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A B S T R A C T   

Background: This article examines a T-shaped lithium-ion battery pack (BPC) consisting of six prismatic cells 
using the finite element method (FEM). An optimal model is introduced for batteries’ thermal management 
(THMT) by changing the position of the inlets and outlets. 
Methods: The outlet is where the fully developed airflow leaves, and the walls use the no-slip boundary condition. 
The batteries are placed in an enclosure filled with phase change material (PCM) to create temperature uni-
formity on the batteries. The hydrodynamic and thermal modeling of airflow and the melting and freezing of 
PCM are performed in this study using the COMSOL program. 
Significant findings: The results demonstrate that the batteries’ maximum temperature (TMX) changes by 
changing the location of the inlets. Changing the position of inlets also affects the melting and freezing of the 
PCM, and better temperature uniformity on the batteries may be achieved using some models. The M4 model, in 
which the inlet and outlet are on the left and right sides, and an outlet is in the center, is the most appropriate 
model for industrial applications.   

1. Introduction 

Due to the depletion of fossil fuel supplies, rising oil prices, and 
environmental pollution, major automakers are now considering the 
development of electric cars [1,2]. To create and build electric and 
hybrid vehicles, many of these firms invest significant money each year 
in their research facilities [3,4]. The desire of automakers to build 
electric cars may be good news for the environment. However, there are 
still many doubts about the possibility of this amount of electric power 
and the power of the power grid to charge the batteries of this number of 
cars. Also, the amount of lithium available worldwide for making elec-
tric car batteries is another controversial limitation in this regard. 
However, the key difficulty is the electric energy proportionate to their 
operation [5–7]. Therefore, utilising rechargeable batteries has been the 
most common choice in this industry. The batteries of electric cars play a 
huge role in moving the car. They are designed in a tensile and very large 
way, which are the power source of electric cars’ electric motor. The 

expansion of the use of electronic equipment has led to the need for 
energy storage and the necessity of using rechargeable batteries [8,9]. 
Due to the significant advantages of lithium-ion batteries, such as their 
high voltage, high mass and volume energy density, lack of memory 
effect, low self-discharge rate, ability to charge quickly, acceptable life 
cycle, and wide operating temperature range, their use has increased 
[10–12]. 

However, managing the battery’s temperature, which significantly 
influences both the battery’s performance and safety, is the most sig-
nificant difficulty facing batteries. Therefore, a significant focus of re-
searches has been devoted to solving the problems caused by the 
generation of heat in the battery assembly and various cooling methods 
by modeling or performing tests on the battery [13–15]. Active and 
passive cooling techniques are divided into two categories. The disad-
vantage of active approaches is the system complexity and need for an 
external energy source. Hence, the passive methods based on PCMs have 
been gradually taken into consideration [16,17]. According to the 
operating temperature range of batteries, paraffin has been an important 
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category of PCMs in the field, which has caused a lot of research to 
improve their thermal conductivity [18]. Passive THMT systems 
improve the rate of melting or freezing of the PCMs compared to active 
ones, which makes the system more efficient. The cost and complexity of 
the hybrid systems and the need for optimization are some challenges of 
these systems [19,20]. 

An experimental investigation was undertaken by Xie et al. [21] to 
determine how copper foam and fins affected the efficiency of PCM heat 
transfer. The copper foam’s porosity was 96%, the fin’s thickness was 
0.8 mm, and the PCM’s characteristics were 99%. One sample composed 
of fin, copper foam, and paraffin, and the other without fins, were 

arranged horizontally and vertically (the fins had a tree or zigzag ar-
rangements). They were under different heat fluxes and their tempera-
ture changes were assessed. The findings demonstrated that using 
copper foam and fins together increases thermal conductivity and 
melting rate by up to 2.7 times by conduction heat transfer along the fin. 
Also, the horizontal arrangement had a greater contribution to heat 
transfer than vertical one in composites with higher thermal conduc-
tivity. Mousavi et al. [22] evaluated and optimized lithium batteries 
with an air-cooled cooling system of a BPC containing 150 cylindrical 
lithium-ion battery cells (BTTC) in a PVC enclosure. Their findings 
showed that increasing the diameter of the tubes mounted on the battery 

