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The electric vehicle (EV) industries have grown; in 2023 EV sales increased by more 
than 30% compared to 2022. The central issue of this industry is the battery because 
of the cost and environmental problems.  This makes efficient battery operation and 
condition imperative. The electric vehicle lithium-ion batteries are highly 
temperature-dependent for optimal performance and longevity. A cooling system is 
needed to maintain the temperature of the lithium-ion battery within the optimal 
temperature range. This study proposes nanofluid cooling based on Cellulose 
Nanocrystals (CNC) inside the wavy channel tube. Other fluid cooling, such as air 
and water, are compared. Three-dimensional (3D) transient simulation is performed 
by varying the cooling fluid and mass flow rate. On the other hand, experiments were 
conducted to validate the simulation's conformity to the battery module's 
temperature. The performance of the cooling fluid inside the wavy channel effectively 
keeps the battery heat dissipation and temperature uniformity. The nanofluid can 
maintain the temperature of the battery module at its optimal temperature (below 
40°C), even with the lowest flow rate (5×10-4 kg/s). 
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1. Introduction 

The electric vehicle (EV) industries have grown; in 
2023, EV sales increased by more than 30% compared to 
2022 [1]. The central issue of this industry is the battery 
because of the cost and environmental problems. 
Battery performance plays a major role in the 
development of electric vehicles. Lithium-ion (Li-ion) 
batteries are considered to be promising candidates for 
electric vehicles due to their advantages, such as higher 
energy density, lower self-discharge rate (reduced 
capacity without load), longer service life, and greater 
efficiency compared to other batteries [2]. Lithium-ion 
batteries generate heat due to electrochemical processes 
and polarization [3]. Over time, the heat generated will 
accumulate, causing the battery temperature to 
increase. Proper temperature management of an electric 
vehicle's lithium-ion battery is essential to maintain 
optimal performance, long service life, and safe battery 
use [4].  

Lithium-ion batteries may cause slower 
electrochemical reactions at low temperatures, reducing 

battery performance. Meanwhile, excessive 
temperatures can accelerate electrochemical reactions 
that trigger accelerated degradation of electrodes and 
electrolytes, thus shortening battery life, and even at too 
high temperatures can trigger fires and explosions [5]. 
This increasing temperature is more severe if many 
battery cells are connected in a series and parallel 
combination. Long-term non-uniform temperature 
distribution will degrade battery performance and 
cause state of charge (SOC) mismatches [6]. Therefore, 
the maximum temperature and temperature difference 
are important parameters that can determine the 
performance of the entire battery system. Under 
operating conditions, lithium-ion batteries can operate 
efficiently at the recommended temperature range of 25 
°C to 40 °C, with the battery temperature difference not 
exceeding 5 °C [7]. 

It is necessary to maintain an EV battery working at 
optimal temperature conditions. To control the 
temperature in the battery system, an additional 
system, referred to as a battery thermal management 
system (BTMS), is needed. Generally, cooling systems 
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consist of forced air convection, liquid cooling, phase 
change material (PCM), nanofluid, and combinations. 
Padalkar et al. [8] modified the spacing between 
cylindrical battery cells to improve the air-cooling 
efficiency of the battery pack. The results showed that 
the cooling performance of the battery pack was 
enhanced, and the battery temperature was successfully 
reduced without requiring additional energy or an 
increase in the volume size of the battery pack. The 
results showed that the cooling capability of the battery 
pack was improved, whereby the battery temperature 
was successfully reduced without requiring additional 
energy or an increase in the volume size of the battery 
pack.  

In addition, Tang et al. [6] investigated the variation 
of contact angle and mass flow rate by performing 
numerical simulations and experiments on battery 
modules using multichannel wavy tube liquid cooling. 
The results showed that increasing the contact angle 
and mass flow rate positively impacted the heat 
dissipation efficiency and temperature uniformity of 
the battery module. Similarly, Rao et al. [9] inserted 
PCMs between prismatic batteries and liquid cooling 
tubes, where the study found that increasing the 
number of tubes can decrease the maximum 
temperature and temperature difference of the battery. 

