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Abstract

:

The heat dissipation characteristics of the lithium-ion battery pack will have an effect on the overall performance of electric vehicles. To investigate the effects of the structural cooling system parameters on the heat dissipation properties, the electrochemical thermal coupling model of the lithium-ion power battery has been established, and the discharge experiment of the single battery has been designed. The voltage and temperature curves with time are similar to those obtained from the numerical model at various discharge rates, and the experimental results are relatively accurate. Based on this model, the height, angle, and number of different air inlets and outlets are designed, and the heat dissipation characteristics of different structural parameters are analyzed. The results show that the maximum temperature decreases by 3.9 K when the angle increases from 0° to 6°, the average temperature decreases by 2 K and the maximum temperature difference decreases by 2.9 K when the height increases from 12 mm to 16 mm, and the more the number of air inlets and outlets there are, the better the heat dissipation effect is. Therefore, the air vent of the battery cooling system has an important impact on the heat dissipation characteristics of the battery, which should be fully considered in the design.
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1. Introduction


Lithium-ion batteries are widely used in electric vehicles because of their high power, high energy density, and long life [1,2,3,4]. However, in the process of charging and discharging, lithium-ion batteries will release a lot of heat and cause the temperature of the working environment to rise. A higher temperature will lead to a significant decline in the battery performance, accelerate battery aging, and reduce battery life [5,6].



Effective thermal management of power battery packs is key to ensuring the safe and reliable operation of electric vehicles [7,8,9]. In recent years, the effective heat dissipation methods for the lithium-ion battery pack mainly include air cooling [10,11,12], liquid cooling [13,14], phase change material cooling [15], and heat pipe cooling [16,17]. The advantages of air cooling are its simple structure, low cost, long life, and easy maintenance, which give the air cooling method a good application prospect, and therefore, many scholars have studied it. S. Al Hallaj et al. established a one-dimensional mathematical thermal model of lithium-ion batteries to simulate the temperature distribution of 10 Ah and 100 Ah cylindrical lithium-ion batteries at different cooling rates in order to accurately simulate the thermal response of lithium-ion battery convection cooling during high-speed discharge [18]. Kiziel R. [19] and Sabbah R. [20] compared the heat dissipation effect of forced air cooling and PCM cooling; the results showed that, the cooling method of the PCM helped to reduce the diffusion of uncontrolled battery heat. Watcharakorn I et al. [21] compared the heat dissipation effects of different arrangements (alignment and staggered), and the findings indicated that aligned battery packs provide optimal cooling for the cooling system. Basu S [22] created a liquid-cooled battery thermal management device for 18,650 battery packs. He examined the effects of different operating conditions, such as the coolant flow-rate and discharge current on the temperature of the battery pack, using simulation and experimental techniques, and discovered that resistance had the biggest effect on the thermal performance of the battery. Dylan C [23] analyzed the influence of the battery cell and the geometry of the battery pack on heat dissipation when forced air cooling was adopted; the study found that small variations in the cell size and shape can have significant effects. Additionally, the expense of cooling can easily be doubled or tripled using a cell size or geometry that is not optimal. Xiaoping L et al. [24] designed a battery pack composed of eight square cells, which carried out air cooling and heat dissipation. Using the corresponding curved surface method, the temperature field of the battery pack was optimized, so that the maximum temperature of the battery pack during normal operations was reduced by 2.7 K. Bao Y et al. used a battery pack composed of 32 single cells as the research object and compared the thermal characteristics of the battery pack under different conditions of wind speed and charging rates during rapid charging [25]. The above literature mainly analyzes and studies the cooling mode or battery pack structure of the cooling system of the lithium battery and rarely involves the influence of the structure of the air cooling system on the cooling effect. In fact, the influence of the cooling system structure on battery heat dissipation cannot be ignored [26].



The lithium-ion power battery model includes the electrical characteristics model, thermal model, electrochemical thermodynamic coupling model, and so on. Electrical models, such as equivalent models, black box models [27], and electrochemical mechanism models, are primarily used to simulate the voltage response characteristics of lithium batteries under various loading circumstances. Hu X et al. compared 12 different kinds of equivalent circuit model structures and they found that the first order RC model and the first order RC model with hysteresis were more suitable for LiFePO4 and Li(NiCoMn)O2, respectively [28]. Meng J W et al. introduced a lithium-ion battery-specific nonlinear extension of the MPC charge control structure, which is based on one of the most popular equivalent circuit models (ECMs). The extended Kalman filter (EKF) is used to estimate the battery state. Additionally, the Jacobian matrix from the first-order Taylor estimate in the EKF formulation is utilized in the MPC formulation. It has been verified by practical tests that the electrical constraints of the battery are observed throughout the entire charging process [29]. The electrochemical model creates partial differential equations for electrode and electrolyte dynamics based on the internal reaction mechanism of lithium-ion batteries, which are appropriate for the analysis of thermal management of lithium batteries [30]. Due to the significant quantity of heat produced while power batteries are operating, the electrochemical reaction process and the heat generation process are closely related and have an impact on one another. In this study, an electrochemical thermodynamic coupling model is employed to analyze the thermal properties of power batteries more thoroughly and methodically during charging and discharging.



