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Abstract

The performance and life cycle of Li-ion batteries are governed by the maximum temperature and 

uniformity of temperature distribution in the battery pack and an efficient thermal management 

system is highly desired to keep the operating temperature of battery pack within safe operating 

limits. Air-cooling has received an extensive attention in the area of battery thermal management 

however, performance intensification of air-cooling modules is quite essential while keeping the 

simplicity of design to satisfy the weight and space constraints of the electric vehicle applications. 

Therefore, in the current work, efforts have been made to design a simple and generalized air-

cooling module for the efficient thermal management of the Li-ion batteries. The current work 

explored the effect of two common air flow configurations: side inlet and side outlet (SS) and side 

inlet and front outlet (SF), with different number of inlet/ outlet ports (single inlet and single outlet, 

single inlet and two outlets, two inlets and single outlet, and two inlets and two outlets) on the 

thermal and hydraulic performance of the Li-ion battery pack. Subsequently, a new design of 

battery module with an open outlet port is proposed. It is observed that the way fluid leaves the 

cooling module significantly influences the flow and temperature distribution uniformity of the 

battery pack. Significant improvement in the fluid flow distribution and lower temperature 

fluctuation are maintained by the SF designs as compared to the SS designs. Among all SS designs, 

only SS-Ib at Vin ≥ 5.6 m/s and SS-IV at Vin ≥ 4.8 m/s are found suitable for the thermal management 

of Li-ion battery pack, whereas all SF designs maintained desired Tmax and ΔTmax conditions at Vin 

≥ 4.8 m/s. Furthermore, the new design (SF-V) with an open outlet results in the reduction of Tmax 

by 7 °C and ΔTmax by 64.5% as compared to base design (SS-Ia) at same pressure drop penalty. 

Keywords: Electric vehicles; Lithium-ion battery; heat generation; flow non-uniformity; 

temperature fluctuation; air-cooling 



Journal of Heat Transfer 

 

 3 

1. INTRODUCTION 

 Environment degradation by the rapid surge in the global carbon emissions during the past 

century has become a threat to the sustainable development all over the world. Utilization of 

natural energy resources, primarily fossil fuels (e.g. oil, gas, and coal), is the main contributor in 

the emission of greenhouse gases (GHG), which are responsible for global warming. Although the 

Paris Climate Conference led to a new climate legal agreement for all countries to curb the global 

warming at 1.5 °C – 2 °C [1], detrimental consequences of climate change cannot be avoided. 

Therefore, fulfilling current energy requirements in a sustainable manner is an ongoing challenge. 

It is observed that the worldwide consumption of oil is increased by 1.9 million barrels per day 

and 66% of which is consumed alone by the transport sector [2]. The research area in the 

development and utilization of green energy and clean vehicles has received pre-eminent attention 

to curb the emissions of GHSs and avoid energy crisis. Clean vehicles, including pure electric 

vehicles (EVs), hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles and fuel cell 

electric vehicles, compared to conventional internal combustion vehicles, are effective to reduce 

GHSs and pollutants emission [3-7]. It is estimated that using renewable electric power resources 

and EVs could reduce the GHS emissions up to 40% [8]. Furthermore, with the rising interest and 

focus on the EVs, it is expected the 35% of the new cars will be electrified by 2040 [9]. 

Battery module acts as a source of energy for the clean vehicles, and in this regard, Lithium-

ion (Li-ion) based batteries are proven to be more advantageous as compared to lead acid batteries 

due to their high energy density, low self-discharge rate, good stability, and high voltage. However, 

due to the electrochemical reaction inside the battery cell, the generated heat would affect the 

temperature distribution in the battery cells. The permissible temperature range during the 

discharging operation of Li-ion battery is −20 to 60 °C, whereas for the optimal performance, 
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temperature range of 20 to 40 °C must be maintained [10]. Furthermore, maintaining uniformity 

of temperature distribution among different cells is another important aspect, and high temperature 

difference among different battery cells may lead to different state of charge. Consequently, it 

results in electrical imbalance and performance degradation of the battery module. A maximum 

temperature difference lower than 5 °C has to be maintained for the efficient performance of the 

battery pack. The necessity to curb the maximum temperature rise and keep the temperature 

difference among battery cells below a certain limit, an efficient thermal management is required 

during normal as well as worse working conditions. 

Various thermal management techniques, such as air-cooling [10], liquid cooling [11-16], heat 

pipes [17-20] and phase change materials (PCMs) [21-25], have been studied in the last decade to 

dissipate the heat generation from the Li-ion battery packs. It is found that the liquid cooling 

techniques are very effective to restrict the maximum temperature rise (Tmax) and temperature 

difference among battery cells (ΔTmax) in the desirable range; however, it increases the complexity, 

weight, and cost of the cooling system. Furthermore, the liquid cooling using water is associated 

with the risk of short-circuits, and the use of hydrocarbons, such as silicon oil, is associated with 

high pressure drop. Use of PCMs has also received a significant attention due to the simple design; 

nevertheless, their capacity of dissipating heat is limited and is only applicable for low discharge 

rates [26]. Additionally, PCM cooling systems require external air-cooling to dissipate the 

absorbed heat by PCM to the atmosphere. Thermal management of Li-ion batteries using air-

cooling has been widely explored due to their simple construction, light weight, less pumping 

power requirement, less price and easy maintenance. In addition, space constraints in some 

applications, such as two wheelers, restricts the deployment of liquid cooling or PCM based 

cooling modules; therefore, in such applications, air cooling modules are expected to maintain the 
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desired thermal-hydrodynamic environment. As a result, a lot of attention has been focused on the 

air-cooling modules in the last decade for its application in the cooling of Li-ion battery packs. 

Mahamud and Park [27] numerically studied the cooling of cylindrical Li-ion cells using 

reciprocating air flow technique. It was noticed that for the reciprocating air flow arrangement the 

Tmax and ΔTmax are reduced by 4 °C and 1.5 °C, respectively as compared to the case of 

unidirectional air flow. They attributed it to the redistribution of heat and interruption of the 

boundary layers due to the periodic reciprocating flow. Na et al. [28] studied the two air flow 

arrangements: unidirectional air flow and reverse layered air flow, to cool the Li-ion battery cells 

of cylindrical shape. They observed that reversed flow arrangement helps to reduce the Tmax and 

ΔTmax by 0.6 °C and 1.1 °C, respectively, as compared to the unidirectional air flow. Furthermore, 

an experimental setup is fabricated to validate the simulation results. The battery cells in the 

experimental work are replicated by 20 heating rods, and heat generation from heating rods is 

maintained for battery at a discharge rate of 3C by supplying AC voltage to the heating rods. A 

good agreement is observed with the experimental results and numerical findings. Shahid and 

Agelin-Chaab [29] used a passive approach of secondary inlet plenum to achieve temperature 

uniformity in the 32 cylindrical cells of Li-ion battery pack. It is observed that the Tmax and ΔTmax 

are improved by 9% and 39%, respectively, for the best case as compared to the base case. It is 

accredited to the enhanced mixing and turbulence in the air flow by addition of secondary plenum. 