Nanofluid cooling contains nanoparticles 
suspended within the liquid base of the coolant. The 
addition of nanoparticles into the liquid is expected to 
increase the thermal conductivity of the liquid [10]. The 
nanoparticles are usually made of metals, oxides, 
carbides, and carbon nanotubes, and the liquid bases 
are water, ethylene glycol, and oil [11]. Nanofluids have 
potential in many heat transfer applications, including 
battery system cooling.  

Sarchami et al. [12] used water and alumina 
nanofluids to cool battery modules; the results showed 
that adding alumina nanofluids and increased flow 
velocity significantly reduced the battery modules' 
maximum temperature and temperature difference. 
Meanwhile, Hasan et al. [13] used water and four 
nanofluids (SiO2, Al2O3, ZnO, and CuO) to cooling the 
battery module, it was found that SiO2 nanofluid 
showed the best thermal cooling and sufficient flow 
velocity could improve heat transfer. In addition to 
using the previously mentioned nanoparticle materials, 
the potential use of plant-based materials can also be 
considered to develop better and environmentally 
friendly cooling fluids.  

Samylingam et al. [14] used a nanofluid in the form 
of cellulose nanocrystal (CNC) suspended in a mixed 
liquid base of water (W) and ethylene glycol (EG) 
(CNC-W+EG) as a coolant for lathe machining. The 
results showed that the lifetime of the lathe-cutting tool 
was significantly increased, and wear was reduced. This 
work uses nanofluids as cooling fluids to see the 
potential of using plant-based materials to cool battery 
modules. 

2. Material and method 

2.1. Material 

The wavy channel tube is proposed as the cooling 
fluid to cool the battery module. The battery module 
comprises 13 cylindrical lithium-ion battery cells 18650-
type, connected in series to generate 54 V.  The cooling 
rate of the battery module is affected by the cooling 
fluid type and mass flow rate, which were analyzed 
based on simulation results. The effect on the thermal 
performance of the battery module is proposed during 
the discharge process with a discharge rate of 4 C.  

Fig. 1 illustrates the experimental battery module 
without the use of cooling fluid, including the lamp 
load used. The battery module consists of 13 series-
connected battery cells, the temperature measurement 
was performed by facing the FLIR towards the battery 
module. The charging device uses the HL54802 lithium-
ion battery charger, while the discharge uses a lamp 
load equivalent to a discharge rate of 4C. The 
temperature measurement used the FLIR E5-XT WiFi 
device (Teledyne FLIR, US - English (United States). 

2.2. Domain and meshing 

The simulation model consists of 13 cylindrical 
lithium-ion battery cells 18650-type connected in series 
and wavy channel tube, as shown in Fig. 2. The nominal 
voltage and nominal capacity of the lithium-ion battery 
cells are 3.7 V and 1.26 Ah, respectively. The 
characteristic parameters of the battery cell and channel 
geometry are listed in Table 1. The wavy channel tube 
is attached to the battery module to act as a bond 
between the batteries. The outer surface of the wavy 
channel tube is in contact with the side surface of the 
cylindrical battery cell. The wavy profile of the wavy 
channel tube has approximately the same radius of 
curvature as the cylindrical battery cell surface to 
ensure thermal contact. The geometry was created 
using SOLIDWORKS mechanical design software and 
imported into SPACECLAIM software to identify each 
part of the geometry. 

 
 

 
Figure 1. Experimental battery module 
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Figure 2. Battery module geometry with wavy channel 

tube for simulation 
 

 
Figure 3. Polyhedral mesh of battery module with 

wavy channel tube for simulation 
 
Table 1.  
Parameters of battery cell and channel geometry 

Parameter Value Parameter Value (mm) 

Capacity (Ah) 1.26 Channel Length 510 
Voltage (V) 3.7 Channel Height 48 
Height (mm) 65 Channel Width 2,4 
Diameter (mm) 18 Inlet-Outlet Diameter 10 
Mass (g) 45 Wall Thickness 0.45 

 
Table 2.  
Data for the simulation 

Cooling Fluid 
𝑐𝑝  

(J/(kg ∙ K)) 
𝑘  

(W/(m ∙ K)) 
Air 1006.43 0.242 
Water 4182 0.6 
W+EG  2661 0.4110 
CNC-W+EG  2512.5 0.4120 