Nomenclature 

a specific interfacial area 
Ac (m2) The cross-sectional area 
cpb (J kg− 1◦C− 1) Heat capacity 
c salt concentration 
D salt diffusion coefficient 
Ds lithium diffusion coefficient 
F (C mol-1)) Faraday’s constant 
R (Ωm-3) Internal resistance 
I (A) Discharging current 
pdrop (Pa) Pressure drop of air through the channel 
Tb (◦C) Temperature in battery units 
Eoc (V) Open circuit voltage 
i (A) Discharging current per unit volume 
n Number of electrons participating 
v (m s− 1) Air flow velocity 
Pc (W) Power loss 

V (V) Voltage 
Sab (W m− 3) Heat absorption rate 
ST (W m− 3) Source term 
SOC State of charge 
kb (W m− 1◦C− 1) Thermal conductivity of battery materials 
Ta (◦C) Temperature of air 
ka (W m− 1 ◦C− 1) Thermal conductivity of air 
cpa (J kg− 1 ◦C− 1) Specific heat capacity of air 
p(Pa) Static pressure 
t time 

Greeks 
Λ (m3) Volume of battery 
ΔS (J mol− 1 K− 1) Entropy change 
ρb (kg m− 3) Density of battery materials 
ϵ volume fraction 
η electrode potential  

Fig. 1. Schematic of battery Thermal management. (Air and PCM).  
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and maintaining a certain range of air velocity (V-air) may increase the 
Number of Transfer Unit. A battery THMT system with U-shaped 
microchannels and air-filled heat pipes was evaluated by Ren et al. [23]. 
According to their research, for charging currents of 2C and 3C, 
respectively. Even in conditions of high charge and discharge, the 
cooling method performed exceptionally well for THMTs. Chen et al. 
[24] looked into how PCMs affected the THMT of an air-cooled lithium 
battery system. Their findings shown that, particularly at high ambient 
temperatures, the active air-cooled technique had a superior cooling 
effect than the PCM-cooled one. However, the active air-cooled method 
produced increased temperature non-uniformity at low intake V-air. In 
comparison to PCM cooling, the air-cooled battery module had a longer 
cycle life. The two approaches were also contrasted using cyclic cost, a 

recently suggested assessment indicator. 
Thermal management of the battery using passive cooling systems is 

effective up until the point where the PCM melts completely. After that, 
the system is unable to control the battery’s temperature. As a result, the 
passive method, which uses PCM, is only effective for a brief time while 
requiring no energy. On the other hand, external energy is needed for 
the active methods; but they can be utilized all the time. Using the 
hybrid methods, i.e. the use of both active and passive ones, can elim-
inate their drawbacks to a large extent. It is possible to utilize the passive 
method at a certain time when there is no need for energy to manage the 
battery temperature. When the PCM is completely melted, the battery 
temperature is controlled and the PCM is completely solidified by using 
the active method. Then, the passive method can be employed again. 
The heat generated by batteries is numerically modeled in the current 
work, and a hybrid active-passive cooling system is created and simu-
lated for their THMT [25,26]. The forced airflow passing through a 
heatsink is used as active cooling, and a PCM with a suitable melting 
temperature is used to cool the batteries as passive cooling. The in-
novations of this work are to use PCM in the enclosure around the 
batteries and the changes in the inlet and outlet position. The variations 
in temperature and the system performance are examined and an 
optimal model is presented. 

2. Problem description 

The BPC considered in the present work is shown in Fig. 1, indicating 
the position of the inlet and outlets. Six prismatic batteries are placed 
inside the T-shaped channel. Airflow and PCM are employed for the 
THMT of lithium batteries. The airflow that has a temperature and ve-
locity that are both constant enters the channel, and the airflow that has 
completely developed escapes from the opposite side. After the 
container has been filled with PCM, lithium prismatic batteries are 
inserted inside it. 

The battery’s electrochemical model is shown in the example below. 
The basic mathematical model of the battery is presented here, while 
Ref. [27] provides further information on the parameters and reaction 
kinetics. The division of the model into many parts, including a 

Table 1 
Equations governing the flow of PCM [29].  

