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Abstract

:

In this study, the effects of battery thermal management (BTM), pumping power, and heat transfer rate were compared and analyzed under different operating conditions and cooling configurations for the liquid cooling plate of a lithium-ion battery. The results elucidated that when the flow rate in the cooling plate increased from 2 to 6 L/min, the average temperature of the battery module decreased from 53.8 to 50.7 °C, but the pumping power increased from 0.036 to 0.808 W. In addition, an increase in the width of the cooling channel and number of channels resulted in a decrease in the average temperature of the battery module and a reduction in the pumping power. The most influential variable for the temperature control of the battery was an increase in the flow rate. In addition, according to the results of the orthogonal analysis, an increase in the number of cooling plate channels resulted in the best cooling performance and reduced pumping power. Based on this, a cooling plate with six channels was applied to both the top and bottom parts, and the top and bottom cooling showed sufficient cooling performance in maintaining the average temperature of the battery module below 45 °C.
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1. Introduction


Massive consumption of fossil fuels depletes non-environmentally friendly energy sources and exposes the earth to severe problems, including climate change and global warming [1]. Therefore, as concerns about environmental issues and resource depletion have grown worldwide, considerable focus is placed on eco-friendly energy sources for replacing fossil fuels. In light of the current situation, interest in electric vehicles that do not release pollutants like carbon dioxide and nitrogen oxide has increased in many nations, even industrialized nations. Due to its high energy density, extended lifespan, environmental friendliness, and cost-effectiveness, lithium-ion batteries (LIBs) have become popular in electric cars (EVs) and hybrid electric vehicles (HEVs) [2,3]. An important issue to be solved for the stable operation of LIBs is the excessive heat generation owing to rapid charging and discharging. An increase in the generated heat of the battery raises the battery temperature, which boosts the production of more battery heat. Generally, the safe operating temperature of a battery pack is a maximum temperature of 40 °C and a temperature difference between batteries of 5 °C or less. For safe and normal battery operation, maintaining these temperatures below the safe operating temperatures is important [4]. Excessive heat generation in battery packs causes stability problems and decreases the overall performance and lifespan of the battery system. In particular, problems such as the formation of SEI (Solid Electrolyte Interphase) inside the battery occur, gradually reducing battery capacity [5]. Thus, a more efficient battery thermal management system (BTMS) is needed [6,7,8]. Especially as the capacity and current of batteries have rapidly increased, battery safety has become a major concern.



There are three different categories of cooling systems utilized in battery thermal management systems: air cooling, liquid cooling, and phase change (phase change material (PCM) and heat pipe) cooling. First, the air cooling method has a disadvantage because air has a lower heat capacity and thermal conductivity than liquids. However, it was widely used in early BTMS owing to the simplicity of its structure, its light weight, and its low cost in the cycle configuration [9,10]. It was confirmed by Fan et al. [11] and Yu et al. [12] that an air cooling system employing the 18650 battery maintains the temperature of the battery below the safe operating temperature at 0.5 and 1 C-rate and is an appropriate BTMS at a low C-rate. Zhou et al. [13] conducted a study using an air distribution pipe model in an air cooled system. At a rate of 3 C-rate or higher, the air cooling system could maintain the battery below the safe operating temperature. However, as the C-rate increased, the pumping power increased rapidly to control the temperature of the battery. As a result, the air cooling system is not practical for high C-rates because the rapid rise in pumping power impacts the power capacity of the electric vehicle negatively.