 
Several domains are considered for the solid domain 

and fluid domain. The solid domain consists of the 
battery module, busbar, positive tab, and negative tab. 
Inside the battery cell are various components with 
different properties, making the lithium-ion battery a 
complex material, especially with the liquid electrolyte 
inside. Therefore, experimental measurements are very 
meaningful in determining the material properties of 
lithium-ion battery cells. In this study, the assumption 
of battery thermal properties refers to the research of Li 
et al. [15]. The busbar, positive tab, and negative tab are 
set using copper material. Table 2 shows the thermal 
properties of the materials used in the solid domain for 
simulation. Meanwhile, the fluid domain only consists 
of a wavy channel tube. 

The tube wall is set using aluminum material. The 
inlet and outlet are set at both ends of the wavy channel 
tube. The cooling fluid flows into the wavy channel tube 
from the inlet, cooling the battery, and exits through the 

outlet. The fluid properties are listed below [16]. The 
cooling fluids used include air (A), water (W), a mixture 
of 60% water and 40% ethylene glycol (W+EG), and 
0.5% cellulose nanocrystal nanofluid suspended in a 
liquid base of 60% water and 40% ethylene glycol 
(CNC-W+EG). 

Meshing is the process by which the computational 
domain, i.e. the control volume in the form of geometry, 
is divided into very small sub-volumes. The mesh for 
simulation was created with Ansys Fluent Meshing, 
where a mesh of 983069 cells with polyhedral type was 
used for simulation. The polyhedral mesh type was 
chosen because it can provide more accurate results 
with fewer cells [17]. The mesh for simulation is shown 
in Fig. 3. 

The cooling system for electric vehicles is more 
complex, with many batteries in each module. Such 
systems are not evaluated in this study due to limited 
computational resources. The purpose of modeling in 
this study is to show that the modeling method can 
facilitate the design of the battery module and 
investigate the effect of the fluid to be developed as the 
cooling fluid of the electric vehicle battery system. 

2.3. Multi-scale modeling scheme and Equivalent Circuit 
Model (ECM) 

Modeling lithium-ion batteries is a complex 
challenge due to their multi-scale characteristics. The 
term multi-scale refers to the electrochemical reactions 
(anode-separator-cathode) inside the battery that are 
modeled into the behavior of the battery when 
operating, represented in the form of battery physics. 
The battery scale equations need to be solved to predict 
the temperature considering battery cooling. Therefore, 
a Multi-Scale-Multi-Domain (MSMD) modeling 
approach is required to help handle the physics in the 
battery domain. Eqs. (1) and (2) are differential 
equations solve the battery thermal and electric fields 
[18]. 
 

∇ ∙ (𝜎+∇𝜑+) = −(𝑗𝐸𝐶ℎ − 𝑗𝑠ℎ𝑜𝑟𝑡) (1) 
∇ ∙ (𝜎−∇𝜑−) = 𝑗𝐸𝐶ℎ − 𝑗𝑠ℎ𝑜𝑟𝑡 (2) 

 
Where 𝜎+ and 𝜎− are the effective electrical 

conductivities for the positive electrode and negative 
electrode, 𝜑+ and 𝜑− are the phase potentials for the 
positive electrode and negative electrode, 𝑗𝐸𝐶ℎ and �̇�𝐸𝐶ℎ 
are the volumetric current transfer rate and heat 
generation due to electrochemical reactions, 
respectively, 𝑗𝑠ℎ𝑜𝑟𝑡  and �̇�𝑠ℎ𝑜𝑟𝑡  are the current transfer 
rate and heat generation rate due to internal short-
circuit of the battery, respectively, and �̇�𝑎𝑏𝑢𝑠𝑒  is the heat 
generation due to uncontrolled thermal generation. In 
this study, 𝑗𝑠ℎ𝑜𝑟𝑡 , �̇�𝑠ℎ𝑜𝑟𝑡 , dan �̇�𝑎𝑏𝑢𝑠𝑒  are not considered 
because the battery module is set to operate normally. 

