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Abstract

:

In this study, a three-dimensional transient simulation model of a liquid cooling thermal management system with flow distributors and spiral channel cooling plates for pouch lithium-ion batteries has been developed. The cooling plates play the role of uniforming temperature distribution and reducing the maximum temperature within each battery, while the flow distributors have the function of reducing the temperature difference between batteries in the battery module. The accuracy of the thermophysical properties and heat generation rate of the battery was verified experimentally. The optimal structure and cooling strategy of the system was determined by single factor analysis as well as orthogonal test and matrix analysis methods. The optimal solution resulted in a maximum battery module temperature of 34.65 °C, a maximum temperature difference of 3.95 °C, and a channel pressure drop of 8.82 Pa. Using the world-harmonized light-duty vehicles test cycle (WLTC) conditions for a battery pack in an electric car, the performance of the optimal battery thermal management system (BTMS) design was tested, and the results indicate that the maximum temperature can be controlled below 25.51 °C and the maximum temperature difference below 0.21 °C, which well meet the requirements of BTMS designs.
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1. Introduction


Global climate change, the energy crisis, and the need to mitigate environmental pollution have resulted in a boom in the development of hybrid electric vehicles (HEVs) and electric vehicles (EVs) in the transportation sector. Electric vehicles are considered to be an effective and alternative technology to the conventional internal combustion engine vehicles (ICEVs) [1]. Lithium-ion batteries (LIBs) are widely used in HEVs and EVs because of their low self-discharge rate, long cycle life, and high power and energy density [2]. The electrochemical nature of lithium-ion batteries means that their optimal operating temperature is between 15 and 35 °C [3]. Temperatures above or below this range can affect performance and even give rise to safety issues such as thermal runaway. In addition, recent studies on two-dimensional heat generation behaviors [4,5] have highlighted the necessity to consider uneven heat generation and battery temperature distribution in the design of BTMS. An understanding of the heat generation mechanism and spatial distribution of the generated heat is critical to the analyses of the temperature behavior of the batteries. Uneven temperature distribution inside the battery can also cause an imbalance in the internal state of charge (SOC), resulting in a region of the battery decaying too fast [6], and causing overcharge and over discharge problems. Within the battery module or battery pack, uneven temperatures between different batteries can also result in issues such as inconsistent pack capacity and overcharge and over discharge, which can seriously affect the safety and power output performance of the battery pack. Therefore, a basic consideration in the design of BTMS is the minimization of the temperature difference inside a single battery and between different batteries in the battery module and pack. The temperature difference acceptable is thought to be within 5 °C [7]. To meet the thermal safety requirements of LIBs, the design of the optimal BTMS is critical.



Battery thermal management methods usually include air cooling, phase change material (PCM) cooling, and liquid cooling. Air cooling was widely used in early BTMS for hybrid electric vehicles and electric vehicles due to its simple structure, light weight, and low cost [8]. However, the low thermal conductivity of air means that it is difficult to meet cooling requirements as energy density and range requirements increase [9]. In recent years, phase change material cooling has attracted intensive attention due to its advantages, such as zero power consumption and good temperature uniformity capability [10], but the drawbacks of low thermal conductivity, difficult material encapsulation and limited latent heat also limit its use in the BTMS of electric vehicles [11]. In contrast, liquid cooling has more efficient temperature control and smaller unit size due to the higher thermal conductivity and higher specific heat capacity of the coolants [12] and, therefore, is now widely used in the thermal management of EVs.



Liquid cooling includes direct cooling and indirect cooling. Direct cooling involves the direct immersion of the battery into a coolant. Although this method sounds simple and effective, it has high requirements for the cooling medium and packing method, and, therefore, is rarely used in the BTMS of electric vehicles. In contrast, indirect liquid cooling is widely adopted. For cylindrical LIBs, two indirect liquid cooling configurations—cooling tubes and cooling jackets—have been studied, while for square and pouch LIBs, the cooling plate configuration is widely adopted.



For the cooling tube configuration, Zhao et al. [13] found that increasing the heat exchange area between adjacent batteries would slightly improve the temperature uniformity within the battery module, while increasing the interfacial area between the battery and the outer wall of the channel could significantly reduce the maximum temperature within the battery module—which would be detrimental to temperature uniformity within the module. Cao et al. [14] investigated the cooling effect of corrugated cooling plates with a serpentine arrangement on a full-size-scale cylindrical battery pack, and developed a numerical model for the heat transfer and fluid flow in the pack. Rao et al. [15] found that liquid cooling systems with variable contact surfaces are superior to those with constant contact surfaces, and it can significantly improve the temperature uniformity of the battery module. Lai et al. [16] developed a thermally conductive structure with three curved contact surfaces to cool cylindrical batteries, showing the advantages of compactness and being lightweight. Spiral tubes have also been studied by several researchers [17,18].



For the cooling jacket configuration, the battery cells are cooled by radially or axially arranged channels. Sheng et al. [19] developed an alveolate liquid cooling jacket, which provides excellent control of the heat distribution in cylindrical LIBs. Liu et al. [20] showed that the battery modules with a tubular vertical layout performed better than those with a horizontal layout in a certain flow rate range. Zhu et al. [21] found that the temperature difference of the battery module could be reduced to 4.28 °C by the numerical study of a liquid cooling battery module with axial and radial synergistic heat dissipation.



