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Abstract: The technology of large surface thermal management of pouch cells was studied and
discussed by means of simulation. With thermal management, two cells are managed by a single
cold plate. First, the pressure drop of the cold plate was simulated and the velocity distribution of
the flow field was observed. The cooling performance of the cold plate to the cell was then studied,
and the low-temperature heating ability of the cold plate to the cell was analyzed. Through analysis,
it can be concluded that large surface thermal management technology can effectively and quickly
control the temperature rise of the cell when the cell is charging and discharging and the temperature
difference is less than 5 °C. Finally, a control strategy for low-temperature heating of the cell by the
cold plate was proposed.

Keywords: pouch cell; thermal management technology; cold plate; control strategy

1. Introduction

Exhaust emissions from fuel vehicles are one of the main sources of air pollution [1].
Compared with traditional fuel vehicles, new energy vehicles can effectively reduce the
emissions of vehicle exhaust. Therefore, new energy vehicles have received strong support
from the government, they have been rapidly developed, and ownership has been rapidly
increased. At the present stage, new energy vehicles mostly use lithium-ion batteries as
their driving power. However, lithium-ion batteries have their own suitable tempera-
ture range, and low battery temperature will make the lithium battery activity decrease.
Lithium-ion batteries generate a great deal of heat in the process of high-rate charging
and discharging, and high temperature will cause lithium-ion batteries to produce gas,
life decay, or even cause thermal runaway. Lithium-ion batteries also have more stringent
requirements for temperature difference, and unbalanced temperature distribution among
single cells can seriously affect the service life and power performance of the battery pack.
Thermal management of lithium-ion batteries has become a hot spot for research and appli-
cation. Engineering simulations are more often used for research. Computer engineering
simulation is to determine the distribution of the battery under different working condi-
tions by establishing a mathematical physical relationship model that determines the liquid
flow condition, heat transfer, and each physical quantity and then gives a qualitative and
quantitative description of the temperature characteristics of the battery system. Computer
simulation has many advantages, such as flexibility, speed, and cost saving.

