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Abstract 
 

The thermal management of battery modules plays a crucial role in their lifetime, performance, and safety risks. Overload, 
or external heat, gives rise to thermal runaway. Under high operational conditions, the electrolyte inside the battery cell 
evaporates and produces a higher pressure, causing the electrolyte to decompose, leak, ignite, and explode. The thermal 
behavior of the battery with the flow of ferrofluid channeled zigzag through the battery casing is considered using the 
turbulent mixture. The computational domain comprises twelve prismatic LiFePO4 battery cells with four cooling flow jacket 
configurations. A reasonable agreement is reached from the comparison process. The outlet coolant temperatures for the 
TiO2 nanofluids and Fe3O4 ferrofluids are higher than for water as the working fluid and higher concentration give increased 
heat removal ability. The inversed-zigzag channeled flow decreases the battery temperature. The maximum temperature 
gradients of the battery module are 5.00 oC, 4.60 oC, 4.53 oC, 3.41 oC, and 1.85 oC for models I, II(a), II(b), III, and IV, respectively. 
Therefore, this cooling system may be an alternative for designing a cooling system for the interior area of the battery module, 
especially a large-scale module. 
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1. Introduction 

1.1 Energy density and efficiency of the battery 

Pb-Acid was applied as the backbone for EV in the first few 

days, usually separated into starting and deep-cycle batteries.[1] 

However, the early EVs required many batteries, increasing 

the weight. It uses deep cycle types because it has higher 

energy capacity and sustainability. The battery does not 

generate a voltage; we call it a storage battery.[2] The specific 

power is battery charging capacity, which should have little 

specific energy.[3] Higher specific energy means that the motor 

requires more energy. The Li-ion batteries are lighter and 

smaller in scale than other types, facilitating their entry into 

the marketplace. Ni-MH is used in many applications because 

of its higher specific power and density.[4] Furthermore, the 

specific power is 40% more than Ni-Cd HEV batteries. 

However, due to specific power limitations, it can be as much 

as 75 Wh/kg.[5] Efficient energy storage is presented as the 

content charged and discharged from the battery. Among all 

types of the same size, the Li-ion battery has a greater energy 

density than other batteries.  

 

1.2 Battery cooling techniques 

The Battery Thermal Management System (BTMS) is crucial 

in modern electric vehicles because it can handle extreme 

operating conditions effectively. Fig. 1 shows a conceptual 

BTMS workflow created by the NREL to simulate the general 

EV battery thermal management processes and output thermal 

responses.[6] For the battery module, the appropriate operating 

condition of each battery cell is controlled by BTMS.[7] During  
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Fig. 1 Conceptual BTMS workflow by NREL.[6] 

 

the operation, the chemical reaction process generates heat,[8] 

so the thermal cooling system is essential, which also depends 

on the cell configurations.[9] EVBs rely heavily on battery cells 

as their core component. The automotive industry frequently 

uses three cell formats: Cylindrical, pouch, and prismatic (see 

Fig. 2). The main distinction among cell formats is the cell 

casing design and the placement of the cathode, anode, and 

separators. Prismatic and cylindrical cells are usually packed 

into a hard aluminum or stainless steel case. Aluminum 

composite foils with multilayers are used for packaging pouch 

cells. A jelly roll is formed by electrode webs wound with 

separators in cylindrical cells. Flat jelly rolls or stacked 

electrodes are the primary methods for prismatic cells. Stack 

arrangement is the only arrangement used in pouch cells. 

Literature describing the Li-on battery's effectiveness, life 

cycle, and safety is reviewed.[10] Air cooling is a simple, 

uncomplicated technology where the air circulates through the 

system. The early-stage EV models usually adopt a passive 

ambient air-cooling strategy due to its compactness and low 

cost. It also saves more energy for the lower specific energy 

battery cells[11] than other technologies. Still, the limitation of 

this method is the thermophysical properties for removing 

thermal cooling. The researchers developed an air-cooling 

system that forces/induces air to move through the cooling 

devices under different conditions, which results in the cooling 

system's inability to control the temperature consistently 

during operation.[12] However, this cooling method can be 

modified and developed for higher cooling efficiency by 

different pipe geometries and airflow paths.[13,14] The relevant 

parameter effects, including; battery cell size and coolant flow 

channels on thermal cooling efficiency and thermal behavior, 

have been considered.[15-17] An algorithm to monitor load status 

(SOC), health status (SOH), load status (SOC), current, and 

temperature[18] has been developed. Pagaria et al.[19] applied  

 
Fig. 2 Configurations of cell for (a) cylindrical cells, (b) prismatic cells, and (c) pouch cells. 
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a smarter battery management system and charging for electric 

vehicles. In addition, the thermal management systems, 

temperature distribution, and effect of electrodes with carbon 

materials on the safety of the batteries have been reviewed.[20-

22] 

