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Abstract 

Effective thermal management is critical to the performance and durability of lithium 

ion batteries for electric vehicles. Unlike conventional cold plate with straight channels, 

a new cold plate with divergent-shaped channels is proposed and evaluated to minimize 

the maximum temperature and the pressure drop of the cold plate. Compared with the 

conventional straight-shaped channels, the divergent-shaped channels exhibit high 

performance with a higher heat dissipation capacity and a lower frictional resistance. 

In order to further reduce the local flow resistance, the divergent-shaped channels with 

2 inlets and 1 outlet are developed and evaluated. It is found that the new design with 

2 inlets and 1 outlet can successfully decrease the pressure drop by 7.2% and decrease 

the maximum temperature difference from 4.69 K to 3.94 K. Finally, battery cooling 

modules with the counter flow configuration are constructed, which achieves the 

smaller maximum temperature difference. This research contributes to the development 

of effective and efficient battery cooling systems for electric vehicles.  

Keywords: Battery thermal management (BTM), liquid cooling, cold plate, divergent-

shaped channel 

Highlights 

• A divergent-shaped channel cold plate is proposed to enhance the BTM performance.

• A cold plate with 2 inlets and 1 outlet is developed to reduce the local resistance.

•• A battery cooling module with the counter flow are constructed for BTM.
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Introduction 

Recently, there has been a surge of interest in the lithium-ion (Li-ion) battery as the 

power source of electric vehicles due to its advantages of high specific energy density, 

long lifespan, low self-discharge rate, high voltage platform, and no memory effect [1-

4]. During the discharging process of Li-ion battery, enormous heat is generated from 

the electrochemical reaction and various overpotential losses. This heat generation 

could significantly increase the battery temperature, which can decrease the battery 

performance and even cause fire or explosion [5-7]. Therefore, the battery thermal 

management system (BTMS) is a crucial component of electric vehicles to maintain the 

Li-ion battery in the suitable operating temperature range and avoid the negative impact 

of temperature [8-12].  

 

The liquid cooled BTMS has been proven to be one of the most efficient BTMSs and 

more commercially mature [13-15]. In the liquid cooled BTMS, the cold plate is 

commonly employed between the cells owing to its high heat exchange efficiency. The 

heat generated during the battery discharge process is removed by the coolant flowing 

in the cold plate. Recently considerable literature has grown up on the performance of 

cold plates [16-19]. Jarrett et al. optimized the cold plate with serpentine-shaped channel. 

The results show that compared with the reference design, the average temperature of 

the optimized design can be decreased by about 14% [20]. Deng et al established a 

numerical model of the serpentine-shaped channel cold plate and compared different 

layouts of channels. It is found that the layout of channels with the flowing along the 

length-direction has a better cooling performance [21]. Su et al. developed a serpentine-

shaped channel cold plate with two inlets and outlets [22]. However, for the serpentine-

shaped channel cold plate, the pressure drop is usually higher than that of the straight-

shaped channel cold plate due to the longer channel length, resulting in the more energy 

consumption.  

 

Many scholars are trying to explore the cooling behavior of the straight-shaped channel 

cold plate [18]. Zhu et al. adopted the orthogonal experimental design method to reduce 

the temperature of the straight-shaped channel cold plate and obtained the optimal case 

satisfying the various requirements of BTMS [23]. Huo et al. investigated the effect of 

channel number on the thermal behavior of the straight-shaped channel cold plate, 

finding that increasing the number of channels can decrease the battery maximum 

temperature [24]. Qian et al. reported that the pressure drop is sensitive to the channel 



width. The pressure drop can be reduced by 55% as the channel width is changed from 

3 mm to 6 mm [25]. The wedge-shaped channel cold plate was designed by Rao et al. to 

improve the heat exchange efficiency of the straight-shaped channel cold plate [26]. For 

the wedge-shaped channel, the inlet area of channel is the same as the outlet area of 

channel, but the aspect ratio of outlet is smaller than that of inlet. It is found that the 

maximum temperature of the cold plate decreases but the pressure drop increases with 

decreasing outlet aspect ratio. In order to further reduce the flow resistance in the 

straight-shaped channel cold plate, a streamline-shaped channel cold plate was 

proposed by Huang et al [27]. The results reveal that the use of streamline channel design 

can decrease flow resistance generated near the sharp corner but has negligible effect 

on the maximum temperature.  

