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Abstract 
 

In the electric vehicles (EVs), battery thermal management system (BTMS) serves a key role in addressing the issue of 
excessive heat generated from chemical reactions and internal resistance which can cause capacity fade, thermal runaway 
and instability issues. In this study, a novel cooling system that combines liquid spray and forced-air is proposed. The cooling 
fluid used is Hydrofluoroether (HFE) which is a non-electrically conductive liquid. The study develops a transient heat transfer 
model of the battery module and investigates the effects of injection rate and injector arrangement on cooling performance. 
The results demonstrate that increasing the amount of HFE can further decrease the maximum temperature and the 
temperature non-uniformity of the battery module, but cost-benefit considerations must be taken into account. The injector 
layout also has a significant impact on the temperature distribution of the module. Optimizing the cooling system can reduce 
the maximum temperature and temperature difference of the module by 5.9 °C and 4.0 °C, respectively, compared to dry air 
cooling. These findings of the spray-assisted forced-air cooling system provide useful insights for developing a practical 
thermal management solution for EVs. 
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1. Introduction  

The recent trend towards sustainable energy development 

aims to provide reliable energy supplies based on 

environmentally friendly principles and to promote affordable 

energy services as part of the United Nations' sustainable 

development goals. Fossil fuels are currently the main sources 

of energy consumption, but they are finite and contribute to 

greenhouse gas emissions. Clean energy and energy efficiency 

can reduce environmental impact and support sustainable  

development. In the transportation sector, electric vehicles 

(EVs) have become a popular choice as they produce no 

emissions and can be powered by renewable energy to create 

a more eco-friendly system. The EVs rely on batteries as their 

primary source of power. These batteries are connected in 

series/parallel to create a module, and multiple modules are 

combined to form a battery pack that can achieve the desired 

voltage and power capacity. The performance of the battery 

pack affects the overall performance, reliability, safety, and 

cost of the EVs. Lithium-ion batteries (LIBs) are the most 

commonly used type of battery for EVs due to their high 

energy density, low self-discharge rate, and long cycle life. 

However, their narrow optimum operating temperature range 

presents a challenge.  

During charge and discharge periods, heat is generated 

inside the cells due to the electrochemical reactions. 

Appropriate heat removal is necessary to maximize battery 

power capacity and lifespan. If the battery cooling system fails 

to dissipate such heat, high temperatures inside the cells 
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reduce the internal resistance and result in self-discharge, 

irreversible chemical reactions, and shortened battery life. 

There is a growing body of literature that recognizes the 

importance of temperature on the performance of a battery. 

Most battery manufacturers recommend that the current LIB 

used in EVs typically require a reliable operating temperature 

range of -20 to 60 C for operation. However, the 

recommended operating temperatures might be narrowed 

depending on the ambient temperature, rate of 

charge/discharge and ageing concern. Leng et al.[1] revealed 

that the temperature of a LIB increasing from 25 C to 45 C 

raised the degradation rate from 4.22% to 8.74%, and the 

degradation rate jumped to 13.24% at 55 C. Additionally, the 

battery starts self-heating reaction due to the decomposition of 

solid electrolyte interface (SEI) film at temperature around 

60−80 °C.[2] This exothermic decomposition of the SEI 

triggers the thermal runaway in the cell. To concern the life 

span and the safe operation under any conditions of LIBs, it is 

typically recommended to operate them within a temperature 

range of 25 to 40 C.[3,4] An uneven temperature distribution 

in a battery pack can also affect battery performance, leading 

to unbalanced cells and reduced usable capacity. This 

circumstance increases internal resistance due to power 

losses.[5] An increase in temperature non-uniformity in the 

pack by 10−15 C can reduce the capability of the LIBs by 

30−50%.[6] To minimize this effect, temperature non-

uniformity in the battery pack should be limited to less than 

5 °C.[3] Therefore, the thermal impact and temperature 

uniformity of the battery pack are the main concerns for a 

battery thermal management system (BTMS) in EVs to ensure 

efficient and safe battery operation. 

A variety of studies have been conducted on the BTMS to 

address temperature-related issues. These systems can be 

classified into three groups based on the working media used 

for heat dissipation: air, liquid, and phase change material 

(PCM). Each has its advantages and drawbacks. Air-based 

BTMSs are widely used due to their simplicity, cost-

effectiveness, and reliability. The working fluid can be 

sourced from the atmosphere or the cabin. However, their 

performance is limited by factors such as low thermal capacity 

and temperature non-uniformity during high cooling loads. 

Recent studies report that natural convection can successfully 

dissipate heat in the battery pack operating at low discharge 

rates (0.5C). However, the air cooling is not adequate for 

thermal management at high discharge rates (2C).[7] This 

means that increasing the C-rate requires a larger amount of 

heat to be dissipated, where the C-rate indicates the number of 

hours a battery with a given capacity will last. Nowadays, the 

effectiveness of air-based BTMSs has been explored with 

regards to air flow configuration,[8] cell arrangements,[9,10] and 

inlet/outlet configurations.[11] These systems have been applied 

in commercial EVs, such as Nissan Leaf and Toyota Prius. 

The liquid-based cooling systems are more effective than 

air-cooled systems in dissipating heat in the battery pack. 