For the liquid cooling system, water and oil have been 

applied as working fluids circulating in the system.[23] An EV 

liquid-cooling usually consists of tubes, a water pump, a heater 

(heat exchanger from the high-temperature engine coolant), 

and air conditioning (AC, which is usually used as a part of 

the heating, ventilation, and air conditioning system on the EV 

to control the cabin environment and is partially used for 

cooling the coolant), heat exchanger, fan, and heat transfer 

structures between tube and battery cells. The majority of this 

cooling system, the evacuation of heat, is the heat transfer 

through a jacket,[24] a tube,[25] and a heat sink.[26] Furthermore, 

the effects of geometries and cooling surface structures on 

thermal cooling efficiency have been examined.[27,28] The 

impact of various cooling channels and temperature 

distribution has also been studied.[29,30] The effect of C-rate, 1 

C-rate means a fully charged 1 A in an hour, on the battery 

pack performance has been considered.[31] The work 

introduced the thermoelectric application for battery pack 

cooling with nanofluid/water as the coolant, have also been 

carried out.[32-36] 

Another cooling technique, a latent mode for removing 

heat load, is known as phase change material (PCM). The 

phase change material (PCM) commonly used for battery 

thermal management is paraffin wax. Its cost is low and cheap 

and easily available without much change in temperature 

during the phase change PCM releases or absorbs a large 

amount of latent heat during the phase change without much 

temperature change. This method is a lightweight system that 

provides constant heat dissipation.[37] However, one of the 

drawbacks of this method is the restriction of the properties of 

the coolant. Work on embedding these methods with a cooling 

plate, flat tube, heat sink, and PCM was examined.[38-43] Next, 

Choudhari et al.[44] analyzed the battery thermal cooling 

performance with PCMs. It is important to note that machine 

learning models have been developed.[45] Karimi et al.[46] 

reviewed the battery cooling techniques with PCMs. Next, 

Cao et al.[47] proposed the PCM for battery pack cooling. In 

addition, the studies on the thermal cooling performance 

enhancement of the PV/T using PCM have been reviewed.[48] 

The heat produced by the chemical reaction had an essential 

impact on energy capacity and efficiency. Depending on the 

operation conditions, the cell's highest temperature and 

temperature gradient design the battery cooling system within 

the expected temperature range. Numerous cooling techniques 

are used in a battery cooling system, which has different 

advantages and disadvantages. The heat transferability 

depends on the coolant's thermophysical properties and flow 

conditions. Water and oil are mostly used in liquid cooling 

systems. Besides, ferrofluid applications as a coolant in heat 

transfer augmentation thermal devices have received much 

attention. Ferrofluid has the capability of heat transfer 

enhancement. The prismatic battery cells are larger than the 

cylindrical shape. As it is assembled into a set of modules, it 

has a large scale, which results in temperature distribution. 

This is because the inside of the battery module is not chilled, 

which causes heat concentration in the area. The liquid coolant 

channel is the essential part of a liquid-cooling system to 

transfer the heat from battery cells to the water tank or the 

environment. The design improvements for the coolant 

channels mainly focus on increasing the heat transfer 

efficiency. The purpose of this study is to consider the thermal 

behavior of the prismatic battery module using the channeled 

ferrofluids. Due to excellent chemical and physical stability 

and safe material, the spherical shape Fe3O4 nanoparticles with 

purity>99.9% are used for this study. The cooling system with 

different flow arrangements is designed and fabricated for the 

battery module. In addition, the effects of the coolant types 

and ferrofluids concentration on the maximum battery module 

temperature and outlet coolant temperatures have been 

investigated.  

