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ABSTRACT

In this project, a 3-D computational fluid dynamics model (based on ANSYS Fluent CFD program)
was developed along with a problem specific experimental procedure for investigating the thermal
behavior of lithium 10n batteries under natural convection. The model solves the complete flow field
around the battery as well as conduction inside the battery using heat generation model widely used
in the literature. The model is thermally fully predictive so it requires only electrical performance
parameters of the battery to calculate its temperature during discharging. Using the model, detailed
investigation of the effects of the variation of the macro-scale thermo physical properties and the
entropic term of the heat generation model was carried out. Results sﬁow that specific heat is a
critical property that has a significant impact on the simulation results, whereas thermal conductivity
has relatively minor importance. Moreover, the experimental data can be successfully predicted
without taking the entropic term into account in the calculation of the heat generation. The difference
between the experimental and predicted battery surface temperature was less than 3 °C for all
discharge rates and regardless of the usage history of the battery. The developed model has the
potential to be used for the investigation of the thermal behavior of Li-lon batteries in different
packaging configurations under natural and forced
convection.
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1. Introduction

In the present world scenario, adverse climate change has become a major concern, which is
primarily caused due to air pollution. Large emissions of greenhouse gases resulted in global warming
and rise in average temperature of the earth. The major contributor for greenhouse gases is the
transport sector, which accounts for about 21% of total emission out of which 15% is from road
transport sector i.e., from the conventional vehicles driven by internal combustion engines [1].
Hence, to combat air pollution use of electric vehicles and hybrid electric vehicle systems has become
a prominent option. However, primary challenge with electric vehicles is to enhance the performance
of its energy storage system that is commonly a lithium-ion (Li-ion) battery [2]. The performance of
Li-ion battery is predominantly dependent on its operating temperature. For optimum performance,
it is recommended to maintain its operating temperature in the range of 15 to 35 2C. In addition, the
temperature difference between individual cells in a battery pack should be less than 5 eC. This will
help to maintain optimum balance between the battery life and battery performance [3]. To evade
early degradation of battery capacity and thermal runaway, its temperature should be maintained
within 60 °C to 80 °C. In-depth research on Li-ion batteries are required and several critical
parameters such as battery cycle life and full discharge cycle needs to be thoroughly understood
which in turn will help in designing an efficient Battery Thermal Management System (BTMS) for
further enhancing its performance characteristics [4].

To design an effective BTMS for Li-ion battery, it is important to understand temperature
distribution of the cell. Several numerical studies have been accomplished on different cell models
such as thermal model, electrochemical model, Equivalent Circuit Model (ECM) [5]. The main inputs
for Li-ion battery thermal model are thermal properties and battery heat generation rate. This model
can be either 1-D, 2-D or 3-D system. In the lumped thermal model, the temperature gradient inside
the battery cell is considered to be negligible and thus it simulates the entire cell at uniform
temperature. Furthermore, it helps to evaluate the surface and core temperature of the cell
incorporating the internal thermal resistance and battery pack degradation [6]. Bryden et al., [7] have
evaluated the heat capacity of different types of Li-ion cell and determined the total resistance in the
circuit. Coman et al., [8] have studied the thermal runaway of lithium cobalt oxide battery and Lin et
al., [9] has developed an electro-chemical model for a Li-ion battery. These studies are predominantly
based on lumped models of small sized Li-ion batteries. However, for large batteries it is even
important to explore the cooling parameters. In big sized Li-ion batteries, the temperature gradient
across the cell is substantially large and the maximum temperature attained is also significant. Hence,
BTMS is extremely essential for large Li-ion batteries. Panchal et al., [10] perceived that when a 20
Ah Li-ion battery is discharged at different discharge rate of 2 C, 3 C and 4 C, there exists a non-
uniform temperature distribution across the cell. Samba et al., [11] has developed a 2-D model of a
pouch battery to study the temperature distribution. Further, an analytical method is developed to
evaluate the heat conduction inside the Li-ion battery.