E et al. [30] compared the thermal performance of Li-ion battery module with natural convection 

and forced air-convection with different air inlet and outlet flow location strategies and addition 

of baffles. They noticed better temperature distribution and lower Tmax for air inlet and outlet 

location on different sides as compared to the inlet and outlet location on the same wall. 

Furthermore, addition of waffles results in the uniformity of air flow near the inlet and leads to 
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significant reduction in the temperature of the battery module. Three different configurations 

(aligned, staggered and cross) of 32 high energy density cylindrical Li-ion battery cells have been 

studied experimentally by Fan et al. [10]. It is noticed that the aligned configuration provided best 

cooling, whereas the staggered and cross configuration offered worse thermal performance and 

high pressure drop penalty due to increased resistance to the air flow. Wang et al. [31] studied the 

cooling performance of air-cooling system for large-scale Li-ion battery with 30 cylindrical 18650 

type cells. The battery is charged at 1C rate and discharge at three variable rates of 1C, 1.5C and 

2C. Two configurations of outlet ports are considered as case 1 (opening at top perpendicular to 

the inlet port) and case 2 (opening on opposite side of the inlet port). It is observed that temperature 

difference is lower for case 1 as compared to case 2. The cooling efficiency is found to be 73% 

and 62.3% for case 1 and case 2, respectively. 

Fan et al. [32] simulated 8 prismatic cells of Li-ion battery module in vertical orientation with 

equal spacing using air as a cooling media. They studied the effect of gap spacing between the 

cells and flow rate on the temperature distribution in the battery module. It is observed that the 

maximum rise in cell temperature reduces for lower gap and higher flow rate. Xie et al. [33] studied 

the effect of inlet plenum angle, outlet plenum angle and gap size between the batteries on the 

thermal performance of an air-cooled system for cylindrical Li-ion batteries. It is noticed that the 

best thermal performance is obtained for 2.5 ° angles for both inlet and outlet plenums, and equal 

width of channels. The Tmax and ΔTmax are found to be reduced by 12.8% and 29.7%, respectively, 

with the optimized method. Hong et al. [34] carried out 2D numerical simulations to study the 

forced air-cooling of Li-ion battery cells of rectangular shape. The Tmax and ΔTmax are found to be 

beyond the safe working operation of the Li-ion battery. They explored different positions of the 

secondary vents near the outlet and found that the location of secondary vent strongly influences 
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the temperature distribution of the battery module. Reduction in the Tmax by 5 °C and ΔTmax by 

60% is observed for the best modified design as compared to the conventional design. Chen et al. 

[35] optimized the battery cell spacing to achieve homogenization in air flow distribution. Flow 

resistance network model [36] was used to calculate the air flow in the cooling channels, and flow 

distribution among channels could be improved by adding a modification factor so that the flow 

area of channels can be increased/ decreased based on the existing low/ high flow rate. It is noticed 

that for the best optimized design, Tmax is reduced by 4 °C, and temperature difference is reduced 

by 69% as compared to the conventional design. Furthermore, Chen et al. [37] studied the cooling 

performance of battery air cooling module by optimizing the plenum angles and width of inlet and 

outlet port for U-type flow configuration. It is observed that the thermal performance of the battery 

cooling system is significantly improved for the optimized width of inlet and outlet ports, whereas 

the plenum angles might not contribute to any performance improvement. Temperature difference 

and power consumption are reduced by 70% and 32%, respectively, for the best optimized design. 

Li et al. [38] carried out experimental and numerical observations to study the cooling potential of 

air on copper mesh coupled double silica cooling plate for pouch Li-ion batteries. The effect of 

silica cooling plate thickness (0.5 – 2.5 mm), single/ double silica cooling plates, air velocity, air 

inlet position and number of cooling fans have been investigated. It is noticed that the Tmax and 

ΔTmax decrease with increase in the thickness of silica cooling plate, air inlet velocity and number 

of fans. They recommend 1.5 mm as the optimum thickness for the silica cooling plate. The fan’s 

position offers better heat transfer when place at the front side as compared to the side position. 

Wang et al. [39] experimentally explored the effect of reciprocating air flow on the laminated Li-

ion battery. An infrared imager is used to record the temperature distribution in the battery during 

charge and discharge process. To keep the ΔTmax below permissible limit of 5 °C, an aperiodic 
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reciprocating air flow control strategy is designed which reverses the air flow as the temperature 

difference approached to 4.9 °C. Furthermore, enhancement in thermal performance is achieved 

by increasing the air flow rate and with the usage of thinner air flow passage. Liu and Zhang [40] 

proposed a J-type flow configuration for the air-cooled thermal management of the Li-ion battery. 

The proposed configuration was made flexible by providing two ports at the outlet. The flow 

through both the outlets is controlled by two control valves. It is observed that J-type results in 

significant improvement of the temperature uniformity. Furthermore, a surrogate-based 

optimization is performed to improve the performance of U, Z and J-type configuration, and it is 

noticed that for the optimal case, the temperature rise is reduced by 35.3%, 46.6% and 31.18%, 

respectively, for three designs. Effect of battery pack shape on temperature distribution inside the 

battery was studied by Kang et al. [41]. Two shapes of battery packs: square and rectangular, are 

obtained by different arrangement of cylindrical Li-ion battery cells for the combined numerical 

and experimental analysis. It is observed that the inner temperature distribution at the center and 

side is different for both the packing. High temperature rise is noticed for the square battery pack 

at the center as compared to the rectangular pack. The later design offers higher convective heat 

exchange coefficient due to which its heat dissipation potential is high. Zhang et al. [42] studied 

the effect of provided flow restrictors (spoilers) in the inlet manifold of Li-ion battery packs with 

8 prismatic cells. It is noticed that for the best number (5 spoilers) and position of spoilers (4th to 

8th distributor section) the Tmax and ΔTmax are reduced by 1.86 °C and 2.77 °C, respectively as 

compared to the base case (no spoilers). Furthermore, improvement in the thermal performance is 

also achieved by optimizing the height of spoilers and size of manifolds. Ma et al. [43] numerically 

studied the effect of installing silica cooling plates between the prismatic Li-ion battery cells and 
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tampering of inlet manifold on the performance air-cooled Li-ion battery pack. It is noticed that 

with addition of silica plates, the Tmax and ΔTmax reduced by 10 °C and 2.5 °C, respectively.  

Moreover, considering the various advantages of the air-cooling systems over the other cooling 

modules, it became very critical to design an efficient air-cooling module so that the desired 

thermal characteristics of the Li-ion battery modules can be maintained. It is noticed that past 

researchers have studied the effect of air flow direction, outlet vents, silica cooling plates and flow 

configurations on the thermal performance of Li-ion battery packs. Table 1 summaries the 

comparison of various studies on the air-cooling battery packs with cylindrical and prismatic / 

pouch cells. It is noticed that the methods of alternation in the air flow direction results in a 

complex design of cooling module due to the requirement of additional sensors and secondary 

blowers, whereas the method of installing silica cooling plates is expected to increase the overall 

weight and power consumption of the cooling pack. It is also observed that the desired conditions 

of Tmax and ΔTmax for the optimum thermal performance of Li-ion battery pack are only maintained 

by Hong et al. [34] and Liu and Zhang [39]; however, the applicability of both proposed methods 

is limited to their specific manifold designs (side inlet and side outlet) only. Moreover, in the 

current work, efforts have been made to design a simple and generalized air-cooling module for 

the efficient thermal management of the Li-ion batteries. The current work investigated the effect 

of two common air flow configurations: side inlet and side outlet (SS) and side inlet and front 

outlet (SF), with different number of inlet/ outlet ports (single inlet and single outlet, single inlet 

and two outlets, two inlets and single outlet, and two inlets and two outlets) for the thermal 

management of Li-ion battery pack. Subsequently, a new design of battery pack with best thermal-

hydrodynamic performance is proposed. Finally, the thermal performance of all the designs 
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(suitable for maintaining the desired Tmax and ΔTmax conditions) is compared at same pressure drop 

penalty. 

