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A B S T R A C T

The increasing variety of mechanisms and sources for energy extraction has drawn considerable attention to the 
long-term storage of energy. Phase change materials (PCMs) can retain heat for extended periods. This research 
presents a case study of lithium battery thermal management (BTM) via numerical simulation. We aim to store 
energy and enhance heat transfer by utilizing nano-encapsulated phase change materials (NEPCMs). We per
formed simulations of both steady and unsteady forced convection using C++ − based OpenFOAM solvers. The 
pimpleFOAM and simpleFOAM solvers have been improved to incorporate the effects of NEPCMs within the 
governing equations. The simulations demonstrate that, under both steady and unsteady conditions with high 
heat flux, the addition of NEPCM particles reduces the battery surface temperature. Specifically, integrating 5% 
nanoparticles into water results in a decrease in temperature of up to 2 K in steady-state simulations and up to 4 K 
in unsteady-state simulations. However, at elevated Reynolds numbers, the presence of nanoparticles diminishes 
pressure. Moreover, incorporating NEPCMs into water promotes a more uniform temperature distribution across 
the battery cell surface. In particular, adding 5% NEPCM to water resulted in a nearly 36% reduction in UT 
values.

1. Introduction

Alongside the importance of energy harvesting, storing energy is also 
crucial [1]. The imbalance between power generation and its con
sumption creates some issues and challenges for energy-related systems. 
During high-power and low-power consumption, the excess generated 
power should be wasted [2,3]. However, storing the extra generated 
power for later use is more economical and environmentally friendly. 
Therefore, batteries and thermal storage tanks are recommended by 
researchers and engineers [4]. A range of thermal storage tanks is used 
to capture thermal energy. Phase change materials (PCMs) are a proven 

technique for saving significant energy at relatively low temperatures 
[5,6]. Materials change their physical states at almost constant tem
peratures; for instance, ice melts at approximately 0◦C at atmospheric 
pressure and stores 334 kJ/kg of energy. The stored latent energy is 
released during the phase change [7]. Therefore, using PCMs in energy 
systems can improve a system's thermal performance. Singh and Sahoo 
[8] analyzed the hybrid cooling method of a battery by using conjugate 
heat transfer in CFD. They used a special nanoparticle shape in the PCM, 
also contributing to water. They also compared different PCMs and re
ported that using n-octadecane has the best thermal performance.

Afzal et al. [9] assessed the Li-ion battery pack cooling by using 
paraffin wax PCM. They demonstrated that adding Si–C nanoparticles 
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can enhance cooling performance and also thermal uniformity inside the 
PCM. Several studies have designed and optimized thermal systems 
[10,11]. Despite the advantages of PCMs, several concerns and chal
lenges exist [12]. PCMs are often implemented in containers, façades, 
tanks, and other similar applications [13]. A common drawback of these 
applications is the immobility of PCMs. PCMs are typically installed as a 
package and are not usually portable [14]. The researcher addresses this 
issue by encapsulating PCMs at the micro- and nanoscale.

In that way, nano-encapsulated PCMs (NEPCMs) or micro- 
encapsulated PCMs (MEPCMs) can be pumped and transported 
through pipes [15]. Nowadays, NEPCMs have received special interest 
in cooling systems and solar collectors. Tayebi et al. [16] numerically 
investigated the use of NEPCMs in electrohydrodynamic fluid flow in the 
presence of active heat sources in the steady-state condition. They re
ported that using 3% NEPCMs can improve heat transfer by 4.4%. Reddy 
and Sreedevi [17] studied a thermal storage system containing 
n–eicosane–based NEPCMs. They changed and analyzed different 

