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Abstract

:

Liquid thermal management is the prevailing method to maintain the operating performance and safety of Li-ion batteries. However, a better heat transfer performance is often accompanied by a higher power cost for liquid-based cooling methods. In the present work, V-shaped intersecting bypasses are integrated into conventional serpentine channels to reduce the liquid pressure drop across the cold plate without loss of thermal performance. The thermal-hydraulic characteristics of the battery thermal management system are studied based on CFD simulations. The non-dimensional j/f factor is developed and adopted to evaluate the heat transfer ability and friction loss of different designs. The effects of intersecting channel addition, flow direction, channel inlet, and outlet distributions are explored with the simulation results and data analysis. The results show that all of these factors would impact the thermal–hydraulic characteristics of the liquid cold plate. The addition of intersecting channels remarkably reduces the power cost, thus increasing the j/f factor. The alteration of the flow direction from longitudinal to widthwise could further improve the thermal-hydraulic characteristics of the intersected channel design. For conventional serpentine channels, the inlet and outlet distributions show no evident impact on thermal performance. However, regarding the intersected cases, the thermal-hydraulic performance is enhanced when the inlet and outlet are placed on the opposite sides of the cold plate, especially when the inlet velocity is less than 0.3 m/s. The findings of this study could shed light on the liquid flow channel design for battery thermal management.
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1. Introduction


Global warming originating from the ever-increasing greenhouse effect has become a significant concern all over the world. To combat climate change, the historic Paris Agreement was reached by almost all nations. It sets the goal of limiting the global temperature rise in this century well below 2 °C above pre-industrial levels [1], which imposes great pressure on the reduction of greenhouse gas emissions. According to statistical data, the transport sector is one of the main fossil fuel consumption markets, contributing largely to global greenhouse gas emissions [2]. As one of the key measures to realize the long-term temperature control objective, the intensity of carbon emissions from the transport sector needs to be dramatically reduced [3], which promotes the electrification of both vehicles [4] and vessels [5]. It was reported that, as of 2020, the number of electric vehicles all over the world had exceeded the magnitude of 10 million [6].



The lithium-ion (Li-ion) battery, which has the excellent characteristics of long cycling life, high energy density, low self-discharge loss, and high charge–discharge efficiency [7], is the dominant choice for power supply and energy storage [8]. The challenge is that, as has been extensively reported in the literature, the operating performance and cycling life of Li-ion batteries are highly dependent on their working temperature [9]. The battery is expected to be kept within the temperature range of 25~40 °C [10]. Even worse, if the temperature exceeds the critical point, the irreversible thermal runaway process may occur, posing a threat to safety [11]. In addition, good temperature uniformity is supposed to be ensured to avoid local deterioration [12]. The battery temperature difference (that is, the difference between the maximum and minimum temperatures) must be kept below 5 °C [10]. Therefore, a battery thermal management system (BTMS) that effectively maintains the battery temperature is essential to ensure a long lifetime and avoid potential thermal runaway [13].



Existing BTMSs can be classified into air, liquid, heat pipe, and phase change material (PCM) cooling methods [14]. Despite the characteristics of low cost, lightweight, high design flexibility, and easy availability of cooling medium [15], the thermal efficiency of air cooling is rather poor and a large flow space is often required. Due to the high heat transfer performance, heat pipes are extensively employed for heat dissipation of high-heat-flux electronics. However, the integration issue of heat pipes into large battery packs at the pack level needs to be carefully evaluated and addressed before its wide practical application [16]. In addition, the manufacturing complexity and cost of the heat pipes are relatively high. PCM cooling is a promising thermal management method that could realize a high cooling capacity. Taking advantage of latent heat during the melting process from the solid phase to the liquid phase, the battery temperature could be effectively controlled around its melting points if a suitable PCM is chosen [17]. However, commonly used organic PCMs would suffer from the challenges of low thermal conductivity and potential leakage after melting [18]. In contrast, convective cooling with conductive liquid coolants is more suitable for harsh environments and high discharge rates, which demand high cooling efficiency [19]. The problem is that the circulation of the liquid coolant requires high pumping power consumption. To conclude, each battery thermal management method has its own pros and cons. By far, the liquid convective cooling approach is the prevalent choice for the thermal management of commercial electric vehicle batteries because of its strong heat transport capability and high reliability.



