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Abstract: Power batteries generate a large amount of heat during the charging and discharging
processes, which seriously affects the operation safety and service life. An efficient cooling system
is crucial for the batteries. This paper numerically simulated a power battery pack composed of
8 lithium-ion cells immersed in the coolant AmpCool AC-110 to study the effects of different coolants,
different discharge rates, different coolant mass flow rates, different inlet temperatures and different
inlet and outlet settings on the maximum temperature, the maximum temperature difference, the
pressure drop, and the required pump power in the battery pack. Among the five coolants studied,
W-E in water-based fluids has the best cooling effect, but because of high electric conductivity, it
requires special considerations to avoid electric leakage. Increasing the mass flow rate of the coolant
can significantly decrease Tmax and ∆Tmax, but when the mass flow rate is already high, the decrease
is limited and not obvious. Both ∆p and the required pump power increase as the mass flow rate
increases, and the required pump power increases faster. The inlet temperature will affect the physical
properties of the coolant, and choosing the appropriate inlet temperature can not only decrease ∆Tmax,
but also decrease ∆p and the required pump power in the battery pack. The range of 25~27 ◦C of
the coolant AC-110 inlet temperature is recommended. For different inlet and outlet settings, the
two-inlet two-outlet setting used in Case 7 has the best cooling effect, and the results indicate uniform
distribution is very important to decrease temperature.

Keywords: immersed liquid cooling; numerical simulation; the maximum temperature; pressure drop

1. Introduction

The power battery is a key component for the current development of new energy
vehicles, and it will continuously generate a large amount of heat during operation. As
the main energy storage and power supply components of new energy vehicles, power
batteries are usually made of lithium ions and have the advantages of high specific energy
density, high discharge power, and mature production technology. The optimum operating
temperature range of lithium-ion batteries is 25–40 ◦C, and the maximum temperature
difference in the battery pack should not exceed 5 ◦C [1,2]. Therefore, the usage of an
efficient battery thermal management system (BTMS) is an important condition to ensure
the performance and safety of power batteries. At present, the thermal management
systems of power batteries mainly include air cooling systems, liquid cooling systems, and
phase-change material (PCM) cooling systems. The air cooling systems have the advantages
of simple structures, low design difficulty, and low manufacturing cost, and are suitable
for small battery-cooling systems [3,4]. The heat transfer coefficient of the liquid cooling
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systems is higher than the air cooling systems. Compared with the indirect liquid cooling,
the cooling performance of the immersed liquid cooling technology is better [5–9]. The
phase-change material cooling systems also have better cooling performance and thermal
uniformity than air cooling systems, and if combined with air cooling systems or liquid
cooling systems, their cooling ability can be further improved [10,11].