 

2. Mathe atical  odeling 

2.1  he  ain governing equations 

The combined convection of a nanofluid composed of 

nanoparticles (Fe3O4) suspended in the base fluid (Water) in 

the jacket of the battery cooling module was considered. The 

geometries and dimensions of the problem are illustrated in 

Fig. 3, and the details of the prismatic LiFePO4 cell are shown 

in Table 1. The mixture model is used in the simulation process, 

assuming a high-phase coupling, and the particles closely 

follow the flow, which is supposed to have the velocity 

interaction of both phases. The governing equations for each 

phase in the mixture are used separately, and this model 

provides good predictions for nanofluid problems.[49,50] The 

mixture model uses the following assumptions: 

- No phase changes have taken place. 

- Single pressure is taken into account for all phases. 

- Interactions between individual scattered phases are 

excluded. 

- It does not include the generation of secondary turbulence. 

- The secondary phase significantly directly impacts 

turbulence in the primary phase. 



Research article                                                                                                                                                                                Engineered Science 

 

4 | Eng. Sci., 2024, 27, 1017                                                                                                                                                   © Engineered Science Publisher LLC 2024 

 
Fig. 3 Dimension of the battery module. 

 

 able 1. Details of the prismatic LiFePO4 battery. 

Properties Specification 

Electrolyte material chemistry 

Dimension (Width*Length*High) 

Weight 

Nominal capacity 

Nominal voltage 

Charge cut-off voltage 

Discharge cut-off voltage 

Number of cells 

Total voltage 

Lithium Iron Phosphate 

42*177*98 mm 

1395 g 

50 Ah 

3.2 V 

3.65V (100% SOC) 

2.50V (0% SOC) 

12 

38.4 V 

 

2.1.1 Battery 

The energy conservation of the module batteries may be 

written as follows: 

∇ ∙ (𝜆𝑏∇𝑇𝑏) + 𝑄 =  0                            (1) 

where ρb, Cp,b, and 𝜆 b are the battery cell's density, heat 

capacity, and thermal conductivity, respectively. Tb is the cell 

temperature, and Q is the heat in the battery cell. The heat from 

the battery can be calculated from Bernardi[51] as follows: 

𝑄 =  𝐼(𝑽 − 𝑽𝑂𝐶𝑉) + 𝐼𝑇
𝑑𝑽𝑂𝐶𝑉

𝑑𝑇
    (2) 

where I(V-VOCV) is the irreversible heat mode (Ohmic and 

polarization heat), I is the supplied current, VOCV is the open-

circuit battery voltage, V is the voltage provided, T is the 

battery temperature. The second term is reversible heat change 

due to entropy change. The entropy coefficient (d(VOCV )/dT) 

is dependent on the relevant parameters (Energy density, state 

of charge, battery temperature).[51] Reversible heat mode 
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predominates at low intensity, and irreversible heat at high 

intensity.[52] Both the charged and discharged processes 

significantly affect the irreversible increase in heat.[53]  

 

2.1.2 Coolant  

The principal equations that describe the flow of the mixing 

fluid and the heat transfer characteristics in the battery cooling 

module jacket are:[54] 

Continuity equation: 

𝛻 ⋅ (𝜌𝑚𝑉𝑚) = 0    (3) 

Momentum equation: 

𝛻 ⋅ (𝜌𝑚𝑉𝑚𝑉𝑚) = −𝛻𝑝𝑚 + 𝛻(𝜇𝑚𝛻𝑉𝑚) + 

𝛻 ⋅ (∑ 𝜙𝑘𝜌𝑘𝑉𝑑𝑟,𝑘𝑉𝑑𝑟,𝑘
𝑛
𝑘=1 ) − 𝜌𝑚𝛽𝑚𝑔(𝑇 − 𝑇𝑖)    (4) 

The density of the mixture may be calculated from.[55] 

𝜌𝑚 = (1 − 𝜙)𝜌𝑤 + 𝜙𝜌𝑝              (5) 

where 𝜙 is the volume fraction  

Energy equation: 

𝛻 ⋅ ∑ (𝜙𝑘𝑉𝑘𝐶𝑝𝑘𝑇)𝑛
𝑘=1 = 𝛻 ⋅ (𝜆𝑚𝛻𝑇)    (6) 

 Volume fraction: 