parameters related to NEPCMs and porous media. They proposed that in 
industrial applications, further modification of NEPCM parameters is 
necessary. A large part of NEPCM analysis is related to thermal energy 
storage systems [18,19]. Sadr et al. [20] modeled the mixed convection 
of Nonadecane-based NEPCMs within a water fluid in a cavity with a hot 
inner cylinder. They reported that adding NEPCMs to the base fluid can 
improve Nuave. Kazemi-Varnamkhasti [21] analyzed the presence of 
Nonadecane NEPCM in the cooling channel of a PEM fuel cell under 
forced convection. Their research revealed that adding 4% of non
adecane NEPCMs improves heat transfer rate by 20% and heat storage 
by 18%, respectively. Ho et al. [22] studied the effects of water-NEPCM 
nanocapsules in a heatsink cooling system experimentally. The NEPCM 
capsules contain eicosane in the core and formaldehyde for the shell. 
They reported that the heat transfer rate was improved by 70% with the 
addition of NEPCM. Fan et al. [23] studied an air-cooled lithium-ion 
battery module, and they concluded that using PCM is crucial to prevent 
an intense temperature gradient.

Nomenclatures

Cr Heat capacity ratio of the nanofluid to the base fluid

Cp Specific heat capacity 
(

J/kgK

)

D Diameter of the battery (m)

H Enthalpy (J)

h0 Standard enthalpy of formation
(

J/kg

)

k Thermal conductivity 
(

W/mK

)

l Inlet diameter of the cooling channel (m)

Lsf Latent heat capacity (J/kg)

p Pressure (Pa)
Pdrop Pressure drop
Prw Prandtl number
Re Reynolds number
T Temperature (K)
TMelt Temperature range of the Melting process (K)
Tfusion Melting temperature (K)
Tbattery Local-averaged temperature on the battery surface

U Velocity in the x direction 
(

m/s
)

UT Thermal uniformity factor

V Velocity in y direction 
(

m/s
)

Greek symbols
θ Non-dimensional melting temperature

μ Dynamics viscosity 
(

kg/ms

)

ϑ Kinematic viscosity 
(

m2/
s

)

ρ Density 
(

kg/m3

)

Subscripts
battery Surface of the battery
c Core
f Fusion
n NEPCM particles
nf Nanofluid
l Liquid phase
s Shell

Fig. 1. The presentation of the studied case included a cooling channel, a battery, and NEPCMs.
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Furthermore, there has been considerable interest in merging con
ventional battery cooling systems with PCM over the last few years. 
Extensive studies have investigated liquid-PCM thermal management 
systems [24]. However, few studies have been done regarding adding 
nano-encapsulated PCMs to the base fluid in the cooling channels [23]. 
Sutheesh et al. [25] simulated a multi-layer cooling system for a 18,650- 
30Q lithium-ion battery using Tetradecan-1-ol-based NEPCMs with 
different concentrations. They reported that adding 4% NEPCM can 
increase the convective heat transfer coefficient by 6.15 times compared 
with deionized water. Gu et al. [26] studied thermal management of Li- 
ion batteries using NEPCMs with paraffin and silica. They reported that 
adding NEPCMs to the pure oil reduced the mean temperature by up to 
3.95 ◦C. In addition to limited studies on NEPCMs for battery cooling, 
numerous studies have demonstrated that the nonadecane core material 
in NEPCM can be highly effective at enhancing heat transfer in various 
systems. However, the effect of these materials in lithium-ion batteries 
has not been investigated. In the present study, a cylinder serving as a 
hot battery will be cooled using a NEPCM-water nanofluid. The pre
sented battery thermal management system was simulated for both 
steady-state and unsteady conditions. The effects of heat flux, Re num
ber, and the addition of nanoparticles to water are assessed. The primary 
objective of the current study is to reduce the battery's surface temper
ature. Therefore, in addition to velocity and pressure drop, temperature 
contours and diagrams are also presented.

2. Presentation of case study

Fig. 1 shows the battery cooling channel. The battery in the center of 
the channel is simulated as a hot cylinder. The inlet fluid receives heat 
from the hot cylinder and exits at the outlet. In Fig. 1, the ratios of l/D 
and ri/D are 0.5 and 1/3. Where D = 18 mm [4]. Two types of working 
fluids have been evaluated in this study: pure water and a water-based 
NEPCM. The nano-encapsulated phase change materials (NEPCMs) 
begin to melt at 305 K. At temperatures below this value, NEPCMs are in 
the solid state, and at higher temperatures, they melt. The PCM is 
composed of n-nonadecane inside the nanoparticle core, and poly
urethane is the capsule shell. n-Nonadecane is chosen as a core for 
melting within a temperature range suitable for its use in BTMS [27–36]. 
Furthermore, the Polyurethane shell has attracted the attention of en
gineers due to its high strength and low crystallinity [37].