ρcp
∂T
∂t + ρcp u→.∇T = ∇.(k∇T) Energy equation for 

liquid phase 

ρcp
∂T
∂t − ∇.(k∇T) = 0 Energy equation for solid 

phase 

ρ ∂ u→

∂t + ρ( u→.∇) u→− μ.∇2 u→ = − ∇P + F→b + F→a 
General form of energy 
equation with surface 
and volume forces 

F→b = − ρliquid(1 − β(T − Tm)). g→ Body forces 

F→a = − A(T). u→ Surface forces 

A(T) =
C(1 − B(T))2

(B3(T) + q)
Karman-Kozeny relation 
for porous media 

∇P =
− C(1 − B(T))2

B3(T)
. u→

Darcy law 

u→ = −
K
μ∇P velocity 

B(T) =
⎧
⎨

⎩

0,
(T − Tm + ΔT)/2ΔT,

1,

T < (Tm − ΔT)
(Tm − ΔT) ≤ T < (Tm + ΔT)

T > (Tm + ΔT)

B(T)  

Fig. 2. The grid employed for the present geometry.  

Table 2 
The grid independence test for the geometry consisting of PCM, air, and lithium 
batteries   

300000 400000 500000 600000 700000 
T 298.96 298.68 298.51 295.50 298.50  

Fig. 3. Comparison of the results, including the TOBT surface, obtained from 
the present work and reported by Li et al. [36]. 
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separator area in the center and two composite electrodes on each side, 
is analogous to how lithium batteries are made. The equations below 
may be used to explain the solution phase of the composite electrode [3, 
28,29]: 

ϵ
∂c
∂t = ∇⋅(D∇c) −

i2⋅∇t0+
F

+ ajn
(
1+ t0+

)
(1)  

i2 = − k∇ϕ2 +
2kRT
F

(

1+
∂lnf±
∂Inc

)
(
1 − t0+

)
∇lnc (2)  

ajn =
1
F
∇⋅i2 (3) 

The solid phase equations’ description of composite electrodes is 
provided here [30,31]: 

i1 = − σ∇ϕ1 (4)  

∂cs
∂t = Ds

[
∂2cs
∂r2 +

2
r
∂cs
∂r

]

(5) 

The energy balance for a battery may be used to determine the three- 
dimensional temperature distribution that takes place within a battery 
throughout the charging, discharging, and resting phases of its operation 
[3,29,32]: 

∂
∂t
(
ρacp,bTa

)
= ∇⋅(kb∇ Ta) + Q̇gen (6) 

Because the battery is made up of several layers composed of various 
materials, its heat conductivity is not uniform in all directions and is 
thus anisotropic. The battery’s axial thermal conductivity has a greater 
active portion than its radial portion. The following is a list of the heat 
conductivities that the active component of the battery has in both the 
radial and axial directions [3,29]: 

kb,r =
∑

Li
∑(

Li
ki

) (7)  

kb,Z =

∑
(Li × ki)
∑

Li
(8)  

Cp,b =

∑(
Li × Cp,i

)

∑
Li

(9)  

ρb =

∑
(Li × ρi)∑

Li
(10) 

The rate of heat generation by the battery, which is represented by 
the last component on the right side of Eq. 10, is the factor that has the 
most influence on the three-dimensional temperature distribution that 
exists inside the battery. The battery’s active component creates two 
forms of heat: heat from electrochemical reactions and heat from the 
battery’s internal resistance to current flow [3,33]. The formula for 
calculating the heat produced by the active component of the battery is 
as follows: 

Q̇gen = Q̇ec ++Q̇J = − TΔs
I
nF

+ I(E − V) (11) 

The following equations, respectively, govern continuity, mo-
mentum, and energy [34]: 

∂ρp

∂t +∇⋅(ρa v→ ) = 0 (12)  

∂
∂t (ρa v→) +∇⋅(ρa v→ v→ ) = − ∇P+ ρg (13)  

Fig. 4. V-air (m/s) in the BPC in various cross-sections for different inlet and outlet models.  
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∂
∂t
(
ρacp,aTa

)
+∇⋅

(
ρacp,a v→ Ta

)
= ∇⋅(ka∇ Ta) (14) 

The following is an expression of the energy conservation equation 
that applies to the nano-PCM. 

The equations are shown here in Table 1. 
Therefore, B(T) = 0. The value of the function B(T) can be written as 

follows: the function B(T) is enhanced linearly from zero to one between 
two PCM phases [35]. 

3. Numerical method and grid study 

In this study, COMSOL software is used to simulate the hydrody-
namic and thermal aspects of airflow as well as the melting and freezing 
of PCM. The grid is an unstructured one and the solution method is the 
FEM. The FEM divides the computational domain into smaller and 
simpler elements, then the equations are solved for each element. The 
geometry of airflow, lithium battery, and PCM are meshed separately on 
them. A finer mesh is used in the vicinity of walls. One of the factors 
affecting the accuracy of the numerical solution is the number of ele-
ments used in the computational domain. In COMSOL software, it is 
possible to create a smart grid in the computational domain by deter-
mining the minimum and the maximum length of the elements, so that 
the grid is finer next to the walls. The grid created using the explored 
geometry is shown in Fig. 2. 

