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ABSTRACT 

Li-ion batteries are known to be highly sensitive to 

operational temperatures and exceeding a narrow range of 

temperature can damage them permanently. So far, most 

research efforts on battery thermal management considered 

steady conditions. However, in practice, battery heat generation 

is proportional to the load, which is highly time dependent. 

Hence, batteries often experience a transient change of 

temperature, turning battery cooling into a time-dependent 

problem. An essential step in tackling such problem is 

characterisation of the thermal response of battery to different 

transient loads. To achieve this, the electric loads, acting on the 

battery, are inferred from the standard driving cycles and their 

required mechanical power. Also, a numerical model for cooling 

of a battery module is developed using OpenFoam. Thermal 

response of the system is then simulated for different driving 

scenarios. Particular attention is paid to the steeply increasing 

loads, as they can be potentially more harmful to batteries. The 

results show that during transient loading, the instantaneous 

temperature of some battery cells in the module could 

significantly exceed the safe limits. The effects of type and 

velocity of the coolant and the location of a cell in the module, 

upon the temperature traces of the cell are discussed. 

 

INTRODUCTION 
Hybrid Electric Vehicles (HEV) and Electric Vehicles (EV) 

have gained enormous attention due to significant worldwide 

efforts to combat rising environmental concerns and reduce 

greenhouse gas emissions [1]. However, finding energy storage 

solutions capable of quick charging, high mileage and high 

performance remains one of the biggest challenges facing EVs 

[2]. Lithium-ion (Li-ion) batteries have gained notable attention 

for use as energy storage within EVs due to their high energy 

density, lightweight, prolonged life cycle, low self-discharge rate 

and recyclability compared to their nickel-metal or lead-based 

counterparts [3]. Nevertheless, these batteries' operating safety 

and performance – life cycle, discharge capacity – are heavily 

dependent on the operational temperature [4–6]. Hence, effective 

battery temperature control has become crucial for battery 

thermal management systems (BTMS) in EVs. 

Studies by Kim et al. [7] and Suh et al. [8] have shown that 

to sustain a healthy and safe operating electrochemical rate of 

reaction., the battery cell temperatures should stay between 25oC 

and 45oC. Further, the cell-to-cell temperature difference should 

not exceed 5oC. Due to their complex and relatively unstable 

chemistry, excessively high or low temperatures can lead to 

electrolyte decomposition causing irreversible damage to the 

battery cell and shortening its lifetime [9,10]. Moreover, this can 

worsen when hundreds or thousands of battery cells are 

connected in series, parallel or series-parallel. Long term 

existence of large cell to cell temperature differences can create 

hot spots within a battery module, altering its charging and 

discharging capabilities. The uneven temperature distribution 

across the battery module can lead to poor consistency within a 

battery pack, further leading to each battery cell displaying a 

variety of thermal effects. 

NOMENCLATURE 
 

𝐻 (m) Height 

𝐿 (m) Single Cell Section Length 

𝑁𝑢 (-) Nusselt Number 

𝑅𝑒 (-) Reynolds Number 

𝑅 (m) Radius 

 

Degradation of a single cell within a battery module weakens 

its performance – the weakest cell may determine the 

performance characteristics of the battery pack. This further 

amplifies the cell-by-cell temperature difference, creating a 

vicious cycle [9]. Therefore, to combat extreme temperatures 

and maximise the battery pack lifetime, many BTMS have been 

studied, from forced air and water-cooling to phase change 

materials and heat pipes as passive cooling [10,11]. However, 

designing such systems requires extensive knowledge of internal 

heat generation, thermal transport, and heat dissipation 

mechanisms. Moreover, due to the highly complex and dynamic 

nature of heat transfer in Li-ion batteries, time-dependent 

thermal management systems are a present issue [10,12]. Most 

studies have primarily focused on understanding the dynamics 

of heat generation under steady loads, whereas only a few studies 

have investigated the heat transfer of Li-ion batteries under 

dynamic loads. 

In a previous investigation, Yang et al. [13] numerically 

compared the effects of aligned and staggered arrangements of 

battery cells using a 2D conjugate heat transfer model with a 1D 

electrochemical model. The study focused on optimising the 

longitudinal and transverse spacing between cells. It was found 

that the aligned battery cell arrangement led to far greater 

temperature uniformity. However, the staggered arrangement led 

to an overall cooler battery pack. Further, increasing the 

transverse gap between cells in the aligned battery module 

dominated the heat transfer efficiency, requiring a much larger 



  

  

battery module. Therefore, for a densely packed battery module, 

the gaps between each cell need to be kept at a minimum without 

compromising thermal efficiency.  