The phase change materials melt at Tm and in the δTm temperature 
range. The following equations express the enthalpy energy of phase 
change materials: 

H = h+ΔH (1) 

h = h0 +

∫ T

T0

CpdT (2) 

ΔH = α Lsf (3) 

The total enthalpy values of the PCMs (H) consist of two terms, h and 
ΔH, which are known as sensible energy and latent energy, respectively. 
The sensible energy, as its name implies, appears as a change in 

temperature (ΔT), but latent energy appears in the phase-changing 
process at a constant temperature. In Eq. 2, h is specific enthalpy, h0 is 
the standard enthalpy of formation, and Cp is the specific heat capacity. 
Also, in Eq. 3, the α parameter indicates the melting mass rate, and Lsf is 
the required energy for the phase change process. Eqs. 1–3 are generally 
applicable to phase change materials. For NEPCMs, these equations are 
modified [20], and the effects of latent energy changes are combined 
with sensible energy. Since the phase change occurs at a fixed temper
ature, these effects are applied to Cp values for NEPCM. Which is 
generally provided by the following equations: 

Cp,total = Cp +ΔCP (4) 

ΔCP =

⎧
⎪⎪⎨

⎪⎪⎩

π
2

(
Lsf

δTM
− Cp c,l

)

⎛

⎜
⎜
⎝sinπ

T −

(

TM − δTM

/2

)

δTM

⎞

⎟
⎟
⎠

⎫
⎪⎪⎬

⎪⎪⎭

×

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 if T < Tf −
δTM

2

1 if TM −
δTM

2
< T < TM +

δTM

2

0 if T < TM +
δTM

2

(5) 

In this study, Cp,total is known as the Cp value of the core inside 
NEPCMs. In Eq. 4, ΔCP is the value of heat that is saved in the phase 

change 
(

ΔCP ≅
Lsf

δTM
). In Eq. 5, Lsf is the melting-solidification latent heat 

capacity, TM is the solidification-melting temperature, also δTM is the 
temperature range of the phase change. Where the value of δTMis equal 
to 2.5 K [38]. Since NEPCMs themselves consist of a core and a shell, the 
Cp of nanoparticles is as follows [38]: 

Cp,n =

(
Cp,total + ϑCp,s

)
ρcρs

(ρs + ϑρc)ρn
(6) 

In Eq. 6, ρ is the density. The subscripts c and s represent the core and 
shield. The ϑ is the volume ratio of core to shell. Finally, according to the 
above explanations, in addition to previous studies, the thermo-physical 
properties of water fluid and NEPCM are as follows [21]: 

ρnf = (1 − φ)ρbf +φρn (7) 

CP,nf =
(1 − φ)ρf CP,b f + φρnCP,n

ρnf
(8) 

In the above equation, φ is the concentration of nanoparticles, which 
is equal to 5% in this paper. Other thermophysical properties are 
demonstrated in Table 1.

The dynamic viscosity and thermal conductivity of the nanofluid are 
obtained according to the experimental results of Qiu and Li [39]: 

knf = kbf

∑i=5

i=0
ai φi (9) 

μnf = μbf

[
1+

φ
8
+
(
6×10− 4φ2)

]
(10) 

where a0 = 1, a1 = − 0.3925, a2 = 0.7141, a3 = − 0.4177, a4 = 0.1055,
and a5 = − 0.0098 [39].

The steady-state forms of the mass, momentum, and temperature 
conservation are presented below. The simulation is considered to be 
incompressible and two-dimensional. Additionally, the effects of gravity 
are often overlooked [40,41]. 