 

Although the wedge-shaped channel cold plate or the streamline-shaped channel cold 

plate can reduce either maximum temperature or pressure drop, they cannot 

simultaneously minimize the maximum temperature and the pressure drop. Reducing 

the maximum temperature and the pressure drop are both important for the effective 

and efficient cooling of batteries for electric vehicles. Therefore, in this work, the 

divergent-shaped channel is proposed and demonstrated to be effective in enhancing 

the heat dissipation capacity and reducing the pressure drop simultaneously. 

Subsequently, the divergent-shaped channel cold plate with two inlets is designed to 

further reduce the local flow resistance. Finally, on the basis of the above cold plate 

design, a battery cooling module with the counter flow configuration is constructed. 

 

2. Modeling 

2.1. Physical model 

 

Fig. 1. Schematic of the model structure 

 



   

(a)                       (b)                                          

Fig. 2. The cold plate with (a) the straight-shaped channel (b) the divergent-shaped 

channel 

The enormous number of batteries are used in electric vehicles to meet the requirement 

of power and energy. In such a battery pack, the behaviors of each repeating unit are 

almost identical. Therefore, in the present study, a repeating unit is selected as the 

computational domain, which consists of two batteries and one cold plate, as shown in 

Fig. 1. Moreover, the size of the batteries and cold plate is also given in Fig. 1. Two 3D 

models were developed for the cold plates, as illustrated in Fig. 2. The material of cold 

plate is aluminum and the coolant in cold plate is liquid water. Table 1 provides the 

physical properties of water, cold plate, and battery.  

Table 1 Property parameters 

   (kg m-3 ) pC (J kg-1 K-1) k (W m-1 K-1 ) νw (kg m-1 s-1 ) 

Water 998.2 4182 0.6 0.001003 

Cold plate 2719 871 202.4 -- 

Battery 2450 1108 3.9 -- 

 

2.2. Governing equations and boundaries 

The Reynolds number is calculated based on inlet velocity and geometry size of channel, 

which is smaller than 2300. Thus, the fluid flow is laminar and the corresponding 

momentum equation below is used to describe the coolant flow. 
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The energy conservation equations of cold plate and battery can be expressed as Eq. 4 



and 5, respectively. 
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In the above equations, the subscripts “w”, “c” and “b” denote the water, cold plate and 

battery, respectively.  , T , 
pC  and k are the density, temperature, specific heat 

capacity and thermal conductivity, respectively. v   and P   are the velocity and 

pressure, respectively. Q  is the heat source of battery.  

The setting of boundaries and initial conditions are necessary to solve the above coupled 

governing equations. The initial temperature of model is specified as the ambient 

temperature 298 K. For the inlet, the mass flow rate is set at 2 g/s, and inlet temperature 

is set at 298 K. For the outlet, the gauge pressure is set at 0 Pa. The heat generation of 

battery Q  is set at 240000 Wm-3, which corresponds to the 5C discharge, as reported 

by Rao et al[25]. 

 

2.3. Model validation 

The ANSYS FLUENT was employed to build the model and solve the governing 

equations presented in the previous section. Grid independence check was conducted 

by implementing the simulations with different grid numbers, as shown in Table 2. Fig. 

3 displays the impact of grid number on the pressure drop and temperature difference. 

It is obvious that the difference between Grid 5 and Grid 6 is negligible. Thus, the grid 

number of Grid 5 is sufficient and used in the subsequent simulations. To verify the 

accuracy of the numerical results, a battery model without the cold plate is built based 

on the parameters given in Ref. [25]. The maximum temperature ( maxT ) of battery is 

consistent with the data reported in Ref. [25], which validates the numerical method in 

this work. 

