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High charge/discharge rates and high energy density require a greater cooling power and a
more compact structure for battery thermal management systems. The Immersion cooling
(direct liquid cooling) system reduces the thermal resistance between the cooling medium
and the battery and greatly enhances the cooling effect of the system. However, the high
viscosity and low specific heat capacity of dielectric fluid limit the cooling effect of
immersion cooling. This study presents an immersion cooling system that uses water
as the cooling medium. In this system, a special seal structure was designed to prevent
contact between water and the battery’s electrodes. The cooling effect of the system on
the battery pack was numerically studied. Even if the battery pack is discharged at 3 C rate,
a small water flow rate (200 ml/min) can ensure that the maximum temperature of the
battery pack falls below 50°C. However, a good cooling capacity will increase the
temperature difference of the battery pack. The temperature difference of the battery
pack is difficult to reduce to 5°C until the water flow rate exceeds 1,000 ml/min. Adding a
buffer structure at the inlet/outlet can be reduced the negative effects of the turbulent flow
and then improve the temperature uniformity of the battery pack. These findings provide a
better understanding of the influencing factors of the water immersion cooling system and
can help to design a better immersion cooling system.

Keywords: lithium-ion battery, battery thermal management, water immersion cooling, direct liquid cooling, high
discharge rate

1 INTRODUCTION

The promotion and development of electric vehicles is an important part of the world’s carbon
neutrality. Lithium-ion battery is one of the main power sources of electric vehicles and the core
components of electric vehicles, which is of great significance to the development of electric vehicles
(Wu et al., 2019). However, the battery performance is greatly influenced by the temperature (Fan
etal., 2021). Operating at a high temperature or low temperature will reduce the capacity and lifespan
of lithium batteries (Lu et al., 2013; Feng et al., 2014). Excessive temperature or poor temperature
uniformity may cause thermal runaway of the battery pack, resulting in combustion or explosion
(Feng et al., 2015). Therefore, an effective thermal management system is necessary for the batteries
to maintain in a comfortable operating temperature range.
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FIGURE 2 | The structure of the 5s4p battery pack: (A) planform; (B) side view.
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According to the cooling mode, battery thermal management
can be divided into active thermal management and passive
thermal management. Active thermal management cools the
battery by removing heat from it through a medium such as air
(Park, 2013) or liquid (Ramotar et al., 2017; Li et al., 2018; Ling
et al, 2018). Active cooling systems can continuously and
effectively cool the battery, which has high reliability and is
widely used in many electric vehicles (EVs) (Liu and Zhang,
2020). But active cooling systems often have complex structures
and require some mechanical devices such as pumps or fans.
Passive cooling systems rely on energy storage materials such as
phase change materials (PCMs) to absorb the heat generated by
the battery and thus cool the battery (Huang et al., 2019; Wu
et al., 2020; Jilte et al., 2021). These passive cooling systems
consume no energy, do not require any mechanical devices,
having the advantages of compact structure, low cost, and no
noise (Ping et al., 2018). On the downside, the passive cooling
systems will be invalid when the heat that reserved in PCM
cannot dissipate timely (Ling et al., 2015). Combined with active
cooling such as air-cooling (Ling et al., 2015) and liquid cooling
(Ling et al., 2018; Cao et al., 2020a, Cao et al., 2020b), the heat
absorbed by the PCM can be quickly removed, which greatly

improves the cooling performance and reliability of the system.
Jiao et al. (Liu et al., 2014) pointed out that liquid cooling has
better cooling effect, while PCM cooling has better temperature
uniformity. Therefore, the thermal management strategy
combined with liquid cooling and PCM cooling has the
advantages of good cooling effect and temperature
uniformity. Ling et al. (2018) propose a hybrid cooling
system integrates liquid cooling into expanded graphite (EG)
based PCM, effectively reducing the weight and complexity of
the thermal management system.

The existing battery cooling system can effectively cool down
the battery pack when discharged at a relatively low rate
(1.5-2 C). However, the battery discharge rate could be over
3~4 C in the future (Meintz et al., 2017), especially when the
battery is used in the Electric truck or during fast-charging.
These indirect cooling systems may not meet the cooling
requirements of the battery when discharged/charged at a
large rate.