Mass Conservation :
∂u
∂x

+
∂v
∂y

= 0 (11) 

Table 1 
Constant properties of the base fluid and NEPCMs at room temperature [38].

ρ
(

kg
m3

)

Cp

(
J

kgK

)
β×

10− 5
(

1
K

) k
(

W
mK

)

μ
(

kg
ms

)

Water 997 4182 2.9 0.62
800×

10− 6

Core −
nonadecane 720 2040 52 0.2 –

Shell −
polyurethane

780 1320 18.2 0.02 –
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Fig. 2. a) Grid study of temperature variation vs. mesh numbers and b) Comparison of temperature and Cr contours for the current study and Ghalambaz et al. [42] 
for Ste = 0.313,Ra = 105,Pr = 6.2, and θf = 0.3.

Table 3 
Average Nusselt number of water- Al2O3 nanofluid for different Rayleigh 
numbers (Ra) of the current study, experimental study of Ho et al. [43], and 
numerical simulation of Sheikhzadeh et al. [44].

Ra Experimental data 
[43]

CFD simulation of 
[44]

Present 
study

Error

7.6× 105 7.69 8.24 8.49 10.4%
1.93×

106
10.35 10.54 11.23 8.5%

3.33×

106
12.04 12.09 12.86 6.8%

Table 2 
Presentation of the post-processing parameters.

Symbol Equation Definition

Pdrop ( − ) ΔP
1
2

ρU2
ave

Pressure drop

Tbattery (K) 1
Ab

∫ 2π
0 T r dθ

Local-averaged temperature on the battery 
surface

UT (K)
UT =
∫ ⃒
⃒T − Tbattery

⃒
⃒ dA

Ab

Temperature uniformity on the battery 
surface

ΔTbattery(K) T|water − T|water− NEPCM
Temperature drop in the presence of NEPCM 
particles
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Momentum in x − direction : ρnf

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
∂P
∂x

+ μnf

(
∂2u
∂x2 +

∂2u
∂y2

)

(12) 

Momentum in y − direction : ρnf

(

u
∂v
∂x

+ v
∂v
∂y

)

= −
∂P
∂y

+ μnf

(
∂2v
∂x2 +

∂2v
∂y2

)

(13) 

Energy Conservatin :

(

u
∂

∂x

(
(ρCP)nf T

)
+ v

∂
∂y

(
(ρCP)nf T

))

= knf

(
∂2T
∂x2 +

∂2T
∂y2

)

(14) 

where u.v,p, and T are the velocity components in the x and y directions, 
the pressure field, and the temperature, respectively. μnf , knf and ρnf are 
the dynamic viscosity, thermal conductivity, and density of the nano
fluid. A stream with a uniform velocity Uave enters the channel from the 
input (Fig. 1) at a constant temperature of T = 300 K. The channel has 
insulated walls, and a non-slip velocity condition applies on the channel 
boundaries. The surface of the battery (the internal hot cylinder) expe
riences a constant heat flux in steady-state simulations and a time- 
varying heat flux in unsteady simulations. The velocity boundary con
dition on the cylinder is zero. At the outlet, a gradient null condition 
applies to both temperature and velocity, and the output pressure equals 
the atmospheric pressure. The important analysis parameters are pre
sented in Table 2. Furthermore, a summary of the information and pa
rameters used is provided in the appendix.

3. Grid study, solution method, and validation

The triangular mesh of the geometry shown in Fig. 1 is generated 
using Gambit 2.4.6. The fluid domain was discretized using an un
structured triangular mesh. Boundary-layer elements with a growth 
ratio of 1.1 were generated near walls to capture the thermal and hy
drodynamic boundary layers accurately. Mesh quality was assessed 
using OpenFOAM's checkMesh utility. The maximum skewness remained 
below 1, while the maximum non-orthogonality was below 40, both of 
which satisfy the recommended criteria for accurate and stable CFD 
simulations. The sensitivity of the average temperature of the battery 
surface (Tbattery) on the mesh number is shown in Fig. 2-a. By refining the 
grid up to 63,000, the change of Tbattery is remarkable. However, after 
this grid, the variation is almost 0.5%. This demonstrates the data's in
dependence from the grid. Furthermore, a fixed Courant number is used 
for unsteady-state simulations. In this study, the Courant number is 0.2, 
and values below 0.2 do not significantly affect the data.