For cooling plate configuration for square and pouch LIBs, the design of a liquid cooling structure is more diverse. Rao et al. [22] investigated liquid cooling plates (LCPs) with wedge-shaped microchannels. Results showed that wedge-shaped channels possess a high cooling efficiency and good temperature uniformity in the battery module. Sheng et al. [23] investigated a serpentine channel liquid cooling plate with dual inlets and outlets, and showed that arranging the inlets and outlets of the channels on different sides of the liquid cooling plate was more advantageous than arranging them on the same side. Mohammed et al. [24] designed a liquid cooling plate with a staggered pin arrangement. Liu et al. [25] proposed a tree-shaped microchannel LCP. There are also studies that focus on parallel through-channel liquid cooling plates [26,27]. Deng et al. [28] proposed a new double-layer reversible channel, including a collection layer channel and a dispersion layer channel, whose cooling performance is better than that of conventional serpentine channels and parallel channels. Patil et al. [29] used a U-shaped microchannel liquid cooling plate with multiple inlets and outlets to reduce the maximum temperature and temperature difference by 32.2% and 950.1%, respectively, relative to a crossflow with a single inlet and outlet flow path. In addition, there are studies for the channel profile [30] and setting the channel inside the LIBs [31].



Obviously, most previous studies tend to design liquid cooling plates with multiple inlets and outlets in order to achieve better cooling performance of battery modules and packs. However, such a design poses a great challenge to the arrangement of batteries in the pack. Moreover, it is difficult to uniformize the temperature distribution both within each battery and between different batteries. This paper aims to design a new type of BTMS—with a single inlet and outlet—that can simultaneously reduce the maximum temperature and improve temperature uniformity for pouch batteries. This system is also characterized by a novel dichotomous flow distributor and spiral-channeled liquid cooling plates. The cooling plates play the role of uniforming the temperature distribution and reducing the maximum temperature within each battery, while the flow distributors have the function of reducing the temperature difference between batteries in the battery module. As the cooling plates and flow distributor function together, the heat transferred from the batteries in the module can be dissipated more uniformly, resulting in lower maximum temperatures and smaller temperature differences in single batteries as well as in the module. The performance of the BTMS for an electric vehicle under WLTC conditions is also investigated.




2. Methodology


2.1. Specification and Heat Generation Rate of the LIB


In this work, a commercial lithium manganate pouch battery was considered. The thermal conductivity and specific heat capacity of Li-ion batteries were measured by the planar heat source method and the calibrated calorimetric method, respectively [32]. The planar heat source method is based on a non-stationary thermal conduction process, and the calibrated calorimetric method is based on the principle that in an approximately adiabatic condition, part of the heat generated by the heated film is absorbed by the battery, causing the battery temperature to increase; the remaining heat is then dissipated into the environment. Table 1 shows the specification of the battery.



The variation of internal electric resistance    R   T i      (Ω) with SOC for a single battery at any discrete battery temperature Ti (Ti = 5, 15, 25, 35 or 45 °C) was measured using the hybrid pulse power characteristic (HPPC) method [33], and the relationship was fitted to a six-order polynomial as shown in Equation (1):


   R   T i    =  k  6 ,  T i    S O  C 6  +  k  5 ,  T i    S O  C 5  +  k  4 ,  T i    S O  C 4  +  k  3 ,  T i    S O  C 3  +  k  2 ,  T i    S O  C 2  +  k  1 ,  T i    S O C +  k  0 ,  T i     



(1)




where SOC represents the state of charge;    k  0 ,  T i     ,    k  1 ,  T i     ,    k  2 ,  T i     ,    k  3 ,  T i     ,    k  4 ,  T i     ,    k  5 ,  T i      and    k  6 ,  T i      are the fitting coefficients at battery temperature Ti, which are listed in Table 2.



Based on Equation (1), the internal resistance (R) of a single battery at any battery temperature (T) between 5 to 45 °C can be obtained via temperature interpolation, as given in Equation (2):


  R =  R      T i      +    R   T  i + 1     −  R      T i         T  i + 1   −  T i    ( T −  T i  )  



(2)




where T is the battery temperature in concern, Ti is one of the discrete temperatures (5, 15, 25, 35 or 45 °C), which is most close to, but lower than T, and Ti+1 is one of the discrete temperatures, which is most close to, but higher than T.    R      T i        and    R      T   i + 1          are the internal resistances at Ti and Ti+1, respectively.



Thus, the heat generation rate of the battery, q (W·m−3), at any discharge current can be obtained from Equation (3) [34]:


  q =  1   V b    ( − I ⋅ T ⋅   d  U  O C     d T   +  I 2  ⋅ R )  



(3)




where I, T,       d U   O C     d T    , R and Vb denote the current, temperature, entropy coefficient, internal resistance, and volume of the battery. The first term on the right-hand side is the expression for the reversible heat, which can be ignored due to its small entropy coefficient value. The second term describes the irreversible heat that is exothermic and proportional to the internal resistance and the square of the current.




2.2. Governing Equations


The governing equation of energy conservation for the batteries can be written as [35]:


   ρ b   C b    ∂ T   ∂ t   = −  λ b   ∇ 2  T + q  



(4)




where, ρb, Cb and λb are the density, specific heat capacity, and thermal conductivity of the battery, respectively; q is the heat generation rate of the battery.



The governing equation of energy conservation for the coolant is described as follows:


   ρ c   c c    ∂ T   ∂ t   + ∇ ⋅ (  ρ c   c c   u →   T c  ) = ∇ ⋅ (  λ c  ∇ T )  



(5)




where ρc, Cc, λc, Tc and    u →      are the density, specifific heat capacity, and thermal conductivity temperature and velocity vector of the coolant, respectively.



The continuity equation of the coolant is:


    ∂  ρ c    ∂ t   + ∇ ⋅ (  ρ c   u →  ) = 0  



(6)







In each simulation case, the Reynolds number does not exceed 2300; thus, the laminar flow model is adopted in the simulations. The momentum conservation equation for the laminar flow can be written as:


   ∂  ∂ t   (  ρ c   u →  ) + ∇ (  ρ c   u →   u →  ) = − ∇ P + ∇ (  τ =  ) +  ρ c   g →   



(7)




where P is the static pressure,    τ =    is the stress tensor, and    g →    is the acceleration of gravity.



