heat generation.
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Fig. 5 Heat generation density distribution of negative and
positive current collector

Since the heat generation of current collectors was
seriously non-uniform, the heat generation characteristic
of the battery calculated by the above model could be
used as a guide for the cooling strategy, which was also
the basis of designing the non-uniform structure
mini-channels cooling plate to improve the heat
dissipation.

4.2 Design of mini-channels cooling plate

The design of cooling plate should match with the heat
generation characteristic of battery. For analyzing the
distributions of heat generation, the current collectors
were evenly divided into 10 parts according to the
distance from electrode tabs. The heat generation density
of different parts of each current collector with 2.5C
discharge rate is shown in Table 7. It was indicated that
46% of the total ohmic heat was generated in the tenth
part. This was the main reason for the non-uniform
temperature distribution of the battery.

(a) The distribution of total heat generation at the beginning
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Table 7 Heat generation density of different parts of current collectors with 2.5C discharge rate

Heat generation density Heat generation density T .
Part of negative current of positive current Otglr}::iit ;g\:/n:it ton Proportion
collector/W-m™ collector/W-m™ ¥
1 37.526 59.640 97.166 <0.1%
2 197.38 313.69 511.07 <1%
3 52222 829.96 1352.18 1%
4 1025.7 1630.1 2655.8 2%
5 1738.8 2763.4 4502.2 3%
6 2730.0 4338.7 7068.7 5%
7 4151.5 6597.9 10 749.4 8%
8 6354.4 10 099 16 453.4 13%
9 10338 16 431 26 769 21%
10 22 688 36 058 58 746 46%
Electrode tab 98 190 156 050 - 5%

Based on the heat generation characteristic of the
battery, a cooling plate with variable mini-channels was
designed in this study. The wider channel was arranged
closer to the electrode tab to improve the heat dissipation.
There were 3 channels with 5 mm in width and 1 mm in
height, 2 channels with 4 mm in width and 1 mm in
height, 6 channels with 3 mm in width and 1 mm in
height, 2 channels with 2 mm in width and 1 mm in
height, and 3 channels with 1 mm in width and 1 mm in
height. A cooling plate with 16 channels uniformly
arranged was designed as a compared experiment. The
channel was 3 mm in width and 1 mm in height. The
arrangement of the channels is shown in Fig. 7. Although
the structure of the two cooling plates was different, the
total cross-sectional area, total heat transfer area and total
mass flow rate were the same. The material of cooling
plate was copper.

4.3 Single-phase cooling with deionized water

Deionized water was used in the single-phase cooling
experiment for its high specific heat and thermal
conductivity. As shown in Fig. 8, the cooling plate with
variable mini-channels had a lower maximum
temperature and better temperature  distribution
uniformity on battery surface with 2.5C discharge rate.
The maximum temperature for the cooling plate with
uniform mini-channels was 39.4°C at the end of
discharge process, while the maximum temperature for

the cooling plate with variable mini-channels was 37.1°C.

The temperature of point 1 was higher than that of point
2 in the discharge process, which was consistent with the
simulation results that the heat generation of positive
current collector was higher than that of the negative
current collector.

By comparing the cooling performance of the two
cooling plates, the temperature at the point near the

electrode tabs of the cooling plate with variable
mini-channels was lower than that of the cooling plate
with uniform mini-channels. The temperature at the
points away from the electrode tabs of the cooling plate
with the variable mini-channels was higher than that of
the cooling plate with the uniform mini-channels. The
temperature of point 4 at the end of discharge was 32.7°C
for the cooling plate with variable mini-channels, and
that was 31.1°C for the cooling plate with uniform
mini-channels. The cooling plate with wvariable
mini-channels could match the non-uniformity heat
generation from the battery. Because the cross sections of
the channels near the electrode tabs were larger than those
away from the electrode tabs, more coolant mass could
flow near the electrode tabs. The design of this structure
improved the cooling capacity of the cooling plate.