The immersed liquid cooling technology, also known as liquid direct cooling technol-
ogy, usually uses non-conductive and non-flammable working fluids as coolants, such as
mineral oil, silicone oil, fluorinated liquids, and refrigerants, etc. In the immersed liquid
cooling technology, the batteries are fully immersed in the coolants or partially in direct
contact with the coolants to minimize the thermal resistance between the batteries and the
coolants, so that heat produced by batteries can be directly and effectively transferred to
the coolants, and the temperature of batteries is controlled within a safe range. It is an
efficient cooling method for power batteries. Compared with the indirect liquid cooling, in
which the heat can only be transferred through the tubes or cooling plates, the battery pack
with immersed liquid cooling technology has less auxiliary equipment and lower structural
complexity. Scholars have conducted a significant amount of research on the immersed
liquid cooling technology. LUO [12] conducted experiments and simulation methods to
verify that the direct liquid cooling effect is obvious at 1C–4C discharge rate using trans-
former oil. Zhang et al. [13] studied the effect on temperature rise characteristics in battery
pack of the oil immersion amount and ambient temperature in the static liquid cooling
conditions at different discharge rates, as well as the oil immersion amount, oil flow rate,
and inlet and outlet position changes in the dynamic liquid cooling conditions. The results
show with the increase in the oil immersion amount and flow rate, and the change in the
inlet and outlet positions, the thermal management effect of the battery pack is obviously
improved. Qin [14] proposed a manifold-type immersion cooling structure, in which the
jet flow formed by the manifold and the baffle is used to scour the surface of the battery,
leading to a high local convective heat transfer coefficient. But, it is also pointed out that
vortexes would be produced in the jet flow, which is not good to heat transfer, and vortexes
should be weakened. Tan et al. [15] selected HFE-6120 as the single-phase coolant, and
modelled and simulated different coolant channels and different flow directions to study
the effect, finding that the maximum temperature and maximum temperature difference
would decrease as the height of the flow channel increases, and the power consumption
of the system would increase as the flow rate increases. Suresh Patil et al. [16] evaluated
four cooling methods through experiments and simulations, that is, natural convection, no
coolant flow and no tab cooling assistance, no coolant flow but with tab cooling assistance,
and coolant flow with tab cooling assistance. It was found that the coolant flow with tab
cooling assistance achieved the best cooling effect. Al-Zareer et al. studied and simulated
the heat dissipation capacity of a battery pack that was immersed in cooling liquid. And,
the coolants, for example, R134a [17], ammonia [18], and propane [2] were at different
liquid levels in CFD simulation. The simulation results show that although the heat dissi-
pation performance of these different coolants is different, there is a positive correlation
between the heat dissipation capacity of the battery pack and the liquid level of the coolant.
Li et al. [19] proposed a new battery immersion proposal, that is, the surface of the battery
was coated with a layer of waterproof silicone sealant, which was a SS/BN composite
material, and then the coated battery was directly immersed in water. The thermal prop-
erties and protective properties of different composite materials with different BN ratios
were studied experimentally, and it was finally concluded that the composite material with
10 wt% BN content should be the best choice for battery surface coating materials. The
research [20] gave five types of dielectric fluids commonly used at present, electronic fluori-
nated fluids, hydrocarbons, esters, silicone oils, and water-based fluids, and pointed out
the advantages and disadvantages of these dielectric fluids. Then, based on the operating
temperature characteristics of the battery system, the research progresses of immersion
cooling in low temperature preheating, room-temperature cooling, and thermal runaway
suppression were reviewed in detail.
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This paper takes the eight rectangular lithium-ion cells, which are immersed in liquid
coolant AmpCool AC-110, as the research object. The effects on heat dissipation perfor-
mance of different coolants, different discharge rates, different coolant mass flow rates,
different inlet temperatures of coolant, and different inlet and outlet settings are studied in
this paper through numerical simulation technology. The main evaluation indicators are
the maximum temperature, the maximum temperature difference, the pressure drop, and
the required pump power.

2. Methodology
2.1. Lithium-Ion Battery Heat Generation Model

The heat generation principle of lithium-ion batteries during charging and discharging
is due to the lots of redox reactions inside the battery in the working process, and a
significant amount of of heat is released at the same time. In order to simplify the calculation,
according to D. Bernardi’s battery heat generation theory [21], the heat generated by the
battery is mainly divided into four parts: the chemical reaction heat Qr, the polarization
heat Qp, Joule heat Qj and the side reaction heat Qs. The chemical reaction heat refers to
the heat generated by the chemical reactions inside the battery. In lithium-ion batteries, it
can be understood as the heat generated during the migration of lithium ions, so this part
of the heat is reversible. The polarization heat can be divided into ohmic polarization heat
and electrochemical polarization heat. The polarization heat caused by the ohmic internal
resistance of the lithium-ion battery is ohmic polarization heat, while the polarization
heat caused by the result of electrochemical reaction speed on the positive and negative
electrodes lower than the electron movement speed is electrochemical polarization heat.
The polarization heat is irreversible. Joule heat is mainly due to the heat generated by the
Joule effect when the current passes through the poles of the battery, the electrolytes, the
diaphragms, and other parts where there is usually resistance. The side reaction heat is the
heat generated by the internal decomposition of the battery due to improper operation of
the lithium-ion batteries. Under normal working conditions, this part of the heat is very
small and can be ignored. Therefore, the total heat produced in lithium-ion batteries can be
expressed as Equation (1).

Qtotal = Qj + Qr + Qp = I2Ro +
nmQI

MF
+ I2RP (1)

In the formula,

I—current during charging and discharging, A;
Ro—internal ohmic resistance of battery, Ω;
n—the number of batteries;
m—the mass of each battery, kg;
Q—total chemical reaction heat, J;
M—molar mass, kg/mol;
F—Faraday constant, 6485.4 C/mol;
Rp—internal polarization resistance of battery, Ω.