Lang et al. [2] studied the low-temperature performance of ternary material lithium-
ion batteries, and the results showed that when the ambient temperature is lower than
0 °C, the end voltage, internal resistance, capacity, and other performance of ternary
material lithium-ion battery will be decreased to different degrees. When the ambient
temperature is lower than —10 °C, the charging and discharging voltage curves all show
non-linear changes, and the internal resistance changes are more drastic, which seriously
affects the battery life. When the ambient temperature is lower than —20 °C, the battery
cannot be discharged at a large rate. When the ambient temperature is below —30 °C,
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the large and small multiplier discharge cannot be carried out, and the charging capacity
drops significantly. Deng et al. [3] reviewed the latest research results on battery liquid
cooling systems in terms of coolant performance, liquid cooling system classification, and
battery pack design. In the work of Li et al. [4], a battery thermal management system
design process was proposed based on the battery performance model. The experimental
analysis of the lithium-ion battery temperature rise, low-temperature performance, and
the adaptability of the battery performance model was carried out, and a battery thermal
analysis modeling method was proposed using the battery thermoelectric coupling and heat
conduction theory. Deng et al. [5] proposed a multi-objective optimization design method
for a double-layer reversible cooling plate for lithium-ion batteries. Zhao et al. [6] designed
a new hybrid vehicle battery thermal management system using the air conditioning
system and engine exhaust system to regulate the temperature of the battery pack. The
structure of the battery pack was designed by joint optimization using FLUENT simulation
software and DesignXplorer module. Du et al. [7] used the CFD solver to simulate the
liquid-cooled heat dissipation model of an electric vehicle lithium-ion battery pack to
analyze the effects of the cold plate structure, the coolant flow rate, and the choice of
coolant on the heat dissipation effect of the liquid-cooled heat dissipation structure. The
results showed that the cold plate structure of a spiral channel can make the cold plate
temperature more uniform, but the velocity flow line inside the tube is not stable; the larger
the flow rate of coolant, the lower the maximum temperature of the battery pack, and the
larger the temperature difference. Wang et al. [8] introduced and analyzed the research
progress of phase change materials in the thermal management of power batteries in recent
years, especially introducing the research progress of high thermal conductivity phase
change materials and their practical application effects and making an outlook on the future
development direction in this field. Lian et al. [9] established the thermal structure model of
a three-dimensional power lithium-ion battery module based on the COMSOL Multiphysics
simulation platform and the corresponding thermal modeling theory of lithium-ion battery
was verified and studied under a fixed 5C multiplier discharge condition. Li et al. [10]
used CFD software to study the thermal effects of serial air-cooled 18,650 cylindrical Li-ion
power packs. The effects of cell arrangement, cell spacing, and air inlet velocity on the
temperature distribution of the pack were investigated, and the simulation model was
validated by designing experiments. Sheng et al. [11] developed a new serpentine channel
liquid cooling plate with dual inlets and dual outlets. By simplifying the cell module
model and using FIoEFD software for numerical analysis, the effects of flow direction,
flow rate, and cooling plate channel width on the cell temperature distribution under
different operating conditions were investigated, and the power consumption ratio was
defined as a factorless number to analyze the hydrodynamic performance of the developed
cooling plate. The results show that the inlet and outlet locations, as well as the flow
direction, have a significant effect on the cell temperature distribution and the power
consumption ratio of the cooling plate. Increasing the fluid flow rate significantly reduces
the maximum temperature rise of the cell assembly but has little effect on the temperature
distribution. In the work of Lai et al. [12], a compact and lightweight liquid-cooled thermal
management system was proposed to control the maximum temperature and temperature
difference of a lithium-ion power battery pack. In this liquid-cooled solution, a thermally
conductive structure (TCS) with three curved contact surfaces was developed to cool the
cylindrical cells. The effects of mass flow rate, inner diameter, contact surface height,
and contact surface angle on the performance of the TCS were investigated by numerical
simulations. Liu et al. [13] analyzed the working structure, operating principle, and heat
production of lithium-ion batteries, studied the heat transfer theory of lithium-ion batteries,
and established the thermal model of lithium-ion batteries. The heat source UDF of the
battery monomer is written in Fluent to illustrate that the heat generation rate of the battery
shows dynamic changes. A new thermal management system based on phase change
material was proposed for the power battery pack. Xu et al. [14] conducted an experimental
study on the liquid cooling system of electric vehicles using the cold plate liquid cooling
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method to analyze the effects of different water cooling plate flow diameters, liquid inlet
flow, and ambient temperature on its thermal performance. Wang et al. [15] used the
standard k-¢ turbulence model and D-O radiation model to numerically simulate the flow
and temperature fields in the liquid-cooled battery module of electric vehicles according
to the heat generation characteristics of lithium batteries. Based on a systematic analysis
of the battery pack heat dissipation system structure and the fluid dynamics theory, the
work of Xue [16] showed the liquid-cooled battery pack heat dissipation simulation was
revealed by ANSYS software The temperature field distribution of the battery pack during
the charging and discharging process was likewise clearly understood, and the battery pack
heat dissipation structure could be optimized on this basis to improve the performance of
the power battery pack. Lv et al. [17] used a lithium iron phosphate LiFePO_4 battery as
the research object to measure the heating temperature of battery packs with different cell
numbers and to study the thermal effect law combined with the analysis of the cooling
effect of different liquid cooling systems. The design idea of a new integral cooling plate
was proposed, and a conceptual design diagram was drawn. Deng et al. [18] established
the thermal model of lithium batteries and analyzed the heat generation of lithium batteries
at different multiplier discharges. The thermal design of the Li-ion battery pack was carried
out under the liquid cooling method to simulate the heat dissipation performance of the
heat sink under the change of fluid temperature and flow rate when the battery pack is
discharged. The simulation results show that liquid cooling can effectively reduce the
temperature of the battery pack so that the temperature uniformity between the cells is
good, but the temperature difference between the inside and outside of a single cell is
relatively large when discharging at a large multiplier. By changing the inlet mass flow rate
and optimizing the design under different working conditions, the temperature difference
between the inside and outside of the cell can be reduced so the cell can work in a reasonable
temperature range.

Li-ion battery thermal management methods include natural cooling, air cooling,
liquid cooling, direct refrigerant cooling, and phase change cooling. Compared with
natural cooling and air cooling, liquid cooling has higher cooling efficiency and better
temperature uniformity control. Refrigerant direct cooling is used in foreign high-end
models, its control is more complex, and the technology is still immature for domestic use,
which needs to be further studied. Phase change cooling is more difficult to apply to power
lithium-ion battery packs due to space constraints. Now the market provides more active
cooling methods for liquid cooling. The current lithium-ion battery liquid cooling is more
often used in the bottom of the battery module arrangement of the large cold plate through
the module of the aluminum plate to export heat to the cold plate; thermal path thermal
resistance is therefore high, so the cell temperature control response is slow. The cold plate
introduced in this paper is in contact with the large surface of the pouch cell, thus reducing
the thermal resistance and facilitating heat export.