A frequently used form of liquid-based BTMS for prismatic batteries is to insert conductive cold plates with built-in coolant flow channels between battery cells. To meet the increasing demands for high battery power and fast discharging, the thermal performances of liquid-based BTMSs can generally be improved in two aspects, namely altering the thermo-physical properties of the cooling media and optimizing the flowing path structures. For example, the thermo-physical properties of the cooling media can be improved by dispersing nanoparticles [20]. Sarchami et al. [21] experimentally demonstrated that, compared to deionized water, the use of water-Al2O3 nanofluids could evidently decrease the battery’s maximum temperature and improve the temperature uniformity. On the other hand, the heat transfer coefficient can be enhanced by optimizing the flow channel structures within the cold plates. For example, Jiang et al. [22] showed that the integration of V-shaped ribs with triangular cross sections could remarkably strengthen the heat transfer coefficient of straight flow channels. Liu et al. [23] demonstrated that alteration of straight liquid channels to helical channels could decrease the battery temperature.



However, improving battery thermal management performance with nanofluids and flow disturbing structures often implies a high pressure drop and a subsequent high pumping power cost [24], which is also an essential parameter that needs to be considered. It has been proven that a proper channel flow path design could dramatically reduce the viscous pressure drop [25]. The simulation results of Zuo et al. [26] illustrated that, with a double S channel design, the pumping power of the cold plate was reduced by 73.88%, and no evident loss of heat transfer performance was observed. Kong et al. [27] found that a cold plate with divergent channels could decrease both the pressure drop and the battery temperature difference than conventional straight channels.



To sum up, convective liquid cooling is an effective method to maintain the battery’s temperature. However, the further improvement of liquid-based BTMSs is usually accompanied by the increment of pumping power consumption [28], which decreases the overall system efficiency in practical applications. Although there are some literature as mentioned above focusing on the flow channel improvement to reduce the pressure drop, the required pumping power still consumes a large amount of the battery power and needs to be eliminated. To address the problem of high friction cost, a novel serpentine channel design with V-shaped intersecting bypasses is proposed in the present work to improve the overall thermal-hydraulic characteristics of liquid-based cold plates for prismatic battery thermal management. The effects of intersecting channel addition, flow direction, and inlet and outlet distribution are investigated. The non-dimensional j/f factor is adopted to simultaneously evaluate the heat transfer performance and friction pressure drop of channel designs. It is expected that the conclusions achieved in the present study could shed light on the flow channel design for liquid cold plates.



The remainder of the paper is organized as follows. Section 2 depicts the physical model of the considered BTMS, while the governing equations, the simulation setups, and the data reduction methods are elaborated in Section 3. Section 4 presents the numerical results and thermal performance under different conditions. In the end, the research findings obtained in the present work are presented in the last section.




2. Physical Problem


In commercial electric vehicles, a battery pack is made up of several battery modules, each of which would consist of thousands of battery cells connected in series or parallel. For prismatic Li-ion batteries, cold plates with built-in coolant flow channels are normally adopted and placed between cells, as shown in Figure 1, to dissipate way the excessive heat generated by Li-ion batteries and maintain the battery temperature in the desired range. In the present work, an 8.0 Ah prismatic LiFePO4 Li-ion battery with dimensions of 124 mm × 79 mm × 17 mm is studied [29]. Considering the symmetrical nature of the battery module, half of the domain is considered, as illustrated in Figure 1c, to investigate the system thermal performance. In addition, the configuration and geometrical parameters of the intersected serpentine channel are shown in Figure 1c. The thicknesses of the solid cold plate ts and the flowing channel tc are kept as 3 mm and 2 mm. The width of the main serpentine channel wc is maintained at 3.5 mm. To improve the overall performance of the conventional serpentine channel cold plate, V-shaped intersecting channels are incorporated to decrease the pressure drop along the flowing channel. The influencing geometrical parameters of the intersecting channels are shown in Figure 1b, including the intersecting width wint, the intersecting angle θ, and the intersecting distance d. Li-ion batteries are usually produced by stacking up anode, separator, and cathode layers. The detailed simulation of different battery sandwich layers would require massive computation costs. In the present study, to simplify the simulation model, the battery is assumed to be a simple block made of materials with uniform properties. Accessories such as current tabs, safety vents, and electrical wires are ignored. The thermo-physical properties of the materials used in the studied BTMS are summarized in Table 1.