The SIMPLE and PIMPLE algorithms are also implemented to 

Fig. 3. Streamlines and non-dimensional velocity distribution at different Reynolds numbers in q” = 600 ( W
m2) for a). Pure water and b) Water-NEPCM.

Fig. 4. Non-dimensional pressure drop at different Reynolds numbers in q” =
600 ( W

m2) for pure water and water-NEPCM.
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establish the link between the velocity and pressure fields in both steady 
and unsteady conditions. The 2nd-order upwind scheme is employed for 
the advection terms, while the 2nd-order central scheme is used for the 
diffusion terms. The values of relaxation factors for the fields of 

temperature, pressure, and velocity are 0.3, 0.7, and 0.7, respectively. 
Additionally, to verify our simulation, we reproduced the CFD results for 
nano-encapsulated PCMs presented by Ghalambaz et al. [42]. As shown 
in Fig. 2b, the data have acceptable accuracy.

Fig. 5. Temperature distribution (K) at different Reynolds numbers in q” = 600 ( W
m2) for a). Pure water and b) Water-NEPCM.

Fig. 6. Melting zone (α = 0 is solid and α = 1 is liquid state) at different Reynolds numbers for water-NEPCM nanofluid a). q” = 600 ( W
m2 ) and b). q” = 750 ( W

m2).
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Furthermore, to validate the numerical results against experimental 
data, the Nusselt number data reported by Ho et al. [43] were used. Ho 
et al. experimentally investigated the heat transfer of water and an Al₂O₃ 
nanofluid with a nanoparticle concentration of 0.01% at different Ray
leigh numbers (corresponding to varying wall temperature differences). 
In addition, the present results were compared with the CFD simulations 
reported by Shekhzadeh et al. [44]. The comparisons are presented in 
Table 3. The error values were calculated based on the deviation of the 
present results from the experimental data. Overall, the results are well 
matched.

4. Results and discussion

In this part, we will analyze our simulated data. First, we will eval
uate the impact of NEPCMs on flow patterns and pressure drop. Then, by 
establishing a significant relationship between velocity and energy 
performance, the effects of these nanoparticles under different condi
tions on fluid and battery surface temperatures will be studied.

4.1. Effects of NEPCM presence on flow and pressure parameters in 
constant heat fluxes

The velocity distribution results are presented in Fig. 3 at a constant 
heat flux. The purpose of this figure is to analyze the effects of the 
working fluid and the Reynolds number. We will first examine the ef
fects of the inlet flow (represented by the Reynolds number) separately 
for each fluid, then examine the impact of the working fluid material. 
For pure water, in Fig. 3-a, in Re = 50, part of the fluid, when entering 
the circular channel, separates from the mainstream, and we see the 
production of a vortex, which we call vortex number 1. Additionally, at 
this Reynolds number, the fluid velocity is low. With increasing Rey
nolds number or increasing the inlet flow to the system, the number of 
created vortices increases (Fig. 3-a for Re = 100 and Re = 150). The 
fluid flow produces a new vortex as it leaves the circular chamber; after 
passing through the hot body, it is referred to as vortex 3. The middle 
vortex, referred to as vortex 2, is caused by the presence of vortex 3, 
which blocks the flow of fluid from beneath the hot cylinder. The story is 
a little different for nanofluids. In Re = 50, vortex number 1 is so small 

Fig. 7. Local temperature distribution at the battery surface (K) for different heat fluxes: a) Re = 50, b) Re = 100, and c). Re = 150. (θ = 0 is located on the right side 
of the cylinder and increases in a clockwise direction).
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that it has a velocity close to zero and is not visible, and with the increase 
of Reynolds number, there is no sign of vortex numbers 2 and 3. In Re =

150 it is observed that in the areas of vortex numbers 2 and 3, the fluid 
velocity for the water is lower than NEPCM.