In this paper, a systematic study is conducted for the thermal management method of
the pouch cell body. Simulation is carried out by Fluent software to study the flow resistance
and flow rate distribution of this cold plate under different flow rates. In addition, the tem-
perature distribution of the battery and antifreeze under different operating conditions is
analyzed by coupling the flow field and thermal field. Finally, the low-temperature heating
process of the battery under this thermal management method is simulated and discussed.

2. Mathematical Models and Boundary Conditions
2.1. Geometric Models

Calculation formula of thermal resistance:

!

R=—
A-A

)

where R is the thermal resistance; [ is the heat transfer spacing; A is the heat transfer area;
and A is the thermal conductivity of the heat transfer substance.
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From Equation (1), it can be seen that increasing the heat transfer area is an effective
way to reduce thermal resistance and increase heat transfer. In this paper, the large surface
contact method is chosen for the thermal management of the pouch cell. The cold plate
model used in this study is shown in Figure 1a. The thermal management of two cells is
carried out by one cold plate, and the specific installation is shown in Figure 1b; each cold
plate is connected in parallel.

(a) (b)
Figure 1. Schematic diagrams of the cold plate. (a) Geometry model. (b) Battery cooling mode.

2.2. Mathematical Models

The study focuses on two main aspects: the flow field inside the cold plate and the
temperature field of the cell. In the flow field part, the flow channel model is created and
gridded according to the geometric model of the cold plate. Due to the complex flow
channel entrance and exit, the local grid diagram is divided into tetrahedral grids, the other
area grid is divided into hexahedral grids, and the total number of grids is 372,311, as
shown in Figure 2. For the temperature field, a mathematical model of a single cold plate
cooling two cells is created and gridded. Due to the complex flow channel at the entrance
and exit, the local area grid is divided into tetrahedral grids, the other area grid is divided
into hexahedral grids, and the cell is a hexahedral grid, The total number of grids is 675,887,
as shown in Figure 3. It is verified that there is basically no difference in simulation results
when the above grid quantity is increased by 10 times, so the grid size is reasonable.

v
0.100 (m) N
1 X

0.025

0.075

(@) (b)

Figure 2. Schematic diagram of the flow field in the cold plate and local grid diagram. (a) Diagram of
the flow field in a cold plate. (b) Local grid diagram.

2.3. Basic Control Equations

After calculating the Reynolds number, the flow field inside the cold plate is laminar
flow, and the continuity and momentum equations need to be used in the calculation. The
energy equation is used for the heat transfer [19].
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Figure 3. Schematic diagram of a cold plate cooling cell model and local grid diagram. (a) Diagram

of a cold plate cooling cell model. (b) Local grid diagram.

(1) Reynolds number

The Reynolds number formula is as follows. In this study, the maximum flow rate
is 0.2 L/min, the inlet diameter is 4 mm, and the cross-sectional area is 12.6 mmZ2. The
Reynolds number is calculated to be 2.98, which is less than 2300, so it is a laminar flow state.

@)
where p is density, kg/m?; u is viscosity, Pa-s; V is characteristic velocity, m/s; and [ is
characteristic length, m.

(2) Continuity equation

The continuity equation is also known as the mass conservation equation, and any
problem of flow must satisfy the law of mass conservation [20]. The differential equation of
continuity for a fluid is as follows:

9p

pVs) | 9(pVy) | 3(pVe)
§+ ox + ay * 0z

=0 3)

where V; is the velocity vector, m/s; p is the density, kg/ m3; t is the time, s.
(3) Momentum equation

The essence of the momentum equation is to satisfy Newton’s second law [21]. The
differential equation of motion of the fluid is given here:

ot

ox

0
+

(Vi) | 9(pV=Vi) _ 9P 9 ( AVi\,d [ i\, K 9( 3V
X + e =pgi — E+R’+$<WW) +@<ﬂeﬁ) +E(l/leg> 4)

where g; is the component of gravitational acceleration in direction i, m/s?; y, is the
effective viscosity, Pa-s; P is the pressure, Pa; R; is the distributed resistance; i = x, v, z.
(4) Energy equation