Three dimensional computational models have been used by several researchers to investigate
the thermal performance of a single cell and later the same is applied to develop battery pack [12].
Electrochemical battery models are resolved using Multi-Scale Multi-Domain (MSMD) approach
which basically rely upon electrochemical equation characterizing the flow of ions in different
domains and scales. This approach will determine the cell temperature distribution, heat generation,
voltage and current characteristics of the cell. ANSYS Fluent is used to perform the analysis with three
different sub-models viz. Equivalent Circuit Model (ECM), Newman Pseudo-2D Model and Newman,
Tiedemann, Gu and Kim (NTGK) model [13]. ECM is mainly used to study battery’s electric behaviour
which has inbuilt electric circuit [14]. Newman Pseudo-2D model is based on the physics of electrodes
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and electrolyte, which can capture Li-ion movement in circuit. NTGK model is a semi-empirical
electrochemical model which can simulate temperature rise in the cell. Using this model, the
difference in computational and experimental values of cell temperature is found to be less than 12C
[13]. Besides, MSMD model can be used to simulate large battery pack with the cell connected in
series as well as parallel. With MSMD model, it is possible to simulate thermal runaway of any cell
and related consequences. Panchal et al., [15] have investigated the voltage and temperature rise of
a 26650-lithium phosphate battery using MSMD model at constant discharge rates. G. Li et al., [14]
has simulated the performance of prismatic battery using similar approach. Zhou et al., [16] have
studied thermal control of cylindrical Li-ion batteries. To ensure optimal performance and safety of
Li-ion batteries it is important to design an appropriate Battery Thermal Management System.

Different types of thermal management system such as air cooled, liquid cooled, heat pipe
containing phase change materials and hybrid cooling systems are employed for Li-ion batteries used
in electric vehicles [2]. The major disadvantage of air based BTMS is that it consumes more power
due to low thermal conductivity of air. Moreover, the temperature distribution is non-uniform
throughout the battery pack which further deteriorates the battery performance [17]. Compared to
air cooled BTMS, liquid-based cooling technology provides better cooling ability. Commonly used
liquid cooling systems adopts cooling channels between the cells and in some cases the battery cell
is directly immersed in the cooling medium. Several designs of liquid cooling systems such as cooling
plates with mini-channel structures, serpentine cooling channels are found to be highly efficient and
compact in structure [18]. The commonly used heat transfer fluids in BTMS are water, ethylene
glycol, mineral oil, refrigerants and dielectric fluids [19]. The operating parameters of the cold plate
generally depends on type, shape and size of cooling channel as well as coolant flow path.
Meanwhile, the cooling systems based on phase change material depends upon the physical property
of the material can be used for BTM in electric vehicles [20].

The drawback of using PCM based cooling system is that they possess low thermal conductivity
and hence it responds slowly at high thermal loads. The other disadvantages of PCM are poor
mechanical characteristics, leakage and low heat transfer rate between PCM and surrounding.
Researchers are working on enhancing the thermal conductivity of PCM by introducing metal
particles or metal foams but still additional cooling is required along with PCM for optimum
performance of the battery [21]. Heat pipes can efficiently remove heat from battery, however, it is
similar to PCM technology and does require additional cooling system alongside. Further research is
required to use heat pipes as a potential technology for BTMS application [22]. In designing a liquid
cooled thermal management system, various factors such as weight of system, space, operating cost,
possibility of leakage, possible resistance between the cold plate and Li-ion cell have to be thoroughly
considered [20]. An optimum cooling plate should be highly efficient, compact in size, low cost, highly
uniform and light weight. It is recommended to deploy computation models to select optimized
cooling plate [23].

