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Abstract: Towards the end to solve the problem of temperature rise in the power battery of electric vehicles, a method based on the coupling of electrochemical, thermal and hydrodynamic aspects is implemented. The method relies on the COMSOL Multiphysics software, which is used here to simulate the thermal behaviour, the related fluid-dynamics and the life attenuation of the power battery. A 3D battery model is built assuming a cylindrical geometry. The diameter of the battery is 18 mm, and its length is 65 mm. The battery charges and discharges at 3C, and the initial temperature is 25°C. Intake flow is set to 0.5 m/s after the air of the battery is cooled. The results show that: (1) The highest temperature of the battery unit increases significantly from 1.14°C of the original nylon heat pipe to 0.17°C of the hot pipe core shaft; (2) When the short circuit of the battery is simulated, the temperature rise of the single battery is close to 20°C, the minimum rise is about 12°C, and their difference reaches 8°C.
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1  Introduction

Electric vehicles have the advantages of low energy consumption and non-exhaust emission, and they also have obvious advantages in energy-saving and protecting the urban environment from pollution. However, there are still many problems in the safety and convenience of using electric vehicles because the power battery of electric vehicles is particularly sensitive to temperature. The high or low temperature will cause the change of the internal structure of the battery, that is, the internal resistance of the Li-ion battery will have different effects on electrode materials, thereby affecting the capacity, cycle life, safety, and reliability of the battery. Waldman studied the decay law of 18650 batteries at −20°C to 70°C. The results show that the decay range at −20°C to 25°C is completely different from that at 25°C to 70°C. When the temperature is below 25°C, the decay rate increases with the decrease of temperature, and the decay rate above 25°C increases with the decrease of temperature [1]. Therefore, it is necessary to study the heat production and heat transfer characteristics of electric vehicle power cells and the Influence of temperature on the performance of the batteries. Research on the cooling mechanism of the power battery can improve the durability of electric vehicles on driving. CFD (Computational Fluid Dynamics) is a rapidly developing discipline in the contemporary era [2].

In the 1950s, China begins research on computational fluid mechanics. Now, computational fluid dynamics has achieved great success. And its calculation methods are finite difference, finite element, priority analysis, spectral algorithm, and pro algorithm [3]. In extreme cases, serious chemical reactions may occur in the battery, resulting in overheating, and even a series of combustion reactions, as well as thermal runaway accidents. Therefore, it has great significance to develop and improve the power battery and its thermal management system [4]. The heat transfer characteristics of a single battery are studied to better improve the heat dissipation and the service life of power batteries.

2  Characteristics of Power Battery

2.1 Principle and Structure of Power Battery

A Li-ion Battery is a kind of high-efficiency recyclable battery, which mainly depends on the insertion and removal of lithium ions between the positive and negative electrodes in the battery to complete the charge and discharge (that is, the storage and release of electric energy) [5]. The packaging methods of the commercial power of Li-ion batteries are generally divided into winding packaging or stacking packaging. And the cylindrical battery is generally a winding package, and the polymer square or soft package battery is the generally a laminated package. The two kinds of batteries are only packaged in different ways, and their internal materials and components are the same [6]. The cylindrical battery and soft pack battery are composed of the positive electrode, the negative electrode, battery shell, and diaphragm. The physical battery of the cylindrical battery and soft pack battery is shown in Fig. 1.
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Figure 1: Physical picture of the batteries

2.2 Characteristics of Power Batteries

The power battery has the advantages of high efficiency and long cycle life, which is in line with the requirements of lightweight and range for electric vehicles. But it is very sensitive to temperature, high power, short time and high current discharge will also have a different impact on A Li-ion battery.

2.2.1 Advantages of Power Battery

(1)   The energy density is high, about 120–200w h/g, which can reach more than 2 times of Ni-Mh battery.

(2)   Under normal process conditions, the cycle life of the power battery can reach more than 2000 times, and the capacity attenuation is much smaller than other batteries.

