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Abstract 
 

Numerical analysis and testing were conducted to predict the cooling removal ability of a pack utilizing ferrofluid flowing via 
a channel lined with different mini-channel heat sink units. The battery module components are made of aluminum blocks. 
In this study, sixty 18650 batteries are evaluated in a cylindrical form at a total voltage and current of 25.2V and 30A, 
respectively. This study selected improving the properties of the coolant and the flow surface area to improve the battery 
thermal cooling. The integrated heat sink unit has a larger surface area and more flow disruption of the coolant running 
through it. As a result, Models I and II exhibit the greatest and lowest temperatures, respectively. The cell maximum 
temperatures are 30.91 °C (Model I), 30.10 °C (Model II), 30.11 °C (Model III), and 30.12 °C (Model IV). Furthermore, Models 
I, II, III, and IV exhibit temperature gradients of 2.35 °C, 1.48 °C, 1.56 °C, and 1.61 °C, respectively. These findings have 
significant significance for the evolution of the battery thermal management system, as they explore several heat transfer 
enhancement approaches for improving thermal cooling to obtain safe and stable operation. 
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1. Introduction 

The battery temperature management systems are critical for 

maximizing the potential of electric vehicles. Many variables 

influence the decision to adopt a cooling system for thermal 

management, such as vehicle performance requirements, 

financial constraints, and present environmental conditions. 

The battery thermal management system (BTMS) is designed 

to withstand harsh designing temperatures, making it an 

essential component of any current electric vehicle (EV).[1] It 

can keep the working temperature within the limits specified 

range.[2]  

The National Renewable Energy Laboratory (NREL) 

analyzed the pack's thermal performance and temperature 

distribution.[3] BTMS can generally be classified as air cooling, 

liquid cooling, phase change materials (PCM), or a 

combination system.[4] Each cooling technique has benefits 

and downsides, as seen in Fig. 1. Because of their small size 

and cheap cost, early-stage EV vehicles often employ passive 

ambient air cooling. High ambient temperatures (over 

35.00 °C) considerably influence passive cooling efficiency.[5] 

Consequently, EVs equipped with air conditioning may only 

be driven in cold or mild weather. 

In contrast to passive air cooling, active cooling may 

require storage energy, lowering overall driving efficiency. 

The cooling medium may significantly influence the active 

BTMS cooling efficacy. Air cooling is widely recognized for  
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Fig. 1 Summary of each battery thermal management system's advantages and disadvantages. 

 

its exceptional compactness, durability, and affordable 

production and maintenance costs.[6] However, Chen et al.[7] 

studied the fact that air cooling needed more energy than liquid 

cooling at the same temperature. Cooling PCM often achieves 

higher temperature homogeneity than other methods.[8] 

However, PCM is commonly regarded as a viable integrated 

system in other BTMSs to capitalize on its latent heat 

benefits.[9] A liquid cooling system provides higher thermal 

efficiency than an air cooling system.[10] Many experimental 

data indicate that liquid cooling may reduce temperature rises 

more effectively than PCM and air cooling.[11] This study will 

look at current research on liquid cooling for BTMSs to learn 

more about this technology's heat transfer and dissipation 

potentials. Liquid-cooling BTMS and vehicle powertrains rely 

on water/glycol solvent as the most common coolant. The 

freezing point of water is reduced by using ethylene glycol.[12] 

The properties of the coolant have a significant effect on 

BTMS cooling performance. The heat removal ability of oil 

coolants is generally 1.5-3 times that of air. Nanoparticles may 

be mixed into ordinary liquid coolants to enhance thermal 

conductivity.[13,14] Because of their high heat conductivity and 

low viscosity, liquid metals such as mercury and gallium 

alloys might be used as coolants, but they are much more 

costly than water and oil.[15,16] Optimizing the liquid-cooling 

BTMS design and structure is crucial for enhancing overall 

cooling performance, as shown in Fig. 2. 

 

1.1 Coolant channel improvement  

The flow channel is a crucial component of a liquid-cooling 

system, transferring heat from the cells to the coolant running 

through it. The channel design improvements are mainly 

intended to improve thermal performance and low energy 

consumption. Zhao et al.[17] designed a cooling system using a 

mini-channel-embedded cylinder. Lan et al.[18] proposed a 

mini-channel tube for a cell that discharges at various speeds. 

 
Fig. 2 Summary of thermal cooling enhancement of liquid cooling of battery thermal management system. 
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The optimal design keeps the temperature at its maximum of 

27.80 °C, with a temperature gradient of 0.80 °C for discharge 

rates of 1C, 1.5C, and 2C. Jiaqiang et al.[19] and Cao et al.[20] 

looked into the effect of the mini-channel on thermal cooling 

at the battery pack system level. The optimization work 

involved modifying the T-junction to improve thermal cooling 

performance. The temperature difference of 11.00 °C is the 

most significant temperature during 2C discharge at 38.85 °C. 