In this paper, a 18,650 lithium-ion battery was used as the research object, and the electrochemical thermodynamic coupling equation of the lithium-ion power battery was established. After the verification of the cell model, the structure of the air inlet and outlet of the 6 × 5 battery pack is designed. By changing the height, angle, and number of air inlets and outlets, the influence of the related factors to air inlets and outlets on the heat dissipation characteristics of the battery was analyzed. This provides a reference for the optimization design of the cooling system of the lithium-ion power battery pack.




2. Model Development


The simplified charging–discharging model of the 18,650 lithium-ion battery cell used in this study is shown (presented) in Figure 1. The positive active material is lithium manganite (LiMn2O4), the negative active material is graphite (C6), and the materials of the positive current collector, the negative current collector, and the tank are aluminum, copper, and stainless steel, respectively. It is assumed that the spherical particle size of the electrode active material is uniform, the porosity of the electrode is constant, no other chemical side reaction is generated, and no gas phase is generated. So there are three main processes in the model when the battery works: Firstly, there is a diffusion process in the solid phase of lithium-ion in the particles of positive and negative active materials, in which, the speed of lithium-ion diffusion is closely related to the concentration gradient of solid-state lithium-ion. Secondly, there are diffusion and migration processes of lithium-ion in electrolytes, and the diffusion process is related to the concentration gradient and liquid diffusion coefficient, while the migration process of lithium-ion mainly depends on the liquid potential distribution and concentration distribution. Thirdly, the electrochemical reaction process on the surface of positive and negative active material particles.



The electrochemical process on the surface of the positive and negative electrodes can be expressed by the following chemical reaction formula [31,32,33]:


    Li   m − x     Mn  2   O 4  + x   Li  +  + x  e −   ⇔  c h arg e   d i s c h arg e     Li  m    Mn  2   O 4   



(1)






    Li  n   C 6   ⇔  c h arg e   d i s c h arg e     Li   n − x    C 6  + x   Li  +  + x  e −   



(2)







2.1. Mass Conservation Governing Equation


(1) Conservation of mass in solid phase



The mass conservation of lithium-ion in the intercalation of active materials can be described by Fick’s second law [30]:


    ∂  C s    ∂ t   +  1   r 2     ∂  ∂ r     −  r 2   D s    ∂  C s    ∂ r     = 0  



(3)




where    C s    is the solid lithium-ion concentration, t(s) is the time, and  r  is the radial of spherical particles as shown in Figure 1.    D s    is the solid-state lithium-ion diffusion coefficient. The lithium-ion concentration on the particle surface is related to the flux and concentration    C l    of lithium-ion in the electrolyte.



(2) Conservation of mass in the liquid phase



The diffusion and migration process of lithium-ion in the electrolyte can be described by the Nernst–Planck equation. Based on the theory of the concentrated solution, the mass conservation equation of lithium-ion in electrode particles is as follows [22,34]:


   ε l    ∂  C l    ∂ t   + ∇ ⋅   −  D l  e f f   ∇  C l    −    α v   j 0   F  ( 1 −  t + 0  ) = 0  



(4)






   D l  e f f   =  D l   ε l γ   



(5)






   D l  (  C l  , T ) =   10   − 4   ×   10  α   



(6)






  α = − 4.43 −   54   T − 229 − 5 × 0.001  C l    − 2.2 ×   10   − 4    C l   



(7)






   a v  =   3  ε s   R   



(8)




where    ε l    is the volume fraction of electrolyte,    C l    is the concentration of lithium-ion in the electrolyte,    j 0    is the ion current generated by the electrochemical reaction, that is, the local current density in A/m3, which can be calculated by the electrochemical kinetics control equation,  F  is the Faraday constant, 96,485 C/mol,    t + 0    is the lithium-ion migration number in the electrolyte, and    D l    is the diffusion coefficient of lithium-ion in the electrolyte. Because the diffusion of electrolytes in a porous electrode is different from that in diaphragm area, the effective diffusion coefficient    D l  e f f     is introduced, which needs to be modified by Formula (5).  γ  is the Bruggeman index,  T  is thermodynamic temperature,    α v    is the specific surface area of activity, which can be calculated according to Formula (8),    ε s    is the volume fraction of electrode, and R is the radius of active material particles.