Direct liquid cooling (immersion cooling) uses the liquid
medium such as mineral oil or silicone oil to make direct contact
with the battery cells for cooling. The battery cells are immersed
or partially immersed in the cooling medium, which greatly
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TABLE 1 | Thermal physical properties of battery.

Property Value
Density (kg-m™©) 2,100
Thermal conductivity (W-m~".K™) 2
Specific heat (kJ-kg™'-"C™") 1.0
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FIGURE 3 | The structure of the inlet/outlet flow channel: (A) Structure 1;
(B) Structure 2.

reduces the contact thermal resistance and enhances the cooling
effect of the systems (Chen et al., 2016; Suresh Patil et al., 2021).
The immersion cooling system can reduce the temperature of
the battery pack by 9.3% compared to the indirect cooling
system (Suresh Patil et al, 2021). In addition, immersion
cooling systems are simpler and more compact without
complex cooling channels or cold plates (Tan et al., 2021). It
has a good application value in the case of high discharge rate or
fast-charge battery in the future.

Existing immersion systems often use a dielectric fluid as a
cooling medium to prevent battery short circuits (Nelson et al.,
2002; Hekmat and Molaeimanesh, 2020). However, dielectric
fluids such as mineral oil or silicone oil is highly viscous,
which increases the system power consumption. And the low
specific heat capacity of the dielectric fluids also weakens the
cooling performance of the systems. Water is an excellent cooling
medium with high specific heat capacity and low viscosity. This
study proposed an immersion system that use water as cooling
medium. In this system, a special seal structure is designed to
ensure the electrodes of the battery not to contact with the
coolant.

In this study, a water immersion cooling system with a special
seal structure was designed and its cooling performance was
tested. A numerical model was also established to study the
influence of the critical design parameters on the cooling
system, including the discharge rate of the battery, water flow
rate and temperature. At last, the inlet/outlet structure of the

Water Immersion Cooling System

No leakage

FIGURE 4 | Schematic diagram of water immersion cooling system and
leakage test.

cooling channel was optimized to reduce the influence of
turbulence on the cooling effect.

2 EXPERIMENT AND SIMULATION
2.1 Single Battery Test System

Figure 1A shows the experimental test system of the
immersion cooling. The thermostatic bath controlled the
temperature of inlet water. The flow rate was controlled by
a mainstream valve and measured by a rotor flowmeter. The
temperature data logger (Agilent 34970A, United States)
recorded the temperature of the battery and inlet/outlet
water by the K-type thermocouples. The battery test system
(BT-2018P, precision: £0.1% V, Hubei Lanbo New Energy
Equipment Co., Ltd., China) controlled the charge-discharge
process of the battery and recorded the voltage and capacity of
the charge-discharge process.

In the experimental part, a single cell cooling test was carried
out to verify the numerical model. The structure of the single-cell
pack and flow channel are shown in Figure 1B. The battery
(NCR18650BP, Panasonic Corp., Japan) is placed in the flow
channel and immersed in cooling water for cooling, as shown in
the section of the battery pack. The seal ring and lid with screw
thread can prevent the cooling water from leakage.

For the charge/discharge test, the battery pack was charged
by constant current constant voltage (CC-CV) method, with
0.5 C (3.2 A) rate, cut-off voltage of 21.25 V and cut-off current
0f 0.05 C (0.32 A), and discharged at constant current to the cut-
off voltage of 13.5 V. When the battery was discharged at 2 C
(6.4 A), the inlet temperature of cooling water is 30°C and the
water flow rate was set at 10 ml/min and 20 ml/min respectively.
The temperature of the battery was recorded by the
thermocouple.

2.2 Simulation

We developed a numerical model in Fluent to study the cooling
effect of immersion cooling on the battery pack, include the
maximum temperature and the maximum temperature
difference of the battery pack. First, we validated the results
from a single cell model with the experimental values. Then a
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FIGURE 5 | comparison of simulation results with different grid numbers (A); Comparison between the numerical and experimental results of battery pack cooling
at flow rates of 10 ml/min and 20 ml/min (B)The influence of discharge rate.
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FIGURE 6 | Temperature of the battery pack at different discharge rate.
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battery pack model with 20-cells (five in series and four in
parallel) was established to studies the performance of this
cooling system on a large battery pack. The structure of the
battery pack was shown in Figure 2.