Most existing thermal battery management systems studies 

are primarily concerned with evaluating the flow field and heat 

generation inside battery cells under steady flow conditions. This 

demands extensive use of computational power to determine the 

battery thermal behaviour accurately. However, due to the 

dynamic nature of driving, steady models for evaluating the 

thermal response are not compatible. This paper aims to fill this 

gap by using computational modelling of unsteady internal heat 

generation inside battery cells using real-time driving data. The 

corresponding dynamic response of heat convection is then 

analysed to determine the effectiveness of the BTMS under 

extreme driving scenarios. 

PROBLEM CONFIGURATION 
A general sketch of a battery pack module, the simulated 

model and a two-dimensional schematic of a single cell section 

can be seen in figures 1a, 1b and 1c, respectively. The battery 

cells are arranged in a staggered cell configuration containing six 

primary cells. A single cell section has a length, L, of 100mm 

[14], height, H, of 50mm [14], and a depth, D, of 100mm [14]. 

Each battery cell has a radius, R, of 20mm [14].  

NUMERICAL METHODS 
An unsteady, three-dimensional computational fluid 

dynamics (CFD) model was developed to investigate the thermal 

response of the system to unsteady modulations in the internal 

heat generation of each battery cell. A grid independency check 

was also carried out on the computational model to minimise 

computational costs while maintaining a high level of accuracy. 

Under steady-state conditions, the internal heat generation of 

the battery was assumed to be 2000 W/m3. This value was chosen 

to represent a running car's battery and fluid temperature prior to 

introducing a large acceleration. Further, this value was 

calculated using the current model geometry, average Li-ion cell 

efficiency of 85% and the 85 kW battery specifications of the 

Tesla Model S [15]. In comparison to fluids like water, air has 

low thermal conductivity; therefore, high inlet velocities are 

required to sufficiently cool down the battery pack using air. 

Therefore, the inlet Reynolds number for air was calculated to be 

44,000. Whereas for water, the inlet Reynolds number was 

2,300. 

The numerical simulations were conducted using an open-

source, finite-volume method based CFD software called 

OpenFOAM v2006. A conjugate heat transfer model called 

chtMultiRegionFoam was used to accurately study conduction 

within each battery cell due to internal heat generation and 

convection to the fluid. A k-𝜀 turbulence model is utilised to 

accurately model and solve the flow field of the coolant fluid. 

The differences between the two chosen coolant fluids require 

the use of different models – for air, an ideal gas model is 

employed, whereas for water, a constant density model is used. 

The time-step is chosen to be five orders of magnitude smaller 

than the full timescale to accurately model vortex shedding. 

Further, all models use a second-order discretisation scheme for 

added accuracy. 

 

Figure 1 – a) Battery pack module, b) Simulation model and 

c) 2D schematic of a single cell section. 

 

Internal combustion vehicles emit a range of atmospheric 

pollutants which have to be regulated. However, exhaust 

emissions are inherently unpredictable unless they can be 

reproduced under standardised laboratory conditions known as 

standard dynamometer drive cycles. Three drive cycles are 

chosen for this study. The first drive cycle is the New York City 

cycle (NYCC), featuring low speed, stop-and-go traffic 

conditions for inner-city travel. Next is the SC03 drive cycle, 

also known as the Supplemental Federal Test Procedure (FTP) 

driving schedule. Finally, the Under Dynamometer Driving 

Schedule (UDDS) is the city test. The United States 

Environmental Protection Agency uses the drive cycles 

mentioned before as part of its emissions testing kit.  

 

Validation 

The present study was validated against experimental and 

numerical data. The validation data for air and water can be seen 

in Tables 2, 3 and 4, respectively. During validation, the model 

parameters are modified so that the flow occurs over a single 

cylinder. The input parameters for the single-cylinder validation 

study can be seen in Table 1. 