2.2. Governing Equations of Electrochemical Kinetics


The local current density    j 0    generated in the electrochemical reaction on the particle surface of positive and negative active materials can be described by the Bulter–Volmer equation [35]:


   j 0  =  i 0    exp      α a  F η   K T     − exp      α c  F η   K T        



(9)






   i 0  = F  k 0    (  C l  )       α a        (  C  s , max   −  C  s , s u r f   )    α a      (  C  s , s u r f   )    α c     



(10)




where  K  is the gas constant coefficient,    C  s , max     is the maximum concentration of lithium-ion in the solid phase,    C  s , s u r f     is the lithium-ion concentration on the surface of the active particle,    α a   ,    α c    is the transfer coefficient, and    k 0    is the reaction rate constant. The exchange current density    i 0    is related to the concentration of lithium-ion in the solid phase and the electrolyte.



Over potential  η  is the driving force of electrochemical reaction, which together with exchange current density    i 0    determines the degree of electrochemical reaction. The over potential  η  can be calculated according to Formula (11):


  η =  U s  −  U l  −  U e   



(11)




where    U s    and    U l    are solid phase and liquid phase potentials, respectively, and    U e    is the equilibrium potential, which can be calculated according to Formula (12):


   U e  =  U  r e f , i   +   d  U i    d T     T −  T  r e f      



(12)




where   i = n   and  p ,    T  r e f     is the reference temperature, and    U  r e f , n     is the potential at the reference temperature. According to Reference the following reference potential    U e    can be obtained [36]:


     U  r e f , n   = 0.6379 + 0.5416 exp  b 1      + 0.044 t a n h  b 2  − 0.1978 t a n h  b 3     



(13)






     U  r e f , p   = 3.2482 ×  10  − 6   exp  a 1  − 0.4828 exp  a 2      − 3.2474 ×  10  − 6   exp  a 3  + 3.4323    



(14)







In the formula, each parameter is expressed as follows:    b 1  = − 305.5309 b  ,    b 2  = ( 0.1958 − b ) / 0.1088  ,    a 1  = 20.2646   ( 1 − a )   3.7995    ,    b 3  = ( 1.0571 − b ) / 0.0854  ,    a 2  = − 80.2493   ( 1 − a )   1.3198    ,    a 3  = 20.2645   ( 1 − a )   3.8003    , b and a are negative SOC and positive SOC, respectively.




2.3. Charge Conservation Governing Equation


(1) Charge conservation in the solid phase



The conservation of charge in solid phase can be expressed by Formula (15):


  ∇ ⋅ ( −  σ s  e f f   ∇  U s  ) = −  α v   j 0   



(15)






   σ s  e f f   =  σ s   ε s  b r u g    



(16)




where    U s    is the solid-phase potential,    σ s    is the solid-phase conductivity. Due to the difference in conductivity between the liquid phase and the solid phase, it needs to be modified. Therefore, the effective conductivity of solid phase    σ s  e f f     is introduced. This parameter is calculated according to Formula (16), and    ε s  b r u g     is the Bruggeman coefficient of the solid phase.



(2) Charge conservation in the liquid phase



The movement of lithium-ion in the electrolyte is determined by Equation (17):


     α v   j 0  = ∇ [ −  σ l  e f f   ∇  U l  +   2 K T  σ l  e f f    F      ( 1 +   ∂ ln  f ±    ∂ ln  C l    )   1 −  t + 0    ∇ ( ln  C l  ) ]    



(17)






   σ l  e f f   =  σ l   ε l γ   



(18)




where    f ±    is the average molar activity coefficient, and    σ l    is the conductivity in the electrolyte, which can be calculated according to Formula (19) [22]:


     σ l  (  C l  , T ) =  m 0   C l  (  m 1  +  m 2  T −  m 3   T 2  +  m 4   C l      −  m 5   C l  T +  m 6   C l   T 2  +  m 7   C l 2  −  m 8   C l 2  T  ) 2     



(19)




where the value of each parameter is    m 0  = 1.2544 ×   10   − 4    ,    m 1  = − 8.2488  ,    m 2  = 0.053248  ,    m 3  = 2.9871 ×   10   − 5    ,    m 4  = 0.2624  ,    m 5  = 9.306 ×   10   − 3    ,    m 6  = 8.069 ×   10   − 6    ,    m 7  = 0.22002 ×   10   − 4    , and    m 8  = 1.765 ×   10   − 4    .




2.4. Governing Equation of Energy Conservation


The mathematical model of the heat generated in the process of battery charging and discharging is established, and the control equation of energy conservation is as follows [35]:


  ρ  C ρ    ∂ T   ∂ t   − ∇ ⋅ ∇ (  k T  T ) =  Q  a c t   +  Q  r e a   +  Q  o h m    



(20)




where  ρ  is the density,    k T    is the thermal conductivity,    C ρ    is the specific constant pressure heat capacity, and    Q  a c t    ,    Q  r e a    , and    Q  o h m     are three heat sources in lithium-ion batteries, namely, polarization heat, reaction heat, and ohmic heat. The reaction heat    Q  r e a     is reversible, and the polarization heat    Q  a c t     and the ohm heat    Q  o h m     are irreversible [31]. The three heat sources can be calculated by Formulas (21)–(23):