The essence of the law of conservation of energy is the first law of thermodynamics,
which must be satisfied by a flow system containing heat exchange [22]. The differential
equation of energy for its fluid follows

+ Sy ®)

%(pE) +V- [3(95 + P)} =V [kdffVT = L hilj+ (Teff ' 3)
]

where E is the total energy of the fluid as a microcluster, J/kg; h is the enthalpy, ] /kg; h; is
the enthalpy of component j, ]/ kg; ks is the effective heat transfer coefficient, W/(m-K); J;
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is the diffusion flux of component j; and Sy, is the volumetric heat source term that includes
the heat of chemical reaction, as well as others defined by the user.

2.4. Boundary Conditions and Material Properties

Cold plate inlet: In order to analyze the flow resistance and core temperature distri-
bution of the cold plate under different flow rates, the inlet flow rate is set to 0.05 L /min,
0.1 L/min, 0.15 L/min, and 0.2 L/min with inlet temperature 5 °C, 25 °C. The cold plate
outlet is set as pressure outlet, and static pressure is 0 Pa. Core heat generation is set at
5.4 W according to the core heat generation rate at 1 C charging. Wall heat dissipation: the
large surface of contact between the core and cold plate is set according to normal heat
conduction, the contact surface between adjacent cores is set as adiabatic condition, and
other exposed surfaces of the core are set as convection and radiation heat exchange with
the environment. The properties of each material are shown in Table 1.

Table 1. Physical parameters of materials.

Antifreeze
Aluminum Plate Cell (50% Ethylene Glycol
Aqueous Solution)
Density /kg-m ™3 2719 2365 p = —0.0024T% — 0.3381T + 1081.1
Specific heat/]J-(kg-K) ! 871 1140 C =0.0039T + 3.2034
Thermal conductivity/W-(m-K)~! 202.4 Ax=Ay =19.6; Az =39 A =0.0009T + 0.3624

Viscosity /mPa-s

 — pn=9.1954e — 0.044T

Note: The unit of T is °C in the table.

3. Results Analysis
3.1. Flow Field Simulation Analysis

The flow resistance must be considered comprehensively in the cold plate design
process, which is related to the flow rate selection and pump selection. In general, the
normal temperature flow resistance needs to be controlled below 50 kPa. This paper first
analyzes the room temperature flow resistance of the cold plate at different flow rates, as
shown in Figure 4. It can be seen that the flow resistance increases with the increase of
flow rate, showing parabolic growth. The following equation can be obtained by fitting

the curve:

50
45
40
35
30
25
20
15
10

Flow resistance/kPa

y = 150x% +217.1x — 0.025 (6)

y=150x"+217.1x-0.025m °

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

Flow rate/L/min

Figure 4. Relationship between flow resistance and flow rate.
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The above Formula (6) conforms to the law of change of flow resistance, which can be
divided into two aspects: along-range head loss and local head loss.

L pu?

APf = /\ET (7)
where A is the friction factor, unitless; | is the length of the straight pipe, m; d is the diameter
of the straight pipe, m; u is the flow rate of fluid in the pipe, m/s.

Formula (7) is known as the Fanning formula. The general formula for calculating the
head loss along a circular straight pipe flow for incompressible fluid steady flow. The local
head loss is calculated using the following equation.

2
u
hy = gg (8)

where g is the local resistance coefficient, unitless.

Therefore, the flow resistance is a quadratic function of the flow velocity in the absence
of a change in the flow state.

Figure 5 shows the flow rate distribution in the cold plate at a flow rate of 0.15 L /min.
It can be seen that there is no large continuous flow dead zone in the flow process. There
are only some dead zones at the corners of the entrance and exit and in the area between the
islands of reinforcement in the flow channel. Because the cold plate material is aluminum
alloy, it has good thermal conductivity and temperature equalization, which can transfer
the heat from the dead zone to the surrounding antifreeze quickly. Therefore, the impact of
the dead zone on the thermal conductivity of the cold plate can be ignored.

Velocity
Contour 1
0.83

0.75
0.66
0.58
0.50
0.41
0.33
0.25
0.17
0.08

0.00
[m s*-1]

0 0.050 0.100 (m)

I
0.025 0.075

Figure 5. Velocity distribution in the cold plate at flow rate of 0.15 L/min.