Due to its large heat capacity and thermal conductivity, the liquid cooling system is more effective than the air cooling technique. It also has benefits like high-temperature uniformity, high efficiency, and economic viability [14]. The liquid cooling system is divided into a direct cooling method, in which batteries are cooled by directly contacted thermal fluid and an indirect cooling method, in which batteries are indirectly cooled by a cooling plate cooled by thermal fluid. The liquid cooling system is classified into two types: a direct cooling method, where batteries are cooled by thermal fluid that comes into direct contact with them, and an indirect cooling method, where batteries are cooled indirectly by thermal fluid through cooling plates. By reducing contact heat resistance, the direct cooling technique maximizes battery cooling performance [15]. Liu et al. [16] evaluated the thermal behavior of dynamically cycling batteries exposed to static and flowing mineral oil (MO) in a series of tests using oil-immersed battery cooling systems. Even at a 4 C-rate discharge, the battery temperature can be kept below 35 °C at a flow rate of 5 mL/min below 30 °C when the flow rate exceeds 15 mL/min. Kim et al. [17] examined the cooling performance in relation to the heat transfer fluid (HTF), the number of battery cooling block ports, and the header width, and optimized the model by using the liquid immersion cooling method on a 1S16P battery module. The cooling model performed best when there were three ports and a 5 mm header width, which was consistent with low-pressure drop and good cooling performance. When the flow rate of R134a was 3 and 5 L/min, the maximum temperature of the battery and the temperature difference between the batteries were, respectively, 30.5 °C and 4.91 °C and 28.7 °C and 3.28 °C at 25 °C outside settings. The results reached were appropriate for preserving a consistent battery temperature range. However, immersion cooling is not widely used commercially owing to its fluid cost, weight, and performance uncertainties [18].



Despite having less cooling effectiveness than the direct cooling method, indirect cooling has been the subject of several studies since it is an effective method when considering factors like electrical stability, fluid cost, weight, etc. The importance of a range of cold plate channel sizes and designs in battery cooling was numerically supported by Pulugundla et al. [19]. Lai et al. [20] and Zhou et al. [21] applied structures such as a half helical duct and thermally conductive structure (TCS) to the outside of the cell in the battery liquid cooling system. These structures improve the cooling performance by increasing the contact area between the cells and the cooling device. It was confirmed that the half helical duct and TCS kept the battery below the safe operating temperature at 5 C-rate with high heat generation. Zhao et al. [22] and Qian et al. [23] studied improving cooling performance using a liquid cooling system. Their results revealed that increasing the flow rate reduced the temperature of the battery module effectively and improved the temperature uniformity.



The PCM cooling method can maintain the temperature in the battery and release it as needed while using little to no fan power. The benefits of adopting this strategy approach are more obvious when the ambient temperature is low, and the energy utilization efficiency can be significantly increased [4]. However, when the PCM completely changes its phase, achieving accurate control of the battery temperature is difficult. Accordingly, cooling using PCMs requires additional research and is studied along with other cooling methods. Lv et al. [24] employed liquid cooling and PCM to manage the heat generation of a 18650 battery. They reported that at a 2 C-rate, the composite system reduced the maximum temperature of the battery by 15 °C more than the single system. Wu et al. [25] conducted an experimental study that combined a PCM, a heat pipe, and liquid cooling for a 18650 battery. As the discharge cycle of the battery increased at a 3 C-rate, the composite system reduced the maximum temperature by 28 °C or more than the single system. Accordingly, it was confirmed that the combined PCM and liquid cooling system is an appropriate BTMS to maintain the battery below a safe operating temperature. The liquid cooling system is a basic component of battery thermal management in the combined system.



