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The LiFePO4 battery packs should be thermally controlled so 

that the operational safety, the performance stability, and long 

services in an electric vehicle can be ensured. The problem with 

cylindrically-shaped 32650 cells is that they become easily 

overheated and heat is not evenly distributed when the 

discharge rate is high and can lead to rapid electrochemical 

degradation and cause thermal runaway. Conventional coolants 

such as water and ethylene glycol mixture are not conductive to 

heat well hence restricting heat extraction. To facilitate the 

correction of this weakness, the present paper investigates the 

application of ZnO nanofluid as a new state of art coolant to 

facilitate the performance of a liquid-cooled Battery Thermal 

Management System (BTMS). ANSYS Fluent in a two-

dimensional model is modelled and simulated to represent the 

steady-state conditions of the discharge of a 32650 LiFePO4 

cylindrical cell. Since 70: 30 water-ethylene glycol mixture is 

used as a base fluid, the ZnO nanoparticles are dispersed with a 

lesser volume concentration of 1. The equations of governing 

continuity, momentum and energy are solved by finite volume 

method. They are systematically studied to determine the 

concentration of nanoparticles and the velocity of coolants in 

terms of maximum temperature of the battery, temperature 
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field, the characteristics of heat transfer, and pressure drop with 

the aim of establishing the thermo-hydraulic performance of the 

nanofluid-based cooling system. The results of the simulation 

show that the addition of ZnO nanoparticles will augment the 

effective thermal conductivity of the base fluid in terms of 

reduced maximum cell temperature and a high level of 

uniformity in temperature compared with the traditional 

coolant. Although slight increase in pressure drop is observed 

with the concentration of nanoparticles, a concentration of 

below 1 percent is observed to provide an optimum trade-off 

between thermal enhancement and pumping power 

requirements. The findings show that ZnO nanofluid in 70:30 

water-ethylene glycol solution can be considered as the solution 

to improved BTMS design in the electric car battery packs.  

Keywords: Electric Vehicles, Battery Thermal Management 

System (BTMS), Computational Fluid Dynamics (CFD), ZnO 

Nanofluid, LiFe PO4 Battery. 

1. INTRODUCTION 

This section provides the computational fluid dynamics (CFD) simulation of a liquid-cooled 

Battery Thermal Management System (BTMS) with the help of a serpentine cooling channel 

[1]. The study aims at studying how the velocity of coolant flow affects the heat removal 

performance and outlet temperature properties. The simulations were conducted by ANSYS 

Fluent in steady state condition [2]. Inlet coolant temperature was kept at 303 K and the flow 

velocity was changed between 0.1 m/s and 3 m/s in order to measure its impact on the behaviour 

of heat transfer [3]. At high temperature, certain phenomena begin to occur within the cell like 

cathode oxygen release, solid electrolyte interface, separator short circuit which reaches critical 

levels in venting and fires the cell [4]. Liquid cooling system operation. In case it is direct 

contact of cooling that coolant dielectric which has very high resistivity good thermal 

conductivity [5]. Besides, alternative forms of coolant have also been discussed to be used in 

cooling of lithium-ion battery, such as synthetic aromatic hydrocarbons like diethyl benzene 

[6]. Others that have been investigated include fluorocarbons like perfluorocarbons, 

hydrofluoroethers, and perfluorocarbon ethers [7], liquid metals that are made on the Ga-In-Sn 

alloy system [8]. Nanofluids, especially ceramic nanofluids are especially taking into account 

the opportunities that such purposes offer because of their high colloidal stability, high 

oxidation resistance, and relatively low density [9]. The results of testing the impact of the 

aluminium oxide nanoparticles on the functionality of a commercial 18,650 lithium-ion battery 

were studied through a pseudo-2D electrochemical model [10]. The findings showed increased 

temperature uniformity and decreased peak temperature at discharge when nanofluid was 

employed on a base fluid [11]. An electrochemical-thermal model was used in the study to 

determine the consistency of temperature in basing fluid when nanofluid was employed. The 

effect of aluminium oxide nanoparticles on thermal characteristics of a battery module 

comprising of twenty prismatic cells was tested [12]. Mathematical exploration into a 

developed liquid cooling apparatus made of aluminium oxide nanofluid [13]. To simulate the 

battery module and its thermal management system, a three-dimensional (3D) model was made 

[14]. The findings have shown that the addition of 2 percent volume fraction of aluminium 

oxide nanoparticles to the battery module reduces the highest temperature and temperature 
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gradient in the battery module to considerable levels. (PCM) and investigated its effect on 

thermal behaviour of a lithium-ion battery module. The findings indicated that with 5C 

discharge process a paraffin was used to keep the attainable temperature at less than 46 ℃ and 

the temperature variation within 4 ℃. Both the electrical model and the thermal one are given 

along with the description of the experimental system and the characterization processes that 

were carried out to estimate the model parameters. [15]. 