The source terms 𝑗𝐸𝐶ℎ and �̇�𝐸𝐶ℎ, are calculated using 
the electrochemical sub-model. There are several sub-
models to represent battery electrochemistry. Some of 
the main approaches include the ECM (Equivalent 
Circuit Model), NTGK (Newman, Tiedemann, Gu, and 
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Kim), and Newman P2D (Pseudo Two Dimensional) 
models. In this case, the ECM approach is adopted to 
calculate the source term using Ansys Fluent software, 
specifically Ansys Fluent 2022 R2. 

The ECM represents the electrochemical process 
inside the battery into an electrical circuit consisting of 
resistors and capacitors. It is based on the model 
proposed by Chen & Rincon [19]. The ECM model has 
six components consisting of Vocv, Rs, and two RC 
parallel polarization combinations, namely R1, R2, C1, 
dan C2. Each component represents a different aspect of 
the battery. Vocv is the open circuit voltage and one of 
the most critical parameters of a battery. Rs is the ohmic 
resistance, representing the internal resistance inside 
the battery cell, and plays a role in the voltage drop or 
rise when the battery works. R1, C1, R2, and C2 are two 
parallel polarization elements, which play a role in the 
transient response of the battery. R1 dan C1 represent 
the speed of change in the battery, which shows the 
effect of the surface on the electrodes. R1 is the 
resistance to flowing charge and C1 represents the 
electrochemical capacitance. R2 and C2 represent the 
slower movement of the cell [18]. 

In simple terms, the resistor shows how easy it is for 
the battery to discharge current, and the capacitor is a 
storage of charge in the battery. For example, there is a 
battery with a large capacitance and a small resistance, 
meaning that the battery will discharge electric current 
faster.  

This study proposes a parameter setting of the 
standard ECM model, where the electrical circuit 
parameters are modified as a function of SOC and 
depending on the battery cell temperature. The 
modification is implemented using the estimation table 
in Ansys Fluent. The circuit is solved using the current-
voltage relationship equation. Then, the source terms 
are calculated and distributed in volume as shown in 
Eqs. (3) and (4), where 𝑉𝑜𝑙 denotes the battery volume 
and 𝐼 is the electric current. 
 

�̇�𝐸𝐶ℎ =
𝐼

𝑉𝑜𝑙
[𝑉𝑜𝑐𝑣 − (𝜑+ − 𝜑−) − 𝑇

𝑑𝑈

𝑑𝑇
] 

(3) 

𝑗𝐸𝐶ℎ =
𝐼

𝑉𝑜𝑙
 

(4) 

 
In modeling the lithium-ion battery cooled by the 

wavy channel tube, the conjugate heat transfer problem 
needs to be considered. The conductive equation with 
the battery cell domain heat source term governing heat 
transfer is shown in Equation 5. Where 𝜌, 𝑘𝑐𝑒𝑙𝑙 , and 𝑐𝑝 

are the density, thermal conductivity, and heat capacity 
of the battery, respectively [15]. 
 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
= 𝑘𝑐𝑒𝑙𝑙  ∇𝑇 + �̇�𝐸𝐶ℎ 

(5) 

2.4. Boundary conditions 

Numerical simulations were performed using Ansys 
Fluent software, specifically Ansys Fluent 2022 R2. 
Three-dimensional thermal modeling for cooling the 

battery module using a wavy channel tube was 
conducted with mass flow rates 5 × 10−4 kg/s, 10 ×
10−4 kg/s, and 15 × 10−4 kg/s. The Reynolds number 
(𝑅𝑒) is considered from these mass flow rates in 
determining the type of flow. The 𝑅𝑒 number is defined 
by Eq. (6), as expressed by [20]. 
 

𝑅𝑒 =
𝜌 𝑣 𝐷

𝜇
 

(6) 

 
where, 𝜌 = cooling fluid density; 𝑣 = cooling fluid flow 
velocity; 𝐷 = hydraulic channel diameter (2.9 mm); and 
𝜇 = cooling fluid viscosity. In this study, the laminar 
flow model was chosen because the 𝑅𝑒 value of each 
mass flow rate with each cooling fluid is less than 2300. 