2. Geometric Description 

In the current work, a Li-ion battery module consisting of 12 prismatic cells is considered. The 

dimensions of battery cells are: Lcell = 151 mm, Wcell = 16 mm and Hcell = 65 mm. The properties 

of the battery and air are given in Table 2 [34]. A 3D model of the battery pack for the base design 

is shown in Fig. 1. Air enters in the battery module from the lower end and leaves from the top 

end as shown in Fig. 1. The distance between battery cells and distance of cells from the wall of 

battery case is kept as 3 mm. Other dimensions of the inlet and outlet manifolds are also given in 

Fig. 1. In the present study, two different categories of inlet and outlet flow arrangements: (1) side 

inlet and side outlet (SS), and (2) side inlet and front outlet (SF) designs are studied as shown in 

Fig. 2. Furthermore, each category is divided based on the number of inlet and outlet ports. These 

cases can also be divided into single inlet and single outlet (SS-Ia, SS-Ib and SF-I), single inlet 

and two outlets (SS-II and SF-II), two inlets and single outlet (SS-III and SF-III), and two inlets 

and two outlets (SS-IV and SF-IV). 

In the different SS cases (Fig. 2 (a)), designs SS-Ia and SS-IIb are considered to investigate the 

effect of the location of outlet port on the opposite and same walls, respectively and in design SS-

II, the effect of outlet port location is eliminated by providing two ports. In designs SS-III and SS-

IV, the effect of addition of two inlet ports with respect to the combination of single outlet and two 

outlet ports is studied, respectively. In the SF designs, similar effect of adding two outlet ports for 

single inlet and two inlet ports is studied in the SF-II and SF-IV designs, respectively and in designs 

SF-I and SF-III, effect of providing single and two inlet ports respectively is investigated for single 
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outlet case. Furthermore, a new design (SF-V) is proposed in which effect of outlet port is removed 

by providing an open front outlet. 

3. NUMERICAL MODELLING 

3.1 Governing equations 

Heat transfer and fluid flow characteristics in current numerical model are captured by solving 

generalized mass, momentum and energy conservation equations. The following assumptions have 

been considered for the current mathematical modelling: 

(i) The effects of body and surface tension forces are neglected. 

(ii) Effect of radiation and natural convection heat transfer are neglected. 

(iii) Air is assumed to be continuum and incompressible. 

(iv) Flow is assumed to be turbulent based on the value of Re. 

The air flow is assumed to be in turbulent flow regime based on the Re values as given in Table 3, 

and k-epsilon model is used for the solution of the governing equations. k-epsilon is selected due 

to its good accuracy, convergence, and low memory requirements. Similar numerical modelling is 

also adopted by Refs. [34,35]. Following are the governing equations for the steady air flow with 

above mentioned assumptions. 

3.1.1 Fluid section 

Mass conservation equation: 

∂𝑢𝑖

∂𝑥𝑖
= 0           (1) 

Momentum conservation equations: 

𝜌𝑢𝑗
∂𝑢𝑖

∂𝑥𝑗
= −

𝜕𝑃

𝜕𝑥𝑖
+

∂

∂𝑥𝑗
[(µ + µ𝑡)

∂𝑢𝑖

∂𝑥𝑖
]        (2) 
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𝜌𝑢𝑗
∂𝑘

∂𝑥𝑗
=

∂

∂𝑥𝑗
[(µ +

µ𝑡

𝜎𝑘
)

∂𝑘

∂𝑥𝑗
] +

µ𝑡

2
[

∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
]

2

− 𝜌𝜖      (3) 

𝜌𝑢𝑗
∂𝜖

∂𝑥𝑗
=

∂

∂𝑥𝑗
[(µ +

µ𝑡

𝜎𝜖
)

∂𝜖

∂𝑥𝑗
] + 𝑐1

µ𝑡

2
[

∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
]

2
𝜖

𝑘
− 𝑐2𝜌

𝜖2

𝑘
     (4) 

Energy conservation equation: 

𝜌𝑐𝑝𝑢𝑗
∂T

∂𝑥𝑗
=

∂

∂𝑥𝑗
[(𝜆 +

µ𝑡

𝜎𝑇
)

∂𝑇

∂𝑥𝑗
]         (5) 

where, P, µ, 𝝀, cp are Reynolds-averaged pressure, dynamic viscosity component, thermal 

conductivity, and specific heat, respectively. ui and uj denote Reynolds-averaged velocity 

components. Turbulent dynamic viscosity component (µt) is calculated by Eq. (6). 

µ𝑡 = 𝜌𝐶µ
𝑘2

𝜖
           (6) 

where, 𝐶µ = 0.09 

The turbulent kinetic energy and dissipation rate of the turbulent kinetic energy are defined by k 

and 𝜖, respectively. The typical values of the parameters C1, C2, σk, σ𝜖, σT are shown below. 

C1 = 1.44; C2 = 1.92; σk = 1.0; σ𝜖 = 1.3; σT = 0.85 

3.1.2 Solid section 

Energy conservation equation: 

∂

∂𝑥𝑗
[𝜆𝑠

∂𝑇𝑠

∂𝑥𝑗
] + 𝜙𝑔 = 0          (7) 

where, subscript s denotes solid section, and 𝜙𝑔 represents heat generation rate. 

3.2 Boundary conditions 
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Constant air velocity and temperature are assumed at the inlet of the cooling module. Different 

air velocities are used in current work as given in Table 3. The air inlet temperature is kept fixed 

at 300 K. All the outer walls are assumed to be adiabatic. The interface of battery surface and fluid 

sections are coupled, and heat generated in the battery cells is carried away by the forced air flow 

from the battery-fluid interface. No slip boundary condition is assumed at the interface. At the 

outlet of the cooling module, atmospheric pressure boundary condition is assigned. Heat 

generation (𝜙𝑔) inside the battery cells is assumed at constant rate of 41408 W/m3 [34]. 

3.3 Solution procedure 

All governing equations are solved by adopted the given boundary conditions by using ANSYS 

FLUENT 16.0. All the partial differential equations are discretized by using a finite volume 

method (FVM). Second order upwind scheme is used for the discretization of the momentum and 

energy equations. Pressure values are obtained by adopting standard discretization scheme. 

Pressure-velocity coupling is obtained by using the semi-implicit method for pressure linked 

equations (SIMPLE) algorithm. Convergence criteria is considered as 10-6 for the residuals of 

mass, momentum and energy equations. 