The stress tensor    τ =    is given by:


   τ =  = μ ( ∇  u →  + ∇    u →   T  )  



(8)




where  μ  is the molecular viscosity.




2.3. Structural Design of Liquid Cooling BTMS


The schematic diagram of the BTMS system is shown in Figure 1. The BTMS consists of two flow distributors (both dichotomous or multiseriate), eight liquid cooling plates (with spiral or serpentine channels), and seven lithium manganate pouch batteries (Figure 1a). The single flow stream of the coolant (water) is divided into eight tributaries by the upper flow distributor, and they then flow into the eight LCPs to cool the lithium battery. After they exit the LCPs, the eight tributaries are combined by the lower flow distributor and leave through a single outlet. The flow path of the coolant is shown in Figure 1b. It is worth noting that since the system is symmetric around the YZ surface, only a half of the structure needs to be evaluated in subsequent simulations to reduce computational cost. Figure 1c shows a dichotomous flow distributor with the main part having dimensions of 97 × 30 × 8 mm. Figure 1d shows an LCP with a spiral channel with the dimension of 200 × 105 × 6 mm. The width and height of the channel in the cooling plates are equal to the width and height of the dichotomous flow distributor. The length of the channel is defined as the length of the centerline of the channel.




2.4. Computational Model Setup and Grid Independence Verification


The three-dimensional transient numerical simulations for the BTMS in this work were all calculated using the software ANSYS Fluent 19.2. Table 3 shows the physical properties of the materials of the flow distributor, LCP, and coolant [27]. The construction materials of the LCP and flow distributor are aluminum, and water is the chosen coolant.



The boundary conditions are set as follows:



For the momentum equation for the coolant, the inlet coolant mass flow rate is given, while the outlet gauge pressure is set to 0 Pa. There is no slip at the coolant channel wall. For the coolant energy equation, the inlet temperature is given according to the simulation cases. Coolant can exchange heat with the solid body of the cooling plates and flow distributors through convection. For the battery energy equation, the battery surfaces in contact with the cooling plates can exchange heat with the cooling plates through conduction, while the other surfaces of the batteries are adiabatic. In this study, heat convection and conduction within the coolant, as well as heat conduction between the battery, cooling plates, and coolant interior are considered. Radiation heat transfer and convection heat transfer between the battery surface and the surrounding air are omitted.



It is assumed that the coolant is incompressible. The velocity–pressure coupling is solved by the SIMPLE algorithm. Both the energy and the momentum equations are discretized in the second-order upwind format. The initial coolant flow rate is 0 m·s−1 and the initial system temperature is 25 °C. The implicit scheme is adopted for temporal discretization. The time step size is set to 1 s, and the number of time steps for the 2C discharge condition and WLTC condition are 1800 and 28,260, respectively. It is worth noting that, except for the WLTC condition, the batteries are discharged continuously at 2C for all other conditions.



The accuracy of the simulation model is dependent on the number of grids used in the study. It is important to determine when the three-dimensional transient model for the BTMS becomes independent of the grid number. Figure 2a shows the variation in center point temperature of battery 1 and pressure drop through the channel with the number of grids. The tested grid numbers are 1.65, 2.87, 5.41, 8.01, 12.26, 18.26, and 21.36 million, respectively. The results show that the relative errors for the battery 1 center point temperature and channel pressure drop, for grid number of 12.26 million and 21.36 million, are 0.02% and 0.66%, respectively. This analysis indicates that accurate results can be achieved through the use of 12.26 million grids. The results in Figure 2b also show that using a grid number of 12.26 million reduces the computation time by about 208 min. As a result, the grid number used in all of our subsequent simulations is never less than 12.26 million.




2.5. Experimental Validation of the Model


To verify the accuracy of the thermophysical properties and heat generation rate of the battery used in this work, some laboratory experiments were carried out. The battery was placed in a container made of insulating cotton and placed in a chamber at a constant temperature of 25 °C. This was also the initial temperature of the battery. The battery was then discharged at a constant current. Ten temperature monitoring points (T1 to T10) were located on the surface of the battery, and they are shown in Figure 3a. The temperatures were measured using thermocouples. It is to be expected that a small amount of heat from the battery could still be dissipated into the environment during the experiments. A heat transfer coefficient of 0.8 W·m−2·K−1 was assumed for this heat loss from the surface of the single battery [36]. Under these experimental conditions, a three-dimensional numerical model of the single battery was developed. The volume-averaged temperature of the battery was monitored in the calculations, and the value was compared with the experimentally measured 10-points-averaged temperature, and the results are shown in Figure 3b. It can be seen that the experimental data agree well with the model data, and verifies the accuracy of the thermophysical properties and battery heat generation rate used in this study.





3. Results and Discussion


3.1. Comparison of the Flow Uniformity Capacity of Two Types of Flow Distributors


The flow distributor plays the important role of dividing one main flow evenly into eight tributaries, which has a significant impact on the temperature uniformity of the subsequent battery module. Figure 4a shows the channel structure of the dichotomous and the multiseriate flow distributors. Figure 4b shows the mass flow rate of eight outlet tributaries of both flow distributors. It is not surprising that the variation in flow rate of the eight outlets of the dichotomous flow distributor is much smaller than that of the multiseriate flow distributor. In all subsequent BTMS designs, the dichotomous flow distributor is used in the simulations.




3.2. Effect of LCP Structure on Cooling Performances


The cooling performance in this work was quantified by the temperature distribution of the battery module and the system flow energy consumption. The effects of the LCP structure and the cooling strategy will be considered in this and subsequent sections. The desired objective was to ensure that the maximum temperature (Tmax) and the maximum temperature difference (∆T) of the battery module were below 35 °C and 5 °C, respectively, while achieving the lowest possible channel pressure drop (∆p).