Sheng et al.[21] created a liquid-cooling BTMS with two inlets 

and outputs with different locations, channel widths, and flow 

orientations. Xie et al.[22] developed a channel liquid-cooling 

system for the serpentine channel's inner surface. Temperature 

uniformity and heat transfer between battery cells and liquid 

coolants may be significantly improved due to the increased 

mixing flows in the channel caused by the redesigned baffles. 

Li et al.[23] studied the performance of a liquid-cooling system 

for Lithium-ion battery (LIB) cells with a discharge rate of 3C. 

Li et al.[24] developed a new wavy cooling channel liquid-

cooling system. When discharged at 5C, the designed channel 

decreased the highest temperature and temperature gradient by 

12.80 °C and 5.30 °C, respectively. 

 

1.2  eat tran  er  ac et improvement  

A jacket connects the cells to the coolant flowing in the 

cooling system. Heat transfer efficiency has a substantial 

influence on system cooling performance. The jacket upgrades 

are often obtained by swapping conducting materials or 

modifying the configuration of the flow channel. Chen et al.[25] 

applied the metal shell as a spreader jacket with higher cooling 

performance. Coleman et al.[26] added aluminum and metal 

wax to the liquid cooling system for better heat removal. The 

predicted results demonstrated that the modified system offers 

appropriate cooling efficiency under typical conditions. Zhang 

et al.[27] employed flexible graphite plates with thermal solid 

conductivity for the cooling system with a reduced 

temperature gradient of 5.00 °C. Zhang et al.[28] modified the 

cooling jacket of a BTMS using a sodium polyacrylate 

hydrogel and a composite silica gel plate.[29] Rao et al.[30] 

studied a cooling jacket for the pack. The best design lowered 

the highest temperature and weight by 28.00% and 47.00%, 

respectively. Tang et al.[31] created and enhanced a contact 

surface-based area for the 18,650 lithium battery cells. Using 

a contact surface angle of 15° and 2C discharge resulted in 

outstanding cooling performance, with a temperature gradient 

of 2.58 °C. Li et al.[32] designed a novel jacket for a liquid-

cooled system, reducing the highest temperature and 

temperature gradient.  

 

1.3 Cold plate improvement  

The liquid-cooled system uses a cooling plate made of thin 

metal with coolant channels circulating through it.[33] Jarrett et 

al. [34] and Smith et al.[35] examined three types of liquid-cooled 

cold plates. It was discovered that all systems give enough 

cooling ability for the pack. Jin et al.[36] improved the cooling 

system with embedded fins. The increased heat transport 

maintained the cell temperature below 50 °C. De Vita et al.[37] 

created a cold plate for cooling performance enhancement of 

prismatic LIB cells. Simulations proved the design capacity to 

keep temperature rise less than 2.50 oC. Li et al.[38] employed 

an aluminum chamber with a grooved surface for a cold plate. 

Tong et al.[39] determined how many prismatic battery cells 

could be placed between two cold plates. The battery module 

maintains an average temperature of < 39.85 °C. Huo et al.[40] 

employed aluminum cold plates and mini-channel designs to 

cool lithium-ion prismatic cells. Qian et al.[41] tuned four 

essential variables of the cold system, and it was found that the 

highest temperature and temperature gradients were reduced 

by 13.30% and 43.30%, respectively. Wang et al.[42] developed 

a thermal silica cold plate to enhance the cooling mechanism 

in prismatic LIB cells. Wang et al.[43] developed a thermal 

silica cold plate system to maintain temperatures below 

42.00 °C. Patil et al.[44] The cold plate was used to cool LIB 

pouch cells to lower the maximum temperature and 

temperature differential. Karthik et al.[45] employed a multi-

objective evolutionary algorithm to optimize the coolant flow 

rates. Chen et al.[46] created an artificial neural network (ANN) 

with three essential criteria to predict the peak temperature and 

energy requirement of a cold plate system of LIB cells. A 

successful quick charging-cooling schedule may maintain the 

highest temperature below 33.35 °C. Garg et al.[47] used 

Thompson sampling's approach to improve three critically 

relevant parameters. Wang et al.[48] experimentally studied 

three essential cold plate parameters in a liquid-cooled system 

using a prismatic pack. For maximum temperature, the best 

combination is 28.32 °C with a 3.02 °C difference. 

 

1.4 Coolant improvement  

The primary coolant upgrade consists of changing a standard 

liquid coolant without substantially modifying the existing 

liquid-cooling system, in which the liquid-cooling systems 

often employ dielectric coolant. Van Gils et al.[49] 

demonstrated a dielectric coolant to consider the effect of 

boiling operations on thermal cooling performance. Wang et 

al.[50] also employed hydrofluoroether-7000, a nonflammable, 

dielectric refrigerant, as the working fluid in a cooled system. 

