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Abstract

:

Battery thermal management systems (BTMS) are hugely important in enhancing the lifecycle of batteries and promoting the development of electric vehicles. The cooling effect of BTMS can be improved by optimizing its structural parameters. In this paper, flow resistance and heat dissipation models were used to optimize the structure of BTMS, which were more efficient than the computational fluid dynamics method. Subsequently, five structural parameters that affect the temperature inside the battery pack were analyzed using single-factor sensitivity analysis under different inlet airflow rates, and three structural parameters were selected as the constraints of a stud genetic algorithm. In this stud genetic algorithm, the maximal temperature difference obtained by the heat dissipation model was within 5K as the constraint function, where the objective function minimized the overall area of the battery pack. The BTMS optimized by the stud genetic algorithm was reduced by 16% in the maximal temperature difference and saved 6% of the battery package area compared with the original BTMS. It can be concluded that the stud genetic algorithm combined with the flow resistance network and heat dissipation models can quickly and efficiently optimize the air-cooled BTMS to improve the cooling performance.
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1. Introduction


With the increasing problems of environmental pollution and energy shortages, electric vehicles have received special attention because of their advantages in energy conservation and emissions reduction. The core to developing electric vehicles is the power battery, and one of the main factors in the lifecycle of a battery is temperature. The power battery pack of an electric or hybrid vehicle is more likely to cause a large amount of heat generation and accumulation under high current charging and discharging conditions. If the heat cannot be released in time, the battery is prone to safety problems such as overheating, burning, and explosions [1,2,3]. Moreover, elevated local temperatures cause an increase in the temperature difference within the battery pack. Previous research shows that the optimal operating temperature range of lithium-ion batteries is 25–40 °C, and the battery pack temperature difference is less than 5 °C [4]. Hence, a reasonable BTMS can greatly lengthen the cycle life of batteries and accelerate the development of electric automobiles.



Depending on whether the air-cooling systems are affected by the external environment, electric vehicles can have either active or passive cooling modes. Passive cooling modes dissipate heat through natural air intake. Due to the influence of the external environment, they can only dissipate heat from the battery pack within a certain range. However, active cooling can reduce the influence of environmental factors and ensure that the battery remains within suitable working temperatures. Active cooling mainly includes forced air cooling [5,6,7], liquid cooling [8,9,10], and phase change material cooling [11,12,13,14,15]. Forced air cooling systems are widely used in battery thermal management systems because of their simple structure, low cost, and light weight.



According to the arrangement of the batteries, the air-cooling system can be either serial or parallel. Pesaran et al. [16,17] showed that serial ventilation with air flowing through the battery from the inlet causes the temperature to gradually rise, so that the battery temperature at the outlet of the battery pack is much higher than the temperature of the battery at the inlet. In parallel ventilation modes, the wedge-shaped inlet and outlet allow the air to be more evenly distributed between the batteries, thereby reducing the temperature difference.



Many previous studies have improved the heat dissipation performance by adjusting the structure of the BTMS. Wang et al. [18] evaluated the fans in different positions in air-cooled battery packs, and the results showed that when the fans are installed above the battery pack, a better cooling effect can be obtained. Xun et al. [19] and He et al. [20], respectively, studied the effect of battery spacing and battery-to-wall distance on the heat dissipation performance. It was found that when the distance increases, the system power consumption and the temperature difference of the battery pack decrease but the battery temperature increases.



In order to improve the cooling effect, some structural optimization approaches were introduced to adjust the structure of the battery pack to improve the heat dissipation performance of the BTMS. Severino et al. [21] used a particle swarm optimization algorithm to adjust the battery spacing and air intake position, reducing the temperature rise of the battery pack by 2 °C. Qian et al. [22] used a neural network to predict the temperature of the battery and optimized the thermal performance of BTMS by changing the battery spacing. The result showed that the temperature uniformity in the battery pack was improved after optimization.



The computational fluid dynamics (CFD) method is widely used in battery thermal management simulation because of its high accuracy. However, when optimizing the battery module, the CFD method usually requires multiple sets of simulations, and each simulation requires several hours of simulation. Especially when implementing a battery pack with many module simulations, it takes several weeks to get the optimal battery pack structure. The time consumed by CFD method is unacceptable in situations where a battery pack needs to be designed quickly, so Liu et al. [23] and Chen et al. [24] proposed the flow resistance network model and the heat transfer model to quickly estimate the temperature inside the battery pack. Compared with the CFD method, the flow resistance network model and the heat transfer model have a much smaller calculation amount, which greatly shortens the calculation time of the temperature, thereby also accelerating the process of system structure optimization.