3.2.1. Channel Layout


Figure 5 shows the four different LCP channel layouts for comparison. Cases 1, 2 and 3 have spiral channels, while Case 4 has a serpentine channel. The inlet and outlet of the Case 1 channel are arranged on different long sides of the LCP. For Case 2, the inlet and outlet of the channel are arranged on the same long side of the LCP, while for Case 3 they are arranged on different short sides of the LCP. Case 4 is a serpentine channel with the inlet and outlet of the channel arranged on different long sides of the LCP. In order to exclude the influence of channel length on the module temperature and flow energy consumption, the difference in length between these four channels is kept as small as possible. The channel lengths of Case 1 to Case 4 were 1116.65, 1098.44, 1150.92, and 1134.89 mm, respectively. Figure 6 shows the effect of channel layout on the maximum temperature Tmax, maximum temperature difference ∆T, and channel pressure drop ∆p of the battery module, respectively. As shown in Figure 6a, the temperature remains relatively stable between approximately 600 s and 1500 s of the flowtime, which is mainly attributed to the balance between the rate of heat generated by the batteries and rate of heat carried away by the coolant during this period. The maximum temperature of the battery module in Case 2 is significantly higher than the other three cases, and the reason for this can be explained from information in Figure 7. In Case 2, the inlet and outlet are arranged on the same long side of the LCP. As such the colder inlet fluid is continuously heated up by the hotter outlet fluid, resulting in a hotter inlet fluid for the subsequent battery cooling, which leads to a higher maximum module temperature. In the other three cases, however, the inlet and outlet are on the different sides of the LCPs and the inlet fluid is not heated up by the outlet hot fluid. The inlet fluid has a lower temperature in the battery, resulting in a lower maximum temperature. As shown in Figure 6b, the maximum temperature difference ∆T of the battery module in Case 4 is significantly higher than the other cases. Comparison between Case 1 and Case 4 shows that the maximum temperature difference of the battery module in Case 1 is 15.6% lower than that in Case 4, which indicates that the spiral channel has a better temperature uniformity performance than the serpentine channel under the same inlet and outlet arrangement. This is mainly because the spiral channel arrangement has the hotter fluid close to the colder fluid. Increased heat conduction through the cooling plate between the hot and cold fluid yields a more uniform temperature distribution in the LCP as well as in the batteries [29]. The difference in temperature distribution between Case 1 and Case 3 is small. Case 1 has a slightly lower channel pressure drop, and slightly higher maximum temperature and maximum temperature difference in the battery module than Case 3, mainly because of the slight difference in channel length between the two cases. As Case 1 has a slightly lower pressure drop, it was picked as the best layout for our subsequent studies.




3.2.2. Channel Size


Based on the channel layout of Case 1, the length, width and height of the channel on the cooling performance and system flow energy consumption were analyzed by orthogonal tests and matrix analysis methods [37] for the same mass flow rate. This method is used to determine the optimal solution for the factors, the weight, and the order of influence of each factor on the index values—resulting in a reduced number of calculations in the orthogonal test.



Table 4 gives the three factors of the orthogonal test, which are the length (L), width (W), and height (H) of the channel. Each factor has three levels. The combination of the factors of interest yields an L9(33) orthogonal test design.



A matrix analysis of the orthogonal test was performed as follows:



First, an analytical table of the arithmetic means of the indexes and their range values is determined and this is shown in Table 5. Tmax, ∆T and ∆p are the three indexes of the test results, respectively, and these results are obtained from the calculations in the software Ansys Fluent 19.2. If there are m factors in the orthogonal test and each factor has n levels, then kij is defined as the arithmetic means of the indexes at the j-th level of the i-th factor. For example, ki1 in the table represents the arithmetic means of the three indexes at the 1st level of the i-th factor. The range value si of the i-th factor is the difference between the maximum and minimum values in ki1 to kin, i.e.,   s i  = m a x {  k  i 1   , ⋅ ⋅ ⋅ ,  k  i n   } − m i n {  k  i 1   , ⋅ ⋅ ⋅ ,  k  i n   }  .



From this information, the indicator layer matrix, factor layer matrix, level layer matrix, and weight matrix are defined. Kij is the weight coefficient of the arithmetic mean of the index at the j-th level of the i-th factor. If the index value is proportional to the expected value, i.e., the larger the index, the more the expected value is satisfied, then Kij = kij; otherwise, Kij = 1/kij. It is noteworthy that all three index values (Tmax, ∆T and ∆p) in this test are inversely proportional to the expected values. The resulting matrix of index layers is established, as shown in Equation (9):


  K =  [       K  11      0    ⋅ ⋅ ⋅    0       K  12      0    ⋅ ⋅ ⋅    0      ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅        K  1 n      0    ⋅ ⋅ ⋅    0     0     K  21       ⋅ ⋅ ⋅    0     0     K  22       ⋅ ⋅ ⋅    0      ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅      0     K  2 n       ⋅ ⋅ ⋅    0      ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅      0   0    ⋅ ⋅ ⋅      K  m 1        0   0    ⋅ ⋅ ⋅      K  m 2         ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅      0   0    ⋅ ⋅ ⋅      K  m n        ]   



(9)







The reciprocal of the sum of Ki1 to Kim is Zi, i.e.,    Z i  = 1 /   ∑  j = 1  m    K  i j    . The factor layer matrix is thus established, as shown in Equation (10):


  Z =  [       Z 1     0    ⋅ ⋅ ⋅    0     0     Z 2      ⋅ ⋅ ⋅    0      ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅     ⋅ ⋅ ⋅      0   0    ⋅ ⋅ ⋅      Z m       ]   



(10)







The ratio of the range value of the i-th factor to the sum of the range value of all factors is Si, i.e.,    S i  =  s i  /   ∑  i = 1  m    s i   . The resulting level layer matrix is established as shown in Equation (11):