𝛻 ⋅ (𝜙𝑝𝜌𝑝𝑉𝑚) = −𝛻 ⋅ (𝜙𝑝𝜌𝑝𝑉𝑑𝑟,𝑝)  (7) 

The viscosity of the mixture may be calculated from.[56] 

𝜇𝑚 = (1 + 2.5𝜙)𝜇𝑤              (8) 

The mixture's thermal conductivity may be determined 

from.[57] 

𝜆𝑚 = [
𝜆𝑝+2𝜆𝑤−2𝜙(𝜆𝑤−𝜆𝑝)

𝜆𝑝+2𝜆𝑤+𝜙(𝜆𝑤−𝜆𝑘𝑝)
] 𝜆𝑤                          (9) 

The specific heat of the mixture may be calculated from.[58] 

(𝜌𝐶𝑝)
𝑚

= 𝜙(𝜌𝐶𝑝)
𝑝

+ (1 − 𝜙)(𝜌𝐶𝑝)
𝑤

            (10) 

Vm is the average mass velocity: 

𝑉𝑚 =
∑ (𝜙𝑘𝜌𝑘𝑉𝑘)𝑛

𝑘=1

𝜌𝑚
      (11) 

𝑉𝑑𝑟,𝑘is the secondary drift velocity. 

𝑉𝑑𝑟,𝑘 = 𝑉𝑝𝑤 − ∑
𝜙𝑘𝜌𝑘

𝜌𝑚
𝑉𝑘

𝑛
𝑘=1           (12) 

Manninen et al.[59] and Schiller et al.[60] proposed the relative 

velocity and drag function, respectively, as follows: 

𝑉𝑝𝑤 =
𝜌𝑝𝑑𝑝

2

18𝜇𝑤𝑓𝑑𝑟𝑎𝑔

(𝜌𝑝−𝜌𝑚)

𝜌𝑝
(𝑔 − (𝑉𝑚 ⋅ 𝛻)𝑉𝑚) = 𝑉𝑝 − 𝑉𝑤     (13) 

𝑓𝑑𝑟𝑎𝑔 = {
1 + 0.15 𝑅𝑒𝑝

0.687 𝑅𝑒 ≤ 1000

0.0183 𝑅𝑒𝑝 𝑅𝑒 ≻ 1000
      (14) 

The k–e turbulence model for the mixture is expressed as 

follows:[61] 

Turbulent kinetic energy (k) equation: 

𝛻 ⋅ (𝜌𝑚𝑉𝑚𝑘) = 𝛻 ⋅ (
𝜇𝑡,𝑚

𝜎𝑘
𝛻𝑘) + 𝐺𝑘,𝑚 − 𝜌𝑚𝜀    (15) 

Turbulent kinetic energy dissipation () equation: 

𝛻 ⋅ (𝜌𝑚𝑉𝑚𝜀) = 𝛻 ⋅ (
𝜇𝑡,𝑚

𝜎𝜀
𝛻𝜀) +

𝜀

𝑘
(𝐶1𝐺𝑘,𝑚 − 𝐶2𝜌𝑚𝜀)     (16) 

Where 

𝜇𝑡,𝑚 = 𝜌𝑚𝐶𝜇
𝑘2

𝜀
           (17) 

𝐺𝑘,𝑚 = 𝜇𝑡,𝑚(𝛻𝑉𝑚 + (𝛻𝑉𝑚)𝑇)                    (18) 

The constants are obtained from the comprehensive data 

fitting as follows:[61] 

𝐶𝜇 = 0.09, 𝐶1 = 1.44, 𝐶2 = 1.92, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3  (19) 

 

2.1.3  he cell battery and alu inu  cooling block 

interface  

The heat transfer between the battery and the cooling jacket is 

obtained as follows:      

−𝜆𝑏
𝜕𝑇

𝜕𝑛
= −𝜆𝑎𝑙

𝜕𝑇

𝜕𝑛
           (20) 

Where 𝜆𝑏  and 𝜆𝑎𝑙   are the cell thermal conductivity and 

cooling jacket, 
𝜕𝑇

𝜕𝑛
 is the temperature gradient across the object 

in the normal direction. 