In the previous literatures, many of them reduced the temperature by increasing the volume of the battery pack. Chen et al. [25] used the greedy algorithm to optimize the BTMS while increasing the size of the battery pack. Chen et al. [26] used Newton’s algorithm to reduce the temperature of the battery on the basis of increasing the volume of the battery pack. However, increasing the volume will reduce the number of batteries in the electric vehicle and reduce the driving time of the electric vehicle. This article used stud genetic algorithms to reduce the volume of the battery pack, which can increase the energy density of the battery pack. At the same time, the temperature in the battery pack was within a reasonable range to ensure the safe operation of the battery.



The structure of this article is organized as follows: a mathematical model of the heat dissipation of the battery pack is established in Section 2, and its accuracy is verified. In Section 3, structural parameters affecting the temperature inside the battery pack are analyzed using sensitivity analysis. Section 4 uses a stud genetic algorithm to optimize the area of the battery pack. Section 5 summarizes the conclusions.




2. Battery Pack Cooling Mathematical Model


2.1. Air-Cooled Battery Pack Structure Introduction


According to Pesaran et al. [16,17], the heat dissipation efficiency of a battery pack can be improved by using a parallel air supply system. Therefore, as shown in Figure 1, a parallel air supply cooling structure was used in this paper. There were   M × N   18,650 batteries in the battery pack. The battery was surrounded by baffles that regulated the flow of air. The cooling air flowed in from the inlet and through the wedge-shaped baffle of the divergence plenum (DP) and entered the cooling channel (CC) to cool the battery. Then the air flowed through the wedge-shaped baffle of the convergence plenum (CP) and flowed out of the battery pack. Figure 2a is a vertical view of the parallel air-cooled BTMS, where  M  battery cells in each column are one battery unit, that is, there are  N  battery units. Figure 2b is a left view of the parallel BTMS. The minimal widths of the battery units (   d 0   ) in the battery pack were the same. The angle of the plate to the convergence (   θ  cp    ) and divergence (   θ  dp    ) plenums, as well as the minimal widths of the convergence (   w  cp    ) and divergence (   w  dp    ) plenums, affected the temperature field and the volume of the battery pack. When simulating the temperature field in the battery pack, computational fluid dynamics (CFD) was generally used for calculation because of its high accuracy. Compared with the CFD method, the mathematical model analyzed the heat dissipation process of the battery pack from the mechanism, clearly clarified the principle of the heat dissipation of the battery pack, and optimizing the battery pack with the mathematical model saved a lot of simulation time.




2.2. Flow Resistance Model


In previous studies, the CFD simulation of heat dissipation was computationally intensive [27,28,29]. Therefore, the flow resistance model was used to quickly estimate the flow field in the battery pack. The flow resistance model is shown in Figure 3. Since the cooling air diverged first and then converged, the divergence points and the convergence points are used as nodes to calculate each section. The blocks in the Figure 3 represent the static pressure lost when the air flowed. The static pressure loss consists of friction loss and local loss. The friction loss was caused by the friction of the air as it flowed. The local loss was caused by the air divergence and convergence. Since the air velocity was much less than acoustic sound, it is assumed that the air is an incompressible Newtonian fluid [30]. In the dotted box in Figure 3, the static pressure loss equation similar to Kirchhoff’s voltage law can be derived as [31]:


  Δ  P     loss ,   DP    , i + 1   + Δ  P     loss ,   CC    , i + 1   − Δ  P     loss ,   CP    , i   − Δ  P     loss ,   CC    , i   = 0  



(1)




where   Δ  P     loss ,   DP       ,   Δ  P     loss ,   CC       ,   Δ  P     loss ,   CP       , respectively correspond to the static pressure loss of the divergence plenum, the cooling channel, and the convergence plenum.



The total static pressure loss of each channel is equal to the sum of the friction pressure loss and the local pressure loss [31].