   Q  a c t   =  a v   j 0  η  



(21)






   Q  r e a   =  a v   j 0  T   ∂ U   d T    



(22)






     Q  o h m   =  σ s  e f f        ∂  φ s    ∂ x     2  +  σ l  e f f        ∂  φ l    ∂ x     2  −       2  σ l  e f f   R T ( 1 −  t + 0  )  F    1 +   d ln  f ±    d ln  C l          ∂  φ l    ∂ x       ∂ ln  C l    ∂ x      



(23)







In order to solve the problem of battery heat dissipation, this paper adopts air to cool the battery, ignoring the influence of boundary wall, and assuming that the wind speed of the air passing through each position of the boundary is the same, the heat generated by the battery    Q  a l l     and the heat taken away by the air    Q  a i r     in the cooling process are, respectively:


   Q  a l l   =   ∫     Q  a c t   +  Q  r e a   +  Q  o h m         V  s p i r a l   d t  



(24)






   Q  a i r   =  Q  a l l   −  ∑   C  ρ , j    m j         T ¯   j  −  T 0     



(25)




where    V  s p i r a l     is the volume of spiral layer,  j  is the cell, spiral layer, or battery tank,      T ¯   j    is the average temperature of battery components at the end of discharge, and    T 0    is the initial discharge temperature.




2.5. Boundary and Initial Conditions


As shown in Figure 1, for the above physical model, the boundary is, respectively, located at No. 1–6. The solid electromotive force at the boundary of the negative collector is 0, and the charge flux at the boundary of the positive collector is the average current density.


       φ s      x = 5   =      φ s      x = 6   = 0  



(26)






      −  σ s  e f f     ∂  φ s    ∂ x       x = 3   =     −  σ s  e f f     ∂  φ s    ∂ x       x = 4   = 0  



(27)






       σ s  e f f     ∂  φ s    ∂ x       x = 1   =      σ s  e f f     ∂  φ s    ∂ x       x = 2   =  i  a p p    



(28)







Since there is no lithium-ion passing through boundary 2 and boundary 5 as only electrons pass through, and the liquid-phase electromotive force is continuous at boundary 2 and 3, the boundary conditions can be listed as follows:


        ∂  φ l    ∂ x       x = 2   =       ∂  φ l    ∂ x       x = 5   = 0  



(29)







On the surface of boundary 2 and boundary 5, the convective boundary conditions are as follows:


      − k   ∂ T   ∂ x       x = 2   =     − k   ∂ T   ∂ x       x = 5   = h ( T −  T  a m b   )  



(30)









3. Model Parameters and Validation


3.1. Experimental Scheme


In order to verify the accuracy of the electrochemical thermal coupling model, a single-cell experiment scheme was designed. This experiment can measure the voltage curve and surface temperature curve at different discharge rates.



The present experiment considers the 18650-type lithium-ion battery as the research object. The cell radius is 9 mm, the height is 65 mm, the battery connector is copper, the radius is 3 mm, and the height is 3 mm. The nominal voltage is 3.7 V, the maximum cut-off voltage is 4.2 V, and the total capacity is 3350 mAh.



The experimental principle is as shown in Figure 2: according to the final required data of the experiment, the charge–discharge equipment is required to control the constant current charge–discharge ratio of the single battery in the experiment. During the charge–discharge process of the battery, the voltage and current collection devices can be used to transmit the signal to the single-chip microcomputer, while the temperature change in each key point needs an independent channel. The temperature sensor is used to collect the temperature signal and transmit it to the single-chip microcomputer, after the control program calculation transmits the data to the computer through the communication module (the device is connected with the computer) to read and store.



According to the above principle, the battery test equipment is purchased, mainly including the 8-channel battery tester, which is connected with the computer, and the battery tester driver is installed on the computer. There is a special 18650 battery-fixing device in the tester. After the single battery is installed in the corresponding card position, the constant current discharge condition of the battery at different times can be controlled. The real-time voltage and capacity data of the battery during the discharge process can be directly stored and read on the computer. All data in the experiment can be read and stored every second.



During the constant current discharge, the discharge current is set to 0.2C, 0.5C, and 1C, respectively, and the discharge process is cut off when the voltage of the single cell is 2.5 V. During the whole process, the battery tester and temperature test equipment are used to collect the data on voltage, battery surface temperature, and so on.