The computational domain involves 300000 to 700000 elements, 
while the minimum and maximum length of the elements is 0.02 to 0.8 
mm, respectively. According to Table 2, when the number of elements is 
higher than 500000, there are very small changes. As the battery surface 
temperature is unaffected by increased components, the grid with 
500000 elements is used for the simulations. The computational equa-
tions are solved using the GMRES technique. The simulation time is 

about 21 hours for each run using a system with 32GB of RAM and an 
"Intel(R) Core(TM) i7" CPU. 

4. Validation 

Validation of numerical simulations is crucial, and the numerical 
results must be compared with other similar data. For this reason, the 
outcomes of the current simulations are contrasted with those of 
Ref. [36], a study that is highly similar to the present work. The battery’s 
temperature readings (TOBT) and the researchers’ findings coincide 
quite well. Li et al. [36] examined the temperature and battery life using 
some physics in their solution. This study examined a lithium-ion bat-
tery pack placed in an air channel numerically and experimentally. The 
temperature of each cell of the battery pack is analyzed separately. They 
employed experimental data to validate the numerical model and used it 
as an index for numerical results. This comparison is performed for two 
different battery charge rates, i.e. 1C and 2C, at different times. Exper-
imental and numerical results have been compared with the previous 
papers and the present article using these charge rates. They considered 
several cooling methods. In this comparison, the TOBT surface is 
examined. The highest error, as shown in Fig. 3, is 4.8%, and the findings 
from the current simulations are quite accurate. 

5. Results and discussion 

Fig. 4 illustrates the V-air in the BPC in various cross-sections for 
different inlet and outlet models. The velocity values between the bat-
teries depend on the location of the inlet and outlets. Due to the top and 
bottom walls and the created flow produced by traveling along the inlet, 
the V-air is amplified in the center of the channel on the air inlet side. 
The airflow branches reach each other in the middle of the pack and exit 
from the BPC. The velocity of the airflow between the BTTCs in some 

Fig. 5. TOBT cells (K) for different inlet and outlet models.  
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parts is maximum. The cooling is better in these parts because of the 
high V-air. On the other hand, the amount of cooling of the batteries and 
PCM is low in the parts where the airflow velocity is low. The highest 
maximum V-air occurs in M2 and the lowest maximum air temperature 
corresponds to M3. The area where the highest V-air occurs and the 
battery is more effectively cooled changes depending on where the inlet 
and exit are located. In most models, the batteries placed in the front row 
are at a higher V-air than those in the back row. 

Fig. 5 depicts the TOBT cells for different inlet and outlet models. 
Changing the location of the inlet and outlets affects the TOBT cells. The 
BTTCs are supposed to be on the cooler side of the air inlet, and the 
batteries are on the higher temperature side of the outlet. For M1, the 
batteries on the right side of the BPC have the TMX whereas the batteries 
on the left are the coolest. This TOBT is lower because of the air on the 
left. For M2, the front row battery on the right side of the BPC and the 
batteries on the left side of the pack are both warmer than the rear row 
battery on the same side of the BPC. This TOBT is the lowest due to the 
airflow in this area. For M3, the middle battery in the rear row is at a 
high temperature while the batteries in the front row are at a lower 
temperature. The front side of the BPC’s air circulation causes the 
temperature to even out. The similar circumstance is present in M4. The 
right and left batteries of the BPC of the M4 have a lower temperature 
than the central ones, and the outlet is located in the centre of the pack. 

Fig. 6 demonstrates the isothermal planes in the pack for different 
inlet and outlet models. The isothermal planes are shown from the inlet 
side towards the outlets. For M1, the planes are drawn toward the 

middle and right outlets of the BPC from the left side inlet where the air 
enters the BPC. For M2, the air enters from the left side, and in the 
middle of the BPC exits from the right side of the BPC. For M3, the air 
enters the middle of the BPC and leaves from both sides of the BPC. For 
M4, the air enters from the left and right sides of the BPC and exits from 
the middle of the BPC. This model and M3 have symmetrical isothermal 
planes. The density of isothermal planes is higher on the BTTCs where 
the heat transfer is more and the temperature difference is higher. The 
batteries on the air side are at a lower temperature and the air around 
the batteries that are at a higher temperature has a higher temperature. 