 

Table 1 – Single-cylinder validation input parameters 

Ambient fluid temperature (𝑇∞) 300 K 

Cylinder Surface Temperature (𝑇𝑠) 700 K 

Cylinder radius (𝑅) 0.02 m 

Air density (𝜌) 1.1614 kg/m3 

Air dynamic viscosity (𝜇) 1.846e-05 kg/ms 

Air thermal conductivity (𝑘) 0.02624 W/mK 

Water density (𝜌) 996.53 kg/m3 

Water dynamic viscosity (𝜇) 8.65e-04 kg/ms 

Water thermal conductivity (𝑘) 0.59783 W/mK 



  

  

 

The comparison of the air model against the Churchill and 

Bernstein [16] correlation can be seen in Table 2. At values of 

Reynolds number where a laminar condition can be assumed, the 

simulated data and both correlations show minimal differences. 

However, as the value of Re is increased, the error also increases, 

with the max error being 7.34% at a Re of 20,000.  

 

Table 2 – Comparison of the numerical simulations with 

correlation from literature for air – Single cylinder 
Re 50 150 1,000 3,900 10,000 20,000 

Nu 3.78 6.28 14.98 31.09 55.792 84.990 

Churchill and Bernstein [16] correlation 

 3.74 6.28 15.99 32.45 53.540 79.177 

Error (%) 1.12 0.05 6.36 4.18 4.21 7.34 

 

Moreover, to evaluate the solver's unsteady performance, the 

current model without battery cells is exposed to ramp 

disturbances in the flow temperature at an Re value of 180. The 

changes in the flow temperature at different locations along the 

domain are compared to direct numerical simulation (DNS) data 

by Christodoulou et al. [17]. The largest error was found to be 

less than 1.4%. 

 

Table 3 – Comparison of the numerical simulations with 

correlations from literature for water – Single cylinder 
Re 50 150 1,000 4,000 10,000 

Nu 8.525 14.99 41.091 86.262 144.44 

Churchill and Bernstein [16] correlation 

 8.756 14.88 39.233 82.607 139.69 

Error (%) 2.64 0.74 4.73 4.42 3.48 

 

The single-cylinder simulated model against the Churchill 

and Bernstein [16] correlation and experimental data by Stephen 

Whitaker [18] can be seen in Tables 3 and 4. As previously 

stated, at low values of Re, the simulated Nusselt number and the 

correlation are in good agreement. However, as the value of Re 

increases, so does the error. The correlation shown in Table 3 

shows that the most significant error is 4.73% at a Re value of 

1,000. Furthermore, compared against the experimental data, the 

largest error is 3.015% at an Re of 2,000. 

 

Table 4 – Comparison of the numerical simulations with the 

experimental data from literature for water – Single cylinder 

Reynolds Number 50 150 2,000 

Simulated Nu 8.525 14.99 62.08 

Stephen Whitaker 8.560 15.33 64.01 

Error (%) 0.409 2.218 3.015 

 

The excellent agreement of the numerical and experimental 

data and DNS data for air and water confirms the validity of the 

numerical analysis presented in this study.  

RESULTS AND DISCUSSION 
In this section, the battery cells' response to unsteady 

modulation is presented. It should be noted that during analysis, 

the average battery cell surface temperatures are discussed. The 

Reynolds number is kept constant since the flow field is not 

modulated. Therefore, it can be argued that there would be 

minuscule changes in the Nusselt number by modulating the 

battery cell's internal heat generation. This results in a more 

effective comparison of the coolant fluids, drive cycles, and 

whether the battery cells' temperatures remain within the optimal 

range. Additionally, the settling time and maximum overshoot 

are also calculated to determine the system's responsiveness. 

Where the former is described as the time needed for a system to 

reach and stay within two percent of the final value. The 

maximum overshoot is defined as the comparison of the peak 

and the desired value of the system. For the sake of brevity, only 

the NYCC and UDDS drive cycles are discussed. 

Figure 2 shows the spatiotemporal response of the 

temperature field to a linear ramp in the internal heat generation 

using the NYCC drive cycle. The steady-state temperature field 

prior to introducing a ramp is shown in figure 2a. Due to a small 

internal heat generation value, the fluid and battery cells' 

temperatures are almost indistinguishable. However, shortly 

after the ramp begins, the battery cells begin to heat up, and a 

clear difference in the fluid and battery cell temperatures can be 

seen. Figure 2c and 2d show the temperature fluid before 

reaching the new steady-state condition and once the model has 

reached equilibrium, respectively. As the fluid flows 

downstream, it begins to reach the temperature of the battery 

cells, showcasing a typical convective system. 