  Δ  P     loss      = Δ  P     local      + Δ  P     friction       



(2)







Local loss is caused by the large number of eddies that air produces during divergence and convergence. The local loss of each channel was calculated as follows [31]:


  Δ  P  local , DP , i   =    ξ  DP , i    2  ρ  U  DP , i − 1  2   



(3)






  Δ  P     local ,   CP    , i   =    ξ  CP , i    2  ρ  U  CP , i + 1  2   



(4)






  Δ  P  local , CC , i   =    ξ  DP → CC , i    2  ρ  U  DP , i  2  +    ξ  CC → CP , i    2  ρ  U  CP , i  2   



(5)




wher e  ξ  is the local loss coefficient, and  U  is the average velocity in each channel. The friction loss was calculated as follows [31]


  Δ  P     friction ,   DP    , i   =  λ  DP , i      l  DP , i     2  D  DP , i     ρ  U  DP , i  2   



(6)






  Δ  P     friction ,   CP  , i   =  λ  CP , i      l  CP , i     2  D  CP , i     ρ  U  CP , i  2   



(7)






  Δ  P     friction  , C C , i   =  λ  C C , i      l  C C , i     2  D  C C , i     ρ  U  C C , i  2   



(8)




where  λ  is the dimensionless friction factor,  l  is the length of the segment and  D  is the equivalent diameter of the segment.



The local loss coefficient is related to the geometric dimensioning of the battery pack and the direction of air. Based on the research of Basset et al. [32], the local loss coefficient of each divergence and convergence point can be expressed as:


   ξ  DP , i   =  q  DP , i  2  −  3 2   q  DP , i  2  +  1 2   



(9)






   ξ  DP → CC , i   =  q  DP → CC , i  2   ψ  DP , i  2  − 2 cos    3 8  π    q  DP → CC , i    ψ  DP , i   + 1  



(10)






   ξ  CP , i   = 1 −  q  CP , i  2   



(11)






   ξ  CC → CP , i   =  q  CC → CP , i  2   ψ  CP , i  2  + 2  q  CC → CP , i  2  − 1  



(12)




where  ψ  is the ratio of the sectional area of the convergence plenum and the divergence plenum to the cooling channel and  q  is the ratio of the airflow rate of the sub-channel to the main channel.



The friction factor is related to the flow state of the air and can be expressed as [33]:


  λ =       H   64   R e   ,     R e ⩽ 3 ×   10  3          0.3164   R  e  0.25     ,     3 ×   10  3  < R e <   10  5         



(13)




where  H  is the shape factor, which is equal to 0.89 for rectangular cross-section channel.   R e   is the local Reynolds number and can be expressed as [33]:


  R e = ρ D U / μ  



(14)




where  μ  is the dynamics viscosity of the air, and  ρ  is the air density.



It is assumed that air is an incompressible fluid, flow conservation is satisfied at each of the divergence and convergence points, similar to Kirchhoff’s current law. The following equations can be obtained [34]:


   U  DP , 1   =  Q 0  /  A  DP , 1    



(15)






   U  DP , i    A  DP , i   =  U  DP , i + 1    A  DP , i + 1   +  U  CC , i    A  CC , i    



(16)






   U  CP , i    A  CP , i   =  U  CP , i − 1    A  CP , i − 1   +  U  CC , i    A  CC , i    



(17)




where   Q 0   is the inlet airflow rate, and  A  is the average cross-sectional area of the channel. Equations (2)–(14) are related to the solution of the air velocities in Equation (1). When solving the flow resistance model,  i  varies from 1 to  N . As shown in Figure 3, air is diverged and converged at the inlet and outlet of the cooling channel, and the model has   ( N + 1 )   cooling channels, so Equations (16)–(17) provide   2 × ( N + 1 )   equations. There are  N  battery units and loops in Figure 3, so Equation (1) provides  N  equations. Since there are   3 × ( N + 1 )   unknown air velocities to be sought in the model, when   Q 0   in Equation (15) is given, the unknown velocity  U  in each segment can be obtained.




2.3. Heat Dissipation Model


According to the air velocity obtained from the flow resistance model, the faster the airflow velocity, the better the heat dissipation performance, and the difference of airflow velocities between cooling channels can reflect the temperature difference between battery units. In this section, the heat dissipation model was used to calculate the cylindrical battery temperature. In order to simplify the model, the following assumptions were made:



1. Since the temperature difference in the battery cell was smaller than that in the battery pack, the uneven temperature distribution on battery cell was ignored and we calculated the volume-averaged temperature of battery unit [25].



2. Due to the complex thermophysical parameters of the materials of the battery components, the weighted average method was used to calculate the physical parameters of the battery [35,36].