(3)   There is no memory effect of a power battery. Compared with a lead-acid battery, a power battery has no memory effect and does not need to be fully charged and discharged in the initial state.

(4)   The self-discharge rate is low. In conventional placement, the self-discharge of a Li-ion battery is low, which maintains a high load for a long time, and will not cause a large capacity attenuation rate.

2.2.2 Disadvantages of Power Batteries

(1)   It is very sensitive to temperature. The ideal working temperature of the power battery is 20–45°C. If the temperature is too high, the chemical reaction inside the power battery will be rapid, the heat will be seriously attenuated, and even the heat will be out of control; If the temperature is too low, the capacity of the battery will be seriously attenuated and the battery will not work normally.

(2)   It is not safe. The chemical properties of the materials of a power battery are very active, which is easy to cause fire and even explosion accidents in extreme cases.

(3)   The management system is complex. Because the power battery pack is composed of single batteries, and every single battery is different, especially the complexity and particularity of thermal management. The temperature difference between the batteries is too large, which leads to the further increase of the difference in the performance of the battery, resulting in the inaccurate detection of the capacity and performance of the battery pack.

2.3 Influence of Temperature on Power Batteries

(1)   Influence of temperature on the performance of the batteries

Li-ion batteries are very sensitive to temperature. Research shows that the working temperature range of li-on batteries is generally −30–50°C, and their most suitable working temperature is generally 18–40°C. The main influence of temperature on the performance of the battery lies in the thermal runaway of extremely high temperatures and the serious attenuation of the capacity of the battery at extremely low temperatures. The effect of temperature on the battery is shown in Fig. 2.

(2)   Influence of low temperature on power batteries
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Figure 2: Influence of temperature on battery performance

Although the thermal runaway phenomenon will not appear at low temperatures, the research shows that when the temperature is lower than 0°C, the performance of the battery will be affected; and when the temperature is lower than −20°C, the performance of the battery will be seriously degraded. Friesen et al. [7] compared the performance of Li-ion batteries at low temperatures. The results show that the output power and energy density of the battery are 800 w/L and 100 W/h/L at 25°C, and 10 W/L and 5 W/h/L at −40°C, respectively. Javani et al. [8] analyzed the change of inner electrode of li-on batteries and revealed the effect of low temperature on the performance of the batteries. The electron micrograph of the electrode material after low-temperature cycling shows that there is a dense layer of Al2O3 and a lithium film on the cathode of li-on batteries [9]. The process of lithium deposition is irreversible, and the deposited lithium cannot be converted into li-on to return to the electrolyte. In a word, low temperature can lead to the reduction of activity, the increase of internal resistance, and the decrease of battery capacity and voltage.

(3)   Influence of high temperature on power batteries

When the battery is working at a high temperature, the temperature will accelerate the internal reaction of the battery, causing the change of ion shuttle effect in the battery and resulting in the change of internal resistance. If the temperature is not controlled, the positive and negative materials of Li-ion batteries may be bonded, or even partially dissolved; A chain reaction process in which the temperature rises until the heat is out of control. Ning et al. [10] found that at 55°C, the capacity of li-on batteries decays 70% after 800 cycles, while at 25°C, the same number of cycles decays only 30%. Some studies on the decay mechanism at high temperatures of the batteries show that extreme high temperatures can cause strong side reactions, which may lead to the instability of the crystal structure of the positive and negative electrodes [11]. In addition, high temperature may also affect the SEI composite layer. During the first charge-discharge process of liquid li-on batteries, the electrode material and electrolyte react at the solid-liquid interface to form a passivation layer covering the surface of the electrode material. The passivation layer is a solid electrolyte, called solid electrolyte interface film, and simple SEI film [12]. which further affects the performance of the battery; the decrease of active substances and free ions will lead to the increase of internal resistance. All these factors will lead to the capacity degradation and power reduction of the batteries.