Hirano et al.[51] applied a cooling technique to increase the 

cooling thermal removal ability. Despite high cyclic charging 

and discharging rates, the batteries remained at a maximum 



Research article                                                                                                                                                                                Engineered Science 

 

4 | Eng. Sci., 2025, 33, 1299                                                                                                                                                   © Engineered Science Publisher LLC 2025 

temperature of 35 °C. An et al.[52] introduced a cooled system 

with the dielectric hydrofluoroether liquid as a coolant. Tan et 

al.[53] studied a cooling system for a LIB pack with a charging 

rate of 3C. Al-Zareer et al.[54] studied the liquid cooling system 

using pressurized ammonia and liquid metal as a coolant.[55,56] 

The metal coolant has about 50 times the thermal conductivity 

and six times the density of water, which means that the liquid 

metal can keep the pack under the designed temperature. Li et 

al.[57] used a PCM solution flowing in the cooling system for 

the pack. The velocity and concentration of coolant 

significantly affect the peak temperature. The most effective 

investigation was by Naphon et al.[58-64], who continuously 

performed tests and numerical calculations. They examined a 

liquid cooling system with varying coolant kinds, flow 

directions, and electric car batteries. The cooling system of the 

pack with different nanofluids, including AgO nanofluids,[65] 

Al2O3, or CuO nanofluids.[66] Kritzer et al.[67] employed 

pressurized CO2 as a working fluid flowing in the cooling 

system for battery packs in high-temperature environments, 

avoiding fire and thermal runaway. Chen et al.[68] created 

cooling scheduling algorithms to achieve thermal 

management goals. It is found that the peak temperature is less 

than 26 °C (0.5C), 32 °C (1C) and 40 °C (1.5C). Chang et al.[69] 

created a liquid-cooling system that uses reciprocating flow. 

The peak and average temperature gradient decrease by 1.67 

and 3.77 °C. Recent research has examined the power 

capabilities of cells with varying degrees of health and 

compared the performance of four conventional lithium-ion 

batteries with phase change materials in comparable circuit 

models.[70-72]  

The heat generated by the energy storage power pack 

during operation is complex, significantly influencing the 

thermal performance and lifetime of the energy storage. 

Consequently, thermal cooling is essential to keep the system 

working correctly. Liquid cooling performs more in heat 

removal ability and controlling temperature, making it a good 

alternative for high-performance applications. Air 

conditioning, on the other hand, is a straightforward and 

affordable feature that is appropriate for certain car types. As 

EV technology improves, the development of heat 

management systems is critical to realizing the full potential 

of electric mobility. Many variables influence the decision to 

adopt a cooling system for thermal management, such as 

vehicle performance requirements, financial constraints, and 

present environmental conditions. As previously stated, the 

power pack is cooled using many cooling methods. 

Understanding how chemical phenomena, peak temperature, 

and temperature fluctuate with operating circumstances is 

critical. The current study continuously used numerical 

analysis and experimentation to estimate the cylindrical Li-ion 

pack's temperature distribution and maximum temperature 

using a ferrofluid cooling system flowing through a channel 

lined with heat sink units. The derived results are verified with 

the measured data.[58-64] 

 

2.  xperimental apparatu  and procedure 

As shown in Fig. 3, the cylindrical lithium-ion battery unit is 

an experimental setup. Cooling by refrigeration, cooling by 

hot-side ferrofluid, cooling by cold-side refrigeration, and 

electrical control are the four primary loops just before it 

enters the hot side flow channel of the thermoelectric module, 

the refrigeration cooling loop chills the hot side coolant loop. 

The R134a refrigerator cooling system controls and chills the 

intake hot side coolant before it enters the thermoelectric 

cooling module. A peristaltic pump, a magnetic pump, and an 

ultrasonic bath make up the hot side ferrofluid cooling loop. 

With a series of steps beginning with suction from the 

ultrasonic bath and ending with its return to the bath, the 

ferrofluid travels via the flowmeter and into the hot side flow 

channel of the thermoelectric cooling module (TCM). The 

accurate receiver and stopwatch record the rate of flow. In 

contrast to the flowmeters, which measure the rate of coolant 

flow, the digital weight scale measures the mass of the fluid 

with a full-scale accuracy of 0.01%. A longer peristaltic pump 

may produce pulsing ferrofluid flows, while a water pump can 

carry out continuous ferrofluid flows via the thermoelectric 

cooling module. When it comes to monitoring the 

temperatures of the coolant at the intake and outlet ports of the 

TCM hot side, all type-T thermocouples provide an accuracy 

of 0.1% of full-scale reading. Connected to the computer, the 

Datataker DT85 records them every three seconds. The 

components of the cold side water loop were the storage tank, 

flowmeter, test section unit (battery pack), and radiator. First, 

the test part (the electric car battery pack) receives the pumped 

and supplied coolant, which lowers the temperature. After that, 

it returns to the tank via the heat exchanger, where it is heated 

and then released into the surrounding environment. We can 

measure the coolant temperature at different points by 

applying four type-T thermocouples pre-calibrated with a dry 

block type calibrator. 

Electric automobiles and other portable electronics are 

only two of the many growing markets for Li-ion batteries. 