2.2. Physical Model

In the simulation, a battery pack composed of 8 rectangular lithium-ion cells was used.
The nominal capacity of the single cell was 55 Ah, and the single cell was regarded as an
orthotropic material, with its thermal conductivity taken to be 30.6 W/(m·K) in the plane
direction and thermal conductivity taken to be 3.06 W/(m·K) in the thickness direction. The
internal structure of the battery pack is shown in Figure 1. The distance between adjacent
cells was 30 mm, and the distances between the cells and the inner surface of the battery
pack were also 30 mm. An immersed liquid cooling system was used in the battery pack,
and the coolant was AmpCool AC-110. At 20 ◦C, the density of AC-110 was 820 kg/m3,
the thermal conductivity was 0.14 W/(m·K), the specific heat capacity was 2060 J/(kg·K),
and the dynamic viscosity was 0.020172 kg/(m·s). There was a coolant inlet on the left side
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of the battery pack and a coolant outlet on the right side, and the diameters of the inlet and
outlet were both 10 mm. The length of the battery pack was 390 mm, the height of the pack
was 292 mm, and the thickness was 157.5 mm.
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Figure 1. Schematic diagram of the battery pack model.

Among the indicators selected in this paper, the maximum temperature in the battery
pack is Tmax captured in the simulation in the battery pack, and the maximum temperature
difference is ∆Tmax, the difference between the maximum temperature Tmax and the mini-
mum temperature Tmin captured in the simulation, shown in Equation (2). To ensure the
working performance of the battery pack, Tmax should not exceed 50 ◦C and ∆Tmax should
not exceed 5 ◦C.

∆Tmax = Tmax − Tmin (2)

The pressure drop is the pressure loss when the AC-110 coolant flows through the
battery pack, that is, ∆p, the difference in pressure between the inlet pin and the outlet pout
of the coolant shown in Equation (3).

∆p = pin − pout (3)

The required pump power is the product of the pressure drop ∆p and volumetric flow
rate V of the coolant, shown in Equation (4).

Pump Power = ∆p × V (4)

2.3. Governing Equations

This paper used software Solidworks (Visualize 2020) to build the physical model,
shown in Figure 1, Geometry (2020 R2) to mesh and Fluent (2020 R2) for numerical simula-
tion and data analysis, and divided the immersed liquid cooling battery pack composed of
the coolant and the cells into fluid region and solid region. In the software Geometry, at the
interface between the fluid region and solid region, the two regions were combined to form
a new part to share nodes, so that there was only one set of edges in the model, which was
both the boundary of the fluid and the solid. The fluid region was set to three-dimensional,
steady state, incompressible flow with the energy equation turned on, and the influence
of gravity on fluid flow was considered. The inlet of the coolant was set to the velocity
inlet, and the outlet of the coolant was set to the pressure outlet. Since the velocity of
the inlet was low, the laminar flow model was selected. The governing equations of fluid
flow and heat transfer processes included the continuity equation shown in Equation (5),
the three-dimensional momentum conservation equations shown in Equation (6), and the
energy conservation equation shown in Equation (7).

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (5)
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ρ
(

∂u
∂τ + u ∂u

∂x + v ∂u
∂y + w ∂u

∂z

)
= Fx − ∂p

∂x + η( ∂2u
∂x2 +

∂2u
∂y2 + ∂2u

∂z2 )

ρ
(

∂v
∂τ + u ∂v

∂x + v ∂v
∂y + w ∂v

∂z

)
= Fy − ∂p

∂y + η( ∂2v
∂x2 +

∂2v
∂y2 +

∂2v
∂z2 )

ρ
(

∂w
∂τ + u ∂w

∂x + v ∂w
∂y + w ∂w

∂z

)
= Fz − ∂p

∂z + η( ∂2w
∂x2 + ∂2w

∂y2 + ∂2w
∂z2 )

(6)

ρc
∂t
∂τ

=
∂

∂x
(λ

∂t
∂x

) +
∂

∂y
(λ

∂t
∂y

) +
∂

∂z
(λ

∂t
∂z

) +
.