 

2.1.4  he cooling jacket and working fluid interface  

The interface between the cooling jacket and the coolant is 

defined by:   

−𝜆𝑎𝑙
𝜕𝑇

𝜕𝑛
= ℎ𝑐(𝑇𝑎𝑙 − 𝑇𝑐𝑜𝑜)           (21) 

Where ℎ𝑐 is the convective heat transfer coefficient between 

the coolant and the cooling jacket surface, 𝑇𝑎𝑙 and 𝑇𝑐𝑜𝑜 are the 

temperatures of the cooling jacket and coolant, respectively.  

 

2.2 Boundary conditions 

The calculation process was conducted under the following 

conditions: 

- Exterior wall: adiabatic.    

- Inlet:  𝑇 = 𝑇𝑖𝑛, 𝑉 = 𝑉𝑖𝑛 

- Outlet: 𝑝𝑜𝑢𝑡 = 𝑜    

- Battery wall: 𝑞 = 𝑞𝑖𝑛 

 

2.3 Nu erical si ulation and verification 

Nanofluids with Fe3O4 nanoparticle[62] suspension are prepared 

ultrasonically with a constant nanoparticle concentration of 

0.015% per volume without surfactants, with details as shown 

in Table 2. As mentioned above, the thermophysical properties 

of ferrofluid used in the numerical process can be calculated 

from the proposed correlation. SIMPLEC algorithm[63] is 

employed to deal with the model using the Ansys Fluent 

(2022). The computational domains of the problems are shown 

in Fig. 4. The ferrofluids circulate in the cooling jacket of the 

prismatic battery module. All grid configurations of the 
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numerical analysis are depicted in Fig. 5. There are three 

approaches to non-uniform processes for grid independence to 

ensure the accuracy of results. As shown in Table 3, outlet 

coolant temperatures independent of the grid number have a 

value > 8,900,000 for model II and >9,000,000 for model IV. 

The grid numbers of 8,900,000 (model II) and 9,000,000 

(model IV) are adequate for the precision of the predicted 

results. The diagnostic computing system includes 18 CPU 

cores and 96 GB of RAM. The computation process ends 

when the rest reaches the cut-off value (<10-5). 

 able 2. Thermo-physical properties of nanoparticle (Fe3O4).[62] 

Properties Values at 25±1 

Density, (kg/m3) 5180 

Thermal conductivity, (W/m.K) 80.4 

Viscosity, (mPa S) - 

Specific heat, (J/kg.K) 670 

Purity, % >99.9 

Average diameter, nm 23 

 

This section focuses on verifying intended outcomes. The 

turbulent mixture model considered the flow and thermal 

behaviors of a nanofluid circulating through the jacket of the 

battery cooling module. There are no experimental results for 

the battery cooling model as indicated in Fig. 3. However, we 

attempted to confirm the predicted results of the turbulent 

mixture model by using it to analyze the battery cooling 

system according to the published work[32] and compared with 

the predicted results of the Eulerian model.[46] The predicted 

results from the present study are in good agreement with 

measured data[32] and give an error of 4.93%, and reasonable  

 able 3. Grid-independent test for model III and model IV. 

Grids (model II) Outlet temperature (oC) % Error 

2,100,000 27.77  

8,900,000 27.43 1.22 

10,900,000 27.40 0.11 

Grids (model IV) Average outlet temperature (oC) % Error 

5,400,000 27.65  

9,000,000 27.34 1.12 

10,800,000 27.33 0.04 

 
Fig. 4 Computational domain for the numerical analysis. 

 Inlet 0.4 m/s
25 °C

Outlet
Environment Pressure

Battery 88.8 W
(3.7V x 2A x 12unit)

Model I Model II 

Inlet 0.4 m/s
25 °C

Outlet
Environment Pressure

Battery 88.8 W
(3.7V x 2A x 12unit)

Model III 

Inlet 0.4 m/s
25 °C

Outlet
Environment Pressure

Battery 88.8 W
(3.7V x 2A x 12unit)

Inlet 0.4 m/s
25 °C

Outlet
Environment Pressure

Model IV 
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Fig. 5 Grid configuration used in the numerical analysis. 

 

agreement with predicted results from the Eulerian model[46] as 

shown in Table 4. In addition, the maximum battery 

temperature obtained is consistent with the study.[64] 

 able 4. Comparison of the outlet coolant temperature from the 

measured data,[32] the predicted results from [46], and the present 

predicted results. 