In the present study, the performances of different serpentine flow channel designs within the cold plate are investigated and compared. The geometry schematics of the considered flow directions and intersecting channels are shown in Figure 2. As can be seen from the figure, Cases 1, 3, and 5 are conventional serpentine flow channels with different distribution patterns of flow inlet and outlet, while V-shaped intersected channels are incorporated in Cases 2, 4, and 6. Cases 1 and 2 are the channel designs with longitudinal flow direction and coolant flows in the widthwise direction for Cases 3–6. Apart from the flow direction, the impacts of the inlet and outlet distributions are also investigated. Different from the setup in Cases 1–4, the channel inlet and outlet are distributed on opposite sides of the cold plate. The detailed geometry parameters for these cases are given in Table 2. The dimensions of the main flow channel cross section are maintained identically for all the cases, and the intersecting channel quantity is kept as 7 along the main flow direction. The width wint and angle θ of all the intersecting channels are set as 2.0 mm and 45°, respectively.




3. Numerical Methodology


3.1. Governing Equations


The energy conservation equation for the battery cell is given as


   ρ b   C  p , b     ∂  T b    ∂ t   =  k b   ∇ 2   T b  +   q ˙   g e n    



(1)




where    ρ b   ,    C  p , b    ,    k b   , and    T b    are the battery density, specific heat capacity, thermal conductivity, and temperature, respectively. The heat source term,     q ˙   g e n    , is the battery volumetric heat generation rate, which varies with the discharge rate (C-rate) and the state of charge (SOC).



In the present study, the polynomial heat generation rate expressions under different discharge rates from [29], which are derived by fitting the experimentally measured hybrid pulse power characterization data, are adopted and given as Equation (2). The fitted constants in the equation for different discharge rates are listed in Table 3.


    q ˙   g e n   =  k 0  +  k 1  · S O C +  k 2  · S O  C 2  +  k 3  · S O  C 3  +  k 4  · S O  C 4  +  k 5  · S O  C 5  +  k 6  · S O  C 6   



(2)






  S O C = 1 − I t / C  



(3)




where I is the discharge current and t is the discharge time. C is the nominal capacity of the battery.



The fluid flow in the channels can be described by the continuity and momentum conservation equations as follows


  ∇ ·  v →  = 0  



(4)






   ρ c   [    ∂  v →    ∂ t   +  (   v →  · ∇  )   v →   ]  = − ∇ p + μ  ∇ 2   v →   



(5)




where   v →   is the fluid velocity vector;    ρ c    is the fluid density;  p  and  μ  are the static pressure and dynamic viscosity of the coolant.



The energy conservation equation for the coolant is


   ρ c   C  p , c     ∂  T c    ∂ t   + ∇ ·  (   ρ c   C  p , c    v →   T c   )  = ∇ ·  (   k c  ∇  T c   )   



(6)




where    C  p , c    ,    k c   , and    T c    are the specific heat capacity, thermal conductivity, and temperature of the cooling medium, respectively.



The energy conservation equation for the solid cold plate is given as


   ρ s   C  p , s     ∂  T s    ∂ t   =  k s   ∇ 2   T s   



(7)




where    ρ s   ,    C  p , s    ,    k s   , and    T s    are the density, specific heat capacity, thermal conductivity, and temperature of the solid cold plate, respectively.