  S =  [       S 1         S 2        ⋅ ⋅ ⋅        S m       ]   



(11)







Let    X  i j   =  K  i j    Z i   S i   , where    K  i j    Z i  =  K  i j   /   ∑  j = 1  m    K  i j      .    S i  =  s i  /   ∑  i = 1  m    s i    is the ratio of the range value of the i-th factor to the sum of the range values of all factors. The value of the product of the two can reflect not only the influence of the first level of the first factor on the value of the index, but also the size of the range value of the first factor. The resulting weight matrix is established as shown in Equation (12):


  X = K Z S =    [   X 1  ,  X 2  , ⋅ ⋅ ⋅ ,  X  m × n    ]   T   



(12)







The weights of the effects of each level of the factors on the test indexes were calculated. In this test, the weight matrix of Tmax is XTmax, as shown in Equation (13):


   X   T  m a x     =    [  0.0201 , 0.0201 , 0.0201 , 0.0131 , 0.0131 , 0.0131 , 0.2921 , 0.3004 , 0.3076  ]   T   



(13)







The weight matrix of ∆T is X∆T, as shown in Equation (14):


   X  Δ  T     =    [  0.0201 , 0.0169 , 0.0173 , 0.0336 , 0.0351 , 0.0411 , 0.2105 , 0.3119 , 0.3135  ]   T   



(14)







The weight matrix of ∆p is X∆p, as shown in Equation (15):


   X  Δ p   =    [  0.0395 , 0.1014 , 0.0602 , 0.0345 , 0.0123 , 0.2535 , 0.0363 , 0.1178 , 0.2357  ]   T   



(15)







Xavg is the average of these three weight matrices, as shown in Equation (16):


   X  a v g   =    X   T  max     +  X  Δ T   +  X  Δ P    3  =  [      0.0266       0.0462       0.0325       0.0271       0.0571       0.1026       0.1796       0.2434       0.2856      ]  =  [       L 1         L 2         L 3         W 1         W 2         W 3         H 1         H 2         H 3       ]   



(16)







From Equation (11), the weights of the effects of the three levels of the factor L on the test results are: L1 = 0.0266, L2 = 0.0462, L3 = 0.0325, with L2 having the largest weight. Similarly, the weight of W3 in factor W is the largest, and the weight of H3 in factor H is the largest. From this, the optimal solution for the orthogonal test can be quickly determined as L2W3H3, i.e., the length of the channel is 1116.65 mm, the width is 6 mm, and the height is 6 mm. Compared to the basic solution L2W2H2, the optimal solution reduces the maximum temperature, maximum temperature difference, and channel pressure drop by 2.7%, 17.8% and 79.9%, respectively. Meanwhile, since L1 + L2 + L3 = 0.1053, W1 + W2 + W3 = 0.1868, H1 + H2 + H3 = 0.7086, it can also be concluded that the main order of influence of each factor on the index value of the orthogonal test is H > W > L.



From the above discussion, it can be seen that the optimal structural solution for the LCP is the channel layout in Case 1 (the inlet and outlet of the channel arranged on different long edges of the LCP) and the LCP channel size as L2W3H3 (the length of the channel being 1116.65 mm, the width 6 mm, and the height 6 mm). At this time, the highest temperature of the battery module is found in the middlemost battery near the outlet of the channel, and the lowest temperature is in the battery nearest to the side, near the channel inlet. The locations of the highest and lowest temperatures are hardly affected by the flow rate.





3.3. Effect of Cooling Strategy on Cooling Performance


3.3.1. Mass Flow Rate


The study of the flow rate on the cooling performance of the LCP is carried out based on the above selected optimal structural solution for the LCP. The coolant mass flow rate was increased from 0.4 g·s−1 to 3.2 g·s−1 while maintaining the inlet coolant temperature at 25 °C. From Figure 8a, it can be seen that increasing the coolant mass flow rate can effectively reduce the maximum temperature of the battery module, but the magnitude of the change decreases with an increasing mass flow rate. Figure 8b shows that when the coolant mass flow rate is in the range of 0.4–0.8 g·s−1, the maximum temperature difference of the battery module increases with increasing coolant mass flow rate. When the coolant mass flow rate is greater than 0.8 g·s−1, the maximum temperature difference of the battery module decreases with increasing coolant mass flow rate. This is mainly because the minimum temperature of the battery module is higher when the mass flow rate is small. Therefore, increasing the mass flow rate will cause the minimum temperature of the battery module to drop faster than the maximum temperature, leading to increased maximum temperature difference. When the mass flow rate reaches a certain level (>0.8 g·s−1), the minimum temperature of the battery module tends to be close to the inlet temperature of the coolant. Further increases in mass flow rate at this point will cause the minimum temperature of the battery module to drop more slowly than the maximum temperature, leading to a reduction in the maximum temperature difference of the battery module [38]. Based on the principle of energy saving, the lowest mass flow rate is chosen to meet the thermal management temperature requirements. Consequently, the optimal mass flow rate is considered to be 1.2 g·s−1.