Liquid coolants have greater convective heat transfer 

coefficient, heat capacity, and thermal conductivity. There are 

two types of fluid used to dissipate heat in the battery pack: 

electrically conductive fluids, and non-electrically conductive 

fluids. Electrically conductive fluids, such as ethylene glycol, 

water, nanofluids, or the mixture of them, come into indirect 

contact with the batteries, which are placed in a fluid jacket,[12-

14] to avoid reactions and corrosion. The convective boundary 

layer controls the cooling performance of this technique. The 

thermal resistances of the material layers sandwiched between 

the battery and the liquid coolant cause temperature gradients. 

These undesired resistances can be eliminated by soaking 

batteries in the liquid. However, this method has safety 

concerns related to short circuits in case of leakage. The 

commercial EV models, i.e., GM Volt, Tesla model S, have 

implemented this innovated scheme as the cooling system. 

Non-electrically conductive fluids, such as mineral oil, 

silicone oil, and fluorinated hydrocarbon, are also used for 

entirely or partially submerged cooling, known as immersion 

cooling.[15,16] Typically, the thermal properties of non-

electrically conductive fluids are inferior compared to 

common coolants like water. This method offers improved 

heat rejection rate and temperature uniformity. However, it is 

challenging to implement in practice due to extra weight, 

additional components, increased maintenance, and a need for 

more space. 

The PCM-based approach utilizes a large heat capacity 

associated with a small change of temperature during the 

melting process of the materials to absorb the excess heat in 

the system. The heat is stored or released at a desirable melting 

temperature, and the latent heat of fusion is a key factor in 

achieving effective cooling.[17] PCMs have previously been 

used in cooling applications for electronics[18] and have 

recently gained interest due to their compactness, high 

efficiency, lightweight, low cost, and non-corrosive properties. 

However, the stored heat cannot be transferred directly from 

the PCM, so it is typically combined with other systems,[19-21] 

such as air cooling, liquid cooling, or heat pipes, to prevent 

heat buildup. Several attempts have been made to improve the 

cooling performance of the BTMS involving the PCM. 

Recently, the design of a battery cooling system employing 

various combination of PCM, metal foam and fins has been 

investigated.[22] This study indicated that the temperature of 

battery surface was kept at the lowest level under discharging 
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with 3C-rate and different environmental conditions. 

Moreover, the cooling performance of the LIBs was improved 

with the proposed methods. 

Despite the success of the various cooling techniques for 

BTMS, they all have limitations. The optimum BTMS cannot 

be determined. Much uncertainty still exists regarding the 

current battery cooling techniques, presenting research 

opportunities for improvement in cooling performance. For 

liquid-based systems, the success of a direct cooling method 

depends on the convective heat transfer coefficients of the 

fluids. Most studies have been affected by the poor thermal 

properties of non-conductive liquids. Enhanced thermal 

management of the battery pack can be achieved by adding a 

small amount of non-electrically conductive coolant to the 

main airflow. The liquid is atomized into small droplets and 

vaporized into the airflow when absorbing heat from the 

surrounding air and battery surfaces to provide a cooling effect. 

The heat transfer coefficient is certainly improved due to a 

massive surface-area-to-volume ratio coupled with the broad 

dispersion of droplets across the battery surfaces. Two-phase 

flow of atomized coolant and air in a cooling system improves 

heat transfer rate compared to forced-air cooling alone, due to 

its high capability of dissipating heat. 

Alkhedhair et al.[23] and Tissot et al.[24] conducted 

numerical studies to evaluate the impact of droplet size and air 

velocity on the cooling performance of heat exchangers 

through water sprays for pre-cooling of inlet air. They found 

that smaller droplets had a higher evaporation rate while 

higher air speed decreased the rate of droplet evaporation. 

Although larger droplets were less efficient for cooling, they 

had a greater dispersibility, leading to a more effective heat 

and mass exchange as a whole. To find the optimal condition 

by trading off between the effects of momentum exchange and 

evaporation rate, a balance must be considered between 

droplet size and air velocity. Montazeri et al.[25] analyzed the 

effect of physical parameters on the cooling performance of a 

water spray system and found that the cooling performance 

improved with a decrease in the mean droplet size. For a given 

mean droplet size, the cooling performance was enhanced for 

wider droplet-size distributions. The performance 

improvement of the air-cooled chiller with a water spray 

system was experimentally verified by Yang et al.[26]. The 

spray evaporative cooling system could reduce the power 

consumption of the compressor. The COP of the system 

increased by 4%–8%, corresponding to electricity-saving of 

2.37%–13.53%. Yang et al.[27] investigated the use of water 

spray to pre-cool the inlet air for the BTMS. They found that 

an increase in water flow rate could decrease the maximum 

temperature of the battery, but caused a large temperature 

distribution. Saw et al.[28] found that a water mist cooling 

system was capable of maintaining the battery temperature 

within the desired operating temperature range during 3C-rate 

charging. The potential of humid air cooling applications for 

battery packs was experimentally demonstrated by Zhao et 

al.[29] and Youssef et al.[30] The results indicated that the relative 

humidity of the ambient air had a significant effect on the 

cooling performance that ambient air with lower relative 

humidity provided better performance in heat dissipation. The 

evaporative cooling system was shown to improve the cooling 

efficiency of the battery with better temperature uniformity. 