3.2. Data Reduction


The battery temperature and the corresponding power cost are essential parameters that need to be considered for battery thermal management. For liquid-based BTMSs, it is expected that a proper battery temperature could be achieved at the expense of low required pumping power. The non-dimensional evaluation index, the j/f factor, is adopted to quantitatively assess the efficacy of the cold plate design in the present study. The Colburn j-factor and the fanning friction factor f are widely used to characterize the thermal–hydraulic performance of compact heat exchangers [30]. The Colburn j-factor is calculated by


  j =   N u   R e P  r  1 / 3      



(8)




where Nu is the Nusselt number, while Re and Pr represent the dimensionless Reynolds number and Prandtl number, respectively. The Prandtl number, Pr, is assumed to be constant, which is approximately 5.41 for water at 30 °C. Re, calculated by Equation (9), is related to the inlet flow velocity and the sizes of the flow channel cross-section.


  R e =  ρ c   u  i n    D h  / μ  



(9)




where    ρ c    is the coolant density, and    u  i n     is the inlet velocity;  μ  is the dynamic viscosity of the coolant;    D h    represents the hydraulic diameter of the flow channel and is calculated by    D h  = 4  A  c s   /  P  c s    . Here,    A  c s     and    P  c s     are the area and perimeter of the channel cross-section.



The expression of the Nusselt number is


  N u = h  D h  /  k c   



(10)




where  h  is the average heat transfer coefficient, which is calculated using Equation (11), and    k c    is the coolant thermal conductivity.


  h =   Q ˙    A c   [   T  a v e   −  T f   ]     



(11)







Here,   Q ˙   represents the energy transported away by the flowing coolant and its formula is given as Equation (12);    A c    is the channel heat exchange area;    T  a v e     is the average battery temperature;    T f    is the bulk fluid temperature, which is assumed as the mean value of the fluid inlet and outlet temperatures,    (   T  o u t   +  T  i n    )  / 2  .


   Q ˙  =  m ˙   C  p , c    (   T  o u t   −  T  i n    )  =  ρ c   u  i n    A  c s    C  p , c    (   T  o u t   −  T  i n    )   



(12)







The formula for calculating the fanning friction factor is expressed as


  f =   Δ p  D h    2  ρ c   u  i n     2  L    



(13)




where   Δ p   is the pressure drop within the channel, which is calculated to be the pressure difference between the channel inlet and outlet, that is,    p  i n   −  p  o u t    , and  L  is the length of the flow channel.



Moreover, the required pumping power is calculated by


  P =   V ˙   i n   Δ p =  A  c s    u  i n   Δ p  



(14)




where     V ˙   i n     is the volumetric flow rate.



The battery temperature difference is also a critical thermal management indicator that reflects the temperature uniformity within the battery cell. It is calculated to be the difference between the battery maximum and minimum temperature.


  Δ T =  T  m a x   −  T  m i n    



(15)








3.3. Numerical Details


The finite-volume method based CFD software, ANSYS Fluent, is adopted to numerically investigate the battery thermal management performance with different cold plat channel designs. Control equations are solved using the transient pressure-based segregated solver and SIMPLE scheme with second-order upwind spatial discretization. The conservation criteria for the continuity, momentum, and energy equations are set as 10−4, 10−4, and 10−6, respectively. According to calculations, the maximum Reynolds number in the present study is less than 2300. Therefore, the laminar flow model is employed. The inlet coolant temperature is the same as the environment temperature (i.e., 30 °C), which is also the initial system temperature. The top and bottom surfaces of the simplified model are set as symmetry. The exterior surfaces of the cold plate and battery are subjected to a natural convection condition with the ambient and the convection coefficient is given as 5 W·m−2·K−1. The no-slip boundary condition is applied for the flow channel interior walls.



The SOC-dependent battery heat generation is incorporated using self-written user-defined functions. The experimentally measured battery temperature evolution and the simulation results during the discharge process at different C-rates without thermal management systems are presented in Figure 3. It is shown that the simulation results obtained in this study agreed well with the experimental data of [29] at different discharge rates, which proves the efficacy of the battery heat generation equations and the employed simulation model.