Fig. 7 illustrates the air streamlines with velocity and temperature 
colors on the enclosure around the BTTCs for different inlet and outlet 
models in 2000, 4000, and 6000 s. On one side of the BPC that air enters, 
the amount of volume fraction of molten PCM is lower and on the side of 
the outlets, the amount of molten PCM around the battery is higher 
depending on the model. At the time 2000 s, there is a quantity of molten 
PCM around the hot batteries. The PCM is in the solid phase around the 
batteries with a lower temperature. At the time of 4000 s, most of the 
PCM melts, and only a few parts of the PCM around the batteries remain 
solid at the inlet. At the time of 6000 s, all the PCM is in the solid phase 
and it is not melted around the batteries. Air temperature also depends 
on the amount of liquid or solid PCM. In cases where there is more 
molten PCM around the batteries, the air temperature is a little higher. 
For M3 and M4, the airflow and the growth of the melting and freezing 
front of the PCM are symmetrically related to the middle of the BPC due 
to the symmetrical boundary conditions of the BPC. In each BTTC, the 

Fig. 6. Isothermal planes in the pack (K) for different inlet and outlet models.  
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Fig. 7. Air streamlines (K) with velocity and temperature colors on the enclosure around the BTTCs for different inlet and outlet models in 2000, 4000, and 6000 s.  
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TOBT cell may be different depending on which part of the PCM is solid 
and which part is liquid. 

Fig. 8 demonstrates the mid TOBT for different inlet and outlet 
models up to 6000 s. The temperatures shown in the figures indicate the 
average temperature of each battery cell. The instantaneous tempera-
ture changes of the batteries show that the TOBTs are highly dependent 
on time due to the presence of PCM. There is an initial enhancement in 
the temperature of all BTTCs and then, a temperature jump occurs on the 
batteries so that the TOBT reaches its maximum value at this time. After 
this time, the TOBT is reduced so that the TOBTs become lower over 
time. At first, the TOBTs are reduced with a rapid trend, but the 
decreasing trend of the temperature becomes slower with time until a 
constant decreasing trend occurs. The TOBT reaches its maximum value 
of more than 330 K. At 6000 s, the TOBT reaches less than 310 K. The 
presence of the TOBT control systems, including airflow and PCM, af-
fects their temperature. These changes result from PCM melting and 

freezing control systems and airflow. This process generally occurs on 
the TOBTs, and changing the location of the inlet and outlets changes the 
trend of the TOBT only when the temperature drops. By changing the 
locations of the air outlets, one or two of the cells are placed on the air 
inlet or outlet sides each time. Due to the lower temperature of the air at 
the inlet compared to other parts of the BPC, the cell that is placed on the 
side of the air inlet becomes cooler and faster cooling occurs when the 
TOBTs are decreasing. Also, the BTTCs on the airflow’s upstream side 
have a lower TMX in the BPC. On the other hand, the BTTC or batteries 
that are placed close to the outlets have a higher TMX and their cooling 
process takes place slower. As the air near the outlet is warmer than the 
surrounding areas, less heat is lost there, resulting in a slower cooling 
rate. 

The temperature values on the BPC for various inlet and outlet 
models up to 6000 s are shown in Fig. 9. The average temperature of the 
battery pack is calculated from the temperature of each cell. The average 

Fig. 7. (continued). 
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Fig. 7. (continued). 
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Fig. 8. Mid TOBT values for different inlet and outlet models up to 6000 s.  
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temperature of the battery pack has been calculated by averaging the 
temperatures of six battery cells, which is how the surface temperatures 
of battery cells are obtained. The BTTCs’ collective behavior affects the 
BPC’s overall behavior, and the BTTCs’ collective temperature behavior 
affects the BPC’s behavior with regard to temperature. The PCM melting 
and freezing around the batteries affects the BPC’s behaviour at different 
temperatures. In the beginning, due to the lack of airflow in the entire 
BPC and the complete melting of the PCM around the batteries, the 
temperature of the BPC is enhanced and reaches above 330 K for 
different models. After this time, depending on the model, the temper-
ature of the BPC is decreased with a faster or slower trend to reach less 
than 300 K. Changing the inlet and outlet model affects the TMX reached 
by the BPC and the temperature trend up to 6000 s. The temperature of 
the BPC for different models eventually becomes close to each other. The 
TMX in the BPC occurs between 720 and 740 s, which is the maximum 
value for M2 and the minimum value for M4. The temperature differ-
ence between these two models in the TMX is 1.88 ◦C. During the 
cooling of the BPC, M1 has a TMX in the period from 700 to 6000 s, and 
M1, M2, or M3 have a minimum temperature at different times. 