3. The air and the battery only exchanged heat in the cooling channel [25].



As shown in Figure 4, when air entered the cooling channel, the heat generated by the battery unit was taken away by the cooling air at the left and right sides, and the temperature of the battery unit was lowered. According to the principle of energy conservation, the heat dissipation equations can be obtained [37]:


   Φ i  −  h i  A Δ  T     left ,    , i   −  h  i + 1   A Δ  T     right    , i   = 0  



(18)






   ρ     air       C  p ,    air       Q  c c , i      T  air , i   −  T 0    =  h i  A Δ  T     left ,    , i   +  h i  A Δ  T     right    , i − 1    



(19)




where    Φ i    is the thermal power production by the  i th battery unit,    h i    is the convective heat transfer coefficient between the cooling air  i  and the surface of  i th battery unit,    ρ     air        and    C  p ,    air        are the density and the heat capacity of the air, respectively,  A  is the contact area between the battery unit and the cooling air on either cooling channel side,    Q  c c , i     is the airflow rate of the  i th cooling channel,    T 0    is the initial temperature of battery unit and air,    T  air , i     is the outlet temperature of the air in the  i th cooling channel, and   Δ  T     left ,    , i     and   Δ  T     right    , i     are the temperature difference between the battery unit and either side of the air. The latter two can be calculated by [25]:


  Δ  T     left    , i   =    T     air    , i   −  T 0    / ln      T  u , i   −  T 0     T  u , i   −  T     air    , i        



(20)






  Δ  T     right    , i   =    T     air    , i + 1   −  T 0    / ln      T  u , i   −  T 0     T  u , i   −  T     air    , i + 1        



(21)




where    T  u , i     is the volume-averaged temperature of the  i th battery unit. The convective heat transfer coefficient is given by Ref. [33]:


  h =    κ     air         d     c        Y   Re  y    Pr   1 / 3    



(22)




where    κ     air        is the thermal conductivity of the air,    d     c        is the diameter of battery cell, and   Pr   is the Prandtl Number of air. Y and y are empirical parameters and are given in Table 1. The convective heat transfer coefficient can be obtained by taking the air velocities solved in the flow resistance model into the calculation of   Re  . Therefore, the convective heat transfer coefficient is a key parameter that links the two models.



In the heat dissipation model,  i  varies from 1 to  N . There are  N  battery units, so there are  N  equations for Equation (18) describing the heat dissipation of battery unit. There are   N + 1   cooling channels, so there are   N + 1   equations for Equation (19) describing the temperature rise of the air in the cooling channel. There are  N  unknown    T u    variables and   N + 1   unknown    T  air     variables in the model, so when the velocities of the air are introduced, the temperature of the battery unit can be obtained.




2.4. Validation of the Mathematical Model


In order to verify the accuracy of the proposed flow resistance and heat dissipation models, this section establishes a battery pack model with 5  ×  8 battery cells.



Due to the high calculation accuracy of the CFD method, this paper used FLUENT software for CFD simulation to verify the proposed mathematical model. The properties used in the CFD method and the mathematical model are shown in Table 2. The Realizable k-epsilon model was used to simulate the calculation of the three-dimensional battery pack. The air inlet uses a velocity inlet boundary condition, which describes the velocity of the cooling air at the inlet. The outlet uses outflow boundary condition. The boundary between the battery and the air uses a temperature continuity boundary condition. The computational region is discretized in space by finite volume method, and the discrete equation is solved using SIMPLE algorithm. The condition of iterative convergence is that the residual value of the energy equation is reduced below 10−6, the residual values of other equations are reduced below 10−3, and the inlet and outlet flow rates are balanced and stable. There are 3.5 million grids in the model. Figure 5 is the geometry and grids of the battery pack. Figure 6 is the result of mesh sensitivity analysis. It can be seen that the temperature basically did not change after the number of meshes exceeded 3.5 million, so 3.5 million meshes were used for subsequent simulations.