Although the cooling concept of the liquid spray on the hot 

battery surface has been explored for years, the applications of 

liquid spray cooling to the BTMS are rather new. Most recent 

research has not addressed the safety concerns for long-term 

usage as the atomized water is an electrically conductive fluid. 

Moreover, there are more hidden dangers caused by the fluid 

leakage or blockage. Integrating non-conductive liquid spray 

and forced-air cooling technology is crucial for improving the 

safety of Li-ion BTMS. The primary objective of this study is 

to investigate the potential of using non-electrically 

conductive liquid spray cooling to meet the temperature 

requirements for densely packed batteries. The positioning of 

the liquid jet is also examined to optimize the usage of liquid 

spray. The working liquid used in this research is 

hydrofluoroether (HFE) which has previously been used for 

immersion cooling in electronics[31] and battery cooling.[32,33] 

To date, however, there has been little convincing evidence to 

apply the HFE in two-phase evaporative LIB cooling 

application. This study aims to fill the research gaps and 

provide data on the viability of HFE in this technique. 

 

2. Design of cooling system for battery module 

Overall, it appears that batteries function effectively within a 

specific temperature range. The operating temperature should 

be kept in between 25 C and 40 C, while the temperature 

variation inside the battery pack should be less than 5 C.[3,4] 

Most research efforts are focused on maintaining this optimal 

temperature range. In this study, a system consisting of both 

forced-air cooling and liquid spray cooling is proposed to 

dissipate heat from the EV battery. In order to operate an EV, 

a large amount of power is needed, which is achieved by 

connecting many thousands of battery cells. Simulating the 

heat transfer behavior of the entire battery pack used in the EV 

is not feasible due to limited simulation resources, therefore, 

this study focuses on examining a small battery module 

instead. As shown in Fig. 1, a battery module consisting of 40 

cylindrical cells was placed in an air flow passage with a liquid 

spray arranged above the battery module to enhance the heat 
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dissipation of the cooling system. Commercial NCR18650B 

3400-mAh Lithium Ion cells with NCA–LiNi0.80Co0.15Al0.05O2 

cathode and graphite anode were used due to their higher 

specific energy and better cell uniformity. The cell 

components, including the positive electrode, negative 

electrode and separators are wound together into a jellyroll. 

The complex structure of cell components including jellyroll, 

current connectors, and safety devices was simplified by a 

homogeneous lump with an anisotropic thermal conductivity. 

The thermal properties of the cell could be determined based 

on the mass-weighted average of its constituents.[7] The 

thermo-physical properties of the cells are displayed in Table 

1. 

As seen in Fig. 1(a), the battery module was arranged in an 

inline layout with a center-to-center spacing of 21 mm in both 

the longitudinal and transverse directions. A uniform airflow 

rate of 2 m/s was induced at the inlet. To enhance the cooling 

performance, liquid droplets were atomized by an ultrasonic 

mist generator and injected through four solid-cone nozzles at 

the top of the domain. Each nozzle had an inner diameter of 1 

mm. The liquid droplets injected were then suspended in the 

air stream to absorb heat from their surroundings. When the 

droplets impacted on the surface, they became deformed 

partially by absorbing heat through conduction, eventually 

forming a thin liquid film. A significant amount of heat was 

removed by droplet impact, evaporation and liquid film 

convection. Moreover, the heat transfer was considerably 

improved in the droplet impingement zone. As such, the 

positioning of the nozzles, as shown in Fig. 1(b), should be 

optimized to attain high cooling performance. 

Mudawar et al.[34] indicated that Novec fluid HFE-7100 is 

an ideal working fluid for direct-liquid-cooling systems in 

hybrid vehicles. It was evaluated based on environmental 

impact, thermophysical and dielectric properties, safety 

concerns, and material compatibility. Thus, HFE-7100 was 

chosen as the liquid coolant in this study. The properties of the 

test liquid 3MTM NovecTM Engineered Fluid HFE-7100 can be 

found in Table 2. It was noted that the liquid droplets and thin 

liquid film of HFE deposited on the cell surfaces could not be 

absorbed or diffuse into the cell materials; that could cause an 

adverse effect. In this study, after the Novec HFE-7100 fluid 

absorbs heat from the battery module, the idea of recirculating 

the fluid was considered. At the outlet of the battery cooling 

process, the fluid will have been heated and a considerable 

amount would have vaporized into gas-phase. To remove the 

HFE droplets from the hot air that is discharged outside, a mist

 
Fig. 1 (a) Schematic diagram of the battery module and its cooling system; (b) Position of nozzles; (c) Conceptual diagram of the 

HFE recirculation system.  
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Table 1. Specifications and thermal properties of Panasonic 

NCR18650B battery. 