Prior to the simulations for different cases, the mesh sensitivity check is performed to determine the appropriate mesh size. Taking the V-shaped intersecting design shown in Figure 1 as an example, grids with elements ranging from 1,173,306 to 2,334,351 are employed to simulate the battery temperature variations under 9C discharge. The inlet flow velocity is maintained at 0.2 m/s. The corresponding battery maximum temperatures are shown in Figure 4a and there is negligible difference reported for the simulation results with different mesh sizes. Additionally, timesteps of 0.5, 1.0, and 2.0 s were utilized to check the timestep independence. Similarly, no obvious discrepancy was observed for cases with different timesteps in the studied range. Taking into account both the accuracy and the simulation cost, the grid with an element number of 1,770,592 and a timestep of 1.0 s was adopted in the present work.



The experimentally measured temperature data of a serpentine heat sink [31] are compared with the simulation results obtained using the present numerical methods to further demonstrate the validity of the simulation model. The configuration of the heat sink is shown in Figure 5a, which is similar to the cold plate with the conventional serpentine channel investigated in this study. The simulation conditions, which can be found in [31], are maintained the same as those in the original experiment. The base temperature comparison between the experimental and simulation results is shown in Figure 5b. It is seen that a good agreement between the base temperature variations obtained using the simulation model and the experimentally measured data with varying mass flow rates is achieved, manifesting the validity of the numerical model in present study.





4. Results


In the present study, the thermal performances of several flow channel designs for prismatic Li-ion battery thermal management are studied. Specifically, the effects of the main flow direction, the addition of intersecting channels, and the inlet and outlet distribution are examined. During the simulations, the cooling medium enters the channel inlet with a constant flow velocity.



4.1. Effects of Flow Direction and Intersecting Channels


To demonstrate the effects of flow direction and the addition of intersecting channels, the thermal performances of the serpentine channel designs of Cases 1–4 at the end of 9C discharge process are shown in Figure 6. As elucidated in Figure 2, the coolant flows along the longitudinal direction in Cases 1 and 2 while it is in the widthwise direction for Cases 3 and 4. The results demonstrate that, compared to Cases 2 and 4 with integrated intersecting channels, Cases 3 and 4 achieve better performance in terms of maximum battery temperature at a given inlet velocity, especially when the flow velocity is smaller than 0.4 m/s. However, the intersected design with a widthwise flow direction (i.e., Case 4) has superior performance at high inlet velocities, which realized the lowest    T  m a x     at the inlet velocity of 0.5 m/s. Comparatively, the poorest performance is observed for Case 1 within the entire studied range in terms of maximum temperature. The variation trends for the battery temperature difference are similar to those of the maximum temperature. It is reasonable since the temperature difference is the deviation between the maximum temperature and minimum temperature, and because of the fixed inlet temperature and velocity of the coolant, the minimum battery temperatures for different cases are close.



As for the average battery temperature as shown in Figure 6b, the cases with widthwise flow direction present a better performance at a given inlet velocity, and the addition of intersecting channels further reduces the average temperature. The intersected serpentine channel with longitudinal flow direction performs the poorest at the velocity of less than 0.2 m/s, but its performance becomes better at high inlet flow speeds and gradually exceeds that of Case 3. The difference between the average temperatures for those cases are mainly originated from the interfacial solid–liquid area, which determines the heat transfer surface size. The addition of intersecting channels apparently increases the heat transfer surface area.



The power cost required for fluid circulation in the flow channel, which increases markedly with the increasing inlet velocity, exhibits a somewhat different variation trend from the battery temperature evolution. Compared to the widthwise flow cases, the power cost is lower when the main flow direction is longitudinal, although only a slight discrepancy is observed. It is also observed that compared to the conventional serpentine designs, the incorporated intersecting channels could remarkably decrease power consumption. Among these cases, the power cost of Case 2 is the lowest, which is 2.43 mW at the inlet velocity of 0.5 m/s while it becomes 17.5 mW for Case 3 under the same working condition. The cause of the evident pressure drop reduction brought by the addition of intersecting channels will be explained next.