Furthermore, the fluid flow around the hot cylinder for nanofluids is 
more uniform than in pure water. It is known that using nanoparticles 
increases water's viscosity. Flowing fluid in the channel becomes more 
difficult, which is why vortices No. 2 and 3 have not been created at high 

Fig. 8. The local average surface temperature of the battery (K) and temperature variation by adding NEPCM (K) for different concentrations of nanoparticles and Re 
numbers in a). q” = 600 ( W

m2 ) and b). q” = 750 ( W
m2).

Fig. 9. UT values (K) for different working fluids and Re numbers in a). q” = 600 ( W
m2 ) and b). q” = 750 ( W

m2).
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Reynolds numbers. To better illustrate the issue, the pressure drop di
agram is presented in Fig. 4.

As shown in Fig. 4, the presence of nanoparticles in water caused a 
pressure drop in the cooling channel. Increasing the inlet flow velocity 
has also exacerbated this pressure drop. The physical reason for this 
phenomenon is that the nanoparticles in the base fluid create additional 
shear stress between the fluid layers, preventing the fluid from passing 
through, and the liquid molecules must carry these particles with them. 
At a high Reynolds number, nanofluid pressure drop values increased by 
up to 94% compared to water. This phenomenon is one of the disad
vantages of having nanoparticles in the base fluid. Although nano
particles enhance heat transfer and the system's thermal performance, 
the effects are presented in the next section.

4.2. Effects of NEPCM presence on thermal performance in constant heat 
fluxes

The temperature distribution within the domain for the heat flux of 
600 (W

m2) is shown in Fig. 5. For pure water (Fig. 5a), the temperature is 
low in the part of the hot cylinder where the fluid flow has directly 
impacted. Still, in the back of the hot cylinder, where the fluid has less 
contact with the cylinder, the temperature has increased. Additionally, 
the upper section of the hot cylinder has a lower temperature because its 
upper part has a higher velocity in its vicinity (Fig. 3). As the Reynolds 
number increases in pure water, the area of maximum temperature 
shifts. In the case of the three vortices (Fig. 3-a for Re = 100 and Re =

150), the highest temperature occurs in vortex area 2 because the vortex 
is relatively slow. At low velocities, the convective mechanism is low. 
Also, the fluid's temperature rises. However, the regions of maximum 
nanofluid temperature are the same at both Reynolds numbers. Also, the 
maximum temperature is almost the same for both working fluids. The 
temperature distribution on the hot cylinder will be evaluated in the 
following sections; however, we will first examine the melting zone of 
NEPCM throughout the domain.

The contours of the melting zones are shown in Fig. 6. According to 
this figure, there is a close relationship between the temperature dis
tribution and the melting zone. At approximately 306 K, the core of 
NEPCMs begins to melt. At higher temperatures, the material inside the 
nanocapsules is liquid, and at lower temperatures, it is solid. As the 
Reynolds number increases, the melting zone becomes smaller because 
the strong convection offsets the increase in fluid temperature. As a 
result, the nanocapsules did not receive enough energy to melt. Addi
tionally, increasing the heat flux has expanded the melting zone by 
transferring more heat to the fluid, providing more heat than required 
for melting within the NEPCMs. The effects of melting on the internal 
cylinder temperature are shown in Fig. 7.

The local temperature distribution is shown in Fig. 7. Comparing the 
graphs, it can be seen that pure water shows two temperature maxima, 
whereas adding NEPCMs results in a single maximum. This is due to the 
effects of adding NEPCMs on the viscosity and fluid density. These were 
analyzed in detail in Figs. 3 and 4. The second interesting point about 
the battery cell's temperature profile is the maximum temperature. If the 
nanocapsules melt and the melting zone is larger (due to high heat flux 
and low Reynolds numbers), the presence of nanocapsules reduces the 
maximum battery temperature. As shown in Fig. 6, this is due to the 
energy required to melt the phase change material. Since the phase 
change is a constant-temperature process, the nanofluid can absorb a 
significant amount of energy at a fixed temperature. This prevents the 
battery temperature from rising. As the heat flux increases, the battery 
surface temperature rises, a phenomenon observed in both fluids. 
Additionally, increasing the Re number enhances the system's cooling. 
Because the convective heat transfer coefficient is directly related to the 
Re number, increasing the Reynolds number increases the heat transfer 
coefficient, thereby preventing the battery surface temperature from 
rising.