 

Figure 2 – Spatiotemporal evolution of the temperature field 

using NYCC drive cycle with water as the inlet fluid. Where 

a) is before the ramp, b) 25s after the ramp begins, c) 100s 

before reaching equilibrium and d) At equilibrium. 

 

Figure 3a and 3b depict the temporal response of the battery 

cell surface temperatures to internal heat generation ramps based 

on the NYCC and UDDS drive cycles with air as the coolant 

fluid, respectively. Using the speed-time data given by the 

NYCC drive cycle, one of the largest accelerations were found 

to produce a ramp with a lower limit of 2000 W/m3 and an upper 

limit of 15,582 W/m3 with a duration of 23 seconds. It should be 



  

  

noted that each simulation was allowed to run for 15 seconds 

prior to introducing the ramps. Through visual inspection of 

figure 3a, it can be very clearly seen that the average surface 

temperature of each battery cell continued to rise even after the 

ramp was completed. Cell one starts at a temperature of 301.3 K 

and reaches a peak of 303.9 K before decreasing and reaching a 

steady-state value of 303.8 K; an overall temperature increase of 

2.5 K with a maximum overshoot of 0.1 K. However, cell six 

starts at 309.3 K, reaching a maximum value of 312 K before 

becoming steady at 311.9 K. This leads to an overall temperature 

increase of 2.6 K with a maximum overshoot of 0.1 K. In 

addition, the settling time of each battery cell increases as you 

go further downstream. This is to say that for cell one to reach 

two percent of the final value takes 76.9 seconds, whereas for 

cell six to reach two percent of the final value takes 86.2 seconds 

once the ramp starts. 

 

Figure 3 – Average battery cell surface temperature with air 

as the inlet fluid a) NYCC and b) UDDS.  

Furthermore, a larger and steeper ramp is found using the 

UDDS drive cycle data. This results in a ramp with a starting 

value of 2000 W/m3 and a maximum value of 37,990 W/m3 in 7 

seconds. This means that the UDDS ramp has to increase by over 

2.4 times in less than three times the duration leading to steeper 

and overall more significant temperature increases, as seen in 

figure 3b. As expected with any convective system, the battery 

cells closer to the outlet experience a far higher temperature rise 

than those at the inlet. This is due to the increase in the coolant 

fluid temperature as it travels further downstream. Cell one starts 

at the same pre-ramp temperature and rises to a maximum 

temperature of 307.2 K before decreasing and reaching 

equilibrium at 307 K. This results in a total temperature increase 

of 5.8 K and a maximum overshoot of 0.2 K. Cell six rises to a 

maximum temperature of 319.9 K and then decreases to a steady-

state value of 319.5 K. This leads to an overall temperature rise 

of 10.2 K and a maximum overshoot of 0.4 K. Comparing the 

temperature differences between the two drive cycles leads to no 

obvious correlation. This is to say that increasing the upper limit 

of the ramp by 2.4 times does not result in the overall 

temperature increase to also increase by this ratio. The ratio of 

temperature increases between the two drive cycles for cell one 

is 2.3, whereas, for cell six, the ratio is 3.9. Further, the trend of 

an increasing settling time further downstream can also be seen 

in figure 3b. However, due to the large internal heat generation 

ramp within a short, a considerably larger settling time is needed. 

Cell one takes 80.2 seconds to reach within two percent of the 

final value. Whereas for cell six to reach the same condition takes 

125.7 seconds once the ramp begins. 

Moreover, the internal battery cell temperatures are also 

measured to determine if the battery cells are kept within the safe 

operating range. Twenty-five probes are used along the y-axis in 

the centre of each battery cell. The temperature reported by these 

probes is then averaged for each time step. The resultant graphs 

can be seen in figure 4, where figures 4a and 4b show the average 

internal battery temperatures for the NYCC and UDDS drive 

cycles, respectively. The cell-to-cell differences prior to 

introducing the ramp are already out with the 5oC limit. 

