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Abstract Lithium-ion batteries are widely used in cell phones, laptops and battery
vehicles. However, during discharge, a huge amount of heat is generated in the cell
core. Thermal management of the battery pack is much important, particularly for
electric vehicles to reduce fire hazards. In this work, CFD simulations are performed
to evaluate the cooling effect of a 4 x 4 Lithium-ion battery pack with different
discharge rates and different airflow velocities. From the results it is observed that
cells present downstream have a higher temperature as compared to the cells placed
upstream irrespective of discharge rate and airflow rate. The two mid-cells in the last
row have the highest temperature in any operating condition. When the discharge rate
increases, the amount of heat generation in the cells increases. Hence, the temperature
of the corresponding cell in each row is relatively higher as compared to the low
discharge rate condition. Similarly, with an increase in airflow velocity, the cooling
rate of the battery pack is enhanced.

10.1 Introduction

Hydrocarbon fuel-driven automobiles are one of the major sources of air pollution.
CO,, CO, NOx emissions from automobiles affect human health and are also respon-
sible for global warming. Today electric vehicles are the most prominent alternative
to fuel-driven vehicles. Though electric vehicle technology is not a new concept but
due to the poor energy storage capacity of lead-acid and Nickel-cadmium batteries,
electric vehicles were not popular. Lithium-Ion battery technology now changed the
scenario of electric vehicles due to its high energy storage ability. However, during
charging and particularly during discharging, a huge amount of heat is generated
from the Li-Ion battery. Therefore, the thermal management of the battery is an
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important factor hence cooling system should be designed properly. Otherwise, fire
hazards may cause a severe accidents.

Wang et al. [1] investigated battery cooling through forced convection with various
cell arrangement structures. It has been reported that a fan placed on the top of the
module is the best cooling method. A cubic arrangement of cells is a better option for
cooling and also it is cost-effective. On the other hand, hexagonal cell arrangement is
best as space utilization is a concern. In another work, Wang et al. [2] conducted CFD
simulations to investigate the temperature distribution and heat transfer of Lithium-
Ion batteries through air cooling. It is suggested that if the ambient temperature is
below 20 °C, forced convection for cooling is not required. Also, it is mentioned that
the upper ambient temperature limit is 35 °C with forced convection cooling. Saw
et al. [3] developed new correlations for the Nussetl number and Reynolds number
from their experimental and CFD study, where the air is used as a cooling fluid. Xu
et al. [4, 5] used U-shaped duct and baffle plates respectively to enhance the battery
cooling using air as working fluid. Many researchers also used heat pipes to improve
the heat transfer rate on battery cooling [6—8]. Battery cooling using phase change
material is also a method [9, 10] that is investigated by many researchers. Hybrid
cooling processes such as; (i) PCM is used as a primary coolant and water is used as
a secondary coolant (ii) PCM used in heat pipe etc. are also investigated for cooling
enhancement [11, 12]. To increase the cooling effect, Ethyl glycol-water, Al,Os-
water, ZnO-water and CuO,-water nanofluids are also used for battery cooling and
performance has been investigated [13, 14].

In the current simulation, a 4 x 4 lithium-Ion battery pack is used for simulation
to investigate the cooling effect of the battery pack with different battery discharge
rates and airflow velocities are acceptable.

10.2 Methodology

A 4 x 4 lithium-Ion battery pack is used for simulation as shown in Fig. 10.1. The gap
between two consecutive cells in the lateral direction is 3 mm and the gap between
two consecutive cells in the longitudinal direction is 6 mm. The height of the cell is
90 mm and the diameter of the lithium-ion core is 18 mm and it is covered with a
1.5 mm thick steel casing. The battery pack cover dimension is 91 mm x 82 mm x
100 mm.