3.4 Grid Independence analysis and model validation 

Prior to the numerical simulations, a grid independence study has been carried to make the 

numerical model independent of grid size. In the current study, a 2D numerical model is used for 

the numerical simulation based on the observation of Hong et al. [34]. Hong et al. [34] compared 

the numerical results for the 3D and 2D numerical models with similar dimension of battery pack, 

and it is observed that 2D model is sufficient for the accurate estimation of fluid flow and heat 

transfer characteristics. In the current work, 5 different grid schemes have been studied, and the 

results of maximum temperature and overall pressure drop are given in Table 4. Non-uniform 
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hexahedral grid elements are generated using ICEM with smallest grid element dimension as 0.1 

mm near the walls. It is noticed that for grid elements of 26 × 105 and 32 × 105, absolute deviation 

(AD) between overall pressure drop and maximum temperature is less than 1%. Therefore, 26 × 

105 grid elements are used to save the computational time. 

Validation of current numerical model is also carried out by comparing the results of Nu with 

the correlation of Nacke et. al. [44] for the SS-Ia design. Results of Nu from current numerical 

study and Eq. (8) are compared in Fig. 3. Mean absolute deviation of 10.6 % is noticed in 

calculation of Nu with respect to the Eq (8), which proves the accuracy of current numerical results. 

𝑁𝑢 = [
𝑅𝑒𝑃𝑟

𝐿/𝐷ℎ
]

1/3
(

µ𝑎

µ𝑎,𝑠
)

0.14

        (8) 

4. RESULTS AND DISCUSSION 

In the current design, air enters from the common inlet port and then distributes across all 

channels around the battery cells and leaves through the outlet port. To measure the unevenness of 

air flow distribution in the battery pack, a velocity non-uniformity factor (α) is calculated as given 

by Eq. (9). Similar method is also used by Refs. [45, 46] to estimate the flow maldistribution factor 

among the parallel channels. 

α =  
Vmax−Vmin

Vavg
× 10          (9) 

where, Vmax, Vmin and Vavg represent the maximum, minimum and average velocity of air in the 

channels. 

𝑉𝑎𝑣𝑔 =
∑ 𝑉𝑐ℎ

𝑐ℎ=13
𝑐ℎ=1

13
          (10) 
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To design a cooling system for the Li-ion battery pack, two prerequisite conditions are set 

based on the magnitude of maximum temperature (Tmax) and maximum temperature fluctuation 

(ΔTmax = Tmax – Tmin) as given below: 

1st condition: Tmax ≤ 40 °C 

2nd condition: ΔTmax ≤ 5 °C 

Therefore, a design which satisfies both the conditions is considered as suitable for the thermal 

management of Li-ion battery pack. 

4.1 Air flow distribution 

4.1.2 Comparison of fluid flow distribution for SS designs 

Fig. 4 (a) and (b) compares the air velocity distribution in different channels and velocity non-

uniformity factor respectively for different SS designs. Air velocity is calculated at the mid length 

of the battery module in all channels. It is noticed that the air velocity is not uniform in all channels 

for the base design (SS-Ia). The velocity of air directly signifies the air flow distribution around 

the battery cells. It can be noticed from Fig. 4 (a) that the air flow rate is lowest in the 1st channel 

(nearest to the inlet port), and it increases gradually as moving towards the right-side wall, and the 

flow rate is highest in the 13th channel (nearest to the outlet port). The velocity non-uniformity 

factor (α) is 67% for the current base design as shown in Fig. 4 (b). The effect of non-uniform 

velocity distribution is also noticed on the temperature distribution of the battery cells, and it is 

found that Tmax is 43.9 °C and ΔTmax is 8.1 °C for the battery pack. Thus, none of the conditions is 

satisfied for base design to obtain the optimum performance of the Li-ion battery pack. 

In the present work, efforts have been made to limit temperature rise and fluctuation by 

following a very simplistic approach of changing the location of inlet and outlet ports. In the SS-



Journal of Heat Transfer 

 

 16 

Ia design, the flow rate is higher for the channels near the outlet port, whereas lower flow rate is 

noticed for the channels nearer to the inlet port. Therefore, to mitigate this anomaly of flow non-

uniformity, both inlet and outlet ports are kept on the same side for the SS-Ib design. Similar 

approach is also adopted by Ref. [31]. It is noticed that for the SS-Ib design, α is reduced by 56.6% 

as compared to the base case (SS-Ia). The location of inlet and outlet ports on the same side helped 

to increase the mass flow of air in the channels closer to the inlet port by restricting the flow across 

the far end channels. A minor rise of 1.8% in the pressure drop penalty is also observed (Table 5) 

which is insignificant as compared to the achieved uniformity in the flow distribution. 

Furthermore, the SS-II design is selected in such a manner that outlet ports are provided on both 

sides to remove the effect of outlet port location, while the location of inlet port is kept unchanged. 

Atmospheric pressure outlet boundary condition is assigned on both the outlet ports. It is noticed 

that α is reduced by 24.8% for the S-II design as compared to the design SS-Ia. Thus, the S-II 

design is not as advantageous as observed for the SS-Ib case. In the SS-Ib case, the flow through 

the far end channels is restricted due to the increased resistance to the fluid flow in the outlet 

manifold, whereas in the SS-II design, the flow from the far end channels can easily exit through 

the nearer outlet port (outlet port on right-side wall). Thus, no significant improvement in the flow 

distribution pattern is observed, and flow distribution of the SS-Ia and S-II designs are almost 

similar. However, a large reduction of 36.9% in the pressure drop penalty is observed for the SS-

II design as given in Table 5, which highlights its potential to maintain better flow distribution 

characteristics at low pressure drop as compared to the SS-Ia design. 

Contrary to the SS-II design, in the design SS-III, the effect of adding an additional inlet port is 

investigated while position of the outlet port is kept same as that of SS-Ia design. It is found that 

similar to the SS-II case, the SS-III design also leads to reduction of ~25% in the velocity non-
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uniformity factor. However, the flow distribution pattern of the SS-III design is entirely opposite 

than the SS-II design. In the SS-II design, the lower flow rate is observed in the channels near left-

side wall while the flow rate is higher in the channels near the right-side wall. It is observed due 

to the high momentum of air flow towards the right-side wall in the inlet manifold for the S-II 

design. After striking the side wall, the flow enters the neighboring channels, and the position of 

outlet port on the right-side wall further offers a low resistance path for fluid to exit, whereas for 

the channels near to the left-side wall, addition of an additional outlet port provides a free exit path 

and decreases the associated resistance in the outlet manifold. In the SS-III design, a striking effect 

is noticed in the inlet manifold due to positioning of the inlet ports on the opposite side walls. This 

impinging effect is expected to normalize the flow distribution in the inlet manifold, and its effect 

is also noticed on the reduction of α for the SS-III design. However, biased position of the outlet 

port on the right-side wall leads to non-uniformity in the flow distribution among different 

channels. Moreover, the biasness associated with location of the outlet port is removed in the SS-

IV design by providing outlet port on both sides. It is found that for the SS-IV design, α is reduced 

by 84% as compared to SS-Ia design. Due to the symmetric location of both the inlet and outlet 

ports, the distribution of flow is also symmetric for the channels near the left and right-side walls. 