As shown in Fig. 9, the maximum temperature
difference through the discharge process for the cooling
plate with uniform mini-channels was 10.7°C, while that
for the cooling plate with variable mini-channels was
6.2°C. Therefore, the Ilatter had better cooling
performance. The temperature difference increased
quickly at the beginning of discharge process, and
became lower when the discharge was close to the end.

Since phase change did not occur in the single-phase
cooling, the heat absorption could be calculated by the
temperature at the inlet and outlet and the mass flow rate
of the deionized water. As shown in Fig. 10, the heat
absorption by the two types of cooling plate in the
discharge process was approximately the same. Because
the total heat transfer area of the 16 channels was the
same and the mass flow was the same in the two cooling
plates. The advantage of the cooling plate with variable
mini-channels was that it absorbed more heat generation
near the electrode tabs and improved the temperature
uniformity of the battery.
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(a) The cooling plate with variable mini-channels
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Fig. 7 Schematic of arrangement of channels in the mini-channels cooling plates
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Fig. 9 Temperature difference on the cooling plates in the
discharge process with 2.5C discharge rate

Fig. 11 shows the temperature distribution of battery
surface in the process with 2C discharge rate. The
maximum temperature on the battery surface arrived up
to 33.5°C at the end of the discharge process for the
cooling plate with variable mini-channels, while 36.2°C
for the cooling plate with uniform mini-channels. The
cooling plate with variable mini-channels had a better
temperature distribution than the cooling plate with
uniform mini-channels. The maximum temperature
difference was 4.3°C for the cooling plate with variable
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mini-channels, while 8.0°C for the cooling plate with
uniform mini-channels. For lower heat generation in 2C
discharge rate, the maximum temperature difference
(4.3°C) is lower than it for 2C discharge rate (6.2°C) with
variable mini-channels.

As shown in Fig. 12, the maximum temperature of
battery surface was 30.0°C at the end of 1.5C discharge
process for the cooling plate with variable mini-channels,
while 31.6°C for the cooling plate with uniform
mini-channels. The maximum temperature was located at
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Fig. 12 Temperature distribution of the battery with 1.5C discharge rate (water cooling)

point 1 in Fig. 3. The maximum temperature differences
at the end of discharge process for the variable
mini-channels cooling plate and uniform mini-channels
cooling plate were 3.5°C and 5.1°C.

Compared with the cooling plate with uniform
mini-channels, with 1.5C, 2C and 2.5C discharge rates,
the maximum surface temperature decreased by 1.6°C,
2.7°C and 2.3°C and the maximum temperature
difference decreased by 1.6°C, 3.7°C and 4.5°C. This
proved that the cooling plate with variable mini-channels
had better cooling effect and the effect on temperature
uniformity increased with the discharge rate.

4.4 Two-phase cooling with refrigerant R141b

Because of the electroconductivity of deionized water,
its practical application was limited. An insulating
coolant was needed in the thermal management of
batteries. Refrigerant R141b was selected as the coolant
for the two-phase cooling experiment. With 2.5C
discharge rate, the temperature distributions of the
battery for the two types of cooling plate are shown in
Fig. 13. The maximum temperature for the cooling plate

with the uniform mini-channels at the end of discharge
process was 45.6°C, while that for the cooling plate with
variable mini-channels at the end of discharge process
was 44.4°C. The maximum temperature difference on the
surface of the battery through the discharge process for
the cooling plate with the uniform mini-channels was
9.0°C, while that for the cooling plate with the variable
mini-channels was 7.5°C. It was indicated the cooling
plate with variable mini-channels had better cooling
effect in the two-phase cooling as well.