 

2. METHODOLOGY 

       A 3D battery module consisting of cylindrical cells arranged within a cooling block was 

considered. The serpentine cooling channel passes adjacent to the cell walls to facilitate heat 

removal. 

The following governing equations were solved: 

 Continuity equation 

 Momentum equations 

 Energy equation 

 
[16] 3D CAD BATTERY MODEL 

To slip the turbulence influences to greater velocities, the standard k-e model of turbulence was 

utilized. The pressurized solver was steady-state and second-order discretization scheme was 

applied in order to enhance the accuracy of the measurement of the heat energy. 

 

CONTINUITY EQUATION (conservation of mass): 

The continuity equation makes sure that the mass is preserved in the flowing. According to it, 

the mass that flows into a control volume cannot be less than the mass that flows out of it. 

∂t/∂ρ+∇·(ρV) = 0 [17] 

          Where: 

 ρ = density of nanofluid (kg/m³) 

 V = velocity vector (m/s) 

 ∇= Divergence operator 

 t= time 

The nanofluid of ZnO passes through the serpentine cooling channel in the battery cooling 

system. The continuity equation guarantees that the rate of flow will be balanced in the 

channel without a build-up or loss of the fluid mass. 

 

Momentum Equation (Navier–Stokes Equation) 
The momentum equation describes the motion of the fluid under the influence of pressure, 

viscosity, and external forces. 

ρ(V·∇) V = -∇p + μ∇²V + F   [18] 

Where: 

 ρ = fluid density 

 V = velocity vector 

 p = pressure 

 μ = dynamic viscosity 

 F = body forces 
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The movement of the ZnO nanofluid through the cooling channel is determined by this 

equation. The difference between the pressure between the inlet and outlet is the driving force 

of the flow and viscosity and turbulence influence the velocity distribution in the area of the 

battery cells. 

 

Energy Equation (Heat Transfer) 
The energy equation explains the cooling or heating of the battery cells and the coolant. 

Cp(V·∇T) = k∇²T + Q [19] 

       Where: 

 Cp = specific heat capacity 

 T = temperature 

 k = thermal conductivity 

 Q = heat generation from battery cells 

 

Li-ion batteries produce heat throughout the charging and discharge. This heat is then absorbed 

by ZnO nanofluid and taken away through the cooling channel and as a result, the temperature 

of the battery is reduced and enhances the performance of thermal management. 

 

CFD (Computational Fluid Dynamics)  

Computational Fluid Dynamics (CFD) is a computer-based simulation method that is employed 

in the analysis and prediction of the behaviour of fluid flow, heat transfer and other physical 

processes with the help of computational techniques. Rather than carrying out expensive and 

time-consuming experiments, CFD enables computer simulation of fluid flow and thermal 

processes by engineers and researchers by solving mathematical equations that model fluid 

motion. Applications CFD has found extensive use in aerospace engineering, automotive 

engineering, energy systems, electronics cooling and battery thermal management systems 

(BTMS). When dealing with electric vehicle batteries, CFD can be used to consider the flow 

of coolant through the cooling channels and the efficiency of the removal of heat out of the 

battery cells. 

 

3. MATHEMATICAL MODELLING AND DESIGN  
A cooling system is adopted in order to increase the dissipation of heat on the surface, thermal 

control as well as constant battery operation in the fluctuating flow conditions. The cooling 

performance is assessed at a series of Reynolds numbers that form the major operating 

conditions that have been considered in the study. The variation in spacing distance between 

the cells and the various rates of coolant flows are considered to study the impact of heat 

transfer enhancement on the performance of the system [23-25]. 

 

A constant wall temperature of T=303K is applied to the battery cell surfaces to represent the 

heat generation during operation. The nanofluid consisting of the mixture of ZnO nanoparticles 

and Ethylene Glycol-water (70:30) is employed as a working fluid to enhance convective heat 

transfer and reduce the operating temperature of the lithium-ion battery cells. 