The diagram of the local average of Tbattery and variation of Tbattery by 
adding nanoparticles (ΔTbattery = T|water − T|water− NEPCM) are shown in 
Fig. 8 for different concentrations of NEPCMs. In this figure, it can be 
seen that in almost all conditions, the presence of nanoparticles has 
reduced the battery surface temperature. However, at the lower Rey
nolds numbers, the nanoparticles did not perform very well. The reason 
is that adding nanoparticles to the base fluid increases viscosity and, 
consequently, reduces convective heat transfer, resulting in less heat 
transfer from the battery surface. This causes its temperature to rise.

On the other hand, increasing the nanoparticle volume fraction 
further decreases the cell surface temperature. The most significant 
temperature reduction is associated with a volume fraction of 5%. The 
reason is that by adding NEPCMS, the amount of Cp,nf increases, which 
also appears in Eq. 8.

Fig. 10. UT values (K) for different working fluids and battery cells in q” = 750 
( W
m2) and Re = 100.

Fig. 11. The comparison of the fitted curve of heat generation rate (W) based 
on experimental data of Song et al. [45] during 1 ◦C discharging.
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To check the temperature uniformity on the surface, the UT is 
defined. UT values for different Re numbers and heat fluxes are pre
sented in Fig. 9. Based on the definition of the UT Parameter in Table 2: 
values close to zero indicate a more uniform distribution of temperature. 
Based on UT, it can be seen that adding nanoparticles to water improves 
surface temperature uniformity on the battery. But with the increase of 
the Re number, the values of UT For pure water and NEPCM-water, the 
values are nearly identical. At higher Re numbers, the increase in cell- 
surface temperature is also prevented by increasing the heat transfer 
coefficient. Since the rise in the heat flux has increased the maximum 

value of the Tbattery (Fig. 7), the UT Values increase at high heat flux 

values. In the best case (q˝ = 750
(

W
m2

)

and Re = 100), by adding 

NEPCM to water UT Values have decreased by almost 36%. In Fig. 10, 
the values of UT For different compositions and numbers of battery cells, 
the corresponding values are given. By adding more battery cells, the 
value of UT increases, because cold fluid does not completely cover the 
cylinder. This behavior of UT is more obvious in the fluid. Increasing the 
number of battery cells strengthens the effect of nanocapsules because 

Fig. 12. Local and temporal temperature distribution at battery surface (K) for a). pure water and b). water-NEPCM.
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more PCM is melted.

4.3. Effects of NEPCM presence on thermal performance in the time- 
varying heat flux

Here, we want to analyze the thermal performance of a single 
lithium-ion cell under transient conditions. Fig. 11 shows the energy 
production rate at 25 ◦C during discharge. To enhance simulation ac
curacy, the Fourier series curve-fitting method is employed to capture 
the experimental data of Song et al. [45].

A graph of battery surface temperature over time is presented in 
Fig. 12. In this study, the Reynolds number is constant at 50, and the 
nanoparticle volume fraction is 5%. It can be observed that using pure 
water increases the battery's temperature. Another noteworthy point is 
the shape of the temperature distribution diagram for these two fluids. 
The use of NEPCM nanocapsules shifts the maximum temperature. This 
phenomenon was also observed in steady-state conditions. In addition, 
for the highest temperature in both fluids in Fig. 11, the trend of the 
obtained thermal distribution diagram is close to the steady-state 
distribution.