To better depict the effects of flow direction and intersecting channel design on the thermal-hydraulic characteristics of the cold plate, the temperature distribution across the central battery surface and the pressure field within the central surface of the fluid channel for different channel designs at an inlet velocity of 0.2 m/s are shown in Figure 7. In general, the battery temperature near the channel inlet is close to the ambient temperature, and a high-temperature region is observed near the outlet for all the cases. This is because the incoming coolant has a strong heat-absorbing capability due to the low fluid temperature near the channel inlet, but as the fluid temperature gradually increases along the flow channel, the temperature difference between the battery and the cooling medium is narrowed, resulting in a weakened cooling ability. For conventional serpentine channel cases, there exist two local cold spots which are located at the inlet area and the first channel bend, respectively. The addition of intersecting channels expands the cold region near the inlet and shifts the hot spot to the catty-corner from the inlet. This is because the bypass channels divide the main flow into branches. A large amount of coolant flows toward the outlet without passing by the other end of the cold plate, thus weakening the coolant cooling capability at the catty-corner from the inlet which is demonstrated by the pathlines in Figure 8. This also leads to the higher battery maximum temperature and temperature difference for Cases 2 and 4.



As shown in Figure 7b, compared to the pressure profiles for Cases 1 and 3, the pressure inside the intersected channels is negligible. Due to the fixed pressure at the channel outlet, the higher pressure at the inlet area indicates the higher pressure drop across the entire flow channel for conventional serpentine channel designs. It occurs because the evenly distributed bypasses are able to separate the main stream in the serpentine channel into branches and reduce the average flow speed, as can be seen in Figure 8. Moreover, the coolant experiences a large velocity change with the flow direction reversion at the serpentine channel turn, which increases the pressure loss along the flow path. On the other hand, a large portion of fluid would flow toward the outlet through the bifurcated channels. The length of the corresponding flow path is shorter than that of the main serpentine channel, which could also decrease the friction loss.



It is well-known that pressure drop is directly dependent on the flow distance. It seems that the addition of intersected channels would increase the channel length and the viscous pressure drop. However, as mentioned above, the integrated intersected channels dramatically decrease the pressure drop instead. To explain the effects brought by the V-shaped intersected channels, the streamlines with 150 sampling points for the conventional serpentine channel and the intersected channel at the inlet velocity of 0.2 m/s are given in Figure 8. It is clearly seen that for the conventional serpentine channel case, the coolant needs to flow through the whole channel to reach the outlet region, while for the intersected channel case, the integrated V-shaped channels divided the mainstream into branches, and the coolant is relatively uniformly distributed in the bypasses. Therefore, the total flow length for the conventional serpentine channel is the length of the whole channel, while it is the length of the V-shaped bypasses for the intersected case, the maximum of which is much smaller than the whole serpentine channel. This is why the integration of V-shaped bypasses could dramatically reduce the pressure drop, although it seems that a longer channel length is introduced which is not the fact for the coolant flow.



To evaluate the heat transfer performance and friction loss simultaneously for different channel designs, the non-dimensional j/f factor variations with the inlet velocity are calculated and demonstrated in Figure 9. A larger j/f factor manifests a higher cooling efficiency at the expense of the given viscous loss. In general, the j/f factor is enlarged with increasing velocity, although it starts to decline slightly beyond the velocity of 0.3 m/s for Cases 2 and 4. It denotes the relatively higher cooling efficiency under high flow velocities. Moreover, it is found that the bifurcating channels of Cases 2 and 4 could significantly enhance the thermal-hydraulic performance. The j/f factor for Case 3 is 0.089 at the velocity of 0.3 m/s while the addition of intersecting channels promotes the magnitude to 0.674. The effect of the flow direction is not unified. For conventional serpentine cases, the j/f factor is higher when the flow direction is longitudinal, but it is remarkably higher in the widthwise flow direction when intersected channels are considered.