In modeling the cooling of the battery module, the 
conductive equation without heat source terms is used 
on the aluminum wavy channel tube. In addition, for 
the fluid domain, mass conservation, Navier-Stokes (N-
S) equations, and convective diffusion temperature 
equations are applied to the cooling fluid flow. The flow 
is solved first for each simulation using the Coupled 
scheme with second-order accuracy until convergence. 
The Energy and Multi-Scale Multi-Domain (MSMD) 
models were enabled to generate electro-thermal 
battery. ECM is used to model the electro-thermal 
behavior of lithium-ion battery cells. The nominal 
capacity of the battery and the applied discharge rate 
were entered as 1.26 Ah and 4C, respectively. In 
addition, the minimum and maximum stop voltage 
values were 3 V and 4.3 V, respectively. Each lithium-
ion battery cell is electrically connected with a busbar to 
form a 13S1P (13 series and 1 parallel) battery module 
circuit. The battery module has a positive tab and a 
negative tab connected to the load for discharge. 

The identification of ECM parameters (Vocv, Rs, R1, 
R2, C1, dan C2) is done using the battery cell hppc 
(hybrid pulse power characterization) test approach 
[17]. In this hppc test, a series of discharge pulses are 
given to battery cells at different SOC, and the voltage 
and amperage are measured. The battery cells are fully 
charged to 100% SOC, then discharged in stages of 
every 10% SOC with a discharge pulse if 30 seconds, 
resting 10 minutes at each stage of 10% SOC [20]. This 
procedure was repeated with different temperature 
conditions, namely 25 °C, 35 °C, and 45 °C. The hppc 
test data was entered into the parameter estimation tool 
for batteries in Ansys Fluent [18], resulting in the ECM 
parameters of the battery being Vocv, Rs, R1, R2, C1, and 
C2. 

The inlet and outlet boundaries are set as mass flow 
inlet and outflow for the cooling fluid domain, 
respectively. Coupled heat transfer between liquid and 
solid regions is considered, including the contact 
surface between the wavy channel tube and the battery 
module. The battery surface is set as a natural 
convection boundary condition with a constant heat 
transfer coefficient of 5 𝑊/𝑚2°𝐶 and the free flow 
temperature is set to 30 °C, and radiation heat transfer 
is neglected due to small temperature variations [12]. 
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Figure 4. Comparison of battery module temperature 

increases between simulation and experimental results 
without cooling fluid under 4C discharge rate 

conditions 
 

 
Figure 5. Temperature distribution contours of the 

batteries (a) simulation results and (b) experimental 
results without cooling fluid under the condition of 4C 

discharge rate 

3. Results and discussions 

3.1. Model validation 

Model validation consists of comparing 
experimental data with numerical simulation model 
predictions. In the validation of the model, the thermal 
performance of the proposed battery module is 
measured in experimental experiments under 
conditions without cooling fluid. The battery tested in 
this experiment is a lithium-ion battery 18650-type. The 
experimental setup consists of the battery module, 
charge-discharge device, and battery module 
temperature measurement. 

In this study, when the room temperature was 30oC, 
the battery module was discharged from its full state 
until it was discharged by turning on the light load 
(discharge rate 4C). The temperature data of the battery 
module read by the FLIR was recorded every 30 
seconds until the light load turned off, which declared 
the battery module to be discharged, which is about 900 
seconds. The experimental and simulated data under 
these conditions are compared in Fig. 4. The simulated 
temperature increase is predicted to match the 
experimental results without cooling fluid. The 
difference between the experimental and simulated 
data (temperature error) is also listed. The maximum 
temperatures of the simulated and experimental results 
are 47.87 °C and 46.7 °C, respectively, with an error 
percentage of 2.44%. 

 
Figure 6. The maximum temperature increases of 

battery modules in different cooling fluids with a mass 
flow rate of 5 × 10−4 kg/s 

 
Fig. 5 shows the temperature distribution contour of 

the battery module obtained at 900 seconds during 
discharge without cooling fluid. It can be observed that 
the battery module temperature is uniformly 
distributed between cells and exceeds the optimal 
temperature range. Surface hot spots occur at the body 
region between cells, with lower temperature regions at 
the busbar, positive tab, and negative tab. In this case, it 
can be assumed that the heat at the intercell body region 
has the highest temperature, which confirms the 
importance of cooling the battery module to avoid 
excessive temperatures and ensure safety. With these 
results, all simulations were carried out using a cooling 
fluid. 