Zhao et al., [24] has designed a liquid mini-channel thermal management system for cylindrical
batteries and investigated the effect of different parameters such as number of channels, mass flow
rate, size of fluid inlet and flow direction on performance of thermal management system. It is found
that at an optimized mass flow rate of 10-3 kg/s with four mini channels can regulate the temperature
below 409C. Panchal et al., [25] has investigated the performance of mini-channel cold plate using
water as cooling medium for prismatic batteries. The study was conducted for battery discharge rates
of 1 C and 2 C and different coolant temperatures of 52C, 159C and 252C. It is observed from the
outcome that as the battery discharge rate increases the temperature inside the cooling channel also
increases. Huo et al., [26] has explored the influence of fluid flow path, number of mini-channels and
ambient temperature on thermal management system using a 3-D model of liquid cooled mini-
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channel plate for EV batteries. It is seen that with increase in number of cooling channels and coolant
mass flow rate, the battery temperature decreases. It has been also observed that the coolant flow
path has very little influence on cooling efficiency compared to coolant flow rate. Jin et al., developed
and innovative cooling plate consisting of active and passive cooling components to provide a
uniform battery thermal management. The cooling plate was integrated with phase change material
and a fluid passage. As a result, it is observed that hybrid cooling plate was able maintain battery
temperature below 40°C at 0.5C and 1.5C discharge rate.

Akbarzadeh et al., studied the performance of hybrid cooling plate with PCM, which is 36% lighter
than traditional liquid cooling plate. The result shows that by in co-operating hybrid liquid cooling
plate the power consumption by the pump used to circulate the coolant decreases by 30%. It also
helps in maintaining temperature uniformity all over the battery pack. Prajapati et al., [27] have
analysed the efficiency of three different micro-channels viz. identical cross-section, diverging cross-
section and microchannel containing oblique fin. The oblique finned structured exhibit high heat
transfers co-efficient compared to the other two microchannel. From the overview of literature, it is
evident that the structure of cooling channel is an important factor influencing the heat transfer
characteristics. Since in majority cases the inlet, outlet, area as well as thickness of the cooling plate
is restricted by the battery pack design, optimization of the BTMS is critical and highly essential.

Hence, in order to design an efficient liquid cooled BTMS, it is essential to design a computational
model and analyze the performance of single cell and obtain information on heat generation and
maximum temperature attained. The present study focuses on developing a thermal model of
cylindrical Li-ion battery to estimate the thermal parameters viz. temperature distribution, maximum
temperature at different discharge rate. Further, to enhance the cooling performance and attain
uniformity in temperature distribution, fins are adopted for the aforementioned cooling plate. The
proposed method will help to maintain the operating temperature of Li-ion battery for electric
vehicle applications within the optimized range.

2. Methodology

A CFD model of 26650 Lithium Cobalt Oxide (LiCoO3) cell is developed in this study. The thermal
behaviour of the Li-ion cell is numerically evaluated using dual potential Newman, Tiedemann, Gu
and Kim (NTGK) formulation. The simulation is performed at different constant current discharge
rates.

2.1 Battery Geometry and Meshing

The cell used in the present work is a solid cylinder of 26 mm diameter and 65 mm length. For
NTGK formulation, the cell is divided into three main components i.e., anode as negative tab, cathode
as positive tab and the middle component as jelly roll. In reality, the cell will be covered with outer
shell material but for simplifying the model, the thermal resistance of the outer shell is neglected and
hence the outer shell is not included in the model. The battery cell with cooling cell model is shown
in Figure 1.
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Fig. 1. NTGK Li-ion cell details (a) Cell components (b) Cell dimensions (c) Single cell
battery model

Geometrical model of cooling system for single cell battery is developed using Ansys design
modeller. The fins and cooling plate are modelled as solid domain and coolant channel as fluid
domain. The fins are made of aluminium material and is connected to the top surface of cooling plate.
The cooling plate has three internal coolant flow channels as shown in Figure 2. The dimension of
cooling system is provided in Figure 2. Bottom surface of negative tab lies 3 mm above the cooling
surface. The aluminium fins are in direct contact with the Li-ion cell. Heat is absorbed by the fins and
transferred to the coolant passing through the channel beneath at a flow rate of 0.01 m?3/s.
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Fig. 2. Single cell with cooling system (a) Model of the cell with cooling system (b) Schematic of cooling
system depicting various components (c) Front view (d) Side view (e) Top view