 

Boundary Conditions 

The boundary conditions applied in the present study are as follows: 

Inlet: 
 Inlet Temperature = 303 K 

 Inlet Velocities = 0.1, 0.3, 1, 2 and 3 m/s 

Outlet:    Pressure Outlet = 0-gauge pressure 
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[17] Meshed structure of the battery model 

 

 
            [18] Aluminium cooling channel 

 

4. CFD RESULTS 

The model was meshed with the help of a structured mesh methodology with an adequate 

degree of refinement along the walls of the channels to resolve thermal gradients. Convergence 

criteria were defined to be at the level of residual of continuity, momentum and energy 

equations to a lower of 10−3. 

 

Five inlet velocities were simulated to see the outlet and temperature distribution. 

 

 

 
Vel 0.1 m/s 
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Vel 0.3 m/s 

 

 

 
vel 1m/s 

 

 
vel 2m/s 

 
vel 3m/s 

 

 

 
Temperature streamline profile for 0.1m/s 

 
Temperature streamline profile for 0.3m/s 
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Temperature streamline profile for 0.5m/s 

 

 
Temperature streamline profile for 1m/s 

 
Temperature streamline profile for 3m/s 

 

 
Residual convergence at  0.1 m/s 

 
Residual convergence at 0.3 m/s 

 

 
Residual convergence at  0.5 m/s 
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Residual convergence at  1 m/s 

 

 
Residual convergence at 3 m/s 

 

5. SIMULATION RESULTS  

Flow Velocity Outlet Temperature Effect. Based on the result, it can be seen that the coolant 

outlet temperature increases to 309.9 K at lower velocity (0.1 m/s) which gives a temperature 

difference of 6.9 K. This implies an increase in the residence time of coolant within the channel 

and it can absorb a lot of heat. An addition of more velocity to 1 m/s will yield an outlet 

temperature of 304.4 K. When the velocities increase to 2 m /s and 3 m /s, the outlet 

temperatures drop to 303.7 K and 303.23 K respectively. The increase in temperature is very 

minimal. 

Reynolds Number (Re): indicates Counteracting forces Viscous forces 

𝑅𝑒 =
𝜌𝑉𝐷ℎ
𝜇

 

Where: r = density (kg/m3) 

 V = velocity (m/s) Dh = hydraulic diameter 

 (m) m = dynamic viscosity  

 Nusselt Number (Nu) 

Nusselt no is a ratio of: “Convective heat transfer to Conductive heat transfer" 

𝑁𝑢 =
ℎ𝐷ℎ
𝑘

 

The findings indicate clearly that there is a negative correlation between velocity of flow and 

rise in temperature of coolant: 

 

Lower velocity → Higher ΔT 

Higher velocity → Lower ΔT 
At low speeds the coolant is in contact with the heated cell walls over a longer period absorbing 

more heat resulting in higher outlet temperature.  

 

Fluid resident time decreases. The heat absorbing capacity per unit mass is reduced. The 

temperature of the outlet is close to the inlet temperature.  

 

Nevertheless, despite the fact that ΔT is reduced at a higher speed, the total temperature of the 

heat removal rate can still be higher because of increased mass flow rate. Thus, a trade-off 
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between the heat transfer and pumping power needs requires optimal choice of velocity. The 

temperature increase is steep as 6.9 K at 0.1 m/s is decreasing to 0.23 K at 3 m/s. The curve is 

decreasing and non-linear in nature and tends to a non-linear asymptotic behaviour as the 

velocity increases. It shows that there is a limit to the velocity that flow gain at higher velocity 

produces a small amount of decrease in the outlet temperature. 

 

6. PERFORMANCE ANALYSIS WITH DIFFERENT NANOFLUIDS  

 

 
                  

 This effect of decline in temperature at the use of nanofluids implies that the performance of 

convective heat transfer in working fluid is improved. The same enhancement is also confirmed 

by the following increase in Nusselt numbers values as depicted that the development of the 

recommended safe operating temperature range is attainable at higher Reynolds number than 

22,000, 25,000, 27,500, and 30000 respectively. This shows that nanofluids have a tremendous 

thermal management capability of lithium-ion battery cooling flows of the base fluid. 

 

7. CONCLUSION 

The CFD analysis of the serpentine cooling channel shows that the velocity of flow is 

important in the calculation of the outlet temperature of coolant and thermal performance. 