2.2.1 Battery Model

The battery energy conservation can be specified as the following
equation:

pbcp,bg—: =k,V°T +¢, (1)
where p,,cpp and k, represent the density, specific heat and
thermal conductivity of the battery shown in Table 1. T and ¢
represent local temperature and time, g is the heat generation rate
of the battery per unit volume, which is approximated by the sum
of the irreversible Joule heat g;,» and reversible entropic heat gy,

In line with existing studies [27], the g;» and gy, are specified as:

I(U-E)
irr = T <, 2
q v 2
TAS
rev = ———1, 3
q % 3)
AS = (110.8 x DOD? - 229.1 x DOD? + 64.3 x DOD

~11.4)F, 4

where V is the volume of each battery. U can be recorded during
battery charge and discharge cycles, F is the Faraday constant,
96,485.3 C/mol.

2.2.2 Liquid Cooling Model
The liquid water was selected as the cooling medium in the

battery cooling system. The energy conservation equation of the
water is as follows:

%(pwcp,w T,)+V- <pwcp,w B Tw) - V. (k,VT), (5

The momentum conservation equation of cooling water is
given as follows:

9
%+V-<pw-17-17)=—VP. ©)
The continuity equation of the cold water is defined as:
op
Tw y. .¥) =0, 7
a " (p v v) @)

where p, denotes the density of the water, ¢, is the specific heat
of water, T, is the temperature of the water, ¥ is the velocity of
water, k,, is the thermal conductivity of the water and P is the
static pressure.

2.2.3 Initial and Boundary Condition of the Cooling
System
The initial stateis given as t=0; T (x,y,z) = To; v=vp and p =0,
where T is the initial temperature of the system, v, is the velocity
of the water and P is the gauge pressure of the system.

The boundary condition of the interface between the battery
and the water is defined as:
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The energy equation at the boundary between the batteries
and water is defined as:

PuCpw V- T )]

where ag‘;‘“ is the temperature gradient of the batteries.

2.3 Numerical Method

Firstly, the reliability of the model is verified by simulation of
single-cell cooling. Then the battery pack with 20-cells (five in
series and four in parallel) was established to studies the
performance of this cooling system on a large battery pack. As
shown in Figure 2, the flow channel structure of the battery pack
cooling is the same as that of single-cell cooling (shown in
Figure 1), so that this model can be extend from single-cell
cooling to the battery pack cooling. The simulation conditions
were conducted as below:

1. The batteries were discharged at 1.5, 2, and 3 C respectively.
During the cooling process, the flow rate of water was kept
at 200 ml/min and the inlet temperature was kept at 30°C.

2. The inlet water temperature is maintained at 30°C, and then
the flow rate of cooling water gradually increase from 100 ml/
min until the maximum temperature and the temperature
difference of the battery pack are less than 50°C and 5°C,
respectively.

3. The influence of the inlet temperature on cooling
performance was also investigated. The flow rate of the
cooling water is maintained at 200 ml/min and then the
inlet temperature of the water was adjust from 30 to 45°C.

4. The two types of inlet/outlet flow channel structure are shown
as Figure 3. The structure 1 used circular tubes as inlet/outlet
channel. Structure 2 adds a buffer structure between the
circular and the battery pack which can reduce the
influence of the flow sectional area mutation, as shown in
Figure 3B.
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3 RESULTS AND DISCUSSION

3.1 Experimental Results and Model
Validation

The experimental unit of the water immersion cooling system for
cylindrical battery is shown in Figure 4. The maximum
temperature of the battery (discharged at 2 C) is 39.4°C and
37.3°C under the water flow rate of 10 ml/min and 20 ml/min
respectively. The turbulence model used in this model is
k-epsilon. The convergence criterion of flow equation is le-3
and the convergence criterion of the energy equation is le-6. The
experimental results show that this water immersion cooling
system can achieve excellent cooling effect under a small flow
rate. Moreover, experimental results show that the structure of
immersion cooling system can effectively prevent water leakage,
and can be used for submersible cooling of cylindrical batteries.