Φ (7)

Since the fluid flow of the coolant can be approximately considered to be an incom-
pressible flow state in the immersed liquid cooling system, a pressure-based solver was
used for the solution, and the SIMPLEC algorithm with a faster convergence speed was
selected. The basic principle of the algorithm is to use the assumed pressure field to solve
the momentum conservation equations and obtain the flux at the boundary point. However,
since the assumed pressure field is not necessarily accurate, the obtained flux may not
satisfy the continuity equation. By adding corrections into the original flux to obtain a new
pressure field, the SIMPLEC algorithm continues to iterate through the pressure field and
velocity field until the calculations converge.

2.4. The Grid Independent Analysis of Numerical Simulations

In order to ensure calculation accuracy and save time, the polyhedral mesh with
simple structure, stability, and good quality was selected for discretization of the model
regions, and the local mesh refinement approach was used to identify the smaller size.
A grid independent analysis was performed to ensure that the number of the grids was
independent of the calculation results in the simulation processes. Figure 2 shows the
relationships between Tmax, ∆Tmax, and the number of grids in the battery pack when the
coolant AC-110 flows at an inlet temperature of 20 ◦C, with a a mass flow rate of 0.05 kg/s
at a discharge rate of 1C. It can be seen from Figure 2 that as the number of grids increases,
Tmax and ∆Tmax in the battery pack firstly increase and then remain essentially unchanged.
Taking both accuracy and the time of the calculation into account, 640,000 grids can already
be seen to be the optimal number in this paper. With 640,000 grids, the change interval of
Tmax is ≤0.04 ◦C, and the change interval of ∆Tmax is ≤0.06 ◦C.
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3. Numerical Investigations
3.1. Effect of Different Coolants

It is pointed out in the literature [20] that the immersed liquid coolant should have
the following properties: low dielectric value, high specific heat capacity, high thermal
conductivity, low freezing point, non-flammable or high flash point, non-corrosive, low
viscosity, low density, non-toxic and harmless, long life, economic, suitable operating
temperature range, and other advantages. Currently, commonly used coolants can be
divided into five types: electronic fluorinated fluids, hydrocarbons, esters, silicone oils,
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and water-based fluids. Among them, electronic fluorinated liquids usually have a low
boiling point and can easily change the phase after absorbing heat, so they are often used
as phase-change cooling materials. This paper selected the other four types to carry out
numerical simulation studies, for example, PAO and AC-110 in hydrocarbons, DF-7 in
esters, Si-oil in silicone oils, and 50% water + 50% ethylene glycol (W-E) in water-based
fluids. The physical properties of these coolants are shown in Table 1. Figure 3 compares
the impact of different coolants on system cooling performance at the 2C discharge rate
with inlet temperature of 20 ◦C and velocity of 0.777 m/s.

Table 1. Physical properties of different coolants.

Type Item Density kg/m3 Kinematic
Viscosity cSt

Heat Capacity
J/(kg·K)

Thermal
Conductivity

W/(m·K)

Dynamic Viscosity
kg/(m·s)

Hydrocarbons PAO 800 5.1 2241 0.14 0.004080
Hydrocarbons AC-110 820 24.6 2060 0.14 0.020172

Esters DF-7 920 16.4 1907 0.13 0.015088
Silicone oils Si-oil 970 994.2 1370 0.15 0.964374
Water-based W-E 1082 4.5 3260 0.402 0.004869
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It can be seen from Figure 3a that W-E in water-based fluids has the best cooling
performance among the five coolants studied, and Tmax and ∆Tmax are the smallest. The
order of Tmax is Si-oil (31.4 ◦C) > AC-110 (30.7 ◦C) > DF-7 (29.8 ◦C) > PAO (27.0 ◦C) > W-E
(23.3 ◦C), and the order of ∆Tmax is Si-oil (11.2 ◦C) > AC-110 (10.2 ◦C) > DF-7 (9.2 ◦C) > PAO
(5.9 ◦C) > W-E(2.7 ◦C). This is because W-E is a water-based fluid and has a higher thermal
conductivity and specific heat capacity, which can take away more heat. However, because
the water-based fluids usually have a higher electrical conductivity, special considerations
need to be taken when using this type of coolant for surface anti-leakage treatment of the
battery pack.