Researchers only needed one row of sixty cylindrical lithium-

ion battery cells for this investigation. In Table 1, you can see 

the details of the 18650-cylinder cell. The electric vehicle's 

battery pack consists of a battery and a liquid cooling package, 

as seen in Fig. 4. The main cooling block and two cover plates 

made of aluminum make up the liquid cooling package. On 
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the left side of the main cooling block in the center zone are 

the 60 cylindrical holes that measure 18.44 × 65.21 mm in 

diameter and height. On the right side of the block are the top 

flow channels, and in the middle zone are the 60 holes for 

cylindrical battery cells. Install screws into the rubber gasket 

that covers the main cooling block's two side interfaces and 

secures them to the cover plate. Then, use the thermal insulator 

Aeroflex sheet to cover it and keep the heat in. The SUNKCO 

709A and similar pulse spot welding machines connect the 

copper wires to the electric car BTMs and the nickel plate, 

which holds the battery cell poles. The BMS controls the 

voltage and current that reach the battery pack. In order to 

determine the distribution of temperatures, a Datataker DT85 

connected to a computer takes data from each of the 

thermocouples. Mounted on the primary surface of the battery 

cells, seven type-T thermocouples make up the middle zone of 

the cell height. The current method for determining the 

coolant's temperature uses four thermocouples. 

This is because the ambient air temperature affects the 

thermal performance of the EV battery pack. Therefore, the 

test room temperature is controlled at a constant ambient 

temperature of 25 oC. The relevant instruments have 

uncertainty and accuracy, as shown in Table 2. First, in this 

experiment, the charged and discharged processes are 

performed without liquid cooling circulation for different 

current rates (1A, 2A, 4A) to consider the transient thermal 

response of the battery unit with operating time. As expected, 

the discharge/charge current rates significantly affect the 

module's overall temperature. Suppose using a very high 

charge/discharge current. The battery cell is whole and runs 

 
Fig. 3 Schematic diagram of the experimental apparatus. 
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out quickly, making it challenging to observe the changing 

battery temperature. Therefore, the charged and discharged 

processes are performed at the current 1A, 2A, and 4A rates 

(More details, see [59]). The most common way to charge 

lithium-ion batteries is using a CC-CV charger. In terms of 

timing, the charging of constant current devices occurs before 

the charging of constant voltage devices. Connecting the 

charger to the battery activates the CC mode, which keeps the 

electric current constant. 

 a le 1. Details of the 18650-type cylindrical battery cell.[54] 

Properties Specification 

Electrolyte material chemistry 

Diameter 

Height 

Weight 

Nominal capacity 

Nominal voltage 

Charge cut-off voltage 

Discharge cut-off voltage 

Internal resistance of battery cell 

Cathode and anode materials 

Cathode and anode thermal 

conductivity 

LiMn2O4 

18.43 mm 

65.21 mm 

40.6 g 

1283.325 mAh 

3.7V 

4.2V (100% State of charge 

(SOC)) 

3V (0% SOC) 

54.175 mΩ 

Aluminium 

205 W/(mK) 

 

Constant current (CC) charging is a technique for 

preventing overcurrent charge circumstances. It involves 

continually charging a rechargeable battery at a constant 

current. One way to avoid overcharging is by using constant 

voltage (CV) charging, which involves keeping the charging 

voltage constant. After a strong starting current, the charging 

current drops down over time. The battery management 

system controls the electrical battery pack to an alternating 

current power supply. The voltage and current are calibrated 

with the standard calibrator, with uncertainties of ±0.5V and 

±0.05A, respectively. The C-rate parameters describe the 

charging and discharging rates. A C-rate of 1 means a fully 

charged 1 Ah battery (1 A in an hour), a 0.5 C-rate provides 

0.5 A over two hours, or a C-rate of 2, 2 A for 30 min. 

 a le 2. Uncertainty and accuracy of the instruments. 

Instruments Accuracy Uncertainty 

Voltage supplied by power source, 

voltage 

Current supplied by power source, 

ampere 

Digital weight scale, gram 

Thermocouple type T, Data logger, oC 

0.20% 

0.20% 

0.01% 

0.10% 

±0.50 

±0.50 

±0.01 

±0.10 

 

3.  athematical modeling 

3.1  he main e uation  

Figure 5 shows the computational domains with two different 

coolant flow directions. Two different mini-channel fin heat 

inks with varying fin configurations have been considered, as 

shown in Fig. 6. Mathematical simulations are run with 

coolant passing through the aluminum jacket with a 3D 

Eulerian flow model with the equations[73,74] assuming a 

homogenous mixture, constant flow, no phase change, and no 

viscous dissipation. 

Continuity equations:[73] 

𝛻(𝜌𝑝𝜙𝑝𝑉𝑝) = 0                            (1) 

𝛻(𝜌𝑙𝜙𝑙𝑉𝑙) = 0                           (2) 

where p and l are particles and liquid densities, respectively, 

Vp and Vl are particles and liquid velocity, respectively, p and 

l are particles and liquid concentrations, respectively.  