Characteristics Value 

Cell length 65 mm 

Cell diameter 18 mm 

Anode material Graphite 

Cathode material LiNi0.8Co0.15Al0.05O2 

Electrolyte material LiPF6 in EC-DMC-DEC 

Nominal capacity Min. 3250 mAh 

Typ. 3350 mAh 

Charging CC-CV, Std. 1625 mA, 4.2 

V, 4.0 hrs. 
Max. Discharge Rate 2C 

Max. Discharge Rate 2C 

Nominal voltage 3.6 V 

Weight (max) 48.5 g 

 

 

 

 

 

 

Temperature Charge: 0 to +45 C @ 0.3C-

rate 
Discharge: -20 to +60 C @ 

1C-rate 

Storage: -20 to +50 C 

Energy density 

(based on bare cell) 

Volumetric: 676 Wh/L 

Gravimetric: 243 Wh/kg 

Anisotropic thermal 

conductivities 

radial 

directions, 

kr 

0.951 W/m-

C[7] 

axial 

direction, 

kZ 

37.106 W/m-

C[7] 

tangential 

direction, 

k 

37.106 W/m-

C[7] 

Density,  3,602.12 kg/m3[7] 

Specific heat capacity, cp 776.59 J/kg-C[7] 

Table 2. Product information of 3MTM NovecTM Engineered 

Fluid HFE-7100.[35] 

Properties Value 

Formula C4F9OCH3 

Molecular weight 250 

Boiling point 61 C 

Freezing point -135 C 

Density,  1,510 kg/m3 

Specific heat capacity, cp 1,183 J/kg-C 

Thermal conductivity, k 0.069 W/m-C 

Viscosity,  1.16810-3 Pa-s 

Latent heat of vaporization 112 kJ/kg 

Liquid surface tension 13.6 mN/m 

 

eliminator would be installed. This device would use several 

compressed layers of knitted wire mesh to capture the droplets 

from a vapor stream through a series of three stages: collision 

& adherence to the wire surfaces, coalescence into larger 

droplets, and drainage from the mist eliminator pad as a 

separate stream. The separated HFE would then be blended 

with the stored liquid HFE and cooled by heat exchanger 

before being recirculated in the system. The proposed 

recirculation process of the HFE is shown schematically in Fig. 

1(c). 

 

3. Heat generation of battery 

Before carrying out simulations to evaluate the performance 

of the cooling system, it is necessary to discuss the heat 

generated in a battery. There are four main sources of heat 

generation during the charging/discharging process, which are: 

reversible heat due to entropy change of the reaction, 

irreversible heat due to ohmic loss, heat due to side reactions 

and heat due to mixing.[36-38] The reversible heat can be positive 

(released) or negative (absorbed) depending on whether the 

battery is “discharging” or “charging”. This heat is generated 

from the reversible entropy change during the electrochemical 

reaction at the cathode and anode. The entropic heat absorbed 

or released in the forward reaction is equal to the amount of 

heat released or absorbed in the backward reaction. From 

thermodynamics, the entropy change during the 

electrochemical reaction is related to the open circuit potential 

(UOC), and the entropic heat can be expressed through the 

following relation: 

�̇�𝑟𝑒𝑣 = 𝐼 (𝑇
𝑑𝑈𝑂𝐶

𝑑𝑇
)                                 (1) 

where I is the current (positive on discharge) of the battery cell, 

T is the absolute temperature and dUOC/dT is the entropic heat 

coefficient. 

Irreversible heat generation is caused by the potential drop due 

to electron transport resistance during the electrochemical 

reactions in the electrodes, electrolyte, and current collector. 

Thus, the irreversible heat generation is an exothermic process 

and strongly depends on charge/discharge current. The rate of 

irreversible heat generation is given as: 

�̇�𝑖𝑟𝑟 = 𝐼(𝑈𝑂𝐶 − 𝑈) = 𝐼2𝑅                      (2) 

where UOC is the open-circuit voltage, U is the battery voltage, 

and R is the internal resistance of the cell. 

At high temperatures, additional reactions occur between the 

cell materials, including the solid electrolyte interphase (SEI) 

decomposition, electrolyte-anode reaction, electrolyte-

cathode reaction, and electrolyte-binder decomposition. The 

total heat source due to side reactions can be expressed as: 

�̇�𝑠𝑟 = �̇�𝑆𝐸𝐼 + �̇�𝑎𝑛 + �̇�𝑐𝑎 + �̇�𝑒 = ∑ 𝐻𝑘𝑚𝑘𝑅𝑘𝑘      (3) 

where Hk, mk and Rk are the reaction enthalpy, mass and 
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reaction rate of the chemical reaction k, respectively. All of 

these series reactions are exothermic. The kinetics of each 

reaction can be found in.[39,40] Heat generated due to side 

reactions increases exponentially at high temperatures and 

may lead to thermal runaway. However, at lower temperatures, 

the rates of side reactions are typically slow. As a result, the 

heat source due to side reactions can be ignored at operating 

temperatures below 80 C.[38] 

The heat generated by mixing is the enthalpy change when 

non-reactive substances are blended together. The impact of 

concentration gradients on this loss is significant. It can be 

released or absorbed as a result of the formation and relaxation 

of the concentration gradients in the electrolyte and the 

cathode particles during the operation of the battery. The heat 

of mixing can be expressed as: 

�̇�𝑚𝑖𝑥 =
𝜕

𝜕𝑡
[
1

2

𝜕𝐻𝑆

𝜕𝑐𝑆
∫(𝑐𝑆 − 𝑐𝑆,∞)2𝑑𝑉]                    (4) 

where HS/cS, cS and cS,∞ are the change in enthalpy of mixing 

for the species, the local and volume-averaged concentrations 

of the species, respectively. At low charge/discharge rates 

where the diffusion rate is comparable to the lithium 

inflow/outflow rate, strong concentration gradients do not 

develop. Therefore, the rate of enthalpy change due to mixing 

is relatively low compared to that due to the electron transfer 

reaction. At high charge/discharge rates, lithium flux 

propagates through a strong concentration gradient, leading to 

a significant enthalpy change. Therefore, the heat of mixing 

cannot be disregarded during high charge/discharge rates.[41] 