It can be seen from Figure 3b that PAO in hydrocarbons has the lowest ∆p, as well as
the lowest required pump power. Except for Si-oil, the required pump power is all less
than 6 × 10−2 W, but the required pump power of Si-oil is about 0.7 W, mainly because
the dynamic viscosity of Si-oil is the largest. The coolants with higher viscosity will cause
higher flow resistance when coolants are passing through the battery pack. Therefore, when
selecting a coolant, we should focus on the viscosity of the coolant, as viscosity will have a
great impact on ∆p and pump power. By comparing the results, except for water-based
fluids, PAO in hydrocarbons has the best cooling performance under the same conditions,
and requires the least pump power because of its higher specific heat capacity, higher
thermal conductivity, and lower viscosity.
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However, in order to find the effective liquid cooling methods, this paper selects
AC-110, whose cooling capacity is moderate and environmental impact is zero [22], as the
coolant on which to continue the research below to exploit a greater cooling potential.

3.2. Effect of Different Discharge Rates

The nominal capacity of the single cell in the battery pack studied in this paper is
55 Ah. Based on the battery heat generation model established previously, the thermal
power of the battery pack under different discharge rates can be theoretically calculated,
shown in Table 2. It can be seen when the battery pack is discharged at different rates, the
corresponding thermal powers are different, and increase with the increased discharge
rates. In this paper, the battery pack is set to the volumetric heat source, and the volume
can be calculated from the size of the single cell. Therefore, the values of corresponding
volumetric heat source can also be calculated at different discharge rates, which can also be
found in Table 2.

Table 2. Volumetric heat sources of the battery pack at different discharge rates.

Discharge Rate Thermal Power
W

Volume of One Cell
m3

Volumetric Heat Source
W/m3

1C 6.51

0.00022644

28,749
2C 19.17 84,658
3C 33.60 148,384
4C 45.71 201,864
5C 58.51 258,391

Firstly, the temperature of the entire calculation region was set to 20 ◦C, and the mass flow
rate of the coolant was set to 0.05 kg/s (the corresponding velocity of AC-110 was 0.777 m/s).
It can be seen from Figure 4a that as the discharge rate increases, the heat production of the
battery pack increases, and Tmax and ∆Tmax in the battery pack increase accordingly. At 1C
discharge rate, Tmax is 23.6 ◦C and ∆Tmax is 3.5 ◦C. At high discharge rates (2C, 3C, 4C, and
5C), Tmax is increased by 7.1 ◦C, 15.2 ◦C, 21.9 ◦C, and 29.1 ◦C, respectively, compared with
the 1C discharge rate; ∆Tmax is increased by 6.7 ◦C, 14.4 ◦C, 20.9 ◦C, and 27.7 ◦C, respectively,
compared with the 1C discharge rate. At this time, at the 5C discharge rate, Tmax in the battery
pack exceeded the 50 ◦C criteria, and at the 2C–5C discharge rate; ∆Tmax exceeded the 5 ◦C
criteria, which will seriously affect the performance and life of the power battery. This is because
at higher discharge rates, operating current is larger, causing the temperature inside the battery
pack to rise faster, and the immersed liquid cooling method in the condition of 20 ◦C inlet
temperature and 0.05 kg/s mass flow rate of the coolant cannot meet the requirements for the
optimal operating temperature in the battery pack.
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As can be seen from Figure 4b, in terms of ∆p and the required pump power in the
battery pack, different discharge rates have almost no impact on ∆p and the required pump
power. At discharge rates from 1C to 5C, ∆p is around 864 Pa and the required pump power
is around 5.27 × 10−2 W. The main reason is that the main factors that affect ∆p and the
required pump power are the inlet area, the mass flow rate, and the viscosity of the coolant.
Under the same conditions as above, ∆p and the required pump power remain unchanged.