3.3.2. Cooling Start Temperature


When the maximum temperature of the battery module is below the set cooling start temperature (CST), the cooling pump is switched off and no coolant is flowing. When this maximum temperature is equal to or higher than the CST, the cooling pump is switched on and the coolant starts to flow and cool the battery module. It can be expected that delayed cooling may reduce the cooling pump energy consumption of the liquid cooling thermal management system. However, further research on the CST is required to ensure that the thermal management temperature requirements are met. The CSTs considered in this work are 25 °C (initial system temperature), 30 °C, 31 °C, 32 °C, and 33 °C, respectively. Figure 9 shows the simulation results of the battery module for the optimal LCP construction scheme and a mass flow rate of 1.2 g·s−1. As shown in Figure 9a, the higher the CST, the higher the maximum temperature of the battery module at the end of discharge. However, a high CST means a shorter working time of the pump, which contributes to a lower system energy consumption. Obviously, the maximum temperature of the battery module is below 35 °C when the CST does not exceed 31 °C. Each battery in the battery module has a very similar heat generation rate as that of the others. Part of the heat from a single battery is used to raise the temperature of the battery itself, while the rest is absorbed by the LCP and coolant through heat transfer, which results in some temperature difference between the different parts of the battery module. As shown in Figure 9b, the maximum temperature difference of the battery module remains low before the start of cooling because the LCP and coolant absorbs little heat over this time period, resulting in a low temperature difference. However, after cooling commences, most of the heat in the single battery is taken away by the coolant in the channel through convection, giving an abruptly increased temperature difference. Higher CST means more heat is accumulated in the battery module, increasing the temperature difference. This also explains the phenomenon that the maximum temperature difference of the battery module increases sharply at the beginning of cooling, and the higher the temperature at the beginning of cooling, the greater the increase [38]. In summary, the CST is chosen to be 31 °C, which can reduce the energy consumption of the system by 50.9% compared to the operating condition where there is no delayed cooling, and at the same time achieve the required thermal management temperature.



In summary, the optimal solution is chosen for the channel layout of Case 1, the channel size of L2W3H3 (the length of the channel being 1116.65 mm, the width 6 mm, and the height 6 mm), the mass flow rate of 1.2 g/s, and the cooling start temperature of 31 °C. At this time, the maximum temperature of the battery module is 34.65 °C, the maximum temperature difference is 3.95 °C, and the channel pressure drop is 8.82 Pa, which reduces the energy consumption of the system by 50.9% compared to the working condition without delayed cooling, while meeting the thermal management temperature requirement of the battery, indicating that the thermal management system is designed to be efficient and reasonable.





3.4. Cooling Performance under WLTC Conditions


3.4.1. Determination of Dynamic Heat Generation Rate in WLTC


In practical applications, batteries are unlikely to be discharged continuously at 2C. The world-harmonized light-duty vehicles test cycle (WLTC) was introduced to study the performance of the liquid cooling system under actual vehicle conditions. WLTC working conditions cover a larger speed and load range, and more transient working conditions. The maximum speed is as high as 130 km·h−1, which could reflect the actual driving behavior of the EV and considers extreme driving behavior. The WLTC conditions include low, medium, high, and superhigh speed sections. The maximum speeds are 56, 76, 97 and 130 km·h−1, respectively. The test time is 1800 s, and the test mileage is 23.27 km. The speed profile of one WLTC is shown in Figure 10. The traction power Pt,1 of the complete vehicle during one WLTC is estimated by Equation (17) [39]:


   P  t , 1   =  v  1000 η    [   μ r   m  e v   g c o s α +  m  e v   g sin α + 0.5    ρ A   f   C d   v 2  +  m  e v     d v   d t    ]   



(17)




where v is velocity of the EV, η is the motion efficiency, μr is the rolling resistance, mev is the mass of the EV, g is standard gravity, α is the road gradient, ρ is air density, Af is the windward area, and Cd is the air friction coefficient.



Table 6 lists the values of the vehicle specification and driving conditions used in Equation (17).



It is assumed that the vehicle is driving on a horizontal road. The resulting power curve calculated is also shown in Figure 10, where negative power indicates that the battery is charging, and this part of the energy can be regenerated back into the battery system by a regenerative braking system with an efficiency of 0.8.



The EV battery pack in this work consists of 95 series-connected lithium manganate battery modules, each with seven single batteries placed in parallel. The whole pack has 665 single batteries with a total voltage of 351.5 V. As shown in Figure 11, the working voltage and internal resistance variation curves with the depth of discharge (DOD) of the lithium manganate single battery were obtained in our previous work [37]. The energy of the whole pack is given by Equation (18):


   E  b p   =    ∫ 0   t 0       U  I u  ⋅  n b    1000 × 3600      d t  



(18)




where Ebp is the energy of the pack, t0 is the end time of the operating voltage measurement, U is the operating voltage, Iu is the discharge current, and nb is the number of single batteries in the pack. The Ebp is calculated to be 40.77 kWh.



The output power of the entire discharge process of the battery pack under multiple WLTCs can be expressed by Equation (19):


   P c  =  P  t , m    



(19)




where Pc is the output power of the battery pack and Pt,m is the traction power of the vehicle under multiple WLTCs, i.e., multiple cycles of Pt,1.



From Equation (20), we can obtain the time t1 required for the battery pack to finish discharging under multiple WLTCs:


     ∫ 0   t 1        P c    3600      d t =  E  b p    



(20)







The calculation gives t1 = 28,260 s, which corresponds to 15.7 WLTCs.



Figure 12 shows the profile of current in the entire discharge process of a single battery under multiple WLTCs, which can be obtained from Equation (21):


  I =    P c  × 1000    n b  U    



(21)







Figure 13 shows the heat generation rate of the entire discharge process of a single battery under multiple WLTCs, which can be obtained from Equation (3).




3.4.2. Temperature Analysis of the Battery under Multiple WLTCs


In order to compare the difference in battery temperature variation with and without thermal management, the results of the maximum battery temperature and maximum temperature difference are simulated for the battery in adiabatic condition and in the condition with BTMS in this work. Figure 14 shows the variation in the maximum temperature of a single battery after 15.7 WLTCs (completely discharged) under adiabatic conditions. It can be seen that the maximum temperature of the battery can reach 41.71 °C without BTMS.