Momentum equations:[73] 

 
Fig. 4 Details of the battery cell connection used in the present study. 
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Fig. 5 Details of the computational domain. 

 

 
Fig. 6 Details of (A) the mini-fin heat sinks embedded at the flow 

channel and (B) mini-channel heat sink unit details. 

𝛻(𝜌𝑝𝜙𝑝𝑉𝑝𝑉𝑝) = 𝜙𝑝𝛻𝑃 + 𝛻 (𝜙𝑝𝜇𝑝(𝛻𝑉𝑝 + 𝛻𝑉𝑝𝑇)) − 𝐹𝑑 +

𝐹𝑉𝑚 + 𝐹𝑐𝑑                                                                                      (3) 

𝛻(𝜌𝑙𝜙𝑙𝑉𝑙𝑉𝑙) = 𝜙𝑙𝛻𝑃 + 𝛻(𝜙𝑙𝜇𝑙(𝛻𝑉𝑙 + 𝛻𝑉𝑙𝑇)) + 𝐹𝑑 + 𝐹𝑉𝑚 (4) 

where µp and µ are particles and liquid viscosities, 

respectively, P is pressure drop.  

From [73], we may derive the drag force between 

nanoparticles in suspension and water, as seen in Eq. (5). 

𝐹𝑑 = −𝛽(𝑉𝑙 − 𝑉𝑝)                              (5) 

𝛽 = 𝐶𝑑
3(1−𝜙𝑙)𝜙𝑙

4𝑑𝑝
(𝑉𝑙 − 𝑉𝑝)𝜙𝑙

−265                   (6) 

𝐶𝑑 = {

24

𝑅𝑒𝑝
(1 + 0.15 𝑅𝑒𝑝

0.687   ),      𝑅𝑒𝑝 ⟨1000

0.44 ,                                         𝑅𝑒𝑝 ⟩1000
         (7) 

𝑅𝑒𝑝  =
𝜙𝑙|𝑉𝑙−𝑉𝑝|𝑑𝑝

𝜈𝑙
                                  (8) 

where Rep is the particle Reynolds number, 𝜈𝑙  is liquid 

viscosity and 𝑑𝑝 is particle diameter.  

Equation (9), following,[73] shows that the virtual mass 

force is proportional to the relative acceleration. 

𝐹𝑉𝑚 = 0.5𝜙𝑝𝜌𝑙
𝐷(𝑉𝑙−𝑉𝑝)

𝐷𝑡
          (9) 

According to Eq. (10), the relation establishes the contact 

force and modulus among the particles.[73] 

𝐹𝑐𝑑 = 𝜙𝑙𝛻⃗ 𝜙𝑙(𝑒𝑥𝑝(−600[𝜙𝑙 − 0.376])) (10) 

Energy equations:[73] 

Considering both phases, it is written as in Eq. (11) and Eq. 

(12). 

𝛻(𝜌𝑙𝜙𝑙𝐶𝑝,𝑙𝑇𝑙𝑉𝑙) = 𝛻(𝜙𝑙𝑘𝑙𝛻𝑇𝑙) − ℎ𝑣(𝑇𝑙 − 𝑇𝑝)        (11) 
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𝛻(𝜌𝑝𝜙𝑝𝐶𝑝,𝑝𝑇𝑝𝑉𝑝) = 𝛻(𝜙𝑝𝑘𝑝𝛻𝑇𝑝) − ℎ𝑣(𝑇𝑙 − 𝑇𝑝)      (12) 

where 𝐶𝑝,𝑙  and 𝐶𝑝,𝑝  are specific heat of liquid and liquid, 

respectively, 𝑘𝑙 and 𝑘𝑝 are thermal conductivity of liquid and 

particle, respectively, 𝑇𝑙  and 𝑇𝑝  are liquid and particle 

temperatures, respectively. 

Here is the mono-dispersed particle (hv) as indicated in Eq. 

(13): 

 ℎ𝑣 =
6(1−𝜙𝑙)

𝑑𝑝
(2 + 1.1𝑅𝑒𝑝

0.6 𝑃𝑟
1

3)
𝑘𝑙

𝑑𝑝
          (13) 

The effective thermal conductivities of liquid and particles 

(kl, kp) are obtained from [73], as shown in Eq. (14): 

 𝑘𝑝 =
𝑘𝑏𝑝

𝜙𝑝
, 𝑘𝑙 =

𝑘𝑏𝑙

𝜙𝑙
, 𝐴 =

𝑘𝑝

𝑘𝑙
           (14) 

𝑘𝑏𝑝 = (√(1 − 𝜙𝑙))(𝜔𝐴 + [0.9927]𝛤)𝑘𝑙      (15) 

𝑘𝑏𝑙 = (1 − √(1 − 𝜙𝑙))𝑘𝑙              (16) 

𝛤 =
2𝐴

(𝐴−𝐵)
{
𝐴𝐵(𝐴−1)

(𝐴−𝐵)2
} 𝑙𝑛 (

𝐴

𝐵
) −

(𝐴𝐵−𝐴)

(𝐴−𝐵)
−

𝐵+1

2
 (17) 

𝐴 =
𝑘𝑝

𝑘𝑙
,    𝐵 = 1.25 (

1

𝜙𝑙
− 1)

10

9
   (18) 

 a le 3. Thermophysical properties of water, Fe3O4 (25 oC). 