To more closely examine the effects of NEPCMs under unsteady-state 
conditions, the average battery surface temperature at different times is 
presented in Fig. 13. As is known, when the production heat flux is low, 
the use of nanoparticles does not help much in cooling, but with the 
increase of the production flux and the melting of materials inside the 
nanocapsules, Tbattery In the melting range, the temperature drops by 
almost 4◦C. The melting zone of nanocapsules is highlighted in red. 
When the Tbattery As the volume fraction reaches the melting point, pure 
water raises the battery's temperature. Still, the presence of NEPCMs in 
the water causes these particles to store energy as latent heat, which, in 
turn, cools the battery surface further, lowering the water temperature.

5. Conclusion

In this study, the unsteady and steady-state battery thermal man
agement systems under different conditions are investigated. The bat
tery is considered a hot cylinder in the simulation to observe the effects 
of adding nano-encapsulated phase change material (NEPCMs). Addi
tionally, the impact of the inlet flow Reynolds number and the heat flux 
generated by the battery has been analyzed. The following results can be 
presented: 

• Using NEPCM nanoparticles increases viscosity and increases pres
sure drop. This reduces the number of vortices behind the hot 
cylinder.

• Increasing the concentration of NEPCMs lowers the cell's maximum 
temperature. Also, adding nanoparticles reduces the number of 
points with the maximum temperature.

• The presence of nanoparticles enhances surface temperature uni
formity. These effects are more pronounced in high Reynolds 
numbers. The presence of NEPCM nanoparticles is also not recom
mended in low-Reynolds-number and low-heat-flux conditions.

• At high heat flux, the PCM materials melt and Tbattery in the melting 
range, it drops by almost 4◦C.

• By adding NEPCM to water UT values reduce by up to 36%.
• At a high Reynolds number, nanofluid pressure drop values increased 

by up to 94% compared to water.

Despite the innovation, efforts, and convincing results, the present 
work has some disadvantages and limitations that should be addressed 
in future work. The biggest disadvantage of this work is the lack of 
laboratory data and the absence of prototype construction. Also, eco
nomic and environmental aspects of the problem are important. The 
authors also suggest that advanced modeling should be performed, 
including three-dimensional simulations and various channel and bat
tery arrangements.
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Appendix A. A summary of the information and parameters used is provided below

Parameter Value / Range Unit / Description Clarification / Notes

Inlet Velocity (u_in) Not directly stated, implied via Re m/s Re = 50, 100, 150. Calculated from Re = ρuD/μ.
Inlet Temperature 300 K Uniform at channel inlet.
Wall Temperature – – Insulated channel walls (adiabatic).
Battery Surface Boundary Constant heat flux 600 or 750 W/m2 Steady-state simulations; time-varying in transient.
Geometry D_cylinder = 0.5, D_channel = 1/3 Non-dimensional Used for scaling.
Reynolds Number (Re) 50, 100, 150 Non-dimensional Computed using Re = ρuD/μ.
PCM Melting Temperature ~305–306 K Phase change temperature.
Volume Fraction of NEPCM 0–5% % 5% gives the maximum thermal improvement.
Latent Heat of PCM (Lf) Symbolic only J/kg Used in enthalpy modeling.
Thermal Conductivity (k) Water: 0.62, NEPCM core: 0.2 W/m⋅K From Table 1.
Specific Heat Capacity (Cp) Water: 4180, NEPCM core: 2040 J/kg⋅K Thermal modeling values.
Dynamic Viscosity (μ) Water: 0.001 Pa⋅s NEPCM increases viscosity.
Density (ρ) Water: 996, NEPCM core: 720 kg/m3 From Table 1.
Non-Dimensional Pressure Drop Up to +94% with NEPCM Relative increase Higher viscosity causes this.
Temperature Drop with NEPCM Up to 4 K (unsteady), 2 K (steady) K Compared to pure water.
Temperature Uniformity Index (σT) Reduced by 36% Dimensionless More even surface temperature.
Time-Varying Heat Flux Fourier fitted from Song et al. W Used in unsteady analysis.
Governing Equations Navier-Stokes + Energy + Enthalpy – With OpenFOAM solvers.
Solver Methodology SIMPLE (steady), PIMPLE (unsteady) – Pressure-velocity coupling.
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