 

Cooling 

models[32] 

Outlet coolant temperature (oC)  

% 

Error 

Measured 

data[32] 

Predicted 

results[46] 

Present 

predicted 

results 

Case I 28.72 29.77 28.34 1.33 

Case II 26.32 28.71 27.65 4.93 

 

3.  esults and discussion  

The thermal distribution and flow characteristics of the 

prismatic LiFePO4 battery module for different cooling flow 

jacket configurations, coolant types, and coolant 

concentrations are analyzed and presented. The mixture model 

analyzes the thermal characteristics of the inversed zigzag-

channeled ferrofluid flow through the battery housing. For the 

cylindrical battery cell assembled into a set of modules, there 

is rarely a problem with heat concentration, and the 

temperature difference within the same cell exceeds the 

acceptable standard. This is because the battery cells are small 

and cylindrical in shape. However, the prismatic battery cells 

are larger than the cylindrical shape. As it is assembled into a 

set of modules, the thermal dissipation design is not good; it 

causes the heat spot at the internal zone, and the temperature 

difference across the cell exceeds the acceptable value, 

negatively affecting the battery module's performance and 

long life. This study presents the battery cooling system for 

the prismatic LiFePO4 battery module with a single and 

double-layer flow channel of the outer cold plate cooling 

system with different coolants and concentrations. The 

suspension of nanoparticles in the base fluid alters the transfer 

properties of the working fluid. Higher flow disturbance near 

the wall significantly increases the swirling flow, resulting in 

higher turbulent intensity and higher nanoparticle mixing. 

Therefore, the ability to remove heat using nanofluids as a 

coolant is higher than using water as a coolant. The Fe3O4 

ferrofluids give the battery module cooling ability higher than 

TiO2 nanofluids for providing the same concentration. At 

higher concentrations of nanofluids, as a result of greater 

surface area and molecular collisions, energy transport tends 

to increase with the concentrations of nanofluids. Therefore, a 

 

Model I 
Model II 

Model III 

Model IV 
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higher level of nanofluids increases the heat transfer rate, as 

shown in Tables 5 and 6. For the operating conditions, a very 

low voltage (trickle) is set for the charging process and a 4A 

current rate for the discharging process. In addition, the single 

and double-layer inversed zigzag flow channels with 

ferrofluid flowing through the system are proposed. The 

thermal distribution of the outer cold plate for the battery 

module is shown in Fig. 6. The coolant flows into the system 

at the middle zone of the battery module, then bifurcates and 

flows along the outer surface of the battery module. After that, 

they converge in the manifold at the outlet port on the other 

side of the battery module. From the considering system, heat 

is transferred from the battery module to the coolant flowing 

through the flow channels around the battery module. It is 

found that the outer zone around the battery has the lowest 

temperature and tends to increase continuously and then has 

the highest value in the inner zone, about 30.26 oC at the 4th 

cell from the exit port. Moreover, the temperature of the 

packaging is observed to increase downstream. The maximum 

temperature gradient (maximum-minimum) of the battery 

modules is about 5 oC, and the maximum temperature gradient  

 

across the cell is 2.24 oC. Considering the coolant, it was found 

that the temperature continuously increases and has a 

maximum value of about 28.59 oC at the exit port, as shown in 

Fig. 6. 

 able 5. Effect of coolant types on the temperatures of the battery 

module (model IV). 

Temperature (oC) 

Coolant types 

Water TiO2 

nanofluids 

Fe3O4 

ferrofluids 

Average outlet 

coolant  

26.02 26.15 26.18 

Maximum battery 

module  

27.45 27.23 27.17 

 able 6. Effect of ferrofluid concentrations on the temperatures 

of the battery module (model IV). 

Temperature (oC) 

Ferrofluids concentration (%by 

volume) 

0.010 0.015 0.020 

Average outlet coolant 26.15 26.18 26.23 

Maximum battery module 27.24 27.13 26.95 

 

 
Fig. 6 Variations of the battery module and coolant temperatures (Model I). 