The thermal performance of the proposed battery 
module cooling is affected by the type of fluid used and 
the mass flow rate. Therefore, both variables were 
investigated. The temperature of the battery module 
was monitored at a discharge rate of 4C to investigate 
the cooling performance. The contact surface between 
the battery module and the wavy channel tube has 
approximately the same radius of curvature as the 
cylindrical battery cell surface. 

3.2. Effect of the cooliing fluid 

The heat the battery module generates during 
operation is cooled by the cooling fluid flowing inside 
the wavy channel tube. The cooling performance is 
compared using four fluid types: air (A), water (W), 
W+EG, and CNC-W+EG nanofluid. In this case, CNC-
W+EG nanofluid is particularly interesting to 
determine the effect of plant-based nanoparticles in 
cooling the battery module. 

Fig. 6 shows the increasing trend of the maximum 
temperature of the battery module with operating time, 
which is cooled using different cooling fluids with a 
mass flow rate of 5×10-4 kg/s at a discharge rate of 4C. 
The cooling fluid flowing inside the wavy channel tube 
controls the heat generated by the battery module. With 
the cooling fluid, the maximum temperature of the 
battery module can be lowered to not exceed the 
optimal temperature range. 
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Figure 7. Maximum temperature distribution of 

battery modules at different cooling fluids: (a) Air; (b) 
Water; (c) W+EG; (d) CNC-W+EG with a mass flow 

rate of 5 × 10−4 kg/s 
 

Table 3.  
The maximum temperature (°C) of battery modules 
with different cooling fluids and mass flow rates under 
4C discharge rate conditions 

Cooling Fluid 
Mass Flow Rate (kg/s) 

5 × 10−4 10 × 10−4 15 × 10−4 
Air (A) 45.79 40.74 38.43 
Water (W) 35.15 33.03 32.32 
W+EG 37.54 34.40 33.32 

CNC-W+EG 37.93 34.60 33.42 

 
The simulation results show that the effect of air 

inside the wavy channel to cooling the battery module 
at the lowest flow rate has not reached the optimal 
temperature. However, it was found that air managed 
to reach the optimal temperature at a flow rate of 
15 × 10−4 kg/s kg/s, and it is predicted that increasing 
the mass flow rate can reduce the temperature of the 
battery module more effectively. Unlike air, liquids as 
cooling fluids, namely water, W+EG, and CNC-W+EG 
nanofluids, can reach the optimal temperature of the 
battery at the lowest flow rate. Water is the fluid that 
can control the lowest maximum temperature of the 
battery module, followed by W+EG and CNC-W+EG. 
However, besides the good performance of liquids in 
cooling the battery, it also requires a more complicated 
construction that requires a higher cost than air as a 
cooling fluid [6] in implementing different cooling 
systems. Based on the simulation results at a flow rate 
of 15 × 10−4 kg/s with cooling fluids of air (A), water 
(W), W+EG, and CNC-W+EG nanofluids, the 
maximum temperatures obtained were 45.79 °C, 35.15 
°C, 37.54 °C, and 37.93 °C, respectively. 

The cooling fluid flow enters the wavy channel tube 
through the inlet at 30 °C (colored blue in Fig. 7). The 
cooling fluid absorbs heat from the battery module and 
carries the heat to the outlet for disposal, so the outlet 
temperature is higher than the inlet. The simulation 
results show that the battery with a lower temperature 
is found in the battery closest to the inlet, followed by 
the battery with increasing temperature. However, the 
battery that is farthest from the inlet does not have the 
highest temperature. This is predicted because after the 
fluid circulates, the fluid absorbs that battery's heat first, 
followed by the other batteries. In the air-cooling fluid, 
the maximum temperature is obtained at the 10th 
battery from the inlet. While in the water-cooling fluid, 
W+EG, and CNC-W+EG, the maximum temperature is 
obtained at the 12th battery from the inlet. 