Besides the influence of operation on the capacity and performance of the batteries under high-temperature conditions, long-term storage in a high temperature environment will also lead to the attenuation of the capacity of the batteries. Fang et al. [13] stored the battery at high temperatures in a high-capacity state. The results show that the power attenuation is mainly affected by temperature in the first four weeks, and then by time. Meanwhile, Qu et al. [14] found that the capacity decay is more rapid at higher temperatures. Cheng et al. [15] reported that the capacity of a Li-ion battery decreased from 650 mAh to 20 mAh after 60 days of storage at 60°C. In conclusion, storage and working temperature have an important influence on battery performance. Therefore, it is very important to ensure the storage and use of a Li-ion battery at the right temperature. To solve this problem, Yu et al. [16] listed the storage environment of the battery requirement:

a)   The storage environment should be dry, clean, well ventilated and suitable temperature;

b)   Avoid direct sunlight;

c)   The distance between the battery and any heat source shall be at least 2 m;

d)   No extrusion or any mechanical stress is allowed.

2.4 Study on the Heating Mechanism of Power Battery

2.4.1 Research on Heat Generation and Heat Transfer of Li-on

At present, there are many studies on the internal heat generation theory of Li-ion batteries, as well as some mathematical models. The thermal simulation technology is also a branch of studying the internal heat dissipation mechanism of power batteries in fluid dynamics. The purpose is to qualitatively and quantitatively know about the physical phenomenon of fluid flow in the battery. COMSOL Multiphysics software is used for the design and research of the battery. The most common one is shown in Eq. (1) [17]. This equation accurately describes the internal heat generation of the battery, but its disadvantage is that it contains too many electrochemical parameters, which increases the amount of calculation and makes the equation too complex. Therefore, the simplified form of the equation is proposed by Abboud et al. [18], as shown in Eq. (2).


A=αmin(∅x−∅b−Uoc)+amin(T∂U∂T)+δ(∇∅x)2+kb(∇∅b)2+2RfTkbN(t+0−1)(1+dlnf+dlnCb)∇lnCb∇∅c
(1)


A=I(U∝−V)−I(TdU∝dT)
(2)

A is the heat generation rate per unit volume, W/m3;

I is the current. When the battery is charging, I is positive; and when the battery is discharging, I is negative;

The voltage at x and b
 are ∅x,∅b respectively
, which are in V;

UOC is the voltage of the open circuit in V;

F is the final heat generated by the battery and the unit is J;

Cb is the initial heat generated by the battery and the unit is J

∇ indicates the increase of voltage and the unit is V.

In the process of heat dissipation, heat is dissipated through heat transfer, heat convection, and heat conduction. For the common thermal management methods, the temperature of the electric fluid is mainly controlled by heat transfer and heat convection. In the process of solving the thermal model of the battery, the initial conditions and boundary conditions need to be used, and the boundary conditions can be expressed as the following:


−M∂T∂n2=hx(T−Trmb)+εδ(T4−Trmb4)
(3)

hx and εδ represent the heat exchange coefficient between the battery and the outside world;

T and Trmb are the temperature of battery and environment, K; M is the thermal conductivity;

The radiant heat transfer coefficient is expressed as follows (4) for simplifying the calculation.


hmb=εδ(T4−Trmb4)T−Tmb≈4εδTrmb
(4)

Note: the letters in Eq. (4) are the same as those in Eqs. (1)–(3).

When T is slightly larger than Trmb, Eq. (4) can be written as Eq. (5).


−M∂T∂n=hs(T−Trmb)+hrad(T−Trmb)=hf(T−Trmb)
(5)

hx, hs and hrad are the external heat exchange coefficients of the battery and the initial, the final and the integrated components.