The liquid cooling system can manage the produced heat of the battery at a high C-rate, and it is a basic component for maintaining high efficiency even in a phase-change cooling system. Currently, cylindrical, prismatic, and pouch-type batteries are used in EVs. In particular, the liquid cooling BTMS for a cylindrical battery has a curved surface compared with prismatic pouch-type batteries; thus, it is more difficult to mount a cooling plate on the surface. However, cylindrical batteries have the advantages of better consistency, more material processing, and longer lifetimes, and are more adaptable to situations where multiple batteries must be combined in series and parallel [26]. Much information is available on the cooling capacity according to the structure of the cooling plate in a rectangular battery module. However, due to the structural characteristics of cylindrical batteries, many studies have applied cooling plates to the sides, but few studies have applied cooling plates to the top and bottom. Using a cold plate to the side is complicated because the cold plate must be designed to contact between battery cells. Therefore, in this study, a numerical analysis of cooling performance and pump output was performed to apply cooling plates to the top and bottom of a cylindrical battery. In the 24S16P module structure, the heating characteristics of the 21700 cylindrical battery module and the heating environment of the battery were numerically analyzed. In addition, to effectively control the heating of the cylindrical battery module, the average temperature, cooling capacity, and pumping power of the battery module according to changes in the structure of the cooling plate and operating conditions were compared and analyzed. Additionally, analysis findings for the cooling system, which maintained a temperature that could guarantee stable battery performance, were also provided. The obtained results will help improve the cooling performance of a cylindrical battery using liquid cooling and optimize the parameters of the cooling system. In addition, it can enhance the safety and performance of EVs through battery temperature management.




2. Methods and Simulation


2.1. Simulation Model


The cooling performance of the liquid cooling system using a 21700 cylindrical battery cell was investigated using ANSYS Fluent 2022 R2. The battery model in this study used the battery parameters from the anode and the cathode material of Li(Ni0.8Co0.1Mn0.1)O2, and the battery specifications used in the simulation are presented in Table 1. A schematic and 3D model of the battery module and BTMS used in the simulation are shown in Figure 1 [27]. As shown in Figure 1a, to uniformly dissipate heat from the battery, a thermal pad was positioned between the battery module and cooling plate. A cooling plate was placed at the bottom to control heat generation from the battery. In Figure 1b, the battery module is depicted. The 384 cylindrical battery cells were composed of 24S16P. Figure 1c depicts the internal shape of the cooling plate, which was composed of five U-type channels with dimensions of 440 × 580 × 6 mm3. The cooling water flow path of the cooling plate had a U-shape, and the cooling water entered the inlet branches and flowed in the cooling plate. The gap between the channels was maintained at 10 mm. In this study, the widths of the channels are expressed as L1 and L2, and the height is expressed as h1. Water is the HTF that circulates inside the cooling plate to cool the battery. The correlations of the thermal properties of the water are shown in Table 2.




2.2. Governing Equations


This study was carried out under the following presumptions: first, the fluid flow was a single-phase flow; second, the flow field was completely filled with HTF; third, thermal resistance and radiation emission were neglected; fourth, the HTF was an incompressible fluid. The mass, energy, and momentum conservation equations were used to analyze a cylindrical battery cooling system. The turbulence model of the realizable k–ε model was used because it can be applied to a wide flow range and is highly accurate in stream and heat transfer analysis [29]. It is the same when cold plates are used at the top and bottom of the battery module.



Bernari et al. [28] calculated the heating value of the battery. The proposed internal resistance was used to estimate the heat generation quantity using the heat generation correlation Equation (1).


    Q   g e n   =   Q   i r   +   Q   r e   =   I   2   R − I   T   c e l l     ∂   U   O C V     ∂ T   ,  



(1)




where     Q   g e n     is the total heating value generated by the battery cell, and     Q   i r     and     Q   r e       are the irreversible and reversible heats generated during charging and discharging, respectively. I and R are the charging/discharging current and resistance, T is the temperature of the battery cell, and   ∂   U   O C V   / ∂ T   is the temperature coefficient of open-circuit voltage. The equation used by Lai et al. [13] for the temperature coefficient of the open-circuit voltage by Lai et al. [20] is given in Equation (2).


    ∂   U   O C V     ∂ T   = − 0.355 + 2.154 × 2.154 × S O C − 2.869 ×   S O C   2   + 1.028 ×   S O C   3   ,  



(2)




where   S O C   represents the state of charge of the battery.



Battery heat generation was calculated by averaging the heat generated during the discharge process. The pumping power used for liquid cooling was calculated using Equation (3).


    P   p u m p   = Δ P   Q   w   ,  



(3)




where     P   p u m p     is the pumping power,   Δ P   is the pressure drop between the inlet and outlet of the cooling plate, and     Q   w     is the flow rate of HTF.