In order to further investigate the cooling effect of water
immersion system on battery pack, we develop a numerical model
for the battery immersion cooling and compare the numerical results

and experiment data to verify the battery heat production model and
cooling model. A grid independent test study was required before the
simulation, and the grid numbers of 3.9 x 10°, 4.5 x 10°, 6.7 x 10°, 1.2
x 10% and 2.1 x 10° were obtained. The same boundary conditions
and initial conditions were used for the simulation calculation, and
the battery temperature was monitored. Figure 5A shows the results
of grid independent test study of the numerical model. When the
number of grids is more than 6.7 x 10°, the temperature of the battery
is basically unchanged. Therefore, we can consider that the results are
highly accurate when the number of grids is greater than 6.7 x 10°. To
ensure accuracy and to reduce the cost of simulation calculation, the
mesh generation method and size requirements of 6.7 x 10> grids
were selected for subsequent mesh generation and simulation
calculations.

As shown in Figure 5B, when the battery is cooled at a water
flow of 10 ml/min and 20 ml/min, the average deviation of the
battery temperature is 1.08°C and 1.12°C. The average error
rate is less than 5%. Moreover, the maximum deviation of the
battery temperature between the experimental date and
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numerical results is less than 2°C. Therefore, we can confirm
that this model is reliable. The numerical model can help us
better understand the temperature distribution of the system
and more easily adjust the operating conditions to obtain the
best cooling effect. We then extended this model to a 20-cells
battery pack for the study of water immersion cooling system.

The battery will generate more heat at a higher discharge rate.
Figure 6 shows the average temperature and the maximum
temperature difference of the battery pack discharge at 1.5, 2,
and 3 C. The inlet temperature of cooling water is 30°C and the
flow rate is 200 ml/min. When the discharge rate of the battery
increases from 1.5 to 3 C, the maximum temperature of the
battery increases from 35°C to 42.3°C. As the battery
temperature increases, the cooling water takes away more
heat, resulting in the increase of the outlet temperature of
the water. The increase in temperature difference of the inlet
and outlet will increase the temperature difference of the battery
pack, as shown in Figure 6C. Even if the maximum temperature
of the batteries at 3 C discharge rate is less than 50°C, the
temperature difference of the battery pack is higher than 5°C
at 2 C discharge. In the immersion cooling system, due to
sufficient heat exchange between the water and the battery,
the temperature difference between the inlet temperature and
the outlet temperature is large, thus increasing the temperature
difference of the battery pack.

3.2 The Influence of Cooling Flow Rate
Figure 7 shows the influence of the cooling flow rate on the

maximum temperature and the maximum temperature
difference (ATmax) of the battery pack discharged at 1.5, 2,
and 3 C respectively. The temperature of the battery pack is
easily controlled below 50°C when the cooling flow rate is
100 ml/min, as shown in Figures 7A-C. However, it requires
larger cooling flow rate to reduce the ATmax to below 5°C.
When the battery pack is discharged at 1.5 C, the ATmax can be
controlled below 5°C at a cooling flow rate of 200 ml/min. When
the battery is discharged at 2 C, as shown in Figure 7E, 500 ml/
min of cooling water is required to lower ATmax below 5°C.
With the increase of discharge rate, the cooling water takes more
heat generated from batteries, resulting in the increase of
ATmax of battery pack. As Figure 7F shows, when the
diacharge rate of the battery pack increases to 3C, even a
1000 ml/min water flow cannot reduce the ATmax of the
battery pack to below 5°C.

Figure 8 shows the contours of the battery pack cooling at
different water flow rate. when the battery pack is cooled at a
low water flow rate, the temperature of the battery near the
outlet is significantly higher than that near the inlet, as shown
in Figures 8A,C. Because the temperature of the outlet water is
higher, the temperature difference between the water and the
battery is smaller, resulting in lower cooling efficiency and
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higher battery temperature. As the cooling water flow increase
to 500 ml/min (2 C discharge rate) or 1000 ml/min (3C
discharge rate), the water temperature rises slightly in the
cooling process, so the temperature difference of the battery at
the inlet and outlet decreases. However, when the water flow
increases, the fluid changes from laminar flow to turbulent
flow. This will lead to reflux and other phenomena in the
corner of the cavity, resulting in a reduced cooling effect. As
shown in Figures 8B,D, at the outlet, the temperature of the
batteries on both sides are higher than that in the middle. The
flow channel structure needs further improvement to reduce
the temperature difference of the battery pack cooling at a high
flow rate.