 

Battery te  erature 

  - Maximum 30.26  C 

  - Minimum 25.27  C 

  - Average 28.46  C 

Coolant outlet te  erature 

  28.59  C 
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To reduce the highest temperature of the cell, we designed 

the cooling system as a two-flow channel (upper and lower), 

as shown in Fig. 7. Fig. 7 shows the temperature of model II 

with the same coolant flow direction. It was found that the 

temperature distribution characteristics of the battery modules 

were similar to model I, but the highest temperature from 

model II(a) is less than that of model I. The maximum 

temperature of 30.02  C is in the inner region of the battery 

(4th cell from the output port). The temperature gradients of 

the battery module and across the cell are 4.60  C and 2.22  C, 

respectively. The effect of the coolant flow direction on the 

battery module's temperature distribution is illustrated in Fig. 

8. The first flow enters the cooling jacket at the top end and a 

second current at the bottom end. The highest temperature of 

the battery module occurs at the center of the inside, about 

29.88  C, and tends to decrease slightly as the outer zone. The 

highest temperature gradients of the pack and across the cell 

are 4.53 and 2.13  C, respectively. 

The thermal management system is crucial in their lifetime, 

performance, and safety risks. The results from models I and 

II, the temperature gradient of the battery module and across 

the cell is still high. This is because the inside of the battery 

module is not chilled. The optimum working temperature for 

a battery pack is 15  C to 35  C. The optimal temperature 

gradient must be less than 5  C to avoid adverse reactions.[65] 

A battery management system (BMS) is included in most 

lithium-ion batteries to prevent the battery from operating 

beyond a specified temperature threshold. If the battery 

temperature exceeds this threshold, the anodic coating 

decomposes. At high operating conditions, the electrolyte 

starts to evaporate, and the pressure in the cell increases, which 

can cause the battery to fail mechanically. The heat increases 

the reaction rate, increasing its temperature and resulting in a 

sequence of exothermal chemical reactions inside each cell. 

The uncontrolled increase in temperature and pressure in the 

battery causes the electrolyte to break down, leak, ignite, and 

explode.  

The thermal runaway can be initiated, causing a domino  

 
Fig. 7 Variations of the battery module and coolant temperatures for co-current flow (Model II(a)). 

 

Coolant outlet te  erature  

  26.79  C 

Coolant outlet te  erature    

26.67  C 

Battery te  erature 

  - Maximum 30.02  C 

  - Minimum 25.42  C 

  - Average 28.60  C 
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Fig. 8 Variations of the battery module and coolant temperatures for countercurrent flow (Model II(b)). 

 

effect until each cell of the battery is degraded, which 

overcharging, short-circuiting, or the presence of external heat 

causes the thermal runaway. Therefore, a battery cooling 

system that can cool the internal zone is proposed, as shown 

in models III and IV. The inversed-zigzag cooling system is 

shown in Fig. 9. Cooling fluid enters the system at the front 

end of the middle area. After that, it follows along the zigzag 

flow channel that can chill the central area of the pack and then 

exits the system at the other end. The lowest temperature 

occurs in the coolant inlet area, which rises continuously when 

 

Battery te  erature 

  - Maximum 29.88  C 

  - Minimum 25.31  C 

  - Average 28.47  C 

Coolant outlet te  erature  

    26.72  C 

Coolant outlet te  erature 

    26.79  C 
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the distance from the inlet is greater. 

A maximum value at the last cell at the outlet zone is about 

28.67 ºC, which is the maximum temperature obtained with 

Model III is lower than that obtained with Models I, II. 

Furthermore, the heat concentration occurs at the outlet zone 

of the pack. Unlike models 1 and 2, heat is concentrated in the 

central region. The highest temperature gradient of the pack is 

3.41 oC, and the highest temperature gradient of a single cell 

is 0.85 oC. 

Reducing the pack's highest temperature and temperature 

difference can be obtained by dividing the flow into two 

streams, and the flow characteristic is opposite, as in Fig. 10. 