2.3. Initial and Boundary Conditions


Table 3 shows the test conditions for the simulation. The ambient and initial temperature of the battery module and HTF was set to 25 °C. The number of channels was determined considering the size of the cooling plate, and the channel width was determined by considering the ratio of the top and bottom widths based on standard conditions. The standard condition is marked with a (*) based on the cooling plate of Kim [27]. To investigate the influence on the flow rate (Q1), channel width (L1/L2), and number of channels (n1), the average temperature of the battery module and the average temperature difference between the upper and lower parts were calculated and compared. To examine the cooling performance of the BTMS, the pressure drops at the inlet and outlet of the cooling plate as well as the pumping power were calculated.




2.4. Validation of Simulation Model


In this study, the open-circuit voltage of the temperature coefficient and internal resistance of a 21700 cylindrical battery was used to predict the heat generated from the cylindrical battery, and a heating value prediction model for the cylindrical battery was developed. The results were also contrasted with those of Sheng et al. [30], who tested the heating value of 21700 cylindrical battery cells at rates of 1–2.5 C. Based on this, the heating value of the cylindrical battery cell was predicted at a rate of 3 C-rate conditions, and the cooling performance was predicted according to the change in the cooling plate structure and operating conditions during the cylindrical battery module cooling.



Because computational fluid dynamics analyze physical phenomena using a divided grid, the number of grids dramatically influences the overall analysis results. Therefore, ensuring the reliability of the analysis results through a grid-independent test based on the number of grids is necessary. Figure 2 shows the average temperature of the battery module for each mesh node under the heating value condition of the 3 C-rate. As the number of mesh nodes increased, the temperature of the battery module decreased, and it was 52.17 °C when the number of mesh nodes reached 2,809,041. As mesh nodes increased to 4,675,798, it was 52.17 °C, and the temperature did not change significantly as the number of mesh nodes increased. Therefore, in this study, 2,809,041 mesh nodes were used to analyze the battery modules.



Figure 3 shows a comparison of the results of the heating value prediction model of this study with the experimental results of the 1–2.5 C rate of Sheng et al. [30]. The change over time in the average temperature of the battery predicted in the simulation exhibited a trend similar to that of the experimental values at all C-rates. The average battery temperature, as reported by Sheng et al. [30] under the 1 C-rate discharging process, was 46.7 °C, and the predicted temperature of this study was 34.8 °C. The maximum and average error rates were 27% and 15%, respectively. The battery’s average temperature during the 2 C-rate discharging condition was 67.5 °C and 57.1 °C, respectively; the maximum error rate was 15%, and the average error rate was 5.6%. The average temperature of the battery at 2.5 C-rate was 80.8 and 75.1 °C, respectively. Compared to high C-rate discharge conditions, low-rate discharge conditions require longer discharge times and are more affected by the charging environment. In the case of low-rate discharge conditions, because the discharge time is extended, the total heat loss of the cell during discharge is more significant than that under high-rate discharge conditions. Therefore, under low-rate discharge conditions, the uncertainty due to heat loss is considerable, which causes greater errors in experimental and analysis results. Additionally, the initial temperature is 30 °C in the experiment of Sheng et al. [29], but it is 25 °C in this study; therefore, it is 5 °C higher than the initial temperature of this study. It affected the battery heat generation and loss, leading to a rather significant inaccuracy. The simulation error, however, is within the reliable error range and is a maximum of 9.8%.