Hence, the total heat generated in the battery consisting of the 

four different sources can be rewritten as: 

�̇�𝑔𝑒𝑛 = 𝐼𝑇
𝑑𝑈𝑂𝐶

𝑑𝑇
+ 𝐼2𝑅 + ∑𝐻𝑘𝑚𝑘𝑅𝑘

𝑘

+ 

𝜕

𝜕𝑡
[
1

2

𝜕𝐻𝑆

𝜕𝑐𝑆
∫(𝑐𝑆 − 𝑐𝑆,∞)2𝑑𝑉]                      (5) 

The first term on the right side is the reversible heat due to 

entropic change. The entropic heat coefficient (dUOC/dT) 

which is a function of the state of charge (SOC) can be 

determined from the experimental results as shown in Fig. 2. 

The second term is the irreversible heat due to ohmic loss. The 

internal resistance (R), which is composed of the ohmic and 

polarization resistances, is dependent on both the temperature 

and SOC of the battery as presented in Fig. 2. The reversible 

heat is important at all C-rates, particularly at low C-rate, 

while the irreversible heat dominates at high C-rate.[42] The 

third term is the heat due to side chemical reactions. It 

becomes more prominent at high temperatures. The last term 

is the heat due to mixing that is quite small compared with the 

other heat sources. However, heat due to mixing is cited as a 

significant contributor to heat generation of battery at high 

charge/discharge rate.  

In this work, the complex components of a small battery, 

including the positive and negative electrodes, separators, and 

current collectors, are simplified using a homogeneous 

structure with an anisotropic thermal conductivity. Spatial 

variation in SOC and heat from mixing and side reactions are 

neglected, since their contributions are small in normal 

operating conditions of small lithium batteries. Therefore, the 

sources of heat generation considered in this battery model are 

entropic heat and resistive heat. 

�̇�𝑔𝑒𝑛 = 𝐼𝑇
𝑑𝑈𝑂𝐶

𝑑𝑇
+ 𝐼2𝑅                 (6) 

 

4. Governing equations and simulation method 

A three-dimensional model for transient simulation of the 

battery module is executed using the commercial CFD 

software, ANSYS Fluent. For the liquid spray cooling of the 

battery module, the two-phase flow behavior in which the 

small liquid droplets are suspended in the air stream is 

characterized by the Eulerian-Eulerian approach. Both air and 

liquid HFE droplets are treated as interpenetrating continua. In 

each control volume, a gaseous phase, consisting of air and 

HFE vapor, and a liquid phase consisting of various-sized HFE 

droplets exist. Due to the presence of two phases in the 

continuum, the transports of mass and momentum have to be 

weighted by the volume fraction of the dispersed phase. The 

coupling between phases is achieved through the pressure and 

the interphase exchange coefficients. The set of conservation 

equations is solved separately for each phase in the Eulerian 

framework to describe the spray characteristic. The continuity, 

momentum, and energy equations for phase k are expressed in 

Ref. [44]. 

𝜕(𝛼𝑘𝜌𝑘)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑘𝜌𝑘�⃑�𝑘) = ∑ 𝛤𝑘𝑙

𝑛
𝑙=1,𝑙≠𝑘               (7) 

𝜕(𝛼𝑘𝜌𝑘�⃗� 𝑘)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑘𝜌𝑘𝑣 𝑘𝑣 𝑘) = −𝛼𝑘𝛻𝑝 + 𝛻 ⋅ 𝛼𝑘(𝜏𝑘 + 𝜏𝑘

𝑡 ) +

𝛼𝑘𝜌𝑘𝑔 + ∑ 𝑀𝑘𝑙
𝑛
𝑙=1,𝑙≠𝑘 + 𝑣 𝑘 ∑ 𝛤𝑘𝑙

𝑛
𝑙=1,𝑙≠𝑘            (8) 

𝜕(𝛼𝑘𝜌𝑘ℎ𝑘)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑘𝜌𝑘𝑣 𝑘ℎ𝑘) = 𝛻 ⋅ 𝛼𝑘(𝑞𝑘 + 𝑞𝑘

𝑡 ) + 𝛼𝑘𝜌𝑘𝑔 ⋅

𝑣 𝑘 + 𝛻 ⋅ 𝛼𝑘(𝜏𝑘 + 𝜏𝑘
𝑡 ) ⋅ 𝑣 𝑘 + 𝛼𝑘

𝜕𝑝

𝜕𝑡
+ ∑ 𝐻𝑘𝑙

𝑛
𝑙=1,𝑙≠𝑘 +

ℎ𝑘 ∑ 𝛤𝑘𝑙
𝑛
𝑙=1,𝑙≠𝑘                                    (9) 

where kl is the mass transfer source term due to droplet 

breakup, collisions and evaporation, Mkl is the interfacial 

momentum transfer source term (two-way coupling), and Hkl 

is the energy exchange source term between phases k and l.  