The computational geometry has three domains such as; (i) Fluid domain (ii)
Lithium-ion core and an (iii) Steel cover. The geometry is prepared with the help of
Ansys Design modeler and meshed using Ansys Meshing tool. The entire domain
has meshed with 1.5 million hexahedra cells. The interfaces between the overlapping
domains are converted to the coupled boundary so that only heat exchanges between
the domains will be possible. One face of the fluid domain along the longitudinal
direction is given as the inlet boundary and the opposite plane is kept as the outlet
boundary. The remaining faces of the fluid domain are the adiabatic boundaries.
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Fig. 10.1 Lithium-ion

battery pack geometrical Outlet
configuration
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Plane |
Table 10.1 Properties of
lithium-ion cell [15] Property Values
Rated voltage 32V
Rated current 1.35 Ah
Density 2018 kg/m?
Specific heat 1282 J/kg K
Volume 0.0000227 m®
Thermal conductivity Radial: 0.9 W/mK
Axial: 2.7 W/mK

In this simulation, a 18,650 battery is used. The physical properties of the battery
core are given in Table 10.1.

Orthogonal conductivity is used for the Lithium-ion core. The standard constant
thermophysical properties of steel are used for the battery cover. Also, the standard
constant thermophysical properties of air are used for the fluid domain. Buoyancy-
driven heat transfer is not considered in this work. Only force convection cooling is
considered. Continuous cooling is required for the battery as heat generates during
battery discharge. The heat generation theory proposed by Bernadi [16] is used as
given in Eq. (10.1).

dUO] (10.1)

1
0, = [izR,- +iT—
§ battery dr

The first parameter in the bracket of Eq. (10.1) is the polarization heating effect
and the second term is the Joule heating effect. Vju.ry is the battery volume, i

is the current flow during discharge, R; is the internal resistance, T is the battery

temperature and the term % is the parameter which is related to an electrochemical
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Table 10.2 Operating conditions

Cases | Discharge rate Current (A) | Heat rate (W/m>) | Airflow velocity (m/s)
1 1C (discharge in 1 h) 1.35 5318 0.01

2 2C (discharge in 30 min) | 2.07 19,452 0.01

3 2C (discharge in 30 min) | 2.07 19,452 0.1

reaction. In this work, the internal resistance is set as 0.04 2 and the term T% is
taken as 0.01116 x rated voltage [15].

Simulations are conducted for two discharging conditions where the air flow rate
is kept as 0.01 m/s. Simulations are also performed with different air flow rates where
the discharge rate is kept constant. The cases simulated are given in Table 10.2.

Steady-state mass, momentum and energy conservation equations in Reynolds
averaged form are solved along with k and ¢ equations of the standard k-¢ model.
The heat rate values given in Table 10.2 are set as a constant source of the lithium-ion
core. SIMPLE velocity—pressure coupling approach and second-order upwind spatial
discretization scheme are used. Convergence criteria 107 is set for all governing
equations except the energy equation. For the energy equation, it is set as 107°.

10.3 Results and Discussion

10.3.1 Effect of Battery Discharge Rate

Figure 2a shows the temperature distribution across the mid-horizontal plane for case-
1 and case-2. Figure 2c shows the 3-D view of the cell cover temperature distribution
and the air velocity pattern on the mid-plane for case-1 and case-2.

From both figures, it is observed that in case-1 (1C discharge rate), the temperature
across the cells is less than in case-2 (2C discharge rate). In both cases, the air mass
flow rate is the same but the heat generation in case-2 is around 4 times greater than
in case-1 in the cell core. Therefore, in every row of the cell in the battery pack of
case-2 (shown in Table 10.2), the temperature is higher as compared to case-1. It is
obvious that the surface temperature of cell covers is higher in case-2 as the amount
of heat generation is higher in this case. As a result, relatively a higher amount of
heat is transferred from cell covers to the air. Hence, the air temperature is also high
for case-2.

In both cases (case-1 and 2), it can be visualized that the air temperature increases
along the downstream direction. Moreover, the temperature of the cells in the first row
is the lowest and it increases consecutively for the cells placed downstream. The air
received heat from the first row of cells and its temperature rises. The hot air cannot
receive more amount of heat from the next row of cells because the temperature
difference between cell cover and air decreases. Hence, the cell temperature placed
downstream is higher.
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Fig. 10.2 a Temperature Temperature [K]

distribution across the - ” -

mid-plane of the domain. R SRR

b Cell outer surface -'500"506-’5"0fb"brb"gawb‘rb'ﬁb@@qrby ‘_bh‘b'b@'bfg,)%’b@'b
temperature and velocity
contour at the mid-plane, for
case-1 and 2

Temperature [K]

-u T r”r T T

D 2D 1D 1D b (O o D
oSO PP pF P P
Velocity [m s*-1]