The battery unit temperatures obtained by the mathematical model and the CFD method are shown in Figure 7. It can be seen that the battery unit temperatures calculated by the CFD method and the mathematical model were in good agreement. Under three inlet airflow rates, the maximum errors between the two methods were 0.3 K (Q0 = 0.040), 0.3 K (Q0 = 0.045), 0.5 K (Q0 = 0.050), respectively. Since the CFD method is calculated using nonlinear partial differential equations, the calculation was very complicated and CPU-intensive, requiring a large amount of time for each calculation. In contrast, the flow resistance model and the heat dissipation model calculated the battery unit temperatures much faster, saving a lot of time in the optimization process that required repeated modification of the model parameters. Therefore, in the next structural optimization section, the flow resistance and heat dissipation models were used instead of the CFD method to calculate the temperature distribution in the battery pack.





3. Single Factor Variable Sensitivity Analysis


The factors affecting the heat dissipation were: 1. The minimal width of the battery unit   (  d 0  )  ; 2. the plate angle of the convergence plenum (   θ  cp    ); 3. the plate angle of the divergence plenum(   θ  dp    ); 4. the minimal width of the divergence plenum(   w  dp    ) and 5. the minimal width of the convergence plenum(   w  cp    ). In an electric vehicle, in order to save power consumption, the fan can be set to low, medium, or high speed levels. In this paper, the size of the inlet airflow rate represents the three levels of the fan. We discuss the influence of the above five parameters on the battery unit temperatures under different inlet airflow rates. Furthermore, the structural parameters most sensitive to the heat dissipation of the battery pack are analyzed.



In order to work properly, the maximum temperature of battery units should be within 313 K, and the maximum temperature difference between battery units should be within 5K. The maximum temperature difference between battery units can be expressed as:


  Δ  T  max   =  T  max   −  T  min    



(23)




s.t.


   Δ  T  max   ≤ 5 K   ,    T  max   ≤ 313 K   



(24)




where    T  max     is the maximum volume-averaged temperature of a battery unit obtained by the heat dissipation model and    T  min     is the minimum volume-averaged temperature.



3.1. The Minimal Width of Battery Unit (   d 0   )


It can be seen from Figure 8,    T  max     and   Δ  T  max     increase with the increase of    d 0   . The value of    T  max     increased by an average of 4.6K, and   Δ  T  max     increased by an average of 3.5 K. In the case of ensuring that the maximum temperature difference is within 5K, the minimal width of battery unit must be less than 0.95 mm (Q0 = 0.050), 0.65 mm (Q0 = 0.045). Therefore, a minimum of    d 0  = 0.5   is advantageous for the heat dissipation.




3.2. Plate Angle of the Convergence Plenum (   θ  cp    )


As shown in Figure 9, as the angle of the convergence plenum increased, the maximal temperature and the maximal temperature difference decreased.    T  max     dropped by an average of 4.2 K and   Δ  T  max     dropped by an average of 5.5 K. In the case of the inlet airflow rate Q0 = 0.05 m3/s, every convergence plenum angle in Figure 8a satisfies    T  max     < 313 K. In order to ensure that   Δ  T  max     is within 5K, the minimum    θ  cp     must be greater than 15.3° (Q0 = 0.050), 16.2° (Q0 = 0.045), and 17.1° (Q0 = 0.040).




3.3. Plate Angle of the Divergence Plenum (   θ  dp    )


As shown in Figure 10a, changing    θ  dp     did not substantially affect    T  max    , but    T  max     was below 313 K under the three inlet airflow rates. As shown in Figure 10b, from the perspective of the maximum temperature difference,   Δ  T  max     decreased by an average of 0.9K. In order to have   Δ  T  max     < 5K, the inlet airflow rate must satisfy Q0 = 0.50 and    θ  dp     > 17.2°. Therefore, it is not desirable to optimize the temperature by changing    θ  dp     compared with changing    θ  cp    .




3.4. The Minimal Width of the Divergence Plenum (   w  dp    )


From the point of view of the maximal temperature, as shown in Figure 11a,    T  max     was less than 313 K under the three inlet airflow rates. It can also be seen that changing    w  dp     did not effectively reduce    T  max    . From the perspective of the maximal temperature difference, as shown in Figure 10b,   Δ  T  max     first rose by an average of 0.6K and then decreased by an average of 0.4 K. It can also be seen that even at the highest flow rate, no matter how    w  dp     changed,   Δ  T  max     was still not less than 5K. Therefore, it is not economical to change    w  dp    . The minimum value of   Δ  T  max     is taken when    w  dp     is 5 mm. Therefore, choosing    w  dp     = 5mm saves area and helps to dissipate heat.