3.2. Simulation Analysis of Cooling of Electric Cell by Cold Plate

In the cooling simulation of the cold plate on the cell, for comparative analysis, the
simulation is first performed for the case of antifreeze flow rate of 0 L/min. The initial
ambient and core temperature is 25 °C, the core heat production rate is 5.4 W, and the
time is 3600 s. The final core temperature distribution and the core temperature change
curve are shown in Figure 6. After 1 h of 1C charging, the core rises from 25 °C to 40 °C
with a temperature rise of 15 °C. Due to the heat dissipation from the edge of the core
to the environment, the highest temperature position is located in the middle of the core
and the lowest position is located at the corners of the core, with a maximum temperature
difference of 0.9 °C. The higher the temperature, the more heat is transferred from the edge
of the core to the outside through convection and radiation, and the temperature rise rate
gradually decreases.
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Figure 6. Cell temperature distribution and cell temperature change curve (flow rate is 0 L/min).
(a) Cell temperature distribution. (b) Cell temperature change.

Next, simulations are performed for the cases of antifreeze flow rate of 0.05 L/min,
0.1 L/min, 0.15 L/min, and 0.2 L/min, respectively. The temperature distribution of the
core is shown in Figure 7a, which shows the initial ambient and core temperature of 25 °C,
the heat generation rate of the core is 5.4 W, and the time is 3600 s. It can be seen that the
core temperature decreases significantly with respect to the case where the flow rate of
antifreeze is 0 L/min, and the larger the flow rate, the more the temperature decreases. The
larger the flow rate, the smaller the temperature difference between the cold plate entrance
and exit, as shown in Figure 7b. This is because the heat exchange between the core and
the environment is much lower than the heat exchange between the core and the antifreeze,
and the approximation can be considered that all the heat generated by the core is taken
away by the antifreeze. Finally, the core temperature has reached a stable level and will not
change anymore. The temperature difference between the cold plate entrance and exit in
this case is in accordance with the following equation:

dP  dg
E = CEAT
That is
P = cqgAT )

where P is the heat producing power of the core, W; c is the specific heat, ]/ (kg-K); g is the
flow rate, kg/s.

For this core cooling process, P and c are constant values, so the higher the flow rate
g, the lower the temperature difference between the inlet and outlet. The temperature of
antifreeze gradually increases during the flow from the inlet into the cold plate to the outlet
side. The temperature in homogeneity of antifreeze causes the uneven temperature distri-
bution of the core, and the temperature near the inlet side is smaller than the temperature
on the outlet side. The greater the flow rate, the smaller the temperature rise of antifreeze,
and the temperature difference of the core will be reduced.

Figure 8 shows the temperature change curve of the core at different flow rates. The
thermal resistance between the core and the cold plate is a constant value, and the thermal
resistance equation is shown as follows:

R=— (10)

where P is heat flux, W.
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Figure 8. Temperature curve of cell at different flow rate.

Figure 7. Temperature distribution of cell and cold plate at typical flow rates. (a) Cell, (b) cold plate.

Therefore, the heat taken away by liquid cooling is proportional to the temperature

difference. At the beginning of the test, due to the small temperature difference between
the core and the cold plate, the heat taken away by the liquid cooling is smaller than the
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Temperature
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240
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©

heat produced by the core, and the temperature of the core gradually increases. When the
temperature difference between the core and the cold plate increases, the heat taken away
by the cold plate is the same as the heat produced by the core, and the temperature reaches
stability and no longer changes. The higher the flow rate, the slower the temperature rise
rate of the core and the lower the maximum temperature. The reason for this trend is that
the higher the flow rate, the slower the temperature rise of the antifreeze, which increases
the temperature difference between the core and the antifreeze; the higher the flow rate,
the higher the convective heat transfer coefficient and the corresponding lower the thermal
resistance. It can be seen that the temperature of the core is effectively controlled, and the
temperature difference is controlled within 3 °C.