Figure 15 shows the variation in the maximum temperature and maximum temperature difference of the battery module during 15.7 WLTCs with the optimal LCP. The mass flow rate is 1.2 g·s−1 and the CST is 25 °C. The reason for choosing a CST of 25 °C instead of 31 °C is that the average discharge multiplier of the battery under WLTC conditions is only about 0.13 C. Choosing a CST of 25 °C can greatly reduce the battery temperature rise (within 0.51 °C), which shows a better cooling performance of the thermal management system. It can be seen that the maximum temperature and maximum temperature difference of the battery module with thermal management have similar trends under WLTC conditions. They increase faster in the initial stage of discharge and reach their maximum values at the end of the 15th complete cycle, when the maximum temperature is only 25.51 °C and the maximum temperature difference is 0.21 °C. The temperature results show that the BTMS system and cooling strategy can meet the thermal management requirements under WLTC conditions and provide excellent battery cooling performance.






4. Conclusions


This study on pouch lithium-ion batteries proposes the use of a liquid cooling thermal management system with a dichotomous flow distributor, and a liquid cooling plate with a spiral channel suitable for high-rate discharge conditions. The structure of the liquid cooling plate was optimized by orthogonal tests and matrix analysis methods. The influence of the coolant mass flow rate and cooling start temperature on the cooling performance of the battery module was investigated. Application of the thermal management system to WLTC conditions was also discussed. The specific conclusions are as follows:



(1) The dichotomous flow distributor has a better flow uniformity capability than the multiseriate flow distributor.



(2) Compared with the serpentine channel, the spiral channel liquid cooling plate can reduce the maximum temperature difference of the battery module by 15.61% under the conditions of the same coolant mass flow rate and channel length. For a spiral channel liquid cooling plate, arranging the channel inlet and outlet on different sides of the cooling plate rather than on the same side can effectively reduce the maximum temperature of the battery module. These results indicate that channel layout in the cooling plate is crucial to the cooling performance of the cooling plate.



(3) On optimizing the spiral channel size using orthogonal tests and the matrix analysis method, the maximum temperature, maximum temperature difference, and channel pressure drop of the battery module are reduced by 2.7%, 17.8% and 79.9%, respectively.



(4) Increasing the coolant mass flow rate can effectively reduce the maximum temperature of the battery module. However, the magnitude of the reduction decreases gradually with an increasing mass flow rate. Trends of diminishing change are also seen from the maximum temperature difference of the battery module, increasing at first with increasing mass flow rate, and then decreasing.



(5) A higher cooling start temperature leads to a higher maximum temperature of the battery module, but can result in reduced energy consumption of the cooling pump. The appropriate cooling start temperature adopted in this work was 31 °C.



(6) Under the multiple WLTCs, the liquid cooling BTMS proposed in this work can effectively control the maximum temperature and maximum temperature difference of the EV battery pack below 25.51 °C and 0.21 °C, respectively.
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Nomenclature




	
Abbreviations

	
L

	
Length of channel (mm)




	
BTMS

	
Battery thermal management system

	
mev

	
Mass of the EV (kg)




	
C

	
Current rate

	
nb

	
Number of batteries in the battery pack (-)




	
CST

	
Cooling start temperature

	
Pt,1

	
Traction power in one WLTC (W)




	
DOD

	
Depth of discharge

	
Pt,c

	
Traction power under multiple WLTCs (W)




	
EV

	
Electric vehicle

	
∆p

	
Channel pressure drop (Pa)




	
FD

	
Flow distributor

	
q

	
Heat generation rate (kW·m−3)




	
HEV

	
Hybrid electric vehicle

	
R

	
Internal electric resistance (Ω)




	
HPPC

	
Hybrid pulse power characteristic

	
t0

	
End time when measuring working voltage (s)




	
ICEV

	
Internal combustion engine vehicle

	
t1

	
Time required for a battery to be fully discharged under WLTC conditions (s)




	
LCP

	
Liquid cooling plate

	
Tmax

	
Maximum temperature (°C)




	
LIB

	
Lithium-ion battery

	
∆T

	
Maximum temperature difference (°C)




	
PCM

	
Phase change material

	
U

	
Working voltage (V)




	
SOC

	
State of charge

	
v

	
Velocity (m·s−1)




	
WLTC

	
The world-harmonized light-duty vehicles test cycle

	
Vb

	
Battery volume (m3)




	
Variable or parameter

	
W

	
Width of channel (mm)




	
Af

	
Windward area of car (m2)

	
Greek letters




	
Cd

	
Air friction coefficient (-)

	
α

	
Road gradient (-)




	
Ebp

	
Total energy of battery pack (kwh)

	
μr

	
Rolling resistance (-)




	
g

	
Standard gravity (m·s−2)

	
ρ

	
Air density (kg·m−3)




	
H

	
Height of channel (mm)

	
η

	
Motion efficiency (-)




	
I

	
Current (A)

	
ηr

	
Regenerative coefficient (-)




	
Iu

	
Discharge current for the measurement of working voltage (A)
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Figure 1. Design of liquid cooling BTMS. (a) Battery module liquid cooling system structure; (b) the flow path of coolant; (c) structure of the flow distributor; (d) structure of the LCP. 
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Figure 2. Results of grid independence verification for the BTMS simulation model. (a) The variation of center point temperature of battery 1 and pressure drop through the channel with the number of grids; (b) the variation of computation time with the number of grids. 
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Figure 3. Experimental validation of the model. (a) Temperature monitoring points of the lithium-ion battery in the experiment; (b) comparison of experimental data with model data. 
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Figure 4. Comparison of flow uniformity capacity of the dichotomous and multiseriate flow distributors. (a) The channel structure of the dichotomous and the multiseriate flow distributors; (b) the mass flow rate of each outlet face of these two flow distributors. 
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Figure 5. The four layouts of the channels named Case 1 to Case 4. 
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Figure 6. Effect of channel layout on: (a) maximum temperature Tmax of battery module; (b) maximum temperature difference ∆T of battery module; (c) channel pressure drop ∆p. 
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Figure 7. Temperature distribution in the four LCPs: Case 1 to Case 4. 
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Figure 8. Effect of fluid flow rates on: (a) maximum temperature Tmax; (b) maximum temperature difference DT of battery module. 
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Figure 9. Effect of cooling start temperature CST on: (a) maximum temperature Tmax; (b) maximum temperature difference DT of battery module. 
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Figure 10. Velocity and traction power profiles of WLTC. 
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Figure 11. The working voltage and internal resistance curve (Temperature: 25 °C, C-Rate: 0.5C). 
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Figure 12. The profile of current in the entire discharge process of a single battery under 15.7 WLTCs. 
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Figure 13. Heat generation rate of a single battery under 15.7 WLTCs. 
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Figure 14. The temperature rise of battery under adiabatic condition. 
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Figure 15. Variation in maximum temperature and maximum temperature difference of the battery module with BTMS during 15.7 WLTCs. 
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Table 1. Specifications of the LIB used in this study.
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	Item
	Value