Properties Fe3O4 

Density, 𝜌 (kg/m3) 5180 

Thermal conductivity, 𝑘 (W/moC) 80.4 

Viscosity, 𝜇 (mPa S) - 

Specific heat, 𝐶𝑝 (J/kg.K) 670 

Purity, (%) >99.9 

Average diameter, (nm) 23 

 

3.2  oundar  condition  

The fluid flow channel was designed with two layers of 

different coolant flow directions to better model battery 

conditions. The channel's outside surfaces and the battery's top 

and base were insulated to prevent heat losses. Furthermore, 

to guarantee effective heat transfer throughout the system, the 

walls between the coolant and the cell surface were linked, 

with identical intake velocities enforced as boundary 

conditions and the cooling fluids selected to mimic those 

utilized in the packs closely. These boundary requirements 

were crucial in attaining precise results while keeping the 

battery safe and efficient. Finally, combining the relevant parts, 

including insulation and boundary conditions, enables precise 

and reliable modeling of the pack. Both phases flow into the 

cooling system with the same velocity, and coolant properties 

are calculated using postulated correlations based on base fluid 

and nanoparticle properties (Table 3).[75-78] The boundary 

conditions are presented as:  

- Inlet: 𝑇 = 𝑇𝑖𝑛, 𝑉 = 𝑉𝑖𝑛 

- Outlet: 𝑃𝑜𝑢𝑡 = 𝑜 

- Battery cell wall: 𝑞 = 𝑞𝑖𝑛 

-The cell battery and the aluminum interface: 

−𝑘𝑏𝑎
𝜕𝑇

𝜕𝑛
= −𝑘𝑎𝑙

𝜕𝑇

𝜕𝑛
  

- The heat sink unit and the coolant interface:  

−𝑘𝑎𝑙
𝜕𝑇

𝜕𝑛
= ℎ𝑐(𝑇𝑎𝑙 − 𝑇𝑐𝑜𝑜)  

where 
𝜕𝑇

𝜕𝑛
 is the temperature gradient in the normal direction. 

 

3.3 Computational methodolog  

The numerical analysis was performed with four models, as 

shown in Fig. 7. This study used the multi-scale multi-domain 

(MSMD) technique in FLUENT Software to model a battery 

pack's electrical and thermal characteristics. ANSYS program 

is widely utilized in various engineering applications. After 

generating the model and mesh, the ANSYS Fluent program 

solves the problems with the required boundary conditions 

using the SIMPLE technique, which combines the pressure 

and velocity components. It aids in the resolution of complex 

fluid flow problems by simplifying the pressure-velocity 

calculations. Setting adequate convergence conditions for the 

simulation is crucial for producing accurate and reliable 

findings. For this study, the convergence criterion was set to 

10-6 to ensure the simulation values converged within limits. 

Incompressibility and Newtonianity are features of the 

nanofluid. The steady state of the flow indicates that fluid 

properties do not fluctuate over time. The flow is in the 

laminar range, and the channel walls are smooth. 18 CPU 

cores and 96 GB of Random-Access Memory (RAM) are used 

to build a computationally intensive personal computer.  

 

3.4 Grid independent  tud   

The essential step in the process is the mesh independence test 

procedure, which ensures the reliability and accuracy of the 

results. It is possible to determine the point at which further 

refining of the mesh grid no longer significantly improves the 

accuracy of the findings using three different mesh numbers. 

The grid configuration is shown in Fig. 8. This simplifies 

simulation execution by choosing the lowest possible mesh 

size, saving computing resources and shortening the entire 

process time. Table 4 shows various element sizes with the 

most significant temperature fluctuation (Model II). A 

constant coolant velocity was applied to the cooling jacket of 

0.01 m/s, and 25 inlet temperatures entered the cooling 

channel. An average pack temperature was compared to see 

how different grid numbers affected the predicted results. The  
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Fig. 7 Problem models used in the numerical analysis for model I (without the heat sink unit), model II (with the straight fin heat 

sink (fs=1 mm)), model III (with the straight fin heat sink (fs=2 mm)), and model IV (with the arced fin heat sink). 

 a le 4. Grid-independent test. 

Grids 
Average battery temperature  

at the front zone(oC) 
% error 

Average battery temperature  

at the back zone (oC) 
% error 

3,800,000 30.13 
 

30.23 
 

7,477,000 29.38 2.52 29.28 3.19 

7,725,000 29.37 0.03 29.25 0.10 

 

mesh independence process discovered a minor variation in 

temperature readings obtained with various grid numbers. 