It can be clearly observed from velocity distribution of the SS-IV design that the flow is almost 

uniform in all channels. Nonetheless, cost and complexity of the cooling system increase for the 

SS-III and SS-IV designs due to the requirement of an additional inlet port which involves addition 

of either an additional fan on the second inlet port or dividing the inlet from 1st fan into two 

symmetric pipes. On the other hand, the benefits offered by SS-II design are more alluring due to 

significant reduction in the pressure drop penalty as compared to the SS-III design. 

4.1.2 Comparison of fluid flow distribution for SF designs 
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In the side inlet and front outlet (SF) designs, the location of outlet port(s) is parallel to the 

length of the channels and location of inlet port is on the side wall(s) as shown in Fig. 2 (b). 

Therefore, to understand the effect of change in the location of outlet port from side outlet to the 

front outlet, the results of SF-I, SF-II, SF-III and SF-IV designs are compared with the results of 

SS-Ia, SS-II, SS-III, and SS-IV designs, respectively. Fig. 5 (a) and (b) show velocity distribution 

in the different channels and α, respectively, for different SF designs. It is noticed that just by 

changing the location of outlet port from side outlet case (SS-Ia) to front outlet (SF-I), α is reduced 

by 63%. Likewise, the flow distribution uniformity is also significantly higher for other SF designs 

as compared to the SS designs (Fig. 4 and Fig. 5). It is noticed that α < 25% for all the SF designs 

as shown in Fig. 5 (b). It is evaluated that α is reduced by 57.2%, 64% and 21.3% for SF-II, SF-

III and SF-IV designs as compared to the SS-II, SS-III and SS-IV designs respectively. Therefore, 

for similar number of inlet and outlet ports, it suggested to use front outlet port location as 

compared to the side outlet port location. However, the pressure drop penalty also increases as the 

outlet port location is changed to front wall(s) as compared to the outlet port location on the side 

wall(s) (Table 5). It is noticed due to increase of fluid flow resistance in the outlet manifold. The 

issue of high pressure drop penalty is eliminated for the new proposed design with open outlet 

manifold, and it is noticed that the new design (SF-V) offered significantly better flow distribution 

uniformity as compared to SS designs (except SS-IV) at very low pressure drop. The pressure drop 

and α is reduced by 40.1% and 64.6%, respectively for the SF-V design as compared to the SS-Ia 

design which highlights the effectiveness of SF-V design to provide better fluid flow distribution 

at much lesser pressor drop. 

Furthermore, among different SF designs, α is reduced by 12.7%, 27.1%, and 65.2% for SF-II, 

SF-III, and SF-IV designs, respectively, as compared to the SF-I case. It is found that similar to 
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the SS-IV design (with two inlet and outlet port), the best flow distribution uniformity is 

maintained for the SF-IV design. Yet the reduction in α is ~65% for the SF-IV design as compared 

to the SF-I design, whereas for the SS-IV design α is reduced by ~84% as compared to the SS-Ia 

design. The design with two outlet ports and one inlet port (SF-II) offered only 12.7% improvement 

in the flow distribution uniformity as compared to the SF-I case, whereas the improvement for the 

SS-II is ~25% as compared to the SS-Ia. However, reduction in pressure penalty is ~37.1% for 

both SS-II and SF-II designs as compared to the corresponding base designs (SS-Ia and SF-I 

respectively). On the other hand, for the SF-III design α is reduced by 27.1% similar to the 

improvement for the SS-III design as compared to the corresponding base designs. Furthermore, 

for the new design (SF-V), no improvement in flow distribution uniformity is noticed however, 

pressure drop penalty is reduced by 46% as compared to the SF-I design. Therefore, it is expected 

that the usefulness of the proposed new design can be best studied by maintaining same pressure 

drop for all designs, and it is reported in section 4.4. In the following section, temperature 

distribution for all the designs is compared. 

4.2 Temperature distribution 

4.2.1 Comparison of temperature distribution for SS designs 

Li-ion battery cycle life is governed by the maximum working temperature as well as 

temperature difference among different battery cells; therefore, an efficient thermal management 

system for the battery cooling is expected to limit the temperature rise while maintaining the 

uniformity of temperature distribution. Temperature contours and average cell temperature 

distribution for different designs are compared in Fig. 6 and 7 respectively. Furthermore, in Fig. 8, 

Tmax and ∆Tmax are compared. It is noticed that among the SS designs, magnitude of Tmax is highest 

for the SS-Ia design followed by SS-III and SS-II designs, whereas Tmax is lowest for the SS-IV 
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design followed by SS-Ib design as shown in Fig. 8 (a). It is observed that due to high non-

uniformity of velocity distribution for the SS-Ia design, the non-uniformity of temperature is also 

highest; as a result, formation of hotspot (high temperature zone) is observed for the cells closer 

to the left-side wall (Fig. 6(a) and 7(a)). The presence of an additional full channel near to the left-

side walls (1st channel) facilitates in enhancing the heat dissipation from the 1st battery cell and 

limits its temperature rise. Furthermore, the enhanced heat transfer effect due to the additional full 

channel is also propagated for the second battery cell as its temperature is also lower than the 3rd 

battery cell (Fig. 7(a)). Similarly, the enhanced cooling effect is also noticed for the right-side 

channels, and the resultant lower temperature magnitude leads to lower average temperature of the 

battery pack. Furthermore, the temperature rise is also higher for the SS-II and SS-III designs (Fig. 

8). The Tmax and ΔTmax are reduced by 0.7 and 1.2 °C for the SS-II design as compared to the base 

design (SS-Ia). For the SS-III case, Tmax and ΔTmax are reduced by 0.8 and 0.9 °C, respectively, as 

compared to the SS-Ia design. Moreover, pressure drop is reduced by 36.9% for the SS-II, whereas 

an additional fan or separate flow distribution network is needed for the SS-III design. Therefore, 

it can be concluded that apart from its simple and economically viable design, the SS-II case also 

maintained better thermo-hydraulic performance as compared to the SS-Ia and SS-III designs. 

Design SS-Ib leads to improvement in the air flow distribution and lowers the Tmax and ΔTmax by 

1.2 and 1.4 °C, respectively, as compared to the SS-Ia design. Therefore, the improvement in the 

thermal performance is better than the SS-II and SS-III designs. Furthermore, for the SS-IV design, 

effect of uniform fluid flow distribution can be clearly observed from the temperature contours as 

shown in Fig. 6 (e), where the hotspots are significantly mitigated. It is found that Tmax is reduced 

by 2.2 °C and ΔTmax is reduced by 3.5 °C (43% reduction) for the SS-IV design as compared to 

the SS-Ia design. Nonetheless, none of the SS designs is able to meet both of the desired conditions 
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for the optimal thermal performance of the Li-ion battery pack (Fig. 8). Although design SS-IV is 

able to limit the ΔTmax < 5 °C as shown in Fig. 8 (b), value of Tmax > 40 °C makes it unfit under 

current boundary conditions. 