3. Results and Discussion


3.1. Effect of the Inlet Flow Rate of Cooling Fluid


Figure 4 depicts the impact on the cylindrical battery’s cooling performance at a flow rate of 2 to 6 L per minute under a three-cycle discharging process. After 3 C-rate discharges, the battery module’s average temperature was 85.4 °C; when the flow rate increased, this temperature reduced to 79.4 °C on average. The average battery temperature decreased by 3.12 °C, from 53.8 °C to 50.7 °C, as the flow rate rose from 2 to 6 L/min. The average temperature difference between the top and bottom of the battery increased with the flow rate; however, this difference was small. Figure 4b depicts the pressure drop and pumping power of the cylindrical battery cooling according to the flow rate. The flow rate increases with an increase in the pressure drop. The pressure drop increased from 1.09 to 8.08 kPa when the flow rate was raised from 2 to 6 L/min. As the flow rate rose, the pressure drop rose. Accordingly, the pumping power increased from 0.04 to 0.81 W. The pumping power increased 22 times when the flow rate rose from 2 to 6 L/min, although the battery temperature drop was just 3.1 °C. Raising the pump power for cooling in an electric vehicle can reduce the driving range due to increased electric power consumption. Despite a higher flow rate, battery cooling capability has a limit. Because of the cylindrical shape of the 21700 battery, installing the cooling plate at the bottom does not provide a sufficient heat transfer area for cooling. Thus, a wide heat transfer area needs to be designed to manage local excessive heat when a battery is used in a fast-charging and discharging environment.




3.2. Effect of Channel Width and Number


Figure 5 shows the change in the cooling performance according to the change in the channel width of the cylindrical battery cooling plate. The average temperature of the battery module varies with channel width, as shown in Figure 5a. The width of the channel was varied, while the gap between the channels was maintained at 10 mm. When cooling was not performed during the 3 C-rate discharge process, the average temperature of the battery module was 85.4 °C. As the channel width increased, the average temperature of the battery module decreased. The average temperature of the battery module was 52.7 °C when the cooling plate’s width was 15.3 mm and fell to 51.9 °C when it was 23.3 mm—a 0.81 °C difference. Compared with the case without cooling, the highest battery temperature reduction rate was 39.2% at a channel width of 23.3 mm. In addition, the average temperature difference between the upper and bottom regions of the battery increased by 0.27 °C, from 13.7 °C to 14.0 °C, while the width of the cooling plate channel increased from 15.3 to 23.3 mm. This was due to an increase in the contact area between the lower portion of the battery module and the area through which the cooling fluid flowed when the cooling plate channel’s width widened. As such, the temperature of the battery module decreased, but the upper part of the battery module was not significantly affected. The pressure drop and pumping power in regard to channel width are shown in Figure 5b. The pressure drop on the cooling plate decreased from 2.53 to 1.89 kPa as the width rose from 15.3 to 23.3 mm. As a result, the pumping power dropped from 0.13 to 0.09 W by 26%. This is due to the fact that the pressure drop was minimized by widening the cooling path, while maintaining the same flow rate. As the channel width of the cooling plate increased, the average temperature of the battery module decreased; however, the temperature difference between the upper and lower parts of the module increased.



Figure 6 depicts the cylindrical battery’s cooling performance according to the quantity of cooling plate channels. The average temperature of the battery module is shown in Figure 6a as a function of the quantity of cooling plate channels. As the number of cooling plate channels increased from four to six under the 3 C-rate discharging condition, the average temperature of the battery module decreased by 1.55 °C from 53.3 °C to 51.7 °C. Consequently, the average rate of temperature decrease reached a maximum of 39.4%. In addition, as the number of cooling plate channels increased from four to six, the average temperature difference between the upper and lower parts of the battery module increased from 13.5 °C to 14.0 °C. Thus, it was established that improving the cooling performance of the cylindrical battery could be accomplished by increasing the number of cooling plate channels. This was due to an increased contact area between the battery module and the cooling route caused by the increased number of cooling plate channels. The differences in pressure drop and pumping power based on the quantity of cooling plate channels are depicted in Figure 6b. As the number of cooling plate channels increased from four to six, the pressure drop decreased from 2.34 to 1.86 kPa, and the pumping power decreased by 20.5% from 0.12 to 0.09 W. The fluid flow rate through each channel on the cooling plate reduced as the number of channels rose, minimizing the pressure drop in the cooling plate. Additionally, as the number of cooling plate channels increased, the pumping power was reduced and the cooling plate’s performance was enhanced. It was confirmed that the design of the optimal channel number in the cooling plate is an essential factor in battery thermal management and the pumping power of electric vehicles.