The internal heat of Li-ion batteries mainly includes internal reaction heat Qa, Joule heat Qb, polarization heat Qc and side reaction heat Qd. The total heat of the battery is the sum of the above heat, which can be expressed as Eq. (6):


QT=Qa+Qb+Qc+Qd
(6)

The mathematical model of the heat transfer of the battery is based on the law of heat transfer. The process of heat generation and heat transfer of Li-on batteries follows the energy conservation law, which can be expressed as: the total heat input from outside Qin + the internal heat of battery Qgen = the total heat dissipated Qout + the internal energy increment Qbat of the battery, as shown in Eq. (7):


Qin+Qgen=Qout+Qbat
(7)

The heat transfer path of the battery is: first, the heat generated by chemical reaction and the internal resistance is transferred from the inside of the battery to its surface; second, the heat is transferred to the external environment through active or passive heat dissipation measures.

3  Simulation Analysis of Power Batteries

3.1 Thermal Simulation of the Single Battery

The thermal simulation of a single battery is carried out based on COMSOL. In the simulation, the conjugate heat transfer interface and electrochemical interface of COMSOL are simulated by the one-dimensional model of a single battery [19], and the three-dimensional model of li-on batteries is used to simulate the heat transfer process of batteries.

In the simulation, the initial temperature is set to 25°C. The single cylindrical li-ion battery is 18,650 (diameter 18 mm, height 65 mm), and the soft pack battery size is 230 × 160 × 8 mm. The ambient temperature is set to 25°C and the inlet air velocity is set at 0.1 m/s to simulate the air flow caused by the slight disturbance of hot air in natural cooling; The charge and discharge rate of the battery is 1C and 2C. Figs. 2 and 3 show the current, voltage, and simulated temperature distribution of the 18650 cylindrical battery under 1C and 2C charging and discharging conditions [20]. It can be concluded that under the cooling condition of 0.1 m/s, the maximum temperature of 1C discharge battery after 2500 s cycles is 299.83 K, which is about 0.5°C higher than the initial temperature, and the temperature is slightly increased but almost unchanged. The temperature increases by 3.23°C in 2C discharge, which is higher than that in 1C discharge. This shows that the larger the discharge rate is, the worse the thermal uniformity of the single battery is, that is, the greater the temperature difference of each part of the battery is.
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Figure 3: Internal temperature distribution and voltage of 1C discharge rate of a cylindrical battery. (a) Temperature distribution under battery charging and discharging conditions; (b) Change of current and voltage under battery charging and discharging conditions

3.2 Improvement of Internal Performance of Simulation Batteries

The inner core of commercial cylindrical batteries is Ninon mandrel, which has low thermal conductivity and is easy to generate heat accumulation, leading to the performance degradation of the battery. Therefore, the structure of a new cylindrical lithium-ion battery structure is proposed: (1) a heat pipe is used to replace the Ninon mandrel, improving the heat dissipation performance of a single battery; (2) the COMSOL software is used to simulate and verify the effect of the new structure.

3.2.1 Simulation Results of a Cylindrical Battery

The current, voltage, and simulated temperature distribution of the 18650 cylindrical battery under 1C and 2C charging and discharging conditions are shown in Fig. 3 and Fig. 4, respectively.
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Figure 4: Internal temperature distribution and voltage of 2C discharge rate of a cylindrical battery. (a) Temperature distribution under battery charging and discharging conditions; (b) Change of current and voltage under battery charging and discharging conditions

Fig. 3a shows the simulation temperature distribution of the 18650 cylindrical battery under 1C charging and discharging conditions.

Fig. 3b shows the current, voltage of the 18650 cylindrical battery under 1C charging and discharging conditions.

Combined with Figs. 3a and 3b, it can be concluded that under the cooling condition of 0.1 m/s, the maximum temperature of the discharge battery at 1C is 299.83 k after 2,500 s cycles, which is about 0.5 K higher than the initial temperature of 299.76 k. The temperature increases slightly, the voltage changes from 3.6 V to 3.83 V, and the high and low voltages change between 0.23 V.

Fig. 4a shows the simulated temperature distribution of the 18,650 cylindrical battery under charge and discharge conditions at 2C.

Fig. 4b shows the current and voltage of the 18650 cylindrical battery under charge-discharge conditions at 2C.