Case-1 Case-2

109

The cell cover surface temperature for case-1 and case-2 is also shown in Fig. 2b.
It can be visualized that the temperature of two mid cells in every row has a higher
temperature than the side cells. The airflow between the side cells and battery casing
receives heat from one side. On another side, it is the battery casing wall. Hence
no heat is received from another side. But airflow across the middle cells received
heat from both sides. As a result, the air temperature between cells increases. Hence,
due to the decrease in temperature difference between mid-cells and air less heat
transfer occurs from mid-cells. Therefore, the temperature of two mid cells in every

row becomes higher than the side cells.
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10.3.2 Effect of Air Flow Rate

Figure 10.3a, b, shows the temperature distribution across the mid-plane and surface
temperature of cells respectively. In both cases (case-2 and case-3), the discharge rate
is maintained at 2C with different air flow rates. From the figures, it has been observed
that as the airflow velocity increases, the cell temperature decreases throughout. A
huge temperature drop across the cells is observed when the air velocity increases
from 0.1 to 0.1 m/s. From Fig. 10.3b, it is observed that the maximum air velocity in
the cell gap is around 0.02 m/s for case-2, whereas it is around 0.18 m/s for case-3.
When the air velocity increases, the local Reynolds number increases. Hence Nusselt
number increases. As a result, the heat transfer coefficient increases with an increase
in air velocity. Therefore, the battery cooling is enhanced with an increase in air
velocity.

From Fig. 10.4, it is observed that in case-2, the temperature of the cell is highest
(363 °C) and it is the lowest for case-3. The highest temperature is obtained at the
two mid cells of the last row. In case-2, the 2C discharge rate generates the highest
amount of heat while the airflow velocity is maintained at 0.01 m/s. In case-3 it is
increased to 10 times. Hence, the cell maximum temperature is the lowest among all
the cases.

Table 10.3 depicts the amount of heat generated, the amount of heat that enters
through inlet air, the total heat energy that moves out from the system, the pressure
drop across the battery and the average temperature of outlet air for various cases.

It is observed that in case-1 and case-2, different amount of heat is generated
because they have different discharge rate but the airflow velocity is the same. The
average temperature of outflow gas is less for case-1 because it has a smaller energy
source. However, the pressure drop is the same for case-1 and case-2 because the
airflow velocities are the same for both cases. It is observed that in case-2 and case-
3 same amount of heat is generated in the cells due to the high discharge rate. In
case-3, the heat rejected out is maximum in case-3 due to high airflow velocity and
the average temperature of outlet air is 304.87 K. The pressure drop in case-3 is the
highest because high flow velocity causes higher frictional losses.

10.4 Conclusion

CFD simulations are conducted to determine the cooling of 4 x 4 Lithium-ion battery
pack with different discharge rate and with different air flow velocity. The heat
generation from cell are determined using the correlation developed by Bernadi.
From the result it is observed that with an airflow velocity of 0.01 m/s, when the
battery discharge rate is 1C, 2.153 W of heat energy is rejected out from the cells and
the average air temperature at the outlet is around 315 K. When the discharge rate
increases up to 2C, heat rejection increases to 238% and the temperature of outlet
air increases to 13.15%. Similarly, with increase in air flow velocity considering
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2C discharge rate, the amount of heat rejection increase to 28% and the outlet air
temperature decreases to 15%. The pressure drop also increases across the battery
pack with increase in airflow velocity.

It is also observed that the last row cells have the highest temperature and the
first row cells have the lowest temperature regardless of discharge rate and airflow
velocity. The two middle cells of the last row have the highest temperature among
all irrespective of discharge and flow conditions. For case-1, case-2 and case-3 the
middle cells of the last row have 317 K, 362 K and 310 K respectively.
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Table 10.3 Various variables at inlet and outlet for different cases
Case | Flow area | Mass flow | Inlet (W) | Energy Outlet (W) | Avg. Avg. Temp
(m?) rate (kg/s) source (W) Pressure | Outlet (K)
drop (Pa)
1 0.01 0.0001225 |0.2213 1.9323 2.1536 0.0271 315.61
2 0.0001225 |0.2213 7.0682 7.2895 0.0271 357.12
3 0.001225 | 2.2808 7.0682 9.3485 0.4265 304.87
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