3.5. The Minimal Width of the Convergence Plenum (   w  cp    )


Figure 12a shows that, in terms of the maximal temperature, changing    w  cp     can satisfy the criterion    T  max     < 313 K in three kinds of Q0, and the maximum temperature drops by an average of 2.5 K. As can be seen from Figure 11b, considering the maximal temperature difference,   Δ  T  max     dropped by an average of 3.3 K. In order to ensure that   Δ  T  max     is within 5K,    w  cp     must be greater than 5.5 mm (Q0 = 0.050), 6.5 mm (Q0 = 0.045), and 7.8 mm (Q0 = 0.040). Compared with other structural parameters, changing    w  cp     can easily make the maximal temperature difference be within 5K.



In summary, the maximum temperature in the battery pack is not sensitive to changes of    θ  dp     and    w  dp    . The changes of    θ  cp     and    w  cp     can significantly reduce the maximum temperature, but a very small    θ  cp     will cause the maximum temperature to exceed 313K. From the maximal temperature difference analysis, the structural variable that has the greatest influence on   Δ  T  max     is    θ  cp    , followed by    w  cp    , and finally    θ  dp    . When    w  dp     changes, it is found that the smallest    w  dp     can not only reduce   Δ  T  max    , but also reduce the battery pack area. In order to ensure that   Δ  T  max     is within 5K, only adjusting    θ  cp     requires a larger angle to meet the temperature condition and thus wastes space. In contrast, the temperature condition can be satisfied by adjusting    w  cp     in a small range. It can be seen that    d 0    is inversely proportional to    T  max     and   Δ  T  max    , so the minimum    d 0    can increase the cooling performance and save space.





4. Optimization of Battery Pack Area Based on Stud Genetic Algorithm


In recent years, genetic algorithms (GA) have been widely used for structural optimization, but the disadvantage of genetic algorithms is that they are easy to fall into local optimization. Therefore, Khatib et al. [38] improved the traditional GA and proposed the stud GA. Instead of stochastic selection, the fittest individual, the stud, shares its genetic information with all others using simple GA operators. The basic idea behind the stud GA is to use the best individual in the population to mate with all others to produce the new offspring. Gray coding is used throughout this work. This implementation of the stud GA uses an elitist strategy by carrying through the best individual. This method improves the efficiency and accuracy of the traditional genetic algorithm. In order to make full use of the valuable space in the car, a global search is performed by setting fitness function and design variables to meet the minimum value of the area ( S ) when   Δ  T  max     obtained by the heat dissipation model is less than 5K.



The method for generating the next generation of stud genetic algorithm is based on the hamming distance, that is, when the diversity is greater than a preset threshold, crossover is performed, and when the diversity is less than a preset threshold, mutation is performed. The probability of mutation and crossover are 0.002 and 0.8, respectively, and the threshold is adopted to be 10% throughout. The stud GA flow chart is shown in Figure 13.



4.1. Establishment of Objective Function and Constraint


According to the analysis in Section 3, if   Δ  T  max     was within 5K when the inlet airflow rate was the smallest, it would be satisfied under other large inlet airflow rates. Therefore, the volume of the battery was optimized when the inlet airflow rate was minimized (Q0 = 0.04). As can be seen from Figure 1, the three-dimensional volume can be simplified to a two-dimensional area (Figure 2b) for optimization.



According to the analysis in the previous section, it can be concluded that    d 0    and   Δ  T  max     are positively correlated. The value of   Δ  T  max     increased first and then decreased as    w  dp     increased, and the minimum   Δ  T  max     was taken when    w  dp     was at a minimum. Figure 2a shows that the battery pack area and the five structural parameters were positively related. Therefore, both    d 0    and    w  dp     were minimized, which reduced   Δ  T  max     and saved space. Thus,    d 0    was set to 0.5 mm and    w  dp     was set to 5 mm. The battery area  S  can be expressed by:


  S = (  w  cp   +  w  dp   +  l b  ) · ( 9  d 0  + 8  d c  ) + 0.5 ( tan  θ  cp   + tan  θ  dp   ) ·   ( 9  d 0  + 8  d c  )  2   



(25)




where    l b    is the length of battery with a value of 65 mm, and    d c    is the diameter of a single cell with a value of 18 mm.