3.3. Result of the Orthogonal Analysis


The orthogonal analysis method reflects the degree of influence of a variable on the evaluation index within the influence range of the variable. The larger the range of influence (    R   i    ), the greater the degree of influence of the variable [31]. The influence of flow rate, channel width, and channel number on battery thermal management performance and pumping power were assessed in this study utilizing the results of the orthogonal analysis approach.     R   i     is the influence range, and Equation (4) can be used to assess it.


    R   i   =   max  ⁡      k   1   ,     k   2   ,     k   3       −   min  ⁡      k   1   ,     k   2   ,     k   3       ,  



(4)




where     k   1     is the result obtained under conditions smaller than the standard condition,     k   2     is the result obtained under the standard conditions, and     k   3     is the result obtained under conditions larger than the standard condition. The results of the orthogonal analysis are shown in Table 4.



In the average temperature (    T   a v g    ) and average temperature difference (    ∆ T   a v g    ) of the battery module, the largest R was obtained in the flow rate change and the lowest R in the channel width change. Therefore, the degree of influence on the average temperature and average temperature difference was in the order of     Q   1   >   n   1   >   L   1    . In terms of the pumping power, the largest R was in the flow rate change, and the smallest R was in the channel width change. Therefore, the degree of influence of the pumping power was similar to that of the average temperature. When considering the average battery temperature, the larger the influence range, the more advantageous it is for temperature control performance. On the other hand, the smaller the pumping power influence range, the smaller the electric vehicle’s power consumption. In terms of battery thermal management, the influence range of the number of channels has the second largest value. Additionally, its pumping power value is the lowest. Therefore, the quantity of channels in the cooling plate is the variable that affect BTM most significantly.




3.4. Result of Cooling Performance by Adapting an Improved Cooling System


Based on the optimized model from the orthogonal analysis results, considering the cooling performance under the 3 C-rate discharging condition, it was confirmed that the optimal cooling performance could be obtained in the model with Q = 3 L/min, L = 19.3 mm, and n = 6. However, when the cooling plate was applied only to the lower part, the temperature of the battery module was higher than the safe operating temperature of 40 °C. In particular, the temperature was slightly higher in the upper part where the cooling plate was not in contact. To reduce the heat generation of the battery module effectively, the cooling performance was investigated by applying a cooling plate to the top and bottom of the battery module. Figure 7 depicts the variances in the average temperatures of three C-rate discharge situations. The temperature contours of the battery modules with bottom cooling are shown in Figure 7a,b, respectively. When only bottom cooling was applied, the highest temperature of the battery module was 62.3 °C at the outlet side. In addition, the average temperature of the battery module was 51.7 °C. When top and bottom cooling were applied, the highest temperature of the battery module was 41.5 °C at the outlet side of the battery module, and the average temperature was 35.8 °C. As a result, the battery module’s maximum temperature dropped by 20.7 °C in comparison to when only bottom cooling was used.



The average temperature and temperature differential of the battery module for bot-tom cooling and top and bottom cooling are compared in Figure 7c. The average temperatures of the battery module for only bottom cooling and top and bottom cooling were 51.7 °C and 35.8 °C, respectively. By applying top and bottom cooling, the average temperature of the battery module could be reduced by 16 °C compared to only bottom cooling. The maximum and minimum temperature differences of the battery module in bottom cooling and top and bottom cooling were 22.8 °C and 7.1 °C, respectively. The cooling plate’s pressure drop rose by around 2.03 times, from 1.86 kPa for bottom cooling to 3.78 kPa for top and bottom cooling. As top and bottom cooling was applied, the pumping power was slightly higher, but the average temperature of the battery module could be maintained below 40 °C. Battery cell temperatures above 40 °C during charging and discharging have a negative impact on the formation of SEI inside the battery [32], but the top and bottom cooling in this study was robust enough to withstand this, and performance degradation and capacity reduction were minimized. Therefore, it was confirmed that maintaining a safe operating temperature could be accomplished when cooling plates were simultaneously applied to the top and bottom of the battery module. The temperature difference of the battery module was relatively uniform compared to bottom cooling, even though it did not reach the recommended level (5 °C). It is believed that the recommendations for temperature difference within the module can be achieved through improvements in the battery cooling plate.