4.2.2 Comparison of temperature distribution for SF designs 

The SF designs offer better air flow distribution which also results in better uniformity of 

temperature distribution (Fig. 6 (f) – 6 (i)). It is noticed that just by changing the location of outlet 

port(s), ΔTmax is reduced by 2.4 °C, 1.8 °C, 1.7 °C and 0.4 °C for the SF-I, SF-II, SF-III and SF-

IV designs as compared to the SS-Ia, SS-II, SS-III and SS-IV designs, respectively. Furthermore, 

ΔTmax is reduced by 60%, 46.6%, 49% and 19% for the SF-I, SF-II, SF-III and SF-IV designs as 

compared to the SS-Ia, SS-II, SS-III and SS-IV designs, respectively. The significantly higher 

deviation in the magnitude of Vmax and Vmin is responsible for high temperature non-uniformity 

for the SS designs (except SS-IV). The deviation in the velocity distribution is considerably lower 

for the SF designs which lead to reduction in the Tmax and ΔTmax. Furthermore, it is noticed that 

ΔTmax < 5 °C for all the SF designs which can be accredited to the better fluid flow distribution. 

Therefore, it can be concluded that the SF designs not only provide better fluid flow distribution 

for the battery pack but also maintain desired temperature difference among different battery cells. 

However, Tmax > 40 °C for SF designs therefore, under current boundary conditions the SF designs 

are also not recommended for the thermal management of Li-ion battery pack. Furthermore, it is 

noticed that the presence of full 1st channel is advantageous in lowering the maximum temperature 

rise of the SS-Ia and SS-II designs as shown in Fig. 7(a). Likewise, the 13th channel is responsible 

for lowering temperature rise of the SS-Ib and SS-III designs. However, the presence of full 

channels near the side walls (1st and 13th channels) aggravates the issue of temperature non-

uniformity for designs with uniform fluid flow distribution (SS-IV, SF-I, SF-II, SF-III and SF-IV 
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designs). Therefore, the temperature non-uniformity of these designs (SS-IV, SF-I, SF-II, SF-III 

and SF-IV designs) can be further curtailed by proving only a half channel near the side walls. In 

the following sub-section, effect of change in flow rate is studied on the thermal performance of 

the battery pack for different flow configurations. 

4.3 Effect of inlet velocity 

One of the simplest ways to control the temperature rise is increasing the inlet flow rate; 

however, due to the absence of any disturbance in the flow direction, its influence on the heat 

transfer enhancement is limited. Furthermore, increase in flow rate also comprises an additional 

pressure drop penalty and perhaps requires a special fan in certain cases. The change in flow rate 

also influences the flow distribution among different parallel channels; consequently, it alters the 

temperature distribution in the battery pack. In this section, the effect of change in air flow rate is 

studied on the velocity and temperature distribution for different designs. 

Fig. 9 compares velocity non-uniformity factor for all designs at different inlet air flow rates. 

In general, it is found that the non-uniformity of velocity distribution increases with the increase 

of Vin, whereas temperature non-uniformity decreases with the increase of Vin. It is noticed that α 

η increases from 52% to 78% for the SS-Ia design as Vin is increased from 2.4 to 5.6 m/s. The 

increase in α is due to more momentum transfer towards the channels near to the right-side wall, 

and the channels closer to the left-side wall received comparatively lesser flow which amplifies 

the velocity distribution non-uniformity. Surprisingly, better velocity distribution uniformity is 

maintained by the SS-Ib design for all flow rates, and α is maintained at 30 ± 2% for different flow 

rates which indicates the independency of velocity distribution on the magnitude of Vin for the SS-

Ib. On the other hand, for the designs SS-II and SS-III, analogous to the SS-Ia design, the non-

uniformity in velocity distribution rises significantly with the increase of flow rate. The velocity 
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non-uniformity factor increases from 35.9% to 56% for SS-II and 40.5% to 57.7% for SS-III as 

the inlet velocity is increased from 2.4 to 5.6 m/s. Although α increases from 9.6% to 13% as the 

inlet velocity is increased from 2.4 to 5.6 m/s for the SS-IV design also, the uniformity in the 

velocity distribution is best at all inlet velocities among all SS designs. Moreover, uniformity in 

the air flow distribution is significantly higher for all SF designs as compared to the SS designs. 

Best flow distribution characteristics are noticed for SF-IV design, where α varies in the range of 

5.5% to 9.2% as Vin is increased from 2.4 to 5.6 m/s. Better flow distribution is maintained by SF-

III (α = 12.5% to 21.6%) as compared to the SF-II (α = 14.5% 26.9%) at different flow rates also. 

Among different SF designs, worst flow distribution results are noticed for the SF-I and SF-V 

designs. 

Comparison of Tmax and ΔTmax for different SS designs is shown in Fig. 10. It is noticed that 

for the SS-Ia design, Tmax < 40 °C at highest studied flow rate (Vin 5.6 m/s); however, ΔTmax > 5 

°C for the entire studied flow rate range. Therefore, SS-Ia design is unable to provide the desired 

temperature uniformity for the cooling of Li-ion battery at the studied range of flow rate. Although 

shoot up of Tmax is restricted with increase of flow rate, uniformity in the temperature distribution 

could not be maintained due to rise of α with increase of flow rate. Similar issue is also noticed for 

the SS-II and SS-III designs where desired temperature uniformity is not obtained due to 

significant rise of α with increase of flow rate. For the SS-Ib design, ΔTmax < 40 °C for Vin ≥ 4.8 

m/s and ΔTmax is < 5 °C for Vin = 5.6 m/s; thus, SS-Ib design can be considered for EV cooling at 

Vin ≥ 5.6 m/s. The independency of α from the Vin also makes SS-Ib design more suitable to be 

installed at higher flow rates for the effectual cooling of Li-ion battery pack. Furthermore, it is 

noticed that the desired Tmax and ΔTmax are maintained by SS-IV at Vin ≥ 4.8 m/s; therefore, Vin ≥ 

4.8 m/s is found to be the preferred Vin range to maintain optimum operating conditions for the Li-
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ion battery. Thus, among the different SS designs, only SS-Ib design for Vin ≥ 5.6 m/s and SS-IV 

for Vin ≥ 4.8 m/s can be considered to meet the desired thermal characteristics of the Li-ion battery 

pack. 

Moreover, the perks of better flow distribution in the SF designs can be clearly observed from 

the Tmax and ΔTmax profiles as shown in Fig. 11. It is noticed that Tmax < 40 °C for all SF designs 

at Vin ≥ 4.8 m/s, and ΔTmax < 5 °C for all SF designs at Vin ≥ 4 m/s. Therefore, Vin ≥ 4.8 m/s can 

be considered as a desired range for maintaining the favorable conditions of the Tmax and ΔTmax to 

insure an optimum performance of the Li-ion battery pack for all the SF designs. Furthermore, the 

designs: SF-II and SF-V, are found to be more alluring due to significantly lower pressure drop 

penalty as compared to other SF designs. Therefore, in the following subsection, the performances 

of various designs are compared by keeping an almost same pressure drop penalty. 