Mesh independence tests have been carried out to solve the NTGK single cell model with and
without cooling at constant discharge current of 6 Amperes. For each case, the optimum mesh size
is found to be 1.15 mm considering maximum temperature rise as the parameter of interest. Thus,
mesh with 38988 elements is chosen for single cell without cooling and mesh with 258964 elements
is selected for single cell with cooling NTGK model. The mesh metrics for both the cases are provided
in Table 1 and 2.
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Table 1
Mesh metrics for single cell battery model
Parameter Maximum _ Minimum Average
Element Quality 0.99752 0.63504 0.90663
Aspect Ratio 2.8774 1.0511 1.4965
Skewness 0.46674 3.8227x10° 9.2325x10?
Orthogonal quality  0.99998 0.81467 0.98615
Table 2
Mesh metrics for cell with cooling system
Parameter Maximum  Minimum Average
Element Quality 1 5.8996x102 0.65168
Aspect Ratio 31.191 1 6.4128
Skewness 0.50179 4.385x10°® 0.14252
Orthogonal quality 1 0.70711 0.94278

2.2.  Equations Used in Numerical Analysis of The Battery Model

In the present work, Dual Potential Multi Scale-Multi Domain approach with NTGK
electrochemical sub model is adopted for analysis of li-ion battery cell. The electrical and thermal
field characteristics of the battery are solved in the computational domain at the battery’s cell scale
as follows [28]:

8! p@i’pT ) -V (kcAT) =0 pos Vd)pos 2 1O e V(I)neg 2 + chh + qshort (1)
Vo,V os) :—( Je = Jaon )1 |
Voo Ve )=(j i ) } @

neg neg E., short |J

where (I) is phase potential, O is effective electric conductivity at electrodes, e, and ]Evhare the

electrochemical reaction heat due to electrochemical reactions and volumetric current transfer rate

respectively, Dshort and/short are the heat generation rate due to battery internal short-circuit and

pos, neg

current transfer rate respectively. The suffixes represents positive and negative electrode.

J q
The source terms ~Z# and ~ £ are calculated based on the electrochemical sub-model which is NTGK
in the present case. NTGK is a simple semi-empirical electrochemical model.

The volumetric current transfer rate is related to potential field by:

C
J=="—

C erol

7

LU~ (b0 =) | ®)

where Volis volume of active zone, C _ is the battery capacity used to get Uand Y parameter

functions
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Deep of discharge (DoD) is calculated as follows:
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(4)

discharge, the U and Y parameter functions are evaluated as follows,

—CZ(T—T )

(5)

Where C and C, are constants for a particular battery and T, is the reference temperature.

The Electro-Chemical reaction heat is given by,

e, = JE,

:

U—(¢:—¢- )~ T—

du |
dr |

(6)

where the first termin (6) represents heat due to over potential and second term represents entropy-

based heat generation.

The Li-ion cell specifications, material properties for NTGK model, U and Y coefficients and cooling
system material properties are listed in Table 3 to 6 respectively.

Table 3

LiCo0O; 26650 Li-ion cell specifications

Anode material Graphite

Cathode material LiCoO2

Mass 0.088kg

Height 65mm

Diameter 26mm

Emissivity 0.8

Nominal voltage 3.70V

Charging voltage limit 4.20V

Cut-off voltage 2.75V

Maximum discharge current 2C

Maximum charge current 1C

Nominal capacity 4 Ah
Table 4
Material properties for NTGK model
Properties Jelly roll Aluminium Steel

(Active Zone) (Positive Tab) (Negative Tab)

Density (kg/m?3) 2226 2719 8030.0
Specific heat (J/kg-K) 1197 871 502.480
Thermal conductivity (W/mK) 27 202.4 16.27
Electrical conductivity (S/m) 1.19x10°, 9.83x10° 3.541x107 8.33x10°
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Table 5
U and Y coefficients for NTGK model
Function Coefficients

U a, a, a, a, a, a;
4,0682 -1.2669  -0.9072 3.7550 -2.3108 -0.1701
Y b, b, b, b, b, b
16.5066 -27.0367 237.3297 -632.603 725.0825 -309.8760
Table 6
Material property of cooling system
Property Fins (Aluminium)  Cooling plate (Aluminium)  Fluid Channel (Water)
Density (kg/m3) 2719.0 2719 1000
Specific heat (J/kg-K) 871.0 871 4184
Thermal conductivity (W/m-K) 202.4 202.4 0.6

2.3 Boundary Conditions for Single Cell Battery

For the single cell battery, boundary conditions are applied to the cell wall, positive tab wall and
negative tab wall, as given in the Table 7. Boundary conditions are varied for different discharge
current rates.