3.3. Effect of Different Flow Rates

From the above analysis, it can be seen at high discharge rates, when the mass flow
rate of the coolant is only 0.05 kg/s, the corresponding flow velocity is very low, and there
is a risk of overheating of the battery pack. Therefore, this paper studied the changes of
Tmax, ∆Tmax, ∆p, and required pump power when the mass flow rate was ranging from
0.05 kg/s to 0.30 kg/s. The numerical results at discharge rates of 2C, 3C, and 4C, with
inlet temperature of 20 ◦C, are shown in Figure 5.
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It can be seen from Figure 5a that at the 2C discharge rate, Tmax in the battery pack
decreases as the mass flow rate increases. Furthermore, when the mass flow rate changes in
the low range, there is a more obvious impact on Tmax than in the high range. For example,
when the mass flow rate is increased from 0.05 kg/s to 0.10 kg/s, Tmax decreases from 30.7 ◦C
to 27.3 ◦C, a decrease of 3.4 ◦C, while when the mass flow rate is increased from 0.25 kg/s
to 0.30 kg/s, Tmax decreases from 23.5 ◦C to 23.2 ◦C, which is only a decrease of 0.3 ◦C.
This is because the increase in mass flow rate significantly enhances the convective heat
transfer effect. However, when the inlet mass flow rate is further increased, the decrease in
Tmax is no longer obvious, indicating the impact of the inlet mass flow rate on Tmax in the
current battery pack structure reaches the limit, and the cooling method that only relies
on increasing the inlet mass flow rate to decrease Tmax is limited. At the same time, ∆Tmax
in the battery pack decreases as the mass flow rate increases. When different inlet mass
flow rates are compared, it can be found that when the mass flow rate is increased from
0.05 kg/s to 0.20 kg/s, ∆Tmax in the battery pack decreases significantly. However, when
the inlet mass flow rate is further increased, the decrease in ∆Tmax of different flow rates
is no longer obvious. This can be explained by the fact that when the inlet mass flow rate
increases, the temperature of battery near the inlet remains basically unchanged and is
the minimum temperature in the battery pack. However, Tmax does not drop significantly
in high mass flow rates. Therefore, the difference between the two temperatures (the
minimum temperature and the maximum temperature) does not decrease significantly in
high flow rates, indicating that the cooling method that only relies on increasing the inlet
mass flow rate to control ∆Tmax also has limitations in the current battery pack structure,
and the mass flow rate is not the only factor that matters. At the discharge rates of 3C and
4C, Tmax and ∆Tmax also have similar changing phenomenon with the 2C discharge rate.
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It can be seen from Figure 5b that both ∆p and the required pump power at 2C discharge
rate increase with the increase in mass flow rate, in which the required pump power increases
faster than ∆p under the same mass flow rate gradient. At the same time, the change at
high mass flow rates has a more obvious impact on ∆p and the required pump power. For
example, when the mass flow rate is increased from 0.05 kg/s to 0.10 kg/s, ∆p increases from
864 Pa to 2654 Pa with an increase of 1790 Pa, and the required pump power increases from
5.27 × 10−2 W to 32.36 × 10−2 W with an increase of 27.09 × 10−2 W; when the flow rate is
increased from 0.25 kg/s to 0.30 kg/s, ∆p increases from 12,718 Pa to 17,623 Pa with an
increase of 4905 Pa, and the required pump power increases from 3.88 W to 6.45 W with
an increase of 2.57 W. At the discharge rates of 3C and 4C, ∆p and the required pump
power also have the same changing phenomenon because the discharge rate does not
affect ∆p and the required pump power, as discussed above. As the mass flow rate is
increased, the velocity of the coolant is increased, and higher pressure at the coolant inlet is
required, while the coolant outlet is a pressure outlet with a certain value, so ∆p between
inlet and outlet increases. And the required pump power is equal to the product of ∆p and
volumetric flow rate, so it will be more obviously affected by the mass flow rate and faster
increasing than ∆p under the same mass flow rate gradient.

3.4. Effect of Different Inlet Temperatures

The temperature of the fluid has an important influence on convective heat transfer.
On the one hand, the temperature difference between fluid and the battery surface is one
of the main factors driving convective heat transfer. On the other hand, changes in fluid
temperature will also affect the fluid’s physical properties, such as density, viscosity, and
thermal conductivity, and changes in these physical properties will affect the heat transfer
characteristics of the fluid. Therefore, this paper studied the changes of the Tmax, ∆Tmax,
∆p and required pump power when the coolant with a mass flow rate of 0.05 kg/s enters
the battery pack at different inlet temperatures with a range of 15–30 ◦C at the discharge
rate of 2C. The physical properties of the coolant AC-110 used in the simulation are shown
in Table 3.

Table 3. The physical properties of the coolant AC-110 at different inlet temperatures.