Combined with Figs. 4a and 4b, it can be concluded that under the cooling condition of 0.1 m/s, the maximum temperature of the discharge battery at 2C after the 2,500 s cycle is 302.38 k, which is about 0.26 k higher than the initial temperature of 302.11 k. The temperature increases slightly, the voltage changes from 3.55 v to 3.93 v, and the high and low voltage change between 0.38 v.

As a whole, it can be concluded that: under the conditions of the same cooling and discharge cycle, the higher the discharge rate is, the greater the variation range of the high and low voltage of a single battery is, that is, the worse the overall thermal uniformity of the battery is, and the greater the temperature difference of each part of the battery is accordingly. The thermal uniformity of the battery explains the thermal effect of the battery. The factors that affect the thermal effect of the battery are the charge-discharge rate, voltage, internal resistance, the manufacturing process, the structure of the battery, and raw materials.

3.2.2 Simulation Results of Soft Cells

The simulation results of the soft cell show that the soft cell used in the thermal simulation is 235 × 130 × 8 mm, and the capacity of the single battery is 10 Ah. At the initial condition of 298.15 K, charge and discharge cycles at 1C and 2C rates are simulated respectively, and the results are shown in Fig. 4.

Fig. 5a shows the simulation results of the soft cells at 1C rate charge and discharge cycle.
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Figure 5: Simulation results of soft cells. (a) Simulation results of soft battery under 1C rate charge discharge cycle; (b) Simulation results of soft battery under 2C rate charge discharge cycle

Fig. 5b shows the simulation results of the soft cells at the 2C rate charge and discharge cycle.

3.3 Improvement of Internal Heat Dissipation Performance of the Batteries

The internal winding mandrel of general commercial cylindrical batteries is the Ninon mandrel, which has low thermal conductivity and is easy to produce heat accumulation, leading to battery performance degradation. Therefore, a new cylindrical Li-ion battery structure is proposed in this section: the heat pipe is used to replace the Ninon mandrel to improve the heat dissipation performance of the single battery, and the COMSOL software is used for simulation to verify the effect of the new structure. The three-dimensional model of the 18650 battery is the prototype, which is 18 mm in diameter and 65 mm in length; The initial temperature is 25°C. To simulate the state of the battery under the condition of air cooling, the inlet air flow rate is set as 0.5 m/s.
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Figure 6: Comparison of the temperature rise between heat pipe mandrel and nylon mandrel

According to the simulation results of Ninon mandrel, the center temperature of the battery is higher than the surface temperature, and the maximum temperature difference of the whole battery is 1.14°C. According to the simulation results after the replacement, the maximum temperature is 315.95 K, which is significantly lower than 316.46 K of Ninon mandrel. In addition, the maximum temperature difference of the battery is 0.17°C, which is significantly lower than 1.14 before replacement. Fig. 6 shows that the maximum temperature rise of the battery decreases and the temperature difference of the battery is significantly improved by replacing the Ninon mandrel with the heat pipe mandrel. There is no difference in the maximum temperature rise, average temperature rise, and minimum temperature rise.

4  Study on the Life Span and Safety of Power Batteries

4.1 Simulation of the Hydrodynamic Life Decay of the Batteries

The main reasons for the capacity and lifetime degradation of Li-ion batteries are side effects and degradation of battery materials. The attenuation and degradation of the batteries are affected by many factors, such as current density and material concentration distribution at different locations. To simulate the effect of different charge and discharge rates on the performance of li-on batteries, the electrochemical interface of COMSOL software is used to model the attenuation of recyclable lithium in li-on batteries. In the simulation process, based on the one-dimensional model of li-on batteries, the working mode of charge and discharge cycle is set as follows: (1) 1C constant current charging to the upper limit voltage of 4.1 V; (2) Charge at a constant voltage of 4.1 V until fully charged; (3) Discharge to lower limit voltage with 1C constant current. The calculation is speeded up, the convergence is improved, and the time acceleration factor is added.