3.2. Parameters Determination of Electrochemical Thermal Coupling Model


According to relevant references [37,38,39], the values of relevant parameters in the electrochemical thermal coupling model are shown in Table 1. The outer wall of the cell is in contact with the outside air, the outside temperature is 25 °C, and the discharge rate is set to 0.2C, 0.5C, and 1C, respectively. Then, the control equation is solved to obtain the discharge curve and the average surface temperature curve of the battery. Compare the experimental results with the simulation results, as shown in Figure 3. It can be seen from the figure that the experimental curves are basically consistent with the simulation curves. Figure 3a shows the variation curve of the battery voltage with discharge time, and Figure 3b shows the relationship between the battery surface temperature and discharge time. The numerical values of the experimental curve and simulation curve in the two figures are relatively close. Although the experimental discharge time in Figure 3a is slightly shorter than the simulation time, the experimental voltage is also slightly smaller than the simulation voltage at the same time, which is caused by certain loss and capacity reduction in the battery after using for a period of time. The maximum temperature difference in Figure 3b occurs at the end of 0.2C discharge. Where the experimental temperature is 303.1 K, the simulation temperature is 302.4 K, and the difference is 0.7 K, the maximum error between the simulation results and the experimental results is 0.2%, which is within the acceptable range, and the model is reliable.





4. Results and Discussions of the Power Battery Pack Thermal Characteristics


In order to study the influence of the position, number, angle, and size of the air inlet and outlet on the heat dissipation of the battery pack, based on the electrochemical thermodynamic coupling model, the effects of different air inlets and outlets on the thermal characteristics of the battery pack are analyzed.



4.1. Structure Scheme of Ventilation and Heat Dissipation for Battery Pack


The structural diagram of the air cooling system of the battery pack is shown in Figure 4. It is composed of thirty single batteries, with six single batteries in each row, and five rows in total. The air inlet is on the left side of the upper end of the battery pack, and the air outlet is on the right side of the lower end. The air enters from the air inlet, flows through the gap between the battery cells of the battery pack, and flows out from the air outlet. |It takes the heat generated by the battery, and dissipates it from the battery pack. The angle between the top and bottom collecting plates of the cooling system and the horizontal plane is α, and the height of the collecting plate at the air inlet and outlet is H.



In order to study the influence of the collector height and tilt angle on the heat dissipation characteristics of the battery pack, five sizes of collector heights and four tilt angles are proposed in this paper, they are   H = 12   mm , 13   mm , 14   mm , 15   mm , 16   mm   and   α = 0 ° , 2 ° , 4 ° , 6 °  . These schemes are analyzed in stages. Firstly, heat dissipation characteristics of the battery pack are analyzed when the height of the collecting plate is 15 mm and the tilt angles are   α = 0 ° , 2 ° , 4 ° , 6 °  . The battery charge–discharge ratio is set to 5C, after discharging for 300 s, charging for 300 s, and then cycling for 1500 s to stop charging–discharging. The external environment temperature is 25 °C, and the air inlet flow rate is 0.5 m/s.




4.2. The Influence of the Angle between the Collecting Plate and the Horizontal Plane on the Heat Dissipation Characteristics


Figure 5a–d is a cloud chart of air streamline change and battery temperature change when the height of the collecting plate is 15 mm and its angle with the horizontal is   α = 0 ° , 2 ° , 4 ° , 6 °   respectively. It can be seen from Figure 5a–d that the battery temperature near the air inlet is the highest, from left to right, the battery temperature gradually decreases, and the battery temperature near the air outlet is the lowest.



This phenomenon is mainly caused by the direction of airflow. It can be seen from the airflow line that, due to the inclined arrangement of the collecting plate, the airflow changes the flow direction with the change in the tilt angle, and there is less air flowing vertically downward near the left air inlet, which leads to poor heat dissipation of the battery; while the airflow near the right position flows smoothly into the battery gap, which enables the right battery to achieve better heat dissipation.



In addition, the change in battery temperature is related to the tilt angle of the collector plate. In the four schemes, when the tilt angle is 0°, the maximum temperature exceeds 326 K. With the increase in the tilt angle, the temperature in the battery pack gradually decreases, and the gradient of the battery color change gradually decreases.



Figure 5e–g show the relationship between the average temperature, maximum temperature, and temperature difference of the battery pack with time. It shows that, these three parameters gradually increase with the extension of the charging and discharging time, and by the end of charging and discharging, the average temperature, maximum temperature, and temperature difference have reached their maximum values. It can be seen from Figure 5e that the average temperature of the battery pack is larger when the angle of the collector plate is smaller; the larger the angle, the lower the average temperature, so the average temperature decreases with the increase in the angle of the collector plate. At the same time, according to the curve trend, when the angle is too small (  α ≤ 2 °  ), the average temperature difference of the battery pack is not obvious. At 1500 s, when   α = 0 °  , the average temperature is 323.52 K; when   α = 2 °  , the average temperature is 323.47 K. When   α ≥ 2 °  , the relationship between the slope angle of the collector plate and the average temperature is obvious. The average temperatures at and were 323.1 K and 321.3 K, respectively.



Figure 5f shows the relationship between the maximum temperature and time under different schemes. The basic trend of change in this figure is similar to Figure 5e, that is, the maximum temperature of the battery pack decreases gradually with the increasing angle of the collector plate. Different from the average temperature change in Figure 5e, when the tilt angle is small, the difference between the maximum temperature of the battery pack and the angle is still obvious. At 1500 s, when   α  = 0  ° , 2 ° , 4 ° , 6 °  , the maximum temperature of the battery pack is 330.9 K, 330.4 K, 329.1 K, and 327.0 K, respectively, and the maximum difference is 3.9 K.