As    θ  cp    ,    θ  dp     and    w  cp     increased, the maximum temperature difference gradually decreased, but meanwhile, the battery pack area increased. The target of minimizing the area of the battery pack was optimized under the condition of Q0 = 0.04 m3/s. The mathematical description of the optimization problem can be expressed by:



(1) Objective function:


  A rea = min S (  w  c p   ,  θ  dp   ,  θ  cp   )  



(26)







(2) Structure variables:


       w  cp   ∈ [ 3 mm , 30 mm ]      θ  dp   ∈ [  10 ∘  ,  20 ∘  ]      θ  cp   ∈ [  10 ∘  ,  20 ∘  ]      



(27)







(3) Constraint:


  Δ  T  max   ≤ 5 K  



(28)







The initial capacity of the sample was designed to be 50. Through the above steps, a new generation of individuals could be obtained, and the pros and cons of individuals in the population could be judged. Thus, when GA evolved to the K th generation, the calculation was stopped if the population converged, otherwise the iterative calculation was continued until the termination condition was satisfied. A flow chart of battery pack optimization is shown in Figure 14.




4.2. Result Analysis


The initial condition was    θ  cp     = 15°,    θ  dp     = 15°,    w  cp     = 5 mm. After iterative calculation, the optimal solution was    θ  cp     = 14.0°,    θ  dp     = 10.1°,    w  cp     = 10.2 mm. The structure parameters and optimization results of various BTMSs are shown in Table 3. The stud GA-optimized BTMS was denoted as SG-opt. The BTMS optimized by sensitivity analysis was recorded as A-opt.



The temperature of battery unit for various BTMSs calculated by the heat dissipation model is shown in Figure 15. Compared with A-opt1 and A-opt2, the original BTMS had a high    T  max     and a low    T  min    , which made the maximum temperature difference greater than that of A-opt1 and A-opt2. The maximum temperature difference was 5.9 and 5.0 K for the original BTMS and stud GA-optimized BTMS, respectively. Furthermore, it also indicated that the temperature dropped overall after stud GA optimization. Compared with the original BTMS, not only did the maximum temperature difference decrease by 1.4 K but also the area of battery pack was reduced.



The air velocity in each BTMS cooling channel is shown in Figure 16. It can be seen that the air velocities near the inlet were low. The faster the air velocity in the cooling channel, the more heat the air could take away, which caused the temperature of the battery unit near the inlet to be higher than the temperature of the battery unit near the outlet. Compared to A-opt1 and A-opt2, the minimum air velocity of the original BTMS is lower and the maximum air velocity was higher, which made the air velocity difference in original BTMS the largest, which in turn caused the maximum temperature difference to be the largest. Furthermore, the air velocity optimized by stud GA became higher overall so that the air took away more heat, making the temperature optimized by stud GA decline overall.



The optimization result was then analyzed. As shown in Table 3, in the case that the maximal temperature difference was within 5K, the BTMS optimized by the stud GA saved 8.64% (A-opt1) and 8.46% (A-opt2) of the area, respectively. Compared with the original BTMS, the BTMS optimized by stud GA reduced the maximal temperature difference by 15.99% and reduced the area by 6.24%. Therefore, the stud genetic algorithm-optimized BTMS had a better heat dissipation effect than the original BTMS, which not only made the maximum temperature difference within 5K, but also saved more area.





5. Conclusions


In this paper, a mathematical model of BTMS was established, and the structure of the battery pack was optimized by adjusting parameters. The flow resistance model calculated the air velocity in the cooling channel, and the heat dissipation model calculated the temperature of battery unit. Based on these two models, the influence of five structural parameters on the maximal temperature and the maximal temperature difference under different inlet airflow rates was studied. Through sensitivity analysis, the design variables affecting the area of the battery pack were selected, and the stud GA was used to optimize the battery pack area. It can be concluded as follows:




	
Under various inlet airflow rates, comparing the temperature of battery unit calculated by the proposed mathematical model and the CFD method, it was found that the degree of coincidence was very good. Compared to the CFD method, which requires more than a dozen hours of calculation, the flow resistance and heat dissipation model can be calculated in a few seconds, which can save a lot of time.



	
Through sensitivity analysis, it was found that the structural variable that had the greatest influence on the maximal temperature difference was    θ  cp    , followed by    w  cp    , and finally    θ  dp    . These three parameters were positively correlated with the maximum temperature difference.    d 0    and    w  d p     were minimized to facilitate the heat dissipation and reduce the size of the battery pack.