Consequently, the grid numbers did not significantly affect 

the predicted results, indicating that the process was stable and 

valid. The remaining simulations were run using grid numbers 

of 7,477,000, providing a good mix of accuracy and 

computing efficiency while accurately capturing the battery 

fluid movement and heat transfer. The temperature variation 

has a substantial positive relationship, with the most notable 

difference between the coarse and medium meshes, where the 

gap is significantly less than the allowable error level of 1% 

for computational fluid dynamics (CFD) solutions, showing 

that the mesh resolution is adequate.  

 

3.5 Veri ication o  the numerical  tud  

To lessen the impact of outside air temperature, an experiment 

was carried out at a control room temperature of 25 °C. Due 

to the power supply unit limitations, experimental procedures 

were carried out at a low C-rate. Based on the system pre-test, 

the energy storage battery took 9 minutes to charge and 5 

minutes to discharge. The pack operating temperature is less 

than 40 °C to ensure extended life, stability, and safety.[79] The 

temperature fluctuations throughout the charging and 

discharging operations are consistent with previously  

Water flow channel

15 x 32 x 601 mm

∅11.89 mm

Aluminum test section 

87 x 87 x 625 mm

Battery Li-ion 60 cells
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Fig. 8 Grid characteristics used in the present numerical analysis. 

 a le 5. Comparison between the measured data and the predicted results (Model I). 

Average battery temperature  Experimental results Predicted results %error 

Upper zone (FA) 31.6 29.66 6.33 

Lower zone (FA) 30.11 29.23 2.97 

Upper zone (BA) 32.86 29.76 9.90 

Lower zone (BA) 30.87 29.93 3.09 

published work, which shows modest drops and slight rises for 

the charging and discharging processes.[80] To confirm the 

expected outcomes, the numerical research findings must be 

validated. Cooling models were created for the experiment, 

and the experimental set was set to validate the predicted 

outcomes. The average battery pack temperatures of the higher 

and lower zones (for further information, see [59]) were 

chosen to validate the projected findings. Table 5 shows that 

model I has the highest inaccuracy in the front upper flow 

channel (6.33%) and the back upper flow channel (9.90%).  

 

4.  e ult  and di cu  ion 

Figure 9 shows the variation temperature of the battery cells 

for different models. To reduce the highest temperature and 

temperature gradient, divide the flow into two streams with 

opposing flow characteristics, as shown in Fig. 5. Firstly, the 

mainstream enters the pack from the front lower flow channel. 

It exits via the front upper flow channel. The second, the 

mainstream enters at the other end (back upper flow channel) 

and exits at the back lower flow channel. In the numerical 

analysis, four different models (Fig. 7) have been considered 

as follows; 

Model I: the liquid flow channel without the heat sink unit. 

Model II: the liquid flow channel embedded with the straight 

fin heat sink (fs=1 mm). 

Model III: the liquid flow channel embedded with the straight 

fin heat sink (fs=2 mm). 

Model IV: Model II: the liquid flow channel embedded with 

the arced fin heat sink. 

Typically, the heat generated by the cell during charging 

and discharging consists of reaction heat released by chemical 

reactions, polarization heat generated by the equilibrium of 

electrode potential shift, Joule heat generated by the battery's 

internal resistance, and side reaction heat released by the side 

reaction between the electrolyte and the electrodes. As 

operating time grows without cooling, the overall pack 

temperature rises due to accumulated heat, with the maximum 

temperature occurring in the inner zone. The generated heat 

from the pack is transferred to the exterior surface, then to the 

jacket of the flow channel via conduction, and finally cooled 

by the coolant (Model I). Therefore, the cell temperature 

increases downstream, then the maximum is at the middle 

zone of the pack, and then it decreases at another end. The 

coolant's heat removal ability decreases as its temperature 

increases. The heat transfer surface area and the 

thermophysical qualities of the coolant restrict the heat 

transmission from the battery cell to the jacket via conduction 

and subsequently to the coolant via convection. The 

temperature of 47 cells is close to 30 oC, which may rise in the 

worst-case scenario, as illustrated in Model I. 

The BTMS design is crucial to pack longevity, 

performance, and safety issues. A battery pack functions at 

temperatures range of 15 °C - 35 °C. To reduce unpleasant 

effects, the optimal temperature gradient is smaller than five  
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Fig. 9 Battery temperature distribution of different models. 

 

degrees.[65] If the battery temperature exceeds this threshold, 

the anodic coating decomposes. Under high operating 

conditions, the electrolyte evaporates, and the pressure inside 

the cell builds, possibly causing the battery to fail 

mechanically. The heat accelerates the process by increasing 

the temperature and initiating a series of exothermal chemical 

reactions inside each cell. The uncontrolled increase in 

temperature and pressure within the battery causes the 

electrolyte to degenerate, leak, burn, and explode. As shown 

in Model I, almost all cells stay at high temperatures due to the 

limitations of heat transfer from the flow channel jacket to the 

coolant. As a result, the thermophysical properties of the 

coolant and heat transfer surface area were chosen to enhance 

the heat removal ability. In addition, the flow disturbance of 

coolant passing the arced-fin heat sink unit is considered, in 

which the embedded heat sink unit has a higher heat transfer 

surface area and a higher turbulent flow disturbance of coolant. 