4. Conclusions


This study investigated the influence of a number of variables, including the flow rate, channel width, and channel number, on the liquid cooling performance of a 21700 cylindrical battery module. The results showed that the average temperature of the battery module decreased from 53.8 °C to 50.7 °C when the flow rate in the cooling plate increased from 2 to 6 L/min, but that the pumping power increased from 0.04 to 0.81 W due to the higher pressure drop. Therefore, increasing the cooling flow rate improves the cooling performance; however, selecting an appropriate flow rate is important because the pumping power increases. In addition, as the width increased from 15.3 to 23.3 mm, the average temperature of the battery module decreased from 52.7 °C to 51.9 °C. Pumping power dropped from 0.13 to 0.09 W by 26%. Under the 3 C-rate discharging condition, the average battery module temperature was reduced by 1.55 °C and the pumping power by 20.5% as the number of cooling plate channels rose from four to six. Nevertheless, it was difficult to achieve the safe operating temperature of the battery module under 3 C-rate discharge conditions by installing a cooling plate at the bottom. To achieve a safe operating temperature, it is necessary to increase the heat transfer area of the battery.



Orthogonal analysis was conducted to investigate the influence of each variable on the cooling performance of the battery module. It was confirmed that increasing the number of channels was the most effective method for improving the cooling performance and reducing the pumping power. Based on the optimized model from the orthogonal analysis results, the cooling performance was investigated by applying top and bottom cooling to enhance cooling. As a result, when compared to the case where just bottom cooling was used, the average temperature and maximum temperature of the battery module dropped by 16.0 °C and 20.7 °C, respectively. Moreover, the average temperature could be maintained below 40 °C for safe operation. Therefore, a safe operating temperature could be effectively maintained when cooling plates were simultaneously applied to the top and bottom of the battery module, and the reliability and lifetime of the battery system could be improved by significantly reducing the temperature difference in the battery module.







Author Contributions


Conceptualization, H.C. and D.S.; methodology N.Y. and J.H.; validation, H.C. and D.S.; formal analysis, N.Y.; investigation, N.Y. and J.H.; resources, N.Y. and J.H.; writing—original draft preparation, N.Y.; writing—review and editing, J.H. and H.C.; supervision, H.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by “Eco-friendly Car Sector in Development Technology” of the Korea Institute of Industrial Technology Evaluation and Management (KEIT), granted financial resource from the Ministry of Trade, Industry & Energy, Republic of Korea. (No. 20011906) and “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-002).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	LIB
	Lithium-ion battery



	EV
	Electric vehicle



	HEV
	Hybrid electric vehicle



	BTMS
	Battery management system



	PCM
	Phase change material



	TCS
	Thermally conductive structure



	L1
	Top width of cooling channel (mm)



	L2
	Bottom width of cooling channel (mm)



	h1
	Height of cooling channel (mm)



	Qgen
	Total heating value of battery cells (W)



	Qir
	Charge/discharge irreversible heat (W)



	Qre
	Charge/discharge reversible heat



	I
	Current (A)



	R
	Resistance (Ω)



	Tcell
	Battery cell temperature (°C)



	UOCV
	Open circuit voltage (V)



	Wpump
	Pumping power (W)



	ΔP
	Inlet and outlet pressure difference (kPa)



	Qw
	Flow rate of water (L/min)