4.2. Effects of Inlet and Outlet Distribution


The thermal–hydraulic characteristics of Cases 3–6 along with the inlet flow velocity are shown in Figure 10 to demonstrate the effect of the channel inlet and outlet distribution. The inlet and outlet are placed on the same side of the cold plate in Cases 3 and 4 while in Cases 5 and 6, they are on the opposite sides. From the perspective of maximum temperature, Case 4 presents a relatively poor performance in low velocity, but the discrepancy is narrowed with the increment of inlet velocity. When the velocity exceeds 0.4 m/s, the battery maximum temperature for Case 4 becomes the lowest among the studied cases. The maximum temperatures for the other designs show a negligible difference within the studied velocity range. The reduction of the maximum temperature from Case 4 to Case 6 at low inlet velocities is because the alteration of the outlet position could eliminate the coolant shortage problem at the catty-corner from the inlet which results from the intersecting channel addition. The battery average temperature presents a different variation trend. At the velocity of 0.1 m/s, the average temperature remains around 310 K for all these cases, but as the velocity increases, the discrepancy becomes larger. The intersected channel designs of Cases 4 and 6 achieved lower Tave than the conventional serpentine designs because of the enlarged heat transfer surfaces. Regarding the battery temperature difference, Case 3 achieved the best performance, followed by Case 3, 6, and 4 with low inlet velocities. However, the performance of Case 4 improves quickly with the velocity growth and surpasses the other channel designs when the velocity is beyond 0.4 m/s. The required pumping powers for these channel designs are presented in Figure 10d. Remarkably, the addition of intersecting channels dramatically decreases the power cost. Designs with opposite channel openings (Case 5 and 6) have higher power consumption than the same side designs (Case 3 and 4), which is caused by the relatively longer flow path and, subsequently, higher friction loss.



To evaluate the heat transfer performance and friction loss simultaneously for different channel designs, the non-dimensional j/f factor for Case 3–6 with the inlet velocity variations are demonstrated in Figure 11. Similarly, the j/f factors for channel designs with intersecting branches are markedly higher than those for conventional serpentine designs. At the inlet velocity of 0.2 m/s, the factor is about 0.072 and 0.069 for Cases 3 and 5, while it is 0.62 and 0.65, respectively, for Cases 4 and 6. The change of inlet and outlet distribution does not exert a great impact on straight serpentine channels, although the performance of Case 3 is slightly higher than that of Case 5. However, an evident discrepancy is observed for Cases 4 and 6. The j/f factor increases with the velocity growth initially and starts to decline for both cases after a certain velocity. For the flow channel design with the inlet and outlet placed on the same side, the maximum j/f factor of around 0.70 occurs at the velocity of 0.2 m/s while the peak value of 0.71 is realized for Case 6. Moreover, the thermal-hydraulic performance of Case 6 is higher than of Case 4, and the difference converges at the velocity of 0.3 m/s.




4.3. Comparison with Existing Literature


To further illustrate the effectiveness of the intersecting channel design, the thermal–hydraulic performance achieved in present study is compared with existing literature. The j/f factor comparison between the present study and references [32,33] with varying mass flow rates is shown in Figure 12. It is seen that the thermal-hydraulic characteristic of the conventional serpentine design in present study is quantitatively comparable to that of the straight channel employed in reference [32], which further validates the reliability of this study. The intersected design adopted in the present study (i.e., Case-4 in Figure 11) realized the maximum j/f factor than other cold plate channel designs. It demonstrates that a relative superior thermal performance is obtained by the V-shaped intersected design adopted in present study at given pressure drop.





5. Conclusions


In the present study, V-shaped intersecting branches are integrated into the cold plate with serpentine flow channels to enhance the thermal performance of the liquid-based thermal management system for prismatic Li-ion batteries. Thermal-hydraulic characteristics of different channel designs are evaluated via the dimensionless j/f factor. The effects of the addition of the intersecting channel, the main flow direction, and the channel opening distribution are investigated numerically. The major conclusions drawn by the present study are summarized as follows:




	(1)

	
The addition of intersecting channels may worsen the battery temperature when the given flow velocity is low, but at high inlet velocities, the battery temperature is improved;




	(2)

	
The integrated bypass could distribute the incoming coolant into branches, thus dramatically decreasing the viscous pressure drop across the flow channel and the corresponding power consumption;




	(3)

	
The case with a widthwise flow direction reduces the battery temperature of the intersected serpentine channel case with a longitudinal flow direction for all the investigated flow velocities, although the power cost is increased slightly;




	(4)