	
In the case of the minimum inlet airflow rate, the minimum area of the battery pack was targeted, and the maximum temperature difference obtained by the heat dissipation model was required to be less than 5K as the constraint function. The stud GA was used to optimize    θ  cp    ,    θ  dp     and    w  cp    . The final results show that compared to the original battery pack structure, the optimized battery pack meets the requirements that the maximal temperature difference be less than 5K and saves 6.24% area. The use of the heat dissipation mathematical model can greatly accelerate the design cycle of the battery industry, and at the same time increase the energy density of the battery pack to ensure that the battery works safely at a suitable temperature.
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Figure 1. Three-dimension of the parallel air-cooled BTMS. 
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Figure 2. Diagram of the parallel air-cooled BTMS. 
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Figure 3. Schematic of the flow resistant model. 
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Figure 4. Heat transfer between the battery unit and the air. 
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Figure 5. The geometry and grids of battery pack. 
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Figure 6. Result of mesh sensitivity analysis. 
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Figure 7. Battery unit temperatures comparison obtained by mathematical model and CFD method. 
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Figure 8. The effect of the minimal width of battery unit on the temperature distribution for various inlet airflow rates: (a) effect on maximal temperature, (b) effect on maximal temperature difference. (   θ  dp      = 15   ∘   ,    θ  cp      = 15   ∘   ,    w  dp    =  5   mm,    w  cp    =  5   mm). 
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Figure 9. The effect of plate angle of the convergence plenum on the temperature distribution for various inlet airflow rates: (a) effect on maximal temperature, (b) effect on maximal temperature difference. (   θ  dp      = 15   ∘   ,    d 0   =  1   mm,    w  dp    =  5   mm,    w  cp    =  5   mm). 
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Figure 10. The effect of plate angle of the divergence plenums on the temperature distribution for various inlet airflow rates: (a) effect on maximal temperature, (b) effect on maximal temperature difference. (   d 0   =  1   mm,    θ  cp      = 15   ∘   ,    w  dp    =  5   mm,    w  cp    =  5   mm). 
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Figure 11. The effect of the minimal width of the divergence plenum on the temperature distribution for various inlet airflow rates. (a) effect on maximal temperature, (b) effect on maximal temperature difference. (   θ  dp      = 15   ∘   ,    θ  cp      = 15   ∘   ,    d 0  = 1   mm,    w  cp   = 5   mm). 
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Figure 12. The influence of the minimal width of the convergence plenum on the temperature distribution for various inlet airflow rates. (a) effect on maximal temperature. (b) effect on maximal temperature difference. (   θ  dp      = 15   ∘   ,    θ  cp      = 15   ∘   ,    d 0  = 1   mm,    w  dp    =  5   mm). 
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Figure 13. Flow chart of stud GA. 
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Figure 14. Flow chart of battery pack optimization. 
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Figure 15. Comparison of the battery unit temperature before and after optimization. 
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Figure 16. Comparison of air velocities in the cooling channels before and after optimization. 
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Table 1. Values of Y and y under various Reynold numbers in Equation (22).
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	Re
	Y
	y





	1–4
	0.989
	0.330



	4–40
	0.911
	0.385



	40–4000
	0.683
	0.466



	4000–40,000
	0.193
	0.618



	40,000–250,000
	0.0266
	0.805
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Table 2. Parameters of battery and air.
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	Parameter
	Air
	Battery





	Density [kg/m3]
	1.1614
	5400



	Intensity of heat generated [W/m3]
	-
	264,170



	Specific heat capacity [J/(kg K)]
	1007
	502.35



	Thermal conductivity [W/(m K)]
	0.0263
	1.37 x/17.33 z



	Dynamic viscosity [kg/(m s)]
	1.85  ×  10−5
	-







x represents the parameter in the radial direction; z represents the parameter in the axial direction.
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Table 3. Comparison before and after optimization at inlet airflow rate of 0.040 m3/s.
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	BTMS
	   θ  cp    (°)
	   θ  dp    (°)
	   w  c p    (mm)
	  Δ  T  max    (K)
	Area(m2)





	origin
	15.0
	15.0
	5.0
	5.9
	1.7747 × 10−2



	A-opt1
	17.1
	15.0
	5.0
	5.0
	1.8212 × 10−2



	A-opt2
	15.0
	15.0
	7.8
	5.0
	1.8176 × 10−2



	SG-opt
	14.0
	10.1
	10.2
	5.0
	1.6639 × 10−2
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