Table 7
Single cell boundary conditions
Current (A) Heat Transfer Coefficient (W/m?k)  Free Stream Temperature (K)

2 3.6 297
4 5.6 297
6 7.7 296

2.4 Boundary Conditions for BTMS

For BTMS, the value of inlet velocity and inlet temperature is varied. Finally, optimal values for
inlet velocity and temperature is selected by conducting simulation for range given in Table 8.
However, the cell boundary conditions remain the same as mentioned in Table 7.

Table 8
BTMS boundary conditions
Current (A) 2 4 6
Ambient temperature (K) 297 297 296
Fin Cooling plate temperature (K) 297 297 296
Fluid channel inlet temperature (K) 297-300
Coolant/solid interface Conjugate heat transfer
Fluid channel inlet velocity(m/s) 0.005-0.1
Cellinitial temperature (K) 297 297 296
Fluid channel outlet pressure (Pa) 0 (gauge)
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3. Result and Discussions

The cell behaviour when being discharged at different rates is computed by equation and NTGK
model. The temperature rise in the cell is represented in Figure 3. The temperature tends to increase
with the increase in discharge rate. The simulation results obtained for single cell without cooling is
validated with the experimental results by [29] and found to be well within acceptable limits.
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Fig. 3. Temperature contour of the cell at different discharge rates (a) 0.5 C(b) 1.0C(c) 1.5C
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3.1 Single Cell Without Cooling

Using the Ansys Workbench, the C-rate for three different discharge modules of 0.5 C, 1.0 C and
1.5 C has been analysed on the LiCoO; 26650 Li-ion battery. The maximum temperature of the cell
was observed to be 313.95 K, 307.95 K, and 302.45 K for 1.5 C, 1.0 C and 0.5 C discharge rates
respectively. Temperature rise in the cell for different discharge currents is shown in the Figure 4.
The temperature of the cell increases as the internal heat generation increases due to the
electrochemical reaction taking place inside the battery cell with time. The maximum temperature
attained by the cell is found to be highest for 1.5 C discharge rate, which is because high current
drawn at a relatively short time. With increase in discharge current rate, the battery temperature
increases and the usage available time is significantly reduced as shown in Figure 4. A comparison of
voltage drop at three different discharge modules is shown in Figure 5. It is clear from the graph that
as discharge rate increases, temperature as well as voltage drop increase. It is observed that 313.95K
is the maximum temperature attained by the cell at 1.5 C discharge rate due to high internal
resistance and the charge is completely drained within 2500 seconds at same discharge rate.

Figure 4 and 5 shows the comparison between simulation results and experimental work. It can
be observed that as the cell discharge rate increases the temperature rise also increases. At a
discharge rate of 1.5 C the cell attains maximum temperature of 313.95 K which exceeds the optimum
temperature. Hence, it is important to reduce this temperature by adopting BTMS. The deviation
between experimental and simulation temperature values are found to be 0.2903 K, 0.6783 K and
0.3477 Kfor 0.5 C, 1.0 Cand 1.5 Cdischarge rates respectively. This is due to the variation in ambient
temperature during the experiment. These changes will continuously vary during the day which will
lead to deviations in the experimental results whereas, the outcome of simulation usually remains
steady. Therefore, these variations are neglected when comparing with computational results. This
study will help to further compare the performance of single cell with cooling and without cooling.
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3.2 Single Cell With BTMS