Inlet Temperature
◦C

Density
kg/m3

Kinematic Viscosity
cSt

Heat Capacity
J/(kg·K)

Thermal Conductivity
W/(m·K)

Dynamic
Viscosity kg/(m·s)

15

820

28.725 2060

0.14

0.023555
17.5 26.663 2060 0.021863
20 24.600 2060 0.020172

22.5 22.539 2079 0.018482
25 20.478 2098 0.016792

27.5 18.416 2117 0.015101
30 16.355 2136 0.013411

It can be seen from Figure 6a that as the inlet temperature increases, Tmax in the battery
pack noticeably increases. When the inlet temperature is increased from 15 ◦C to 30 ◦C, Tmax
increases from 25.7 ◦C to 39.5 ◦C; therefore, the inlet temperature with a lower value can
provide better cooling effect. As the coolant flows through the battery pack, it absorbs and
carries away the heat generated in the battery pack. If the coolant inlet temperature is lower,
the heat inside the battery can be taken away faster, allowing the battery pack to maintain
a lower operating temperature. However, ∆Tmax shows different changing phenomenon.
When the inlet temperature is between 15 ◦C and 20 ◦C, the density, thermal conductivity,
and specific heat capacity of the coolant are all the same, so ∆Tmax is basically the same, at
around 10 ◦C. When the inlet temperature exceeds 20 ◦C, ∆Tmax begins to decrease, reaches
its lowest value at 26 ◦C, and then slowly rises again. This is mainly because as the inlet
temperature is increased, the specific heat capacity of the coolant begins to increase, which
can absorb more heat with the same temperature rise. At the same time, the minimum
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temperature in the battery pack near the inlet is also increasing, and its difference from the
maximum temperature in the battery pack is reduced, thereby decreasing ∆Tmax. When
the inlet temperature is too high, Tmax rises faster than the minimum temperature, and
∆Tmax increases.
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It can be seen from Figure 6b that both ∆p and the required pump power decrease as the
inlet temperature increases. When the inlet temperature is increased from 15 ◦C to 30 ◦C, ∆p
decreases from 922 Pa to 735 Pa with a decrease of 187 Pa, 20.2%; the pump power decreases
from 5.62 × 10−2 W to 4.48 × 10−2 W, which also decreases by 1.14 × 10−2 W, 20.2%. This
is because the viscosity of the coolant decreases as the inlet temperature increases, and
the viscosity affect ∆p and the required pump power. Thereby, decreased viscosity results
in low ∆p and pump power in the battery pack. As above, when the inlet temperature is
26 ◦C, ∆Tmax is the smallest; meanwhile, ∆p and the required pump power are 789 Pa and
4.81 × 10−2 W, respectively, both decreasing by 14% compared with ∆p and the required
pump power with inlet temperature of 15 ◦C. Therefore, choosing the appropriate coolant
temperature can not only decrease ∆Tmax in the battery pack, but also decrease ∆p and the
required pump power of the system. This paper recommends that the inlet temperature of
the coolant AC-110 in 25~27 ◦C is suitable to select.

3.5. Effect of Different Inlet and Outlet Settings

In order to study the impact of inlet and outlet settings on system cooling performance,
this paper designed 8 different inlet and outlet settings. The mass flow rates of the coolants
in Case 1–Case 8 were the same, and the cross-sectional area of the single inlet remained
unchanged in Case 1–Case 5, while the inlet velocity was controlled by the number of inlets;
Case 6–Case 8 keep the inlet velocity constant, while the cross-sectional area of the single
inlet was controlled by the number of inlets, as shown in Table 4. Figure 7 compares the
impact of different inlet and outlet settings on system performance at the 2C discharge rate
with inlet temperature of 20 ◦C and mass flow rate of AC-110 of 0.05 kg/s.

It can be seen from Figure 7a that different inlet and outlet settings have different
cooling effects. The temperature in Case 3 (2 inlets and 2 outlets) and Case 7 (2 inlets
and 2 outlets) are low, indicating that uniform distribution is very important. The inlet
velocity in Case 4 and Case 6–Case 8 is larger, which has better cooling effect and indicates
that velocity has a more important effect than the number of inlets. Tmax and ∆Tmax are
the lowest in Case 7 (2 inlets and 2 outlets). Tmax is 27.7 ◦C, which is a decrease of 9.8%
compared with 30.7 ◦C in Case 1. ∆Tmax is 7.3 ◦C, compared with 10.1 ◦C in Case 1, a
decrease of 28.4%. The settings and temperature distribution contours in Case 1 and Case 7
are shown in Figure 8. Since the inlets are set up at different positions without changing
their velocities, the flow distribution is more uniform in Case 7.