Fig. 14(a) showed the outlet temperature of the
coolant and the surface temperature of the cooling plate
with variable mini-channels with 2.5C discharge rate. It
was indicated that the outlet temperature reached the
saturation temperature at 600 s and the coolant had a
phase transition in the channels. As shown in Fig. 14(b),
compared with the other five measuring points, the
temperature at point 6 and point 7 reached the phase
change point faster. It was because of the higher heat
generation density near the electrode tab. Flow boiling
heat transfer firstly occurred in the channel near the
electrode tab, and then occurred in the channel far away
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from the electrode tab. In the channels, flow boiling
firstly occurred near the outlet due to the continuous
absorption of heat by the coolant.

Fig. 15 shows the temperature distribution of battery
surface in the process with 2C discharge rate. The
maximum temperature on the battery surface arrived up

to 41.3°C at the end of the discharge process for the
cooling plate with variable mini-channels, while 43.2°C
for the cooling plate with uniform mini-channels. The
maximum temperature difference was 6.0°C for the
cooling plate with variable mini-channels, while 6.8°C
for the cooling plate with uniform mini-channels.
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The results with 1.5C discharge rate with R141b
cooling are shown in Fig. 16. It was indicated that the
maximum temperature of the surface battery was 37.8°C
at the end of discharge process for the cooling plate with
variable mini-channels, while 39.5°C for the cooling
plate with uniform mini-channels. The maximum
temperature was located at point 1 in Fig. 3. The
maximum temperature differences at the end of discharge
process for the variable mini-channels cooling plate and
uniform mini-channels cooling plate were 2.7°C and
5.4°C. With low discharge rate when the battery
generated less heat, the cooling plate with variable
mini-channels gave a better result for improving
temperature uniformity. With 2C and 2.5C discharge
rates, flow boiling occurred in the channels, and the
effect of the cooling plate with variable mini-channels
increased with the discharge rate.

40
a7
38
36
g
E’ 34
=
s 32
Q
o
£ 30
=
28
26 0%
24 1 1 1 1
0 500 1000 1500 2000 2500
Time/s
(a) The cooling plate with variable mini-channels
40
"
38t -
y ]
./'/(r ® A
o i
9) s AT
=1 v
=
=
g3
j=9
g
g 3
=
1
0 500 1000 1500 2000 2500
Time/s
(b) The cooling plate with uniform mini-channels
Fig. 16 Temperature distribution of the battery with 1.5C

discharge rate (R141b cooling)
5. Conclusions

In this paper, an electrochemical thermal coupling
model of lithium battery was established to study the heat
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generation characteristic. Two mini-channels cooling
plates (variable and uniform) were designed based on the
heat generation characteristic. The cooling performance
of the two cooling plates was compared. The main
conclusions were summarized as follows:

(1) The heat generation density of battery increased
with the discharge rate. At the beginning of the discharge,
the heat generation density with 2.5C discharge rate was
1.69 times and 3.67 times of that with 2C discharge rate
and 1C discharge rate. At the end of the discharge, the
heat generation density with 2.5C discharge rate was 1.29
times of that with 2C discharge rate and 1.82 times of
that with 1C discharge rate.

(2) The heat generation density of battery increased
with the process of discharge. With 2.5C discharge rate,
the heat generation density at the end of discharge was
1.82 times of that at the beginning of discharge.

(3) The heat generation density at different areas of the
battery was not uniform. The simulation results showed
that 46% of the total ohmic heat was generated near the
electrode tabs. With 2.5C discharge rate, the heat
generation of positive current collector was about 1.5
times as much as that of the negative current collector.

(4) A cooling plate with variable mini-channels
designed based on heat generation characteristic of the
battery showed a better cooling performance in both
cooling experiments. The effect of the cooling plate with
variable mini-channels increased with the discharge rate
in high discharge rate cases. In the single-phase cooling
with deionized water, compared with the cooling plate
with uniform mini-channels, the maximum temperature
difference decreased by 1.6°C, 3.7°C and 4.5°C with
1.5C, 2C and 2.5C discharge rates. In the two-phase
cooling with refrigerant R141b, the maximum
temperature difference decreased by 0.8°C and 1.5°C
with 2C and 2.5C discharge rates.
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