Fig. 7 below shows the first charge and discharge voltage curves of the battery under 1C, 2C, and 3C charge and discharge cycles.
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Figure 7: Comparison of voltage drop of first and last cycle at different charge and discharge rates

Fig. 7 shows that with the increase of charge-discharge rate, the decrease of voltage of the battery is accelerating. When the battery is discharged at 3C, the voltage drop to the cut-off voltage is 1,050 s, while the discharge time at 1 C and 2C is 3,000 s and 1,480 s, respectively. In addition, the voltage drop during the last cycle of discharge is significantly different from that during the first cycle of discharge, and the voltage drop during the last cycle of discharge is faster. The above results show that the high charge-discharge rate significantly reduces the performance of the battery.

4.2 Simulation of the Thermal Safety of the Battery

The thermal simulation of the external short circuit of the battery is as follows: (1) the positive and negative poles are directly connected together, and there will be a huge current through the battery body at the moment of short circuit; (2) the 18650 cylindrical battery is used in the simulation, with the maximum voltage of 4.2 V at full capacity, 65 mm in height, 18 mm in diameter, 4 mm in mandrel diameter and 0.1 mm in shell thickness; (3) the two-dimensional axisymmetric model is used, and the ambient temperature and initial temperature are set at 25°C.

Fig. 8 shows the voltage and current changes after the external short circuit of the battery in the simulation.
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Figure 8: Curve of the changes of the voltage and current of external short circuit of the battery

The current rapidly rises to nearly 300 A and the voltage rapidly drops to 0 within about 2 s after the external short circuit occurs. An external short circuit will seriously damage the battery, leading to a failure.

Fig. 9 shows the temperature change of the battery in the process of an external short circuit.
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Figure 9: Transient temperature rise of the external of the battery

The maximum temperature rise, average temperature rise and minimum temperature rise of the 18650 battery at the time of external short circuit are displayed. The temperature curve shows that the maximum temperature rise of the 18650 battery can reach nearly 20°C, the minimum temperature rise is about 12°C, and the temperature difference of battery can reach 8°C. This will seriously affect the performance and safety of the battery.

5  Conclusion

The heat transfer model of the cylindrical battery and the soft package monomer is established, and the heat transfer process is analyzed. The COMSOL software is used to simulate the hydrodynamic of power batteries at 1C, 2C, and 3C. The simulation model is based on the electrochemical thermal coupling method. Based on the simulated cloud image and temperature rise curve, the thermal characteristics of the battery at different charging and discharging rates can be obtained.

In this study, the influence of temperature on the basic performance and life decay of lithium-ion batteries is studied, and the influence of the heat pipe inside the battery is reduced. There are two conclusions: (1) The maximum temperature rise of the cell increases significantly from 1.14°C of the original nylon heat pipe to 0.17°C of the heat pipe mandrel. (2) When the short circuit of the battery is simulated, the temperature rise of the single battery is close to 20°C, the minimum rise is about 12°C, and the temperature difference reaches 8°C.

The solution proposed in this study is to replace nylon heat pipe with heat pipe mandrel, which has certain practical significance. The following aspects need to be improved.

(1) Because of the limitation of the performance of computers, the model of the battery is simplified. The battery can be regarded as a uniform heat receiver. In the future, the internal structure of the battery is refined, the positive and negative ears of the battery is increased, and the accuracy of the theoretical simulation data is improved. (2) In the battery temperature rise experiment and thermal simulation, the external temperature of the battery is a fixed value, while in the actual working process, the current and external environment temperature of the battery are a dynamic process. The focus of future research will be the fluid mechanics to explore the heat dissipation characteristics of the batteries under sudden changes in ambient temperature, as well as the fluid dynamics of power batteries with different raw materials under low-temperature conditions, designing power batteries suitable for low-temperature environment, and exploring the endurance and service life of electric vehicles in low-temperature environment.
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