Figure 5g shows the relationship between the temperature difference and time under different schemes. Consistent with the above, the temperature difference and angle are inverse functions, and the temperature difference in the battery pack decreases with the increasing angle. The temperature is small, especially when   α ≤ 2 °  , and the temperature difference is not obvious with the angle change; however, when   α ≥ 2 °  , the change is obvious.



To sum up, when the height of the air inlet of the collector plate is fixed, the larger the angle between the plate and the horizontal plane, the better the heat dissipation effect of the battery pack. Increasing the inclination angle of the collector plate is an effective way to improve the heat dissipation of the battery pack.




4.3. The Influence of the Height of the Collecting Plate at the Inlet and Outlet on the Heat Dissipation Characteristics


In order to study the influence of the height of the collecting plate at the air inlet and outlet on the heat dissipation characteristics of the battery pack, under   H = 12   mm , 13   mm , 14   mm , 15   mm   and   16   mm   five different conditions, when   α = 6 °  , the change in the heat dissipation characteristics of the battery pack is analyzed. The initial conditions and boundary conditions of the battery pack are the same as those of the previous section. The temperature distribution of the battery, the relationship between the average temperature, the maximum temperature, and the temperature difference with time were studied.



Figure 6a–e shows the air streamline and battery temperature program when the height of the collecting plate at the air inlet and outlet is different. It can be seen in Figure 6a–e that the temperature of the battery changes in gradient, and the temperature gradually decreases from left to right. The upper part of the left side is the air inlet, and the lower part is the air outlet. The small inclination angle of the collecting plate and the battery temperature near the air outlet are relatively low; this is mainly because, when the air flows in from the left side, the air near the air inlet cannot easily flow vertically into the first row of batteries on the left side. This can be analyzed in combination with the air streamline diagram. It can be seen from the diagram that the air streamlines between the batteries near the left side are smaller, while the streamlines between the batteries near the air outlet on the right side are bigger, and the flow velocity is also higher, so the left battery row has poor heat dissipation and the highest temperature, while the right battery row has good heat dissipation and a low temperature. Additionally, the temperature change trend of the five different schemes is similar, so it is difficult to see the effect of different schemes on the heat dissipation of the battery. It is necessary to further analyze the relationship between the average temperature, maximum temperature, and temperature difference of the battery with time.



Figure 6f shows the relationship between the average temperature of the battery and time when the angle of the collector plate is fixed and different height schemes are adopted. It can be seen from the figure that in all schemes, the average temperature of the battery increases with the extension of the charging and discharging time, and the average temperature of the battery reaches the highest at the end of the charging and discharging period. The average temperature of the battery decreases with the increase in the height of the collector plate. As shown in the figure, up to 1500 s, when the height of the collector plate is 12 mm, the maximum average temperature of the battery reaches 322.3 K; when the height is 16 mm, the maximum average temperature of the battery is 320.3 K; that is to say, the maximum average temperature of the battery decreases by 2.1 K when the height increases by 4 mm.



Figure 6g shows the relationship between the maximum temperature of the battery and the time when the collector plate has a certain tilt angle and different height schemes are adopted. It can be seen from the figure that with the increase in the height of the collecting plate at the air inlet and outlet, the maximum temperature of the battery gradually decreases, which shows a decreasing function relationship. However, for every 1 mm height increase, the effect on the maximum temperature increase is not particularly obvious. The highest temperature is 327.5 K when the height is 12 mm, and 327.0 K when the height is 16 mm. That is, when the height difference is 5 mm, the maximum temperature difference is 0.5 K.



Figure 6h shows the relationship between the temperature difference of the battery and time under five different schemes. It can be seen from the figure that the temperature difference of the battery pack changes as an increasing function of time, and the temperature difference increases with time. The temperature difference has an inverse function relationship with the height of the collector plate. The larger the height, the smaller the temperature difference, and the better the temperature distribution uniformity. As shown in the figure, when the collector plate height is 12 mm and 16 mm for 1500 s, the battery temperature difference is 14.4 K and 11.5 K, respectively, with a difference of 2.9 K. Therefore, the height has a great influence on the temperature difference of the battery and the uniformity of its temperature distribution.



To sum up, the height of the collecting plate close to the air inlet and outlet has a certain impact on the heat dissipation characteristics of the battery pack, which will not only affect the change in the maximum temperature of the battery but also have a greater impact on the temperature distribution uniformity of the battery pack, which should be fully considered in the design of the battery pack.