 

Table 2 Six models with different grid number 

Type Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 

Grid 

number 

1549464  2199476  3001518  4717150  5314225 6434905 



 

Fig. 3. Effects of grid number  

  

Fig. 4. Comparison of the numerical results and the data in Ref. [25] 

 

3. Results and discussion 

3.1. The distribution of temperature 

    

（a） （b） 



 

（c） 

Fig. 5. The temperature distribution at the mid-profile of plates (a) the straight-

shaped channel (b) the divergent-shaped channel (c) the maximum temperature and 

temperature difference 

Fig. 5 compares the temperature distribution for the two designs. The maximum 

temperature occurs near the two corners of the outlet side both designs. The reason is 

that the coolant temperature rises along the flow direction, resulting in the decrease of 

heat dissipation capacity in the flow direction. Meanwhile, the long distance between 

the corner and side channel hinders the heat transfer. In addition, for the divergent-

shaped channel, the maximum temperature is 302.96 K, which is 1 K lower than that 

of the straight-shaped channel, as shown in Fig. 5c. Compared with the straight-shaped 

channel, the increasing cross section area along flow direction promotes the heat 

dissipation of downstream region for the divergent-shaped channel. On the other hand, 

the distance between the corner and side channel is shortened, leading to the reduction 

of the thermal resistance. 

 

3.2. The distribution of pressure 

    

(a)                                 (b)  

Fig. 6. The pressure distribution (a) the straight-shaped channel (b) the divergent-



shaped channel  

Fig. 6 compares the pressure distribution of the straight-shaped channel with the 

divergent-shaped channel. The pressure drop of the divergent-shaped channel is only 

1214.9 Pa, 49.8% lower than that of the straight-shaped channel ( 2420.2 Pa). Obviously, 

the design of the divergent-shaped channel is beneficial for reducing the pressure drop 

and external energy consumption. The frictional resistance is a major factor causing 

pressure loss, which is proportional to the velocity. For the divergent-shaped channel, 

the velocity decreases along the flow direction due to the increasing cross-sectional area, 

resulting in the lower frictional resistance. This finding is further verified by the 

distribution of pressure drop in the four branch channels, which are numbered as 

channel 1 to channel 4 as displayed in Fig. 2. As shown in Fig. 7, the maximum pressure 

drop in branch channel is 129.46 Pa for the divergent-shaped channel, which is only 

40% of the minimum pressure drop in branch channel for the straight-shaped channel.  

 

Fig. 7. The pressure drop in four channels 

     

3.3 The effect of inlet area 

         

(a)                                  (b) 

Fig.8. the schematic of (a) the divergent-shaped channel (b) the convergent-shaped 

channel  

The local resistance is another crucial factor causing pressure loss, which is strongly 

dependent on the change of channel cross section area. For the divergent-shaped 

channel, as plotted in Fig. 8a, the pressure loss caused by the local resistance can be 

written as 
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For the convergent-shaped channel, as plotted in Fig. 8b, the pressure loss caused by 

the local resistance can be expressed as 
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Where 
localp  is the pressure loss caused by the local resistance, the superscripts “d” 

and “c” denote the divergent-shaped channel and the convergent-shaped channel, 

respectively. A is the cross-section area of channel, the superscripts “1”, “2”, “3” and 

“4” denote different positions as illustrated in Fig. 8. 

 

It is as expected that the inlet and outlet area are closely related to the local resistance. 

The influence of inlet area was investigated with the assumption that the inlet area is 

the same as outlet area. The mass flow rate is set as constant at 2.5 g s-1. Fig. 9a presents 

the relationship between the pressure drop and inlet area. The pressure loss falls sharply 

with the increasing inlet area. When the inlet area rises from 3 mm2 to 6 mm2, the 

pressure loss declines from 894.81 Pa to 459.16 Pa, which is decreased by about 48.7%. 

However, the maximum temperature (Tmax) and temperature difference ( T ) are almost 

independent on the inlet area, as shown in Fig. 9b. 

 

(a) (b) 

Fig. 9. The effect of inlet area (a) the pressure drop (b) the temperature 

 

Although the pressure loss is lower with a larger inlet area, increasing inlet or outlet 

area will increase the probability of coolant leakage. Therefore, it is meaningful to 

optimize the inlet area when the sum of inlet and outlet area (Stot) is fixed. As displayed 

in Fig. 10, as inlet area increases, the pressure loss decreases first and then increases for 



different Stot, indicating the optimal inlet area with the lowest pressure loss. The 

minimal pressure drops for Stot of 14 mm2, 16 mm2 and 18 mm2 are 402.72 Pa, 365.71 