Therefore, heat transfer ability depends on the heat transfer 

surface area and turbulent disturbance, in which Models II-IV 

have more heat transfer surface than Model I. 

The battery cell temperatures without a mini-heat sink unit 

case are higher than those with a mini-heat sink unit, as shown 

in Fig. 10. Due to higher heat transfer surface area, lower fin 

space (Model I) gives the battery cell temperature lower than 

higher ones (Models III, IV). In addition, the fin configuration 

significantly affects the flow pattern and disturbance near the 

surface. The temperature distribution for the arced fin is better 

than that of the straight fin unit for the same fin space value. 

However, for the present study, the Model IV with higher fin 

space gives the battery cell temperature more than the Model 

III. The maximum temperatures with three different heat sink 

units are lower than those without heat sink units, as shown in 

Fig. 11, in which the maximum temperatures are 30.91 oC 

(Model I), 30.10 oC (Model II), 30.11 oC (Model III), and 

30.12 oC (Model IV). The maximum temperature location 

occurs at the central area and upper zone. In addition, the 

number of cell batteries has a temperature near 30 oC, less than 

47 cells, as shown in Figs. 11 and 12. This is because the 

embedded mini-fin heat sink unit significantly affects the 

conduction heat transfer in the flow direction of coolant. 

∅18 mm

65 mm

60 cells
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Fig. 10 Temperature distributions of the battery cell and mini-channel heat sink units

 
Fig. 11 Maximum and minimum temperature of the battery pack from different cooling models. 

 

 8 56 oC 

 0  1 oC 

 0 8  oC 

Aluminum test section 
87 x 87 x 625 mm

∅11.89 mm

Water flow channel
15 x 32 x 601 mm

Battery Li-ion 60 cells
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Fig. 12 Coolant temperature distribution from different cooling models. 

 

5. Conclu ion  

Thermal runaway may occur, causing a domino effect until 

each cell in the battery deteriorates, which can be caused by 

overcharging, short-circuiting, or exposure to external heat. 

The peak temperature and the temperature gradient are critical 

to battery life, performance, and safety concerns. A battery 

pack performs best at temperatures ranging from 15 °C to 

35 °C. Models I and II show the highest and lowest 

temperatures, respectively. Models I, II, III, and IV have 

temperature gradients of 2.35 °C, 1.48 °C, 1.56 °C, and 

1.61 °C, respectively. The development of the BTMS has 

significant implications based on these results. Engineers can 

optimize the cooling thermal process by incorporating 

different heat transfer enhancement techniques to enhance 

thermal cooling efficiency while maintaining safety and 

stability. 

 

 c no ledgment  

Srinakharinwirot University provided some funding for this 

study, which the authors gratefully acknowledge. 

 

Con lict o  Intere t 

There is no conflict of interest. 

 

Open  cce    

This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/) or CC BY 

license (https://creativecommons.org/licenses/by/4.0/deed.en).  

 

 upporting In ormation 

Not applicable. 

 

 omenclature  

A defined in Eq. (18), [-] 

BTMS battery thermal management system 

Cd defined in Eq. (7), [-] 

EV  electric vehicle 

fs fin spacing, [m] 

h heat transfer coefficient, [kW m-2 oC-1] 

hp fluid-particle heat transfer coefficient, [kW m-

2 oC-1] 

k thermal conductivity, [kW m-1 oC-1] 

bl
k

 
defined in Eq. (16), [kW m-1 oC-1] 

LIB Lithium battery 

P  pressure, [kPa] 

PCM phase change material 

SOC State of charge 

V  velocity, [m s-1]  

B defined in Eq. (18), [-] 
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BMS battery management system 

Cp specific heat, [kJ kg-1 oC-1] 

F force, [N] 

hv volumetric interphase heat transfer 

coefficient, [kW m-3 oC-1] 

HEV Hybrid electric vehicle 

I current, [ampere] 

bp
k

 
defined in Eq. (15), [kW m-1 oC-1] 

Li-ion Lithium-ion 

OCV Open circuit voltage 

Q  generated heat. [kW] 

Re Reynolds number based on inlet diameter 

T  temperature, [oC]  

 

Gree    m ol  

𝜙 nanofluid concentration, [%]  

𝛽 defined in Eq. (6), [kg m-3s-1] 

𝜌 density, [kg m-3] 

𝜇 viscosity, [kg m-1s-1] 

 

 u  cript  

al aluminium 

c convective 

coo coolant 

in inlet 

p  particles 

ba cell battery 

cd  drag coefficient 

d  drag force 

l  liquid  

Vm  virtual mass 
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