Energies 2023, 16, 7673 11 of 13

Table 4. Different inlet and outlet settings.

Inlet Velocity
m/s

Single Inlet Area
m2

Inlet Flow Rate
kg/s

Case 1 1 inlet, 1 outlet 0.777

7.85 × 10−5

0.05

Case 2 2 inlets, 1 outlet 0.3885
Case 3 2 inlets, 2 outlets 0.3885
Case 4 1 inlet, 2 outlets 0.777
Case 5 3 inlets, 1 outlet 0.259

Case 6 2 inlets, 1 outlet
0.777

3.925 × 10−5

Case 7 2 inlets, 2 outlets 3.925 × 10−5

Case 8 3 inlets, 1 outlet 2.627 × 10−5
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However, from Figure 7b, we can see ∆p and the required pump power are the highest
in Case 7 (2 inlets and 2 outlets). Its ∆p is 1183 Pa, which is an increase of 36.9% com-
pared with 864 Pa in Case 1, and the required pump power is 7.22 × 10−2 W, an increase of
37.0% compared with 5.27 × 10−2 W in Case 1. Therefore, although this setting in Case 7 en-
hances cooling effect, it consumes more pump power. If the inlet temperature is set to 26 ◦C in
Case 7, ∆Tmax drops to 6.8 ◦C, and ∆p and pump power also drop to 1068 Pa and
6.52 × 10−2 W, respectively, which performs better than inlet temperature of 20 ◦C. And, if
the velocity is further increased, the Tmax drops to 31.3 ◦C and ∆Tmax drops to 4.8 ◦C (2C
discharge rate, inlet temperature of 26 ◦C, and mass flow rate of 0.10 kg/s), both below 50 ◦C
criterion and 5 ◦C criterion, respectively.

4. Conclusions

This paper takes a power battery pack composed of eight lithium-ion cells as the
research object, and uses numerical simulation technology to study the performance of an
immersed liquid cooling system, the change in Tmax, ∆Tmax, ∆p, and the required pump
power with different coolants, as well as different discharge rates, different mass flow rates,
different inlet temperatures and different inlet and outlet settings.

(1) Among the five coolants studied, W-E in water-based fluids has the best cooling
effect, but its electric conductivity is high and requires special considerations to
avoid electric leakage. Except for water-based fluids, PAO in hydrocarbon has the
best cooling performance and requires the smallest pump power under the same
conditions because of its higher specific heat capacity, higher thermal conductivity,
and lower viscosity.

(2) As the discharge rate increases, the heat production of the battery pack increases, Tmax
and ∆Tmax in the battery pack increase, and ∆p and the required pump power remain
basically unchanged.

(3) Tmax and ∆Tmax in the battery pack decrease as the inlet mass flow rate increases, but
the method that only relies on increasing the inlet mass flow rate to control Tmax and
∆Tmax is limited. Both ∆p and the required pump power increase as the inlet mass
flow rate increases, and the required pump power increases faster than ∆p under the
same mass flow rate gradient.

(4) The inlet temperature of the coolant will affect physical properties such as density,
specific heat capacity, thermal conductivity, and viscosity. Choosing the appropriate
coolant temperature can not only decrease ∆Tmax in the battery pack, but also decrease
∆p and the required pump power of the system. This paper recommends that the
inlet temperature of the coolant AC-110 should be in 25~27 ◦C.

(5) For different inlet and outlet settings, The temperature in Case 3 (2 inlets and 2 outlets)
and Case 7 (2 inlets and 2 outlets) are low, indicating that uniform distribution is very
important. And, the 2 inlet and 2 outlet setting used in Case 7 has the best cooling
effect. Compared with Case 1, Tmax decreases by 11.3% and ∆Tmax decreases by 28.7%;
however, ∆p increases by 37.7% and the required pump power increases by 38.0%.
Therefore, different inlet and outlet settings need to be considered comprehensively.
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