Pa and 336.34 Pa, respectively, corresponding to the optimal inlet areas of 8.1 mm2, 9.3 

mm2 and 10.4 mm2, respectively. Clearly, the optimal inlet area (Sin) is proportional to 

the Stot. Fig. 11 shows the relationship between Sin and Stot. It is obvious that the optimal 

Sin is dependent approximately linearly on Stot, which can be formulized as: 

= 0.078 0.584in totS S− +                         (8) 

 

Fig. 10. The effect of inlet area on the pressure drop 

 

Fig. 11. The dependence of Sin on Stot 

 

3.4 The effect of manifold 

In order to further reduce the local resistance, the cold plate with 2 inlets and 1 outlet 

was proposed on the basis of the divergent-shaped channel. The Stot is 12 mm2, and the 

two inlet areas are the same, which is 3.45 mm2 calculated by Eq. 8. As can be seen 

from Fig. 12, compared with the cold plate with 1 inlet and 1 outlet, the cold plate with 

2 inlets and 1 outlet can decrease the pressure loss to 419.7 Pa, which is decreased by 

7.2%. The maximum temperature difference decreases from 4.69 K to 3.94 K. The 

decrease of pressure drop can be explained by the Eq. 6. The improvement of cooling 



performance is attributed to the more uniform mass flow distribution. The mass flow 

rate in channel 1(4) increases from 0.37 g s-1 to 0.54 g s-1, as illustrated in Fig. 13. 

  

    

Fig. 12. The comparison of (a) pressure distribution and (b) temperature 

distribution at the mid-profile of cold plates  

 

 

Fig. 13. The mass flow rate in different channels  

3.5 The battery cooling module 



 

（a） 

 

（b） 

Fig. 14. Schematic of (a) the parallel flow and (b) the counter flow structure 

 

In this section, the battery cooling modules with the parallel flow and counter flow are 

constructed. In adjacent cold plates, the flow direction of coolant is the same as parallel 

flow, and the opposite is counter flow, as shown in Fig. 14. The total mass flow is 25 g 

s-1. Fig. 15 displays the temperature distribution at the mid-profile of batteries for the 

two designs. For the parallel flow, the high temperature occurs at regions near the 

outlets of cold plate due to the same flow direction of coolant. However, for the counter 

flow, the high temperature appears at the middle of the batteries because of the different 

flow directions of coolant. Although the temperature distribution characteristics are 

completely different for the two designs, the maximum temperature is almost the same, 

as can been seen in Fig. 16. Moreover, the average maximum temperature difference of 

the counter flow is 2.72 K, 21.2 % lower than that of the parallel flow (3.45 K). 

 



    

（a）                    （b） 

Fig. 15. The temperature distribution at the mid-profile of batteries (a) the 

parallel flow (b) counter flow and (c) the comparison of maximum temperature and 

temperature difference 

 

Fig. 16. The comparison of maximum temperature and temperature difference 

 

4. Summary and conclusions 

In this work, the divergent-shaped channel is proposed to enhance the heat dissipation 

capacity and reduce the frictional resistance. In order to further decrease the local 

resistance, the divergent-shaped channel cold plate with two inlets is designed. Finally, 

on the basis of the above cold plate design, the battery cooling modules with the parallel 

flow and counter flow are constructed. The conclusions are listed as follows. 



(1) Compared with the straight-shaped channel, the increasing cross-sectional area 

along flow direction promotes the heat dissipation of downstream region for the 

divergent-shaped channel. Moreover, for the divergent-shaped channel, the velocity 

decreases along the flow direction due to the increasing cross-sectional area, resulting 

in the lower frictional resistance. 

(2) The pressure loss falls sharply with the increase of inlet area. However, the 

maximum temperature (Tmax) and temperature difference ( T ) are almost independent 

on the inlet area. 

(3) When the cold plate with 2 inlets and 1 outlet was adopted on the basis of the 

divergent-shaped channel, the pressure drop is decreased by 7.2% and the maximum 

temperature difference decreases from 4.69 K to 3.94 K. 

(4) The battery cooling module with the parallel flow and counter flow are constructed. 

Although the temperature distribution characteristics are completely different for the 

two designs, the maximum temperature is almost the same. In addition, the average 

maximum temperature difference of the counter flow is 2.72 K, 21.2 % lower than that 

of the parallel flow of 3.45 K. 
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