 

 

 

 

 

 

 

 

Velocity 

(m/s) 

Inlet 

Temp 

(K) 

Outlet 

Temp 

(K) 

Temperature 

Rise ΔT (K) 

0.1 303 309.9 6.9 

0.3 303 306.5 3.5 

1 303 304.4 1.4 

2 303 303.7 0.7 

3 303 303.23 0.23 
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[19] Cooling Performance Trend 

 

Key findings: 

1. At 0.1 m /s its maximum temperature rise (6.9℃) is attained. 

2. The lowest increment in the temperature (0.23 ℃) is reached at 3 m/s. 

3. The high velocity minimizes the rise in temperature of coolants because the residence 

time is low. 

4. The value becomes marginal as it exceeds 2 m/s. 

5. A recommended range of velocity is between 1-2m/s which is a good balanced cooling 

efficiency and electricity. 

 

This paper has explored the thermal behaviour of a liquid-cooled Battery Thermal Management 

System (BTMS) through the use of Computational Fluid Dynamics (CFD).The coolant was 70: 

30 mix of water and ethylene glycol and the temperature at the inlet was kept at 303 K and the 

velocity of the coolant was varied between 0.1 m/s to 3 m/s. The results of the simulation show 

that the velocity of coolant is an important factor when defining thermal behavior of the system. 

At reduced speeds, the coolant is in contact with the heated surfaces longer, and therefore the 

temperature increases greater. Temperature difference of 6.9 K reached the maximum at the 

velocity of 0.1 m/s. The temperature of the coolant was gradually reduced with the velocity 

because of the lesser residence time and enhanced convective heat transfer. Even at the 

maximum speed of 3 m/s the temperature increase was minimal at just 0.23 K. 

 

Reynolds number analysis was also used to determine the flow characteristics. The data 

indicated that in low velocities the flow was laminar and slowly changed into turbulent flow as 

the velocity grew. An increase in Reynolds number increased fluid mixing, increased 

convectional heat transfer that led to increased effectiveness in removing heat within the 

system. This was also supported by the corresponding rise in the Nusselt number and indicated 

better heat transfer performance at higher velocities. The calculations of heat transfer showed 

that the cooling performance is increasing greatly with the increase in velocity until some limit. 

But at velocities above about 2 m/s, the increase in cooling efficiency is small with no 

significant change in the pumping power demand. As such, a range of the most efficient coolant 

velocity of about 1-2 m/s is suggested to be used in the attempt to have an effective trade-off 

between the effectiveness of cooling the heat and energy consumption. On the whole, the CFD 

analysis shows that the use of liquid cooling as a means of thermostatic stability of battery 

systems is effective. The results of this research give valuable information in designing 

effective liquid-cooling BTMS setups and in controlling the coolant flow conditions to enhance 

the safety, reliability, and performance of lithium-ion battery packs applied in electric 

vehicles[26-30]. 
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8. FUTURE WORK 

Despite the fact that the current research allows generating useful information on the impact of 

the coolant flow velocity on the thermal performance of a liquid-cooled Battery Thermal 

Management System, some points can be elaborated to make the system design more efficient 

and precise. Future research can focus on the application of nanofluids like ZnO,  

Al2O3or CuO nanoparticles suspended in a water-ethylene glycol mixture to enhance the 

thermal conductivity of the coolant.  

 

Nanofluids have already demonstrated great potential of improving the heat transfer properties 

and are capable of further improving the maximum temperature and temperature gradients in 

the battery pack. Cooling channel geometry should be another research possibility. CFD can 

be used to analyze the different cooling channel designs including spiral channels, 

microchannels, or multi-channel designs to better the distribution of the coolant and the 

effectiveness of heat removal. Also, the further work could be devoted to the transient thermal 

studying of battery systems under practical conditions such as charge and discharge cycles.  

 

This would give a more realistic approach of the variation in the temperature in the battery in 

a practical mode of operation. Pressure drop, pumping power analysis may also be incorporated 

in future studies to determine the amount of energy used at the various coolant velocities. Both 

thermal and energy efficiency will need to be optimized to be effectively implemented in 

electric vehicles. 

 

 Lastly, it would be possible to validate the CFD results with a physical model of a battery 

cooling, and this would assist in confirming the numerical predictions and enhance the 

credibility of the simulation model[30-35]. 
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