4.4. Influence of Air Inlet and Outlet Setting on Heat Dissipation Characteristics


In order to analyze the influence of the position and number of air inlets and outlets on the heat dissipation of the battery pack. Based on the original one air inlet and one air outlet (case 1), the air inlet and outlet are, respectively, located on both sides. Four other schemes (Figure 7) are designed: one inlet and one outlet with the let on the same side (case 2), one inlet and two outlets (case 3), two inlets and one outlet (case 4), and two inlets and two outlets (case 5).



In the scheme of one inlet and two outlets (case 3), the upper left is the air inlet, and the lower left and lower right are the air outlets; in the scheme of two inlets and one outlet (case 4), the upper left and the upper right are the air inlets, and the lower left is the air outlet; in the scheme of one inlet and one outlet (the same side) (case 2), the upper left is the air inlet, and the lower left is the air outlet; in the scheme of two inlets and two outlets (case 5), the upper left and the upper right are the air inlet, and the lower left and the lower right are the air outlet.



The charging and discharging modes and rates of the battery are the same as those mentioned above. Set the airflow rate of each air inlet at 0.5 m/s and compare the heat dissipation of the battery under five different inlet and outlet schemes.



Figure 8a–e shows the air streamline and battery temperature cloud chart under five different schemes of the air inlets and outlets. Among the five schemes, the temperature gradient of case 1 and case 2 changes greatly, and the color difference is obvious, which shows that the temperature distribution uniformity of the batteries under the two schemes is poor. In the scheme of case 1, the temperature of a row of batteries near the air inlet (left side of the figure) is higher, and the temperature of batteries near the air outlet (right side of the figure) is lower but the temperature distribution in case 2 is just the opposite.



Secondly, when the inlet air velocity is constant, the inflow cross-sectional area is the same, compared with the one inlet, two outlet scheme, the airflow of the case 4 is larger, which can make the battery pack achieve better heat dissipation. As can be seen from Figure 8d, when case 4 is adopted, the maximum temperature of the battery is lower and the temperature gradient is also larger.



The best heat dissipation scheme is case 5. As can be seen from Figure 8e, the color change in the battery surface is relatively gentle. Compared with the other four schemes, the temperature change gradient of the battery is not large, the maximum temperature of the battery is obviously low, and the highest temperature of the battery is lower, which appears in the lower part of the middle row battery.



Figure 8f shows the relationship between the average temperature of the battery pack and time in five different cases. It can be seen from Figure 8f that the average temperature of cases 2 and 3 is relatively close, and the case 4 outlet scheme is relatively close to case 5, although the former is slightly higher than the latter. The order of the average temperature is as follows:    T 1  >  T 2  ≥  T 3  >  T 4  ≥  T 5   . The five schemes are compared, the average temperature of case 1 is the highest, reaching 322.3 K at 1500 s. The case with the lowest score is case 5, with an average temperature of the battery pack of 312.6 K at 1500 s. The average temperature of the battery pack produced by the two cases, 9.7 K, is quite different. Since the average temperature of case 4 at 1500 s is 313.4 K, cases 4 and 5 are relatively close. When considering the average temperature, both schemes can be selected. However, as there is more than one air outlet in case 5, the structure is more complex and the cost is higher. Therefore, considering the average temperature and structure, case 4 can be selected preferentially.



Figure 8g shows the relationship between the maximum temperature of the battery pack and time under five schemes. It can be seen from the figure that different air inlet and outlet settings have a greater impact on the maximum temperature of the battery pack. The maximum temperature of the one-in one-out (opposite side) battery pack in scheme 1 (Figure 4) can reach 327.0 K at 1500 s, while in case 5, the maximum temperature of the two-inlet and two-outlet battery pack is about 314.6 K. The maximum temperature difference between the two schemes is large, reaching 12.4 K.



The highest temperature order of the five schemes is as follows:    T  max 1   >  T  max 2   >  T  max 3   >  T  max 4   >  T  max 5    , whereby case 1 has the highest temperature, case 2 is second, and case 5 has the lowest temperature.



Figure 8h shows the relationship between the temperature difference of the battery pack and time under five schemes. According to the results in the figure, in the process of charging and discharging, the temperature difference in the battery group increases gradually with the increase in time. In addition, the temperature difference varies with different air inlet and outlet schemes. By the end of charging and discharging, case 4 has the highest temperature difference, reaching 13.6 K; case 2 has a temperature difference of 12.4 K; and case 5 has the lowest temperature difference, reaching 6.9 K. The difference between the maximum temperature difference and the minimum temperature difference is 6.8 K. Therefore, in terms of temperature distribution uniformity, case 5 has the smallest temperature difference and the best temperature distribution uniformity.



Through the comparison of five different schemes, from the average temperature to the maximum temperature to the uniform temperature distribution, case 5 has the best heat dissipation effect on the battery pack, which means that the more air inlets and outlets, the better the heat dissipation of the battery pack, but the more complex the structure.