	Q1
	Flow rate (L/min)



	Tavg
	Average temperature of battery module ((°C)



	ΔTavg
	Average temperature difference of battery module ((°C)



	K1
	Smaller condition result



	K2
	Standard condition result



	K3
	Larger condition result



	Ri
	Influence range



	*
	Standard condition
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Figure 1. Battery module and BTMS with a cooling plate for liquid cooling: (a) schematic diagram of the battery module; (b) 3D model of the battery module; (c) structure of a cooling plate. 
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Figure 2. Grid independence test of the mesh node. 
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Figure 3. Comparison of the results between this study and those reported by Sheng et al. [30]. 
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Figure 4. Cooling performance according to the flow rate of the HTF: (a) average temperature variation of the battery module; (b) pressure drop and pumping power. 
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Figure 5. Cooling performance according to channel width: (a) average temperature variation of the battery module; (b) pressure drop and pumping power. 
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Figure 6. Result of cooling performance according to channel number: (a) average temperature variation of the battery module; (b) pressure drop and pumping power. 
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Figure 7. Comparison of bottom cooling and top and bottom cooling; (a) bottom cooling of the battery module; (b) top and bottom cooling of the battery module; (c) temperature variation of the bottom cooling and top and bottom cooling. 
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Table 1. Specifications of a 21700 battery.
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	Parameter
	Specification





	Diameter (mm)
	21



	Height (mm)
	70



	Weight (g)
	67.5



	Nominal capacity (Ah)
	4.95



	Nominal voltage (V)
	3.69



	Charge cut-off voltage (V)
	4.25










 





Table 2. Thermal properties of HTF [28].
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	Parameter
	Specification





	Density (kg/m3)
	765.33 + 1.8142T − 0.0035T2



	Specific heat (J/kg∙K)
	28070 − 281.7T + 1.25T2 − 2.48 × 10−3T3 + 1.857 × 10−6T4



	Thermal conductivity (W/m∙K)
	−0.5752 + 6.397 × 10−3T − 8.151 × 10−6T2



	Viscosity (Pa·s)
	9.67 × 10−2 − 8.207 × 10−4T + 2.344 × 10−6T2 − 2.244 × 10−9T3










 





Table 3. Simulation conditions.
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Parameters

	
Range






	
Boundary condition and flow rate

	
Ambient temperature (°C)

	
25




	
Initial temperature (°C)

	
25




	
Battery volumetric heat generation (W/m3)

	
225,000




	
Heat transfer coefficient (W/m2∙K)

	
10




	
Flow rate (L/min)

	
2, 3 *, 4, 5, 6




	
Channel shape

	
Top (L1)/Bottom width (L2) (mm)

	
15.3/8.1, 17.3/10.1, 19.3/12.1 *, 21.3/14.1, 23.3/16.1




	
Height (h1) (mm)

	
3.6




	
Number of the channel (n1)

	
4, 5 *, 6








* Standard condition.













 





Table 4. Results of the orthogonal analysis.
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     T   a v g      [°C]

	
     ∆ T   a v g      [°C]

	
     W   p      [W]






	
     Q   1     

	
     k   1     

	
53.77

	
13.37

	
0.04




	
     k   2     

	
52.17

	
13.88

	
0.11




	
     k   3     

	
51.43

	
14.02

	
0.24




	
     R   i     

	
2.34

	
0.65

	
0.20




	
     L   1     

	
     k   1     

	
52.36

	
13.82

	
0.12




	
     k   2     

	
52.17

	
13.88

	
0.11




	
     k   3     

	
52.00

	
13.94

	
0.10




	
     R   i     

	
0.36

	
0.12

	
0.02




	
     n   1     

	
     k   1     

	
53.27

	
13.48

	
0.12




	
     k   2     

	
52.17

	
13.88

	
0.11




	
     k   3     

	
51.72

	
14.04

	
0.09




	
     R   i     

	
1.55

	
0.56

	
0.03
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