However, this difference is further intensified after the ramp is 

finished. For the NYCC drive cycle, the maximum starting cell-

to-cell difference is 8.5 K, whereas, once each battery cell 

reaches equilibrium, this value increased to 8.9 K. Due to the 

larger internal heat generation for the UDDS drive cycle, the 

maximum cell-to-cell temperature difference is far higher at 13.8 

K, an increase of over 60% as compared to the starting cell-to-

cell temperature difference.  

The temporal response of the UDDS drive cycle to internal 

heat generation on each battery cell with water being the inlet 

fluid can be seen in figure 5, where figure 5a and 5b show the 

average battery surface and battery internal temperature 

respectively. The drastic differences between figures 3a, 3b, and 

5a are due to the two coolant fluids having significantly different 

thermophysical properties. The general trend in both figures is a 

temperature increase in all battery cells. However, unlike the 

figures shown for air, the water results show no sign of an 

overshoot. This can be accredited to the fact that water has a far 

higher specific heat capacity and thermal conductivity than air. 

This is also why the water results start at a significantly lower 



  

  

temperature with minimal differences between each battery cell. 

Due to the NYCC drive cycle producing a menial temperature 

rise, no further NYCC drive cycle results are presented. 
 

Figure 4 – Average battery internal temperature due to with 

air as the inlet fluid a) NYCC and b) UDDS.  

 

A lower overall temperature rise for all battery cells can be 

seen in figure 5a, which uses the same ramp condition as figure 

4b. Cell one starts at an average surface temperature of 300.2 K 

and rises to a maximum of 303.8 K, leading to an overall 

temperature rise of 3.6 K. Further, cell six starts at a temperature 

of 300.4 K and reaches a maximum temperature of 307.5 K, an 

overall increase of 7.1 K. Moreover, water is significantly more 

effective at removing heat and the resultant no overshoot leads 

to far shorter settling times compared to those seen when the 

coolant fluid is air. Cell one reaches two percent of the final 

value 77.7 seconds, whereas cell six reaches the same condition 

in 115.4 seconds once the ramp begins. 
 

Figure 5 – Battery cell temperatures using the UDDS drive 

cycle with a) Average surface and b) Average internal 

battery temperature.  

 

As anticipated, comparing the two responses from figures 3b 

and 5a, water as the coolant fluid is more successful at achieving 

low temperatures and becoming steady. This means that using 

water as the inlet fluid would reduce the overall temperature 

increase by almost 40%. At the same time, the steady-state 

condition is reached over 8% faster. Furthermore, as previously 

mentioned, the optimal operating range for a Li-ion battery is 

between 298 K and 318 K while maintaining a maximum cell-



  

  

to-cell temperature difference of 5 K. The cases with water can 

achieve these conditions. In contrast, the cases with air show a 

significant temperature difference between each cell. However, 

apart from cell six in figure 6b, all cells are kept within safe 

margins. The differences between the temperature increases, 

settling, and response time or air and water-cooled systems are 

related to the difference in their thermophysical properties, 

particularly the Prandtl number. At fixed values of Re, lower 

Prandtl numbers, such as those of air, can hinder efficient 

convective heat transfer.  

CONCLUSION  
Electric Vehicles have been given a spotlight as a potential 

counter to the ever-growing concerns of global warming. 

However, one of the biggest issues facing EVs is their battery 

performance, which is directly coupled with its operating 

conditions. The temperature of each battery cell is determined by 

a wide array of driving patterns and vehicle operation. Therefore, 

thermal management of battery cells requires accurately 

predicting their temperatures during operation, which can be 

straightforward for systems with constant parameters. However, 

such parameters are a rare occurrence for vehicle driving 

scenarios. Three drive cycles were analysed to determine points 

at which the battery cells would be under extremes stress, such 

as high acceleration in a short period. The conditions were 

presented as ramps during numerical modelling, and the 

corresponding temperatures were analysed for two different 

coolant fluids. The cases with air resulted in high overall 

temperature increases, with an overshoot being present for all 

battery cells. In particular, the temperatures always exceeded the 

maximum cell-to-cell limit, and in the case of UDDS, cell six fell 

out of bound for the maximum safe operating temperature. In 

comparison, all cases with water remained within optimal 

operating ranges. Additionally, small maximum overshoots are 

noticed in large period ramps, such as the NYCC data. This is 

due to better completion of the fluid dynamics and transport 

interactions, allowing the fluid to accommodate for changes in 

the battery surface temperature effectively. 
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