3.3 The Influence of Water Inlet

Temperature

The inlet temperature of cooling water also has a certain influence
on the cooling effect and cooling power consumption of battery
pack. Figure 9 shows the comparison of cooling performance of
the system at different inlet temperatures. As the inlet
temperature increases from 30°C to 45°C, the maximum
battery temperature increases from 35°C to 50°C. Because the
initial temperature of the batteries is always the same as the inlet
temperature, the battery pack has the same temperature rise
during the discharge process ever at different inlet
temperature. As Figure 9C shown, the ATmax of the battery
pack is hardly affected by the inlet water temperature. This is
because the outlet temperature of water increases with the
increase of the inlet temperature, as shown in Figure 9B, the
temperature difference between the inlet and outlet water is
basically not affected by the inlet temperature, so that the
ATmax of the battery pack is almost the same.

3.4 The Influence of Inlet/Outlet Flow
Structure

The structure of inlet/outlet has a great influence on the flow of
water in the battery pack. Figure 10 shows the temperature of the
battery pack with different inlet/outlet flow structure. The
temperature and AT of the battery pack with the two inlet/
outlet structures are almost the same when the cooling rater is
100 ml/min, as shown in Figures 10A,D. Because when the water
flow rate is low, the flow type is laminar. The structure of the inlet/
outlet has little effect on water flow. As the water flow increases,
so does the temperature AT between the two structures. When the
flow rate is increased to 1,000 ml/min, as shown in Figures
10C,F, the temperature of battery pack with structure 2 is 8%
lower than that with structure 1 and the AT of the structure 2
battery pack is 7.1% lower than that of structure 1 battery pack. As
the flow rate increases, the flow type of water changes from
laminar to turbulent. The buffer structure of structure 2 can
reduce the influence of water disturbance in the flow channel of
battery pack, thus increasing cooling effect. It proves that this
cooling system with structure 2 has a better cooling effect in the
case of large flow cooling.

Water Immersion Cooling System

CONCLUSION

This study proposed a water immersion cooling system of the
lithium-ion batteries. The system adopts a special sealing
structure, which can effectively prevent water leakage. A
numerical model is established to study the influence of key
parameters on cooling performance of the system. As the battery
is in direct contact with the cooling water, the heat transfer effect
is greatly improved and the cooling performance of the system is
enhanced. Even if the battery pack was discharged at 3 C rate, a
small cooling flow rate of 200 ml/min can keep the battery
temperature below 50°C.

However, due to the high heat transfer efficiency of immersion
cooling, the temperature difference between inlet and outlet water
increases, which eventually leads to the large temperature
difference of battery pack. And the larger the discharge rate of
the battery pack, the larger the temperature difference. When
discharging at 2 C, the maximum temperature difference of the
battery pack is 6.9°C under a cooling rate of 200 ml/min. But
when the battery pack discharge rate increases to 3 C, the
maximum temperature difference reaches nearly 12°C.
Increasing the flow rate of cooling water can reduce the
temperature difference of the battery pack. When the flow rate
of cooling water is increased to 500 ml/min, the maximum
temperature difference of the battery pack (discharged at 2 C)
is reduced to below 5°C.

The turbulence phenomenon at large flow rates will weaken the
cooling effect of the system. When the water flow rate is large, the fluid
changes from laminar flow to turbulent flow. This will lead to reflux
and other phenomena in the corner of the cavity, resulting in a
reduced cooling effect. Adding a buffer structure at the inlet and outlet
can reduced the negative effects of the turbulent flow and then reduce
the temperature and temperature difference of the battery pack.

Improving the temperature uniformity of battery pack is the
key point of water immersion cooling system design in the future.
The temperature difference of the battery pack can be reduced by
designing multiple inlet and outlet and cross-flow. A novel inlet/
outlet structure can be designed to ensure a more stable flow of
water in the battery pack. The phase change emulsion can be also
used for immersion cooling, its larger specific heat capacity and
the phase change process can well reduce the temperature
difference of the battery pack.
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