5. Conclusions


In order to analyze the influence of inlet and outlet parameters on battery heat dissipation, an electrochemical thermodynamic coupling model of an 18,650 lithium-ion battery was established and simulated, and the conclusions are as follows:



1. In this paper, the electrochemical thermodynamic coupling model of an 18,650 lithium-ion battery is established. When the battery operates at different discharge rates, the simulated voltage and surface temperature curves are in good agreement with the experimental data. The maximum temperature difference is 0.7 K, which is 0.23% different from the experimental data. The model is accurate.



2. For the cross-arrangement scheme, the parallel forced ventilation cooling method is used to cool the battery pack. Four different tilt angles and five different heights are set, respectively, and the heat dissipation of the battery pack under different schemes is analyzed. It mainly analyzes the air flow, the temperature cloud diagram of the battery pack, the relationship between the average temperature, the maximum temperature, and the temperature difference of the battery pack with time. According to the analysis, the larger the inclined angle of the collector plate, the smaller the average temperature and the maximum temperature of the battery. Therefore, the increase in the inclined angle of the collector plate is beneficial to the heat dissipation of the battery pack. At the same time, the smaller the temperature difference is, the better the temperature distribution uniformity of the battery pack will be.



3. In order to analyze the influence of the number and location of the air inlet and outlet on the heat dissipation of the battery pack, five different schemes are designed for analysis. The five schemes are as follows: one inlet, one outlet (opposite side), one inlet, one outlet (same side), one inlet, two outlets, two inlets, one outlet, and two inlets, two outlets. The results show that the more air inlets, the better the heat dissipation of the battery pack, and the more uniform the air inlets, the more uniform the temperature distribution of the battery pack. However, the increase in vent will also lead to a more complex structure of the battery pack; the higher the cost, the greater the quality.
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Figure 1. Simplified charging–discharging model of lithium-ion battery. 
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Figure 2. Battery test experiment system. 
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Figure 3. Comparison of experimental and simulation results; (a) cell voltage versus discharge time; and (b) temperature on battery surface versus discharge time. 
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Figure 4. Structural diagram of air cooling system. 
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Figure 5. Thermal characteristic analysis (a) cloud chart of air streamline and battery temperature   α = 0 °  ; (b) cloud chart of air streamline and battery temperature   α = 2 °  ; (c) cloud chart of air streamline and battery temperature   α = 4 °  ; (d) cloud chart of air streamline and battery temperature   α = 6 °  ; (e) relationship between the average temperature and time; (f) relationship between the maximum temperature and time; and (g) temperature difference versus time. 
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Figure 6. Thermal characteristic analysis. (a) Cloud chart of air streamline and battery temperature (  H = 12   mm  ); (b) cloud chart of air streamline and battery temperature (  H = 13   mm  ); (c) cloud chart of air streamline and battery temperature (  H = 14   mm  ); (d) cloud chart of air streamline and battery temperature (  H = 15   mm  ); (e) cloud chart of air streamline and battery temperature (  H = 16   mm  ); (f) relationship between the average temperature and time; (g) relationship between the maximum temperature and time; and (h) temperature difference versus time. 
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Figure 7. Schematic diagram of air inlet and outlet scheme. (a) One inlet one outlet (case 2); (b) one inlet two outlets (case 3); (c) two inlets one outlet (case 4); and (d) two inlets two outlet (case 5). 
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Figure 8. Thermal characteristic analysis. (a) Cloud chart of air streamline and battery temperature (case 1); (b) cloud chart of air streamline and battery temperature (case 2); (c) cloud chart of air streamline and battery temperature (case 3); (d) cloud chart of air streamline and battery temperature (case 4); (e) cloud chart of air streamline and battery temperature (case 5); (f) relationship between the average temperature and time; (g) relationship between the maximum temperature and time; and (h) temperature difference versus time. 
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Table 1. Parameter value.
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	Parameter
	Positive Electrode
	Diaphragm
	Negative Electrode





	Ds (m2/s)
	3.9 × 10−14
	—
	1.0 × 10−14



	   D l    (m2/s)
	7.5 × 10−11
	Formula (6)
	7.5 × 10−11



	 R  (   μ m   )
	1.15
	—
	14.75



	    ε s    
	0.471
	—
	0.297



	    ε l    
	0.357
	0.444
	1



	   σ s    (s/m)
	100
	—
	3.8



	   σ l    (s/m)
	—
	Formula (19)
	—



	    k 0    
	2 × 10−6
	—
	2 × 10−6



	    α a    
	0.5
	—
	0.5



	    α c    
	0.5
	
	0.5



	  γ  
	1.5
	1.5
	1.5



	   K T    (W/m·K)
	5
	1
	5



	    t + 0    
	0.363
	0.363
	0.363



	   C  s , max     (mol/m3)
	2.639 × 104
	—
	2.286 × 104



	 ρ  (kg/m3)
	2.5 × 103
	1.2 × 103
	1.5 × 103



	   C ρ    (   J   /   kg  ⋅ K  )
	700
	700
	700
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