4.4 Comparison at same pressure drop 

The magnitude of pressure drop penalty controls the associated fluid flow rate, which 

significantly influences the thermal performance of different designs. The performance of all the 

designs is compared at pressure drop penalty of ~32 Pa as occurred for the base case (SS-Ia) at Vin 

= 4 m/s as given in Table 5. As discussed earlier also, at this condition the desired favorable 

conditions are not maintained by the SS-Ia design. The same is expected for the SS-Ib design also 

as it is unable to maintain the desired characteristics even at slightly higher pressure drop. 

Furthermore, it is noticed that although the velocity distribution non-uniformity is mitigated for 

the SS-IV design, the desired thermal characteristics are not met due to the lower overall flow rate 

because of higher associated pressure drop. The higher pressure drop in the SS-IV design is due to 

integration of two inlet ports on the opposite side walls, which lead to jet impingement effect in 

the inlet manifold. Therefore, SS-IV design requires higher peristaltic power to achieve the desired 
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temperature characteristics. Similarly, due to poor thermal performance and higher pressure drop 

per inlet port for the SS-III design as compared to the SS-IV (Table 5), the desired results are not 

expected. Therefore, among the SS designs, only the results are compared for SS-II design at 

pressure drop of ~32 Pa. The designs SS-II is selected due to its potential to maintain lower 

pressure drop at same flow rate as compared to the base case. Similarly, due to the higher pressure 

drop (Table 5) and unsuitability of the SF-I, SF-III and SF-IV designs to meet the desired condition, 

their results are also not compared and only the results of the SF-II and SF-V are compared in this 

section. 

In Table 6, the results of base case (SS-Ia) are compared with the SS-II, SF-II, and SF-V. It is 

noticed that for the SS-II design, the first condition of Tmax < 40 °C is maintained however, the 

ΔTmax > 5 °C which limit its usability as an effectual cooling module configuration for the Li-ion 

battery pack. The higher temperature non-uniformity in the SS-II design is noticed due to presence 

of significant flow distribution non-uniformity. This problem is substantially reduced for the 

similar SF design (SF-II), and it can be observed that SF-II design successfully limits the rise of 

Tmax and ΔTmax under the desired limits. Furthermore, the best results are noticed for the new 

proposed design (SF-V). It is noticed that Tmax is reduced by 7 °C and fluctuation in temperature 

distribution is reduced by 65% by the SF-V design as compared to the base design (SS-Ia) at same 

pressure drop. Thus, SF-V design is best suited for the effectual air-cooling of Li-ion battery pack 

in maintaining best thermal performance at minimal pressured drop penalty. 

Nonetheless, SF-V design cannot be recommended for liquid cooling operations due to its 

inability to provide necessarily outlet port for the liquid collection. The liquid cooling or two-phase 

cooling is required for the heavy-duty applications where the air-cooling modules are inadequate 

to maintain the desired rates of heat dissipation. Therefore, SF-II design is suggested to be used in 
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liquid cooling / phase change cooling modules. Furthermore, it will be exciting to the applicability 

of current proposed design at variable battery discharge rates under unsteady rates of heat 

generation. 

4.5 Effect of variable air thermophysical properties 

Finally, the effect of variable air thermophysical is studied on the thermal and hydrodynamic 

performance of air-cooling module of SS-Ia design. SS-Ia design is considered for the comparison 

due to the occurrence of maximum temperature rise, which is expected to have the highest effect 

on air thermophysical properties. In Fig. 12, the velocity and temperature distribution results are 

compared for the cases with constant and variable thermophysical properties. It is noticed that the 

pattern of velocity distribution remains the same for both the cases (Fig. 12 (a)) because no heat is 

supplied in the inlet manifold. Whereas a slight rise in the velocity magnitude is noticed in all 

channels due to decrease in the density and viscosity of the air with temperature rise along the flow 

direction. Furthermore, it is found that the effect of variable air thermophysical properties is 

insignificant on the temperature distribution in the battery pack and the maximum temperature 

deviation is < 0.15 °C (Fig. 12 (b)). Therefore, it can be concluded that assuming the constant 

thermophysical properties of air in the current work are sufficient to predict the thermal and 

hydrodynamic performance of the battery cooling modules. 

5. CONCLUSION 

In the current work, effect of two common air flow configurations: side inlet and side outlet 

(SS) and side inlet and front outlet (SF), with different number of inlet/ outlet ports (single inlet 

and single outlet, single inlet and two outlets, two inlets and single outlet, and two inlets and two 

outlets) has been studied for thermal management of Li-ion battery pack with 12 prismatic cells. 
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Subsequently, a new design of battery module with best thermal and hydrodynamic performance 

is proposed. Followings are major conclusion from the current numerical work: 

1. It is noticed that the best flow distribution uniformity is provided by the design with two inlet 

and two outlet ports for both the SS and SF configurations. However, addition of two inlet ports 

increases the pressure drop and complexity of cooling module.  

2. The location of outlet port significantly influences the distribution of fluid in the channels, and 

the uniformity in the flow distribution is significantly higher for the SF designs as compared to 

the SS designs. 

3. It is more beneficial to add two outlet ports (SS-II design) as compared to the configurations of 

two inlet ports (SS-III design) for the SS case. Whereas, for the SF designs, addition of two 

inlet ports is found to be more advantageous as compared to addition of two outlet ports (SF-

II).  

4. Non-uniformity in the velocity distribution increases with increase of flow rate except for SS-

Ib design where the SS-Ib design maintained almost consistent fluid flow distribution trend for 

the studied range of flow rate. 

5. Among all SS designs, only SS-Ib at Vin ≥ 5.6 m/s and SS-IV at Vin ≥ 4.8 m/s are found suitable 

for the thermal management of Li-ion battery pack at the studied range of flow rate. Whereas 

all SF designs maintained desired Tmax and ΔTmax conditions at Vin ≥ 4.8 m/s.  

6. At same pressure drop, the best Tmax and ΔTmax conditions are maintained by new proposed 

design (SF-V). The new design results in reduction of Tmax by 7 °C and ΔTmax by 64.5% as 

compared to base design (SS-Ia) at same pressure drop penalty; therefore, SF-V design is 

recommended as air-cooling modules for the effective thermal management of Li-ion battery 

packs. 
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NOMENCLATURE 

AD  absolute deviation 

cp  specific heat (J/kg/K) 

EV  electric vehicle 

H  height 

L  length 

N  number 

Nu  Nusselt number 

P  pressure (Pa) 

Re  Reynolds number 

T  temperature (°C) 

V  velocity (m/s) 

W  width 

Greek symbols 

α  velocity non-uniformity factor 

µ  dynamic viscosity (Pa s) 

ρ  density (kg/m3) 

λ  thermal conductivity (W/m/K) 

Subscript 

a  air 

avg  average 

ch  channel 



Journal of Heat Transfer 

 

 29 

in  inlet 

max maximum 

min minimum 

s  solid 
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Table 1 Various studies on the air-cooled Li-ion battery packs 

Author 
Battery 

description 

Cell 

capacity 

Dimensions 

(mm) 
C rate Modification 

Tmax/ΔTmax 

(Best case) 
ΔP 

Cylindrical battery cells 

Mahamud 
and Park 

[27] 

Cylindrical 

N = 8 
3.6 mAh 

D = 42.4 

L = 97.7 
7C Reciprocating flow 

Tmax < 30 °C 

ΔTmax = 1.5 °C 
- 

Na et al. 