3.3. Simulation Analysis of the Heating of the Core by the Cold Plate

Thermal management is to achieve both cooling of the cell during charging and
discharging to maintain the optimal operating temperature of the cell and heating in a
low-temperature environment so the temperature of the cell is above 0 °C during charging.
In this paper, the simulation analysis is also carried out for the low temperature heating of
the cell by the cold plate. The simulation conditions are ambient and initial cell temperature
of 30 °C; antifreeze temperature of 25 °C and 5 °C; flow rates of 0.05 L/min, 0.1 L/min,
0.15 L/min, and 0.2 L/min respectively. Figure 9 shows the variation of cell temperature
with time for an antifreeze temperature of 25 °C and a flow rate of 0.2 L/min. The core
starts to warm up from the inlet side, and the outlet side has the lowest temperature. The
temperature difference is large at 300s, which is due to the large temperature difference
between the antifreeze and the core, reaching 55 °C. In the initial stage of the test, heat is
absorbed by the core at the inlet, and the rapid drop of the antifreeze temperature is not
enough to warm up the area afterward. However, as the temperature of the core at the
entrance rises over time, the heat absorbed at this location decreases. There can be enough
heat to warm up the subsequent location, so the temperature of the low-temperature side
rises, and the temperature difference gradually decreases.

Temperature
Contour 1

(S}

600s

Temperature

/A Contour 1

) 246
2 244
242
240
239
237
235
233
231
230

228
c

900s : 1200s

0 0.050 0100 (m)
0.025 0.075

Figure 9. Cell temperature distribution at different times with an antifreeze flow rate of 0.2 L/min
and temperature of 25 °C.
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Figure 10 shows the change of core temperature over time for different antifreeze
temperature and different flow rates. Figure 11 shows the change curve of core temperature
differences corresponding to Figure 10. Because the core temperature gradually increases,
the higher the flow rate, the higher the heat provided to the core per unit time, and the
faster the temperature rise rate of the core, though all will be closer and closer to the
temperature of the antifreeze. The higher the temperature of antifreeze, the greater the
temperature difference between the core and the cold plate, and the more heat transfer,
resulting in a faster temperature rise of the core but the greater the temperature difference.
The core temperature difference rises first and then decreases. Under the same conditions
of antifreeze temperature, the smaller the flow rate, the larger the temperature difference.
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Figure 10. Cell temperature change curve during low temperature heating process. (a) Antifreeze
temperature 25 °C, (b) antifreeze temperature 5 °C.
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Figure 11. Time-varying curve of temperature difference.

It is assumed that the minimum temperature of the core rises above 0 °C when the
heating of the core is stopped, and the charging starts. After analysis, the maximum temper-
ature difference of a single cell when heating is stopped at antifreeze temperature of 25 °C
is 20.0 °C (0.05 L/min), 20.3 °C (0.1 L/min), 19.7 °C (0.15 L/min), and 19.1 °C (0.2 L/min)
respectively. When the heating condition is carried out with antifreeze temperature of 5 °C,
the maximum temperature difference of individual cells when heating is stopped is 3.8 °C
(0.05 L/min), 4.0 °C (0.1 L/min), 4.0 °C (0.15 L/min), and 3.9 °C (0.2 L/min), respectively.
Therefore, this heating method should set the temperature of the antifreeze 5 °C higher than
the minimum temperature allowed for charging (assuming the design target temperature
difference is within 5 °C) as a reference when setting the heating strategy.
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4. Conclusions

In this paper, the large surface thermal management technology of pouch cells is
investigated mainly through simulation methods. The following conclusions are drawn.

(1) For the cold plate used in this study, the flow resistance is a quadratic function of the
flow rate,y = 150x% + 217.1x — 0.025. Under the condition that the flow rate is less
than 0.2 L/min, the general design requirement of flow resistance < 50 kPa is satisfied.

(2) The large surface thermal management technology of pouch cells can effectively
and quickly control the temperature rise of the core when the core is charged and
discharged. The greater the flow rate, the slower the temperature rise rate of the core,
and the lower the maximum temperature. The temperature difference of the core is
below 3 °C.

(3) When heating the core at low temperature, the temperature of the core gradually
increases. The result is that the higher the flow rate, the faster the temperature rise
rate of the core that finally reaches close to the temperature of the antifreeze. The
higher the temperature of the antifreeze, the faster the temperature rise of the core,
but the greater the temperature difference. The temperature difference of the core
rises first and then decreases. Under the same condition of antifreeze temperature,
the smaller the flow rate, the larger the temperature difference.

(4) When setting the heating strategy for the low temperature heating method in this
study, the antifreeze temperature should be set with a design target temperature
difference higher than the minimum temperature allowed for charging as a reference.
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