The first mainstream enters the pack at the front lower flow 

channel. In contrast, another mainstream enters at the other 

end (upper flow channel). This flow arrangement reduces the 

concentration of heat at the downstream zone. The figure 

shows that the highest temperature of 27.13  C occurs at the 

upper zone of the pack, and the highest temperature gradient 

across the battery module is 1.85  C, as shown in Fig. 10. The 

variations of ferrofluid temperature along the flow channel for 

models I and IV are presented in Fig. 11. It is found that the 

coolant temperature tends to increase with increasing distance 

from the inlet port which corresponds to the change in the 

battery module temperature. The effect of the coolant flow rate 

on the battery module temperature is shown in Fig. 12. Based 

on model IV, the removal cooling ability of coolant increases 

with increasing flow rate. We found that the highest 

temperature for the highest flow rate is 26.73 oC, followed by 

a moderated flow rate of 26.38 oC and the lowest flow rate of 

26.27 oC. 

 

Fig. 9 Variations of the battery module and coolant temperatures for co-current flow (Model III). 

 

Battery te  erature 

  - Maximum 28.67  C 

  - Minimum 25.26  C 

  - Average 27.06  C 

Coolant outlet te  erature 

    27.36  C 
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Fig. 10 Variations of the battery module and coolant temperatures for countercurrent flow (Model IV). 

 
Fig. 11 Streamlines and temperature distributions of coolant (Models I and IV). 

 

Battery te  erature 

  - Maximum 27.13  C 

  - Minimum 25.30  C 

  - Average 26.44  C 

Coolant outlet te  erature     26.18  C 

Coolant outlet te  erature 

     26.17  C 
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Fig. 12 Variations of battery module temperature (Model IV) for different coolant velocities (0.5, 0.8, 1.0 m/s). 

 

4. Conclusions 

The battery cooling system is crucial in its lifetime, 

performance, and safety risks. The results of the heat transfer 

behavior of the prismatic LiFePO4 battery pack are presented. 

The motion of nanoparticles suspended in the base fluid and 

thermal conductivity significantly affect the battery's heat 

removal capacity. The predicted results were validated with 

the measured data, and good agreement was achieved. 

However, there are some limitations, including excluded 

interactions between individual scattered phases, the 

generation of secondary turbulence, and the secondary phase 

significantly directly impacts turbulence in the primary phase. 

In the prismatic LiFePO4 battery pack, the highest temperature 

of the battery pack and the gradient of the cell is still high. This 

is because the inside of the battery module is not chilled. The 

uncontrolled increase in temperature and pressure in the 

battery cells causes the electrolyte to break down, leak, ignite, 

and explode. A thermal runaway can be initiated. Therefore, 

the inversed-zigzag cooling channeled flows are proposed, in 

which the coolant follows along the zigzag flow channel that 

can chill the central area of the battery pack. The highest 

temperature values and temperature gradient are different in 

various cooling models and various thermophysical properties 

of coolant. It is found that the highest temperatures of the 

battery packs are 30.26 oC, 30.02 oC, 29.88 oC, 28.67 oC, 27.13 

for models I, II(a), II(b), III, and IV, respectively. 
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No enclatures 

C constant 

Cp specific heat, kJ/(kg oC)   

f friction factor  

G particle-particle interaction modulus, Pa 
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g gravity acceleration, m/s2     

h heat transfer coefficient, W/(m2 oC) 

I supplied current, ampere  

𝑘 turbulent kinetic energy, m2/s2 

p pressure, N/m2 

Q generated heat, W 

q heat flux, W/m2 

Re Reynolds number 

T temperature, oC    

𝑽     voltage, V 

V     velocity, m/s 

Greek sy bols 

𝜌 density, kg/m3 

𝜙 volume fraction 

(𝜌𝑐𝑝)heat capacity 

𝜇 viscosity, kg/ms   

𝛽 friction coefficient, kg/m3s    

𝜆 thermal conductivity, kW/(m oC) 

𝜀 dissipation kinetic energy, m2/s3  

Subscri ts 

al aluminum 

b battery 

c convective 

coo coolant 

dr drift 

drag     drag     

i   interface 

in   inlet     

m   mixture     

out   outlet 

OCV open circuit voltage 

p particle 

pw relative velocity 

w the base fluid 

T temperature, oC 

t turbulent   

Acrony s 

AC  air conditioning 

BTMS battery thermal management system 

C-rate  discharge/charge rate relative to maximum capacity 

EV  electric vehicle 

HEV  hybrid electric vehicle 

Ni-Cd nickel cadmium 

NREL  National Renewable Energy Laboratory 

PCM phase change material 

PV/T photovoltaic thermal panel 

Li-ion lithium ion 
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