Fig. 10 depicts the volume fraction of molten PCM around BTTCs for 
different inlet and outlet models up to 6000 s. The melting and freezing 
process of PCM in different BTTCs is very similar to each other. 
Changing the inlet and outlet locations have a different effect on 
different cells. When the cooling process starts in the batteries, tem-
perature increases due to the lack of airflow in the BPC. Since the TOBT 
does not reach the melting temperature of the PCM, the melting process 
does not occur. After this time, the freezing process of the PCM starts, 
and the TOBTs are decreased due to the flow of air in the BPC. Because of 
the collision of cold air with the PCM, all the PCM becomes solid again in 
a short time. After this time, all PCM remains solid due to the small 
volume of PCM used. The change of the model does not have much effect 
on the PCM freezing time, like cells No. 1, 2, and 4. However, on some 
other BTTCs, such as cells No. 3, 5, and 6, it greatly affects the freezing 
process of PCM. By changing the location of the inlet and outlets, the 
PCM that surrounds the cells located on the inlet side is solidified in a 
shorter time. The PCM that surrounds the cells located on the outlet side 
needs more time for freezing. The fastest PCM freezing process occurs in 

BTTC No. 3, for M 4. The longest PCM freezing process occurs for M1. 
M3 has faster PCM freezing and M1 has the longest time for PCM 
freezing in BTTC No. 5. 

The volume percentage of molten PCM in the BPC for various input 
and output models up to 6000 s is shown in Fig. 11. To determine the 
volume percentage of molten PCM at any given moment, the quantity of 
molten PCM in the battery cell is averaged. To express the average value 
of the molten PCM in the battery pack, the average value for each bat-
tery cell is averaged again to finally calculate the volume fraction of the 
molten PCM in the battery pack. All the PCM in the BPC melts in a short 
time, and the PCM remains molten for a time of about 1000 s. After this 
time, depending on the model of the inlet and outlets, the PCM freezing 
process starts. In a relatively limited time, all the PCM becomes solid 
again. The PCM freezing process is finally completed for all models 
before 3500 s and the PCM remains solid for the rest of the time. In the 
beginning, due to the lack of airflow in the BPC due to its very low ve-
locity and the small volume of PCM used around the batteries. After a 
while, the PCM freezing process starts due to the airflow around the 
batteries. Air cooling causes all PCM to be converted to the solid phase. 
Changing the inlet and outlet locations affects the freezing time of the 
PCM. M4 requires the minimum time for the complete solidification of 
PCM, and M1 needs the maximum time. M1 has a two-minute delay in 
completely freezing the PCM compared to M4. During the freezing time, 
the minimum and maximum amount of solid PCM corresponds to M1 
and M4, respectively. 

6. Conclusions 

A three-dimensional numerical study is performed on the THMT of a 
T-shaped BPC using PCM and laminar airflow in the BPC. The batteries 
are prismatic lithium-ion type, and PCM is used around them. The BPC 
has three inlets and outlets. The input and output locations are altered, 
and this investigation is completed in 6000 s.  

1- The TMX in the BPC occurs between 720 and 740 s, which is the 
maximum value for M2 and the minimum value for M4. The tem-
perature difference between these two models in the TMX is 1.88 ◦C.  

2- During the cooling of the BPC, M1 has a TMX in the period from 700 
to 6000 s, and M1, M2, or M3 have a minimum temperature at 
different times.  

3- Changing the inlet and outlet positions does not significantly impact 
PCM cooling time for BTTCs No. 1, 2, and 4, but it greatly impacts 
PCM freezing time for BTTCs No. 3, 5, and 6.  

4- Changing the inlet and outlet locations affects the amount of time for 
the complete freezing of PCM. M4 requires the minimum time for the 
complete solidification of PCM, and M1 needs the maximum time. 
M1 has a two-minute delay in completely freezing the PCM 
compared to M4.  

5- During the freezing time, the minimum and maximum amount of 
solid PCM corresponds to M1 and M4, respectively. 
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Fig. 10. The volume fraction of molten PCM around BTTCs for different inlet and outlet models up to 6000 s.  
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