In this work, a uniform droplet size distribution of 10 μm 

is assumed as the initial spray characteristic, and the dispersed  
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Fig. 2 Experimental data for the internal resistance and entropy thermal coefficient of battery.[43] 

 

phase is dilute enough to ignore droplet collisions. The drag 

function of Schiller and Naumann and the lift model of 

Saffmen-Mei are applied for the momentum exchange 

coefficients. The Ranz-Marshall correlation is used for the 

heat transfer coefficient of droplets. These terms contain the 

appropriate physics of the spray model, and further details can 

be found in Ref. [44,45]. As a requirement of the conservative 

condition, the sum of all phasic volume fractions must equal 

1: 

𝛼𝑔 + ∑ 𝛼𝑘
𝑛𝑑𝑟𝑜𝑝𝑙𝑒𝑡𝑠

𝑘=2
= 1                    (10) 

where g is the volume fraction of gas phase containing air 

and HFE vapor, and the liquid phase consists of the droplets 

of various sizes. Since air and HFE vapor are mixed in the gas 

phase, another transport equation for individual substance is 

required.[46] 

𝜕(𝛼𝑔𝜌𝑔𝑌𝑖)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑔𝜌𝑔𝑣 𝑔𝑌𝑘) = 

𝛻 ⋅ (𝛼𝑔 (𝜌𝑔𝐷𝑌𝑖
+

𝜇𝑔
𝑡

𝑆𝑐𝑡)𝛻𝑌𝑖) + 𝑆𝑌𝑖
                (11) 

where Yi is the mass fraction for substance i, and SYi is the 

source term of the evaporated liquid mass from the droplets. 

The heat source for the battery module can be found by Eq. 

(6), and the governing equation for heat conduction in each 

battery can be written as:[7] 

𝜌𝑏𝑐𝑝,𝑏
𝜕𝑇𝑏

𝜕𝑡
=

𝑘𝑏,𝑟

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇𝑏

𝜕𝑟
) +

𝑘𝑏,𝜃

𝑟2

𝜕2𝑇𝑏

𝜕𝜃2 + 𝑘𝑏,𝑧
𝜕2𝑇𝑏

𝜕𝑧2 + �̇�𝑔𝑒𝑛    

(12) 

The heat generation rate of the battery is loaded by coding 

the User Define Function (UDF). Phase Coupled SIMPLE 

scheme is used for pressure-velocity coupling of the two-

phase flow and Presto scheme is used for pressure 

discretization. Second-order upwind scheme is selected to 

discretize all the governing equations and turbulent flow 

model involved. Realizable k−ε turbulent model[47] is selected 

to capture the flow field of the mixture. The near-wall region 

solved using enhanced wall treatment, requiring the y+ of the 

boundary layer meshes around unity. The thickness of the first 

layer mesh near the wall is about 0.1 mm. The meshed 

geometry discretized with tetrahedral elements is shown in Fig. 

3, where the inflation layers and differences in mesh sizing for 

different regions are apparent. 

Initially, the system is at an ambient temperature of 27 °C. 

Air is induced at the inlet boundary with a uniform velocity of  

 
Fig. 3 Meshed model of the BTMS. 
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2 m/s and a temperature of 27 °C. Monodispersed HFE-7100 

droplets are injected at the inlet boundary with a constant 

velocity and a temperature of 25 °C. The pressure-outlet 

boundary condition is assigned to the outlet. A no-slip 

boundary condition is imposed on all walls, and the effects of 

wall adhesion are accounted for by the given contact angle of 

90°. The enclosure walls are considered to be thermally 

adiabatic. The battery wall/fluid interface is assumed to have 

a coupled thermal boundary, which means that both 

temperature and heat flux are continuous at the interface. 

 

5. Results and discussion  

In the simulation, a fully charged battery module (SOC = 1) 

was continuously discharged at 2C-rate until it was completely 

depleted (SOC = 0), which was achieved by using a constant 

discharge current of 6.8 Amps for approximately 30 minutes. 

The HFE was sprayed vertically downward from the nozzles 

while ambient air with a velocity of 2 m/s was induced 

horizontally across the falling HFE droplets as shown in Fig. 

1. By the HFE droplets and ambient air flowing together, the 

convective heat transfer was enhanced and thereby led to an 

improvement in the cooling performance of the battery 

module. The objective of designing the thermal management 

system is to maintain a maximum cell temperature under 40 

C and to keep the temperature uniformity within 5 C, so as 

to avoid a decrease in charging efficiency and battery life. 

Before conducting the simulation, the mesh independence 

and time step studies were carried out to ensure that the 

generated mesh and time step size were appropriate for 

capturing the flow and thermal characteristics of the system. 

During sensitivity analysis, the boundary and initial condition 

remain the same. Different sizes of element were generated, 

ranging from coarse to dense, to analyze grid-independence of 

the model as shown by the results in Fig. 4. Once the number 

of elements reached 4,667,630, the temperatures of the battery 

module stabilized and remained relatively unchanged. 

Similarly, the sensitivity analysis was also conducted for time 

steps, as shown in Fig. 4. There were small changes in cell 

temperatures for time steps less than 10 seconds. To avoid 

further longer computational time and resource usage, the 

model with 4,667,630 elements and a time step of 10 seconds 

was discretized for subsequent simulations, where the 

simulated maximum cell temperature error will not exceed the 

limit of 0.17 C. 