The cooling fluid's performance towards reducing 
the battery module's maximum temperature depends 
on the fluid's ability to absorb and carry the heat 
generated by the battery module. Fluids are known to 
have a better ability to transfer heat than air. In 
simulations, this is represented by fluid properties 
parameters, such as density, specific heat, thermal 
conductivity, and viscosity. These parameter properties 
describe the actual properties of the fluid. The most 
influential properties in transferring heat are thermal 
conductivity and specific heat. 

Air has much lower thermal property values than 
liquids. The trend of increasing the temperature of the 
battery module with air cooling fluid is also observed to 
approach without cooling fluid until it finally moves 
away so that at the end of discharge, air can only reduce 
the maximum temperature of the battery module by 
2.08 °C. On the other hand, water as a cooling fluid has 
superior thermal properties compared to other cooling 
fluids. It can be seen that water absorbs and carries heat 
better, reducing the maximum temperature by 12.72 °C 
compared to no cooling fluid. Meanwhile, W+EG and 
CNC-W+EG have thermal properties that are not much 
different. The effect can be seen with the trend of 
increasing the maximum temperature of the battery 
module in both fluids that go hand in hand; at the end 
of the discharge, the maximum temperature difference 
obtained is 0.39 °C. 

 The CNC-W+EG nanofluid was not predicted to be 
the most effective in this case, but the results showed 
that it could control the temperature of the battery 
module at its optimal temperature, even with the lowest 
flow rate. 

3.3. Effect of flow rate 

The cooling fluid flowing and circulating inside the 
wavy channel tube controls the accumulation of heat 
generated by the battery module. The fluid flow rate 
greatly controls the cooling efficiency of the battery 
module. To study the temperature distribution with 
flow rate under the condition of discharge rate of 4C 
and ambient temperature of 30 °C, the range of flow rate 
is set to 5 × 10−4 kg/s, 10 × 10−4 kg/s, dan 15 ×
10−4 kg/s. 
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Figure 8. Effect of CNC-W+EG nanofluid cooling fluid 

on battery module temperature 
 

The maximum temperature of the battery module 
with different cooling fluids and mass flow rates is 
shown in Table 3. Meanwhile, the cooling fluid shown 
here is CNC-W+EG nanofluid to illustrate the influence 
of mass flow rate. The temperature increases during the 
discharge process and increases steadily after reaching 
a certain time during operation. As shown in Fig. 8, 
increasing the cooling fluid flow rate from 5 × 10−4 kg/s 
to 15 × 10−4 kg/s decreases the maximum temperature 
in the battery module by about 0 – 4.51 °C. 

Increasing the flow rate results in a significant 
decrease in the maximum temperature, as described in 
the increasing trend of the maximum temperature of the 
battery modules. In addition, it is also found that 
increasing the flow rate dramatically reduces the 
temperature difference in the battery modules. There is 
a low heat transfer rate at low flow rates, resulting in 
heat buildup in the battery, especially in batteries far 
from the inlet. However, the cooling fluid flowing in the 
wavy channel tube with a mass flow rate that is too high 
has a large amount of unused cooling capacity and a 
high pump head. An adequate battery cooling system 
in electric vehicles can ensure consistent performance, 
especially when heavy loads such as high speeds or on 
uphill roads require high discharge power. 

4. Conclusions 

High temperatures exceeding the optimal range do 
not immediately impact battery performance. However, 
high temperatures must be avoided to protect the 
battery components from degrading, which reduces 
battery performance in the long term. In this work, the 
effect of different cooling fluids and mass flow rates on 
the thermal performance of the battery module was 
investigated. The temperature distribution was 
monitored to measure the heat transfer capacity. 

Different cooling fluids show different cooling 
effects. The Maximum temperature can be maintained 
not exceeding 40°C during the discharge process with a 
discharge rate of 4C at a low flow rate (5×10-4 kg/s), 
except that air is only able to reach the optimum 
temperature of the battery at a flow rate of 15×10-4 kg/s. 
The CNC-W+EG nanofluid can control the temperature 

of the battery module at its optimal temperature (below 
40°C), even at the lowest flow rate (5×10-4 kg/s). 
Increasing the mass flow rate of the cooling fluid can 
significantly reduce the battery module's maximum 
temperature. 

Future research could be conducted on metal-based 
nanoparticles. Although environmental considerations 
should be taken seriously. 
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