[28] 

Cylindrical 

N = 20 
- 

D = 38 

L = 120 
3C 

Cell capacity and 

rectifier  

Tmax = 38.2 °C 

ΔTmax = 4.8 °C 
126 Pa 

Shahid and 
Agelin-

Chaab [29] 

Cylindrical 

N = 32 
 

D = 18 mm 

L = 65 mm 
1 and 2C 

Secondary inlet 

plenums 

Tmax < 40 °C 

ΔTmax > 5 °C 
- 

E et al. [30] 
Cylindrical 

N = 60 
2.6 mAh - 

0.5 and  

1 C 

Inlet/outlet port 

location and 

addition of baffles 

Tmax = 38.9 °C 

ΔTmax = 7.3 °C 
- 

Wang et al. 

[31] 

Cylindrical 

N = 32 
2.9 mAh 

D = 18 mm 

L = 65 mm 

1, 1.5 

and 2C 

Inlet/outlet port 

location 

Tmax > 40 °C 

ΔTmax > 5 °C 
- 

Prismatic / pouch type battery cells 

Xie et al. 

[33] 

Prismatic 

N = 10 
- 

W = 16 

L = 131 

H = 65 

- 

Cell spacing, 

inlet/outlet plenums 

size and angles 

Tmax < 40 °C 

ΔTmax < 5 °C 
- 

Hong et al. 

[34] 

Prismatic 

N = 12 
2.2 mAh 

W = 16 

L = 155 

H = 65 

5 C 
Secondary vent 

positions 

Tmax = 37.5 °C 

ΔTmax = 3.3 °C 
34.8 Pa 

Chen et al. 

[35] 

Prismatic 

N = 8 

11 W 

(dummy) 

W = 20 

L = 90 

H = 16 

5C Cell spacing 
Tmax = 61 °C 

ΔTmax = 3 °C 
58.1 Pa 

Chen et al. 

[37] 

Prismatic 

N = 12 
2.2 mAh 

W = 16 

L = 155 

H = 65 

5C 
Inlet/outlet plenums 

size and angles 

Tmax = 40.3 °C 

ΔTmax = 2.8 °C 
48.6 Pa 

Li et al. 

[38] 

Pouch type 

N = 1, 5 
16 Ah 

W = 75 

L = 165 

H = 10 

5C 
Silica cooling plates 

and fan location 
Tmax = 45.6 °C - 

Wang et al 

[39] 

Pouch type 

N = 1 
37 Ah 

W = 7.1 

L = 268 

H = 211 

3 C Reciprocating flow 
Tmax = 42.9 °C 

ΔTmax < 5 °C 
- 

Liu and 

Zhang [40] 

Pouch type 

N = 10 
- 

W = 16 

L = 155 

H = 65 

3 C 
Inlet/outlet port 

locations and size 

Tmax < 30 °C 

ΔTmax < 2 °C 
391 Pa 

Zhang et al. 

[42] 

Prismatic 

N = 8 
- 

W = 27 

L = 90 

H = 70 

- Addition of spoilers 
Tmax = 47.6 °C 

ΔTmax = 0.5 °C 
32.5 Pa 

Ma et al. 

[43] 

Prismatic 

N = 8 
12 Ah 

W = 27 

L = 90 

H = 70 

 
Silica cooling plates 
and tapering of inlet 

manifold 

Tmax = 48.9 °C 

ΔTmax = 1.9 °C 

 

 

- 
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Table 2 Properties of Li-ion battery and air 

Property Battery Air 

Specific heat (J/kg/K) 900 1005 

Thermal conductivity 

(W/m/k) (W/m/K) 

240 0.0267 

Density (kg/m3) 2700 1.165 

Dynamic viscousity (Pa s) - 1.86×10-5 

 

Table 3 Air inlet parameters 

Vin (m/s) Flow rate (m3/s) Rein 

2.4 0.007 4598 

3.2 0.009 6131 

4 0.011 7664 

4.8 0.013 9196 

5.6 0.016 10729 

 

Table 4 Grid independence test 

No. of grid 

elements 

Tmax 

(°C) 

 

AD (Tmax) 

(%) 

∆P 

(Pa) 

AD (∆P) 

(%) 

4.0 × 105 44.56 - 35.2

3 

- 

8.0 × 105 44.92 0.81 34.4

8 

2.14 

14 × 105 44.71 0.46 33.2

4 

3.59 

20 × 105 44.14 1.27 32.5

0 

2.24 

26 × 105 43.87 0.62 32.2

3 

0.84 

32 × 105 43.57 0.68 32.2

8 

0.16 
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Table 5 Pressure drop for SS and SF design at Vin = 4 m/s 

S. no. SS Design ΔP (Pa) SF Design ΔP (Pa) 

1 SS-Ia 32.2 SF-I 35.3 

2 SS-Ib 32.8 SF-II 22.2 

3 SS-II 20.3 SF-III 37.4/inlet 

4 SS-III 33.6/inlet SF-IV 23.7/inlet 

5 SS-IV 22.8/inlet SF-V 19 

 

 

Table 6 Comparison of thermal performance at similar pressure drop 

Design ΔP(Pa) Tmax (°C) ΔTmax (°C) 

SS-Ia 32.2 43.9 8.1 

SS-II 32.1 39 5.3 

SF-II 32.2 38.4 2.9 

SF-V 32 36.9 2.8 
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Fig. 1 Schematic 3D view of Li-ion battery pack for SS-I flow configuration 
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Fig. 2 Schematic of different inlet and out flow configurations: (a) side inlet and side outlet, and 

(b) side inlet and front outlet designs 
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Fig. 3 Comparison of Nu for current numerical study and correlation of Nacke et al. [44] 
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Fig. 4 Comparison of air flow distribution in the different SS designs: (a) velocity distribution 

and (b) velocity non-uniformity factor at Vin = 4 m/s 
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Fig. 5 Comparison of air flow distribution in the different SF designs: (a) velocity distribution 

and (b) velocity non-uniformity factor at Vin = 4 m/s 
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Fig. 6 Comparison of temperature contours for SS designs: (a) SS-Ia, (b) SS-Ib, (c) SS-II, (d) SS-

III, (e) SS-IV and SF designs: (f) SF-I, (g) SF-II, (h) SF-III (i) SF-IV and (j) SF-V at Vin = 4 m/s 
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Fig. 7 Comparison of average temperature distribution for (a) SS and (b) SF designs at Vin = 4 

m/s 
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Fig. 8 Comparison of (a) Tmax and (b) ΔTmax for SS and SF designs at Vin = 4 m/s 
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Fig. 9 Comparison of velocity non-uniformity factor for (a) SS and (b) SF designs at different 

Vin 
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Fig. 10 Comparison of (a) Tmax and (b) ΔTmax for SS designs at different Vin 
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Fig. 11 Comparison of (a) Tmax and (b) ΔTmax for SF designs at different Vin 
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Fig. 12 Effect of variable thermophysical properties of air on the (a) velocity distribution and (b) 

temperature distribution for SS-Ia design 

 