	
Considering both the heat transfer performance and friction loss, the j/f factor is remarkably improved by the addition of intersecting channels; the change of flow direction from longitudinal to widthwise could further enhance the thermal-hydraulic characteristics for intersected designs, but for conventional serpentine channels, the longitudinal flow direction presents better performance;




	(5)

	
The inlet and outlet distributions have a negligible impact on the thermal–hydraulic performance for conventional serpentine channels, while for intersected channel designs, better performance is achieved when the inlet and outlet are distributed on the opposite sides.
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Figure 1. Schematics of the investigated battery thermal management system: (a) battery module; (b) bottom view; (c) simplified model with intersected serpentine flow channels (units: mm). 
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Figure 2. Schematics of the flow channel designs investigated in the present study. Cases 1, 3, and 5 are channel designs without intersecting branches while Cases 2, 4, and 6 are with V-shaped intersecting branches. 
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Figure 3. The battery temperature variations from simulation results and experimental data. Reproduced with permission from Elsevier [29]. 
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Figure 4. (a) Mesh sensitivity check; (b) Timestep sensitivity check. 
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Figure 5. Simulation model validation with experimental results of serpentine heat sink from [31]: (a) Serpentine heat sink configuration; (b) Base temperature comparison. Reproduced with permission from Elsevier [31]. 
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Figure 6. Thermal-hydraulic performance of Cases 1–4 with the variation of inlet flow velocity: (a) maximum battery temperature; (b) average battery temperature; (c) battery temperature difference, and (d) required power cost. 
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Figure 7. Thermal performances of different channel designs: (a) temperature contours across the battery central surface; (b) pressure contours of the channel central surface. 
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Figure 8. Pathlines for the (a) conventional serpentine channel and (b) the intersected channel at the inlet velocity of 0.2 m/s. 






Figure 8. Pathlines for the (a) conventional serpentine channel and (b) the intersected channel at the inlet velocity of 0.2 m/s.



[image: Water 14 03148 g008]







[image: Water 14 03148 g009 550] 





Figure 9. Variations of the j/f factor with the inlet velocity change for Cases 1–4. 
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Figure 10. Thermal-hydraulic performance of Cases 3–6 with the variation of inlet flow velocity: (a) maximum battery temperature; (b) average battery temperature; (c) battery temperature difference, and (d) required power cost. 
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Figure 11. Variations of the j/f factor with the inlet velocity change for Cases 3–6. 
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Figure 12. The j/f factor comparison with existing literature under the conditions of varying mass flow rates [32,33]. 
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Table 1. Thermo-physical properties of the materials used in the present study.
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	Component
	Density

(kg·m−3)
	Specific Heat Capacity

(J·kg−1·K−1)
	Thermal Conductivity

(W·m−1·K−1)
	Dynamic Viscosity

(kg·m−1·s−1)





	Battery
	1969.6
	1305
	2.6
	



	Cold plate
	2719
	871
	202.4
	



	Water
	998
	4200
	0.6
	0.001003
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Table 2. Parameter values for the flow channels within the cold plate.
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	Case No.
	wint

(mm)
	θ

(°)
	D

(mm)
	ws

(mm)





	1
	
	
	
	4.5



	2
	2
	45
	15
	4.5



	3
	
	
	
	5.5



	4
	2
	45
	8.5
	5.5



	5
	
	
	
	3.7



	6
	2
	45
	8.5
	3.7
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Table 3. The constants in the battery heat generation rate fitted equations. Reproduced with permission from Elsevier [29].
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	     q ˙   g e n     

(kW/m3)
	     k 0     
	     k 1     
	     k 2     
	     k 3     
	     k 4     
	     k 5     
	     k 6     





	3C
	41.0
	−304.4
	1659.1
	−4680.6
	6952.1
	−5159.3
	1508.1



	5C
	103.7
	−974.8
	5809.6
	−16714.2
	24662.9
	−17955.2
	5109.9



	7C
	217.1
	−2328.3
	14668.5
	−44043.1
	67368.9
	−50759.4
	14947.9



	9C
	319.6
	−2719.0
	15148.5
	−43018.3
	63645.5
	−46817.9
	13527.5
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