Figure 5 displays the temperature development in each row 

of the battery module during discharge. The HFE liquid was 

injected from nozzles at position P01, where the nozzles were 

located at the front of the battery module as shown in Fig. 1. 

The cell temperature increased linearly in the beginning of the 

discharge and then slowed down in the middle stage. This was 

because the air was heated as it passed through the rows of 

cells, thus causing the temperature difference to drive the 

convective heat transfer. The small increase in cell row 

temperature allowed the temperature difference to be restored, 

so that there was almost an equilibrium between heat 

generated and convective cooling. In the final stage of 

discharge, the battery temperature rose rapidly due to the 

increased entropy thermal coefficient and internal resistance at 

lower SOC, as presented in Fig. 2, resulting in a higher heat 

generation rate. The average temperatures of batteries in each 

row increased along the horizontal air flow path, with the 

exception of the first row near the nozzles. This was likely due 

to the increased free-stream turbulence from the preceding 

rows and the shear effects from the constriction of the flow 

passages. Wakes were formed and trapped between the 

neighboring rows of batteries. This enhanced heat transfer in 

subsequent rows, and this increase in heat transfer persisted 

until the third row. Then, the heat transfer became stable from  

 

Fig. 4 Mesh independence and time step studies. 
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Fig. 5 Temperature evolution of the battery module for 2C 

discharge rate. 

 

the fourth row on.[7] Additionally, the reduced contact of HFE 

droplets with the cell surfaces in the frontmost row near the 

nozzles reduced the effective wetted surface area for 

convective heat transfer. 

Figure 6 shows the motion of HFE droplet along the flow 

channel, with color representing the volume fraction of HFE 

liquid at the end of discharge process. Due to fine 

monodispersed spray, the droplets likely completed 

evaporation within a short distance, as evidenced by the 

volume fraction of HFE liquid. This is due to the high specific 

surface area of the fine droplets, which creates strong heat 

convection between the droplets and surrounding air, leading 

to complete evaporation. Moreover, the trajectories of droplets 

colored by velocity streamline, as shown in Fig. 7, also affect 

the cell temperature. HFE droplets absorbing heat from the 

cell surface as they impinge and then being carried away by 

airflow causes a sharp decrease in surface temperature in the 

impingement zone due to the high heat transfer coefficient of 

liquid droplets. Besides, the droplets with a higher flow rate 

can penetrate deeper into the battery module. On the other 

hand, the low-velocity HFE spray Fig. 7(a) shows minimal 

impact on the cooling rate of the battery module, as most HFE 

droplets are swept away by cooling air before absorbing heat 

from the warm battery surface.  

 
Fig. 6 The propagation of HFE droplets through the battery. 

 

The effect of the HFE injection position on the cooling 

performance of the battery module was also investigated and 

the results are presented in Fig. 8. As the position of nozzles 

was altered as shown schematically in Fig. 1(b), the total HFE 

flow rate was kept constant at 20 g/s. At the end of discharge, 

the maximum cell temperatures at all injection points 

remained below 40 C, and the nozzle at P12 provided the 

lowest maximum temperature. Furthermore, the maximum 

temperature differences of the battery module of all injection 

points, except at location P01, were less than 5 C. Although 

the lowest average cell temperature was found at the nozzle 

location P01, the last row of the battery module had a higher 

temperature, resulting in a larger temperature difference that 

exceeded the recommended range. For a dry air-cooling 

 

Fig. 7 Temperature contours of the battery module and HFE streamlines for different HFE injection rates: (a) 10 g/s, (b) 20 g/s, (c) 

40 g/s, (d) 60 g/s. 
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Fig. 8 Impact of nozzle position on the temperature distribution of the battery module. 

 

system, both the maximum temperature and temperature 

difference are higher than the thermal requirements in the 

BTMS design. Therefore, the HFE spray cooling can enhance 

the performance of the air-cooling system, and the 

arrangement of nozzles has a significant impact on the heat 

dissipation rate of the hybrid cooling system. 

Increasing the amount of HFE injection improved the heat 

dissipation rate of the system, as seen by the decreasing cell 

temperatures at a slower rate in Fig. 9. As a result, the 

maximum temperature difference across the battery module 

decreased exponentially. For proper battery operation, the 

HFE mass flow rate should be at least 20 g/s. Excessive 

increases in HFE flow rate have limited impact on cell 

temperature reduction, indicating that excessive HFE injection 

in the hybrid cooling system is not cost-effective for heat 

dissipation. 

That the layout of the nozzle and the amount of HFE 

injection play a significant role in cooling the battery module 

has been discussed, but excessive HFE can be detrimental to 

efficiency and cost. Therefore, it is necessary to determine the 

optimal design of the HFE spray. To evaluate these optimal 

conditions, a parameter called the spray cooling effect has 

been defined. This parameter is the ratio of the heat dissipation 

rate augmented by liquid spray to the mass flow rate of the 

liquid spray. 

Spray cooling effect (J/g)= 
Heat dissipation rate of battery module (J/s)

Mass flow rate of HFE injected (g/s)
                    

(13) 

To find the optimum amount of HFE and placement of nozzles, 

extensive simulations are executed for different nozzle 

positions (i.e. P01, P12, P23, P34, and P45) and for different 

HFE flow rates (i.e. 0, 5, 10, 20, 30, 40, 50, and 60 g/s). Fig. 