Figure 6 shows the temperature contour of single cell with cooling for three different discharge
rates 0.5 C, 1.0 Cand 1.5 C. The maximum temperature for discharge rates 0.5 C, 1.0 Cand 1.5 Care
297.42 K, 298.52 K and 298.55 K respectively. From the temperature contours, it can be observed
that bottom part of the cell is cooler compared to the top part because the cooling plate is attached
to bottom of the fins. The temperature difference between top and bottom parts is considerably less.
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3.3 Comparison of Performance of Single Cell with Cooling (BTMS) and Without Cooling

Figure 7, 8 and 9 depicts the variation of cell temperature with time for discharge rates of 1.5 C,
1.0 C and 0.5 C respectively. From these graphs, it can be inferred that there is significant change in
temperature when the thermal management system consisting of finned cooling plate is
incorporated with single cell battery. All these factors contribute in decreasing the battery
temperature and thus increases the battery lifespan. Such system also helps in preventing battery
thermal runaway. In all these cases, battery starts at base temperature of around 296 to 298 K. The
highest temperature the cell would attain without the cooling depends upon the discharge rates set
for the battery. Higher the discharge rates, higher the cell temperature before total discharge.
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Fig. 7. Comparison of cell temperature with cooling and without cooling at 1.5
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Fig. 8. Comparison of cell temperature with cooling and without cooling at 1.0 C
discharge rate
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Fig. 9. Comparison of cell temperature with cooling and without cooling at 0.5 C
discharge rate

For the discharge rate of 1.5 C, the maximum temperature of cell is 314 K without cooling, and
with adoption of BTMS it would reach around 298 K. Similarly, for discharge rates of 1.0 Cand 0.5 C
the maximum temperature attained by cell without cooling are found to be 307.37 K and 302.31 K,
and correspondingly 298.5 K and 297.42 K with cooling. Incorporating thermal management system
will decrease the maximum temperature attained by 39%, 25% and 16% respectively at discharge
rates of 1.5 C,1.0 Cand 0.5 C. The maximum temperature recorded in a single cell with cooling and
without cooling is summarized in Table 9.

Table 9
Outcome of CFD analysis of single cell Li-ion battery with and without BTMS

Discharge rate  Initial cell Maximum temperature rise Maximum temperature rise
() temperature (K) without cooling (K) with cooling (K)

0.5 297 302.31 297.42

1.0 297 307.37 298.52

1.5 296 313.73 298.56

3.4 Limitations of Present Work

The present work is modelling of single cell and designing the battery thermal management for
the same. The battery thermal management proposed here is capable of maintaining single cell with
in safe operating range of temperature. The arrays of cell can be modelled using the same method
and apply the battery thermal management to it. The effect of different flowrates on the cooling
performance of BTMS must be studied. Optimization of cooling channel is also necessary before
applying it to arrays of cell.

4, Conclusions

In the present work CFD analysis has been carried out on a single 26650 LiCoCO2 cell for electric
vehicle application. The dual potential NTGK model is used for simulation. The simulation results are
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validated against experimental work available in literature and is found to be well within acceptable
limits. The variation of cell temperature and voltage with time for single cell without cooling has been
evaluated at different discharge rates of 2A (0.5 C), 4A (1.0 C) and 6A (1.5 C). Furthermore, a finned
cooling plate with water as coolant has been used to regulate the maximum temperature attained
by the cell. Maximum temperature attained by the cell with and without cooling has been simulated
at various constant current discharge rates. The outcome of the simulation study is summarized
below

i.  Single cell without cooling attains maximum temperature of 313.72 K, 307.37 Kand 302.31
K at discharge rates of 1.5 C, 1.0 C and 0.5 C respectively.

ii.  Single cell with Battery Thermal Management System (BTMS) it is observed that the
maximum temperature attained by the cell is 298.55 K, 298.52 K and 297.41 K at discharge
rate of 1.5 C, 1.0 Cand 0.5 C respectively.

iii. Compared to bare cell, the cell with BTMS reduces the maximum temperature reached by
39%, 25% and 16% at discharge rates of 1.5 C, 1.0 C and 0.5 C respectively thus implying that
the BTMS adopted in the present study is effective.
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