	Active area dimensions (mm)
	200 × 105 × 7



	Mass (g)
	352.6



	Nominal voltage (V)
	3.7



	Rated capacity (Ah)
	21



	Density (kg·m−3)
	2398.7



	Specific heat (J·kg−1·K−1)
	1238



	Thermal conductivity (W·m−1·K−1)
	⊥ battery main surface: 1.1

∥ battery main surface: 18.1







Note: ⊥ battery main surface means the direction perpendicular to battery main surface. ∥ battery main surface means the direction parallel to battery main surface.
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Table 2. Six-order polynomial fitting coefficients in Equation (1) for the calculation of internal resistance    R   T i      (Ω) at different battery temperatures Ti.
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Ti (°C)

	
Fitting Coefficients for Equation (1)




	
k6,Ti

	
k5,Ti

	
k4,Ti

	
k3,Ti

	
k2,Ti

	
k1,Ti

	
k0,Ti






	
5

	
0

	
0.0039

	
−0.0049

	
0.0054

	
−0.0039

	
0.0008

	
0.0023




	
15

	
0

	
0

	
−0.0034

	
0.0099

	
−0.0077

	
0.0017

	
0.0016




	
25

	
0.0600

	
−0.1751

	
0.1880

	
−0.0828

	
0.0097

	
0.0011

	
0.0032




	
35

	
0.4679

	
−1.2613

	
1.2574

	
−0.5506

	
0.0923

	
−0.0019

	
0.0043




	
45

	
0

	
0

	
−0.0054

	
0.0178

	
−0.0170

	
0.0047

	
0.0039
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Table 3. Physical properties of LCP, flow distributor (FD) and coolant.
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	Property
	LCP and FD (Aluminium)
	Coolant (Water)





	Density (kg·m−3)
	2719
	997.56



	Specific heat (J·kg−1·K−1)
	871
	4181.72



	Thermal conductivity (W·m−1·K−1)
	202.4
	0.62



	Viscosity (kg·m−1·s −1)
	-
	0.000889
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Table 4. Factors and levels of the orthogonal test.






Table 4. Factors and levels of the orthogonal test.





	
Levels

	
Factors




	
L (mm)

	
W (mm)

	
H (mm)






	
1

	
885

	
2

	
2




	
2

	
1117

	
4

	
4




	
3

	
1357

	
6

	
6











[image: Table] 





Table 5. Arithmetic means of the indexes and their range value analysis results in the orthogonal tests.






Table 5. Arithmetic means of the indexes and their range value analysis results in the orthogonal tests.





	
Test Number

	
Factors

	
Indexes




	
L

(Factor 1)

	
W

(Factor 2)

	
H

(Factor 3)

	
Tmax (°C)

	
∆T (°C)

	
∆p (Pa)






	
1

	
1

	
1

	
1

	
35.30

	
5.30

	
619.65




	
2

	
1

	
2

	
3

	
33.50

	
3.47

	
19.25




	
3

	
1

	
3

	
2

	
34.27

	
4.10

	
18.56




	
4

	
2

	
1

	
3

	
33.54

	
3.78

	
112.66




	
5

	
2

	
2

	
2

	
34.21

	
4.06

	
44.09




	
6

	
2

	
3

	
1

	
35.22

	
5.30

	
100.98




	
7

	
3

	
1

	
2

	
34.31

	
4.30

	
220.16




	
8

	
3

	
2

	
1

	
35.21

	
5.17

	
204.71




	
9

	
3

	
3

	
3

	
33.24

	
3.35

	
9.69




	
ki1

	
34.35

	
34.38

	
35.24

	
Tmax




	
ki2

	
34.32

	
34.31

	
34.26




	
ki3

	
34.25

	
34.24

	
33.42




	
si

	
0.1

	
0.14

	
1.82




	
ki1

	
4.29

	
4.46

	
5.26

	
∆T




	
ki2

	
4.38

	
4.23

	
4.15




	
ki3

	
4.27

	
4.25

	
3.53




	
si

	
0.11

	
0.23

	
1.73




	
ki1

	
219.15

	
317.49

	
308.45

	
∆p




	
ki2

	
85.91

	
89.35

	
94.27




	
ki3

	
34.25

	
43.08

	
47.20




	
si

	
184.9

	
274.41

	
261.24
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Table 6. Parameters of vehicle specification and driving conditions.






Table 6. Parameters of vehicle specification and driving conditions.





	Parameters
	Symbol
	Value





	Mass of the EV (kg)
	mev
	2000



	Windward area (m2)
	Af
	2.05



	Standard gravity (m·s−2)
	g
	9.8



	Air density (kg·m−3)
	ρ
	1.169



	Velocity (m·s−1)
	v
	-



	Air friction coefficient (-)
	Cd
	0.3



	Motion efficiency (-)
	η
	0.98



	Rolling resistance (-)
	μr
	0.01



	Regenerative coefficient (-)
	ηr
	0.8



	Road gradient (-)
	α
	0
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