10 displays the spray cooling effect for different combinations  

 
Fig. 9 Impact of HFE flow rate on the temperature distribution of 

the battery module. 

 

of nozzle arrangements and injection rates. The design 

constraints are depicted by the dashed lines in the figure, 

which are Tmax  40 C in the diagonal line zone, and T  

5 °C in the red polka dot zones. Increasing the mass flow rate 

of HFE weakens the spray cooling effect because there is 

excess HFE for dissipating limited heat. This overcooling 

causes the unnecessary expenditure of energy. Moreover, 

placing nozzles farther from the inlet also diminishes the spray 

cooling effect. This is because some HFE is swept away by air 

stream before absorbing heat from the batteries. Therefore, the 

highest spray cooling effect is found in the lower left part of 

the domain, but this design is completely unacceptable as it 

exists in Tmax failure zone or T failure zone. The optimal 

design that meets these constraints is shown to be where the 

HFE nozzles are at position P12 with a flow rate of 20 g/s. If 

the flow rate of the liquid spray were to decrease to a certain 
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level, e.g. 15 g/s, the maximum cell temperature would 

increase significantly, thereby increasing the risk of thermal 

runaway in the battery. Hence, the diagram in Fig. 10 can be 

used as a guide for determining the optimal design of the 

spray-assisted forced-air cooling system for the battery 

module. 

 
Fig. 10 Contour plot of spray cooling effect versus nozzle 

position and HFE flow rate. 

 

6. Conclusions 

In this study, the heat dissipation characteristics of Li-ion 

batteries when subjected to forced-air cooling combined with 

liquid spray were numerically analyzed. The non-conductive 

liquid, Novec fluid HFE-7100, was used in the form of 

uniformly sized droplets injected into a dry air stream to 

enhance convective heat transfer. The following conclusions 

were made: 

(1) Due to the formation of fine droplets, a large amount of 

liquid spray evaporates rapidly over a short distance from the 

nozzles, causing a significant decrease in the volume fraction 

of the liquid. This evaporation process absorbs heat energy 

from the surroundings, thereby enhancing the heat transfer 

capability of the cooling medium. The remaining droplets 

dispersed in the airflow and deposited on the cell surfaces also 

absorb heat from their surroundings. 

(2) During the discharge process, the temperature of the 

battery cells significantly increases in the SOC range of 0−0.2. 

This is due to the high rate of heat generation caused by the 

battery characteristics, particularly its internal resistance. This 

range of SOC is considered dangerous for the battery as high 

temperatures can decrease its capacity. 

(3) Using the spray-assisted forced-air cooling system results 

in a more uniform temperature distribution of the battery 

module compared to that when using dry air cooling alone. 

With the optimal design, the maximum temperature and 

temperature uniformity can be reduced 5.89 C and 4.02 C, 

respectively, compared to dry air cooling. 

(4) Increasing the amount of liquid spray improves the heat 

transfer capability of the system. To ensure that the battery 

operates within the optimum temperature range, it is 

recommended to maintain a minimum HFE injection rate of 

20 g/s. However, the ability to decrease cell temperature 

decreases gradually as the amount of HFE liquid spray 

increases. 

(5) To achieve maximum cooling performance, it is crucial 

to ensure that the liquid jet trajectory contacts the cell surface, 

as the high heat transfer coefficient of the droplets facilitates 

efficient heat dissipation. The optimal design is achieved when 

the nozzles are mounted between rows 1 and 2 of the battery 

module. 

Future research should focus on validating the accuracy and 

practicality of the model by comparing the results with those 

obtained from experiments. 
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Nomenclature 

Symbols Description 

c concentration mol/m3 

cp specific heat capacity J/kg−C 

D effective diffusion coefficient 

m2/s g body force vector N/m3 

h specific enthalpy J/kg 

H reaction enthalpy J/kg 

Hkl enthalpy exchange term W/m3 

I discharge/charge current A 

k thermal conductivity W/m−C 
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m mass kg 

Mkl momentum exchange term W/m3 

p pressure Pa 

 heat generation rate W 

R reaction rate s-1 

R internal resistance  

Sct turbulent Schmidt number − 

t time s 

T temperature C 

Tmax maximum cell temperature C 

T temperature difference within 

battery module C U voltage V 

 velocity m/s 

V volume m3 

Y mass fraction − 

Greeks  

 dynamic viscosity kg/m-s 

 shear stress N/m2 

 mass exchange term kg/(m3-s) 

 volume fraction − 

 density kg/m3 

Subscripts  

b battery 

c cell 

f fluid 

g gas phase 

gen generation 

i substance 

k phase, species 

kl between phase k and l 

mix mixing 

rev reversible 

irr irreversible 

S species 

Abbreviatio

ns 

 

BTMS Battery thermal management 

system C-rate Charge/Discharge rate 

EC ethylene carbonate 

EV Electric vehicle 

DEC diethyl carbonate 

DMC dimethyl carbonate 

HFE Hydrofluoroether 

LIB Lithium-ion battery 

LiPF6 lithium hexafluorophosphate 

OC Open circuit 

PCM Phase change material 

SEI Solid electrolyte interphase 

SOC State of Charge 
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