Black Sea Journal of Engineering and Science
doi: 10.34248/bsengineering.1545174

Open Access Journal
e-ISSN: 2619 - 8991

Research Article

Volume 7 - Issue 6: 1246-1255 / November 2024

NUMERICAL ANALYSIS OF A TWO-LAYER PCM BASED BATTERY
THERMAL MANAGEMENT SYSTEM FOR DIFFERENT MATERIAL
PROPERTIES

Baris KAVASOGULLARI*

1Sivas University of Science and Technology, Faculty of Aviation and Space Sciences, Astronautical Engineering Department, 58000,
Sivas, Tiirkiye

Abstract: The design and numerical analysis of the two-layer PCM (Phase Change Material)-based thermal management system for a
18650-type lithium-ion battery have been performed. In relation to simulation, the coefficient of thermal conductivity and melting
temperature of the first layer of PCMs are varied. Other parameters are made identical to that of the next layer's parameters in order
that the generation of two different layers of PCMs can be attained: PCM-1 and PCM-2. To obtain a more realistic approach in the
numerical analysis, the battery thermal model was created in the COMSOL-MATLAB interface using the experimental internal
resistance data obtained for 18650 type Li-ion batteries in the literature. While a cheaper and more accessible material with a thermal
conductivity of 0.2 W/mK and a melting point of 50 °C was used in the PCM-2 layer, the thermal conductivity was changed as 0.2, 1 and
5 W/mK and the melting point was changed as 30, 40 and 50 °C in the PCM-1 layer. In this way, for PCM layers with different thickness
(tpem), the system was optimized at two different discharge rates, 5C and 7C. As a result of the numerical analysis, it was determined
that the optimum tyem, Kpem1 and Tm values for the 5C discharge rate were 2 mm, 0.2 W/mK and 40 °C, respectively; and the optimum

tpem, kpem1 and T values for the 7C discharge rate were 4 mm, 5 W/mK and 40 °C, respectively.
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1. Introduction

With the knowledge that fossil fuels will run out in the
near future, interest in electric vehicles is increasing day
by day (Raijmakers et al, 2019). Although electric
vehicles provide affordable, clean, and comfortable
transportation, their performance and sustainability are
largely dependent on the efficiency of the battery
systems that power them (Barré et al., 2013). Lithium-ion
(Li-ion) battery systems are widely preferred in electric
vehicles due to their long cycle life, high power density
and low weight (Zou et al, 2018). One of the most
important disadvantages of Li-ion battery systems is that
their performance and reliability are highly dependent
on temperature (Kim et al, 2019). During their
operation, high ambient temperatures and high
charge/discharge rates can increase the battery
temperature excessively. High temperatures can cause
irreversible performance and life losses in the battery,
and even serious reactions that can result in fire (Safdari
etal,, 2020). In many studies, safe temperature ranges for
Li-ion battery systems have been specified as 50-60 °C
(Ling et al, 2015; Kavasogullar1 et al, 2023). Battery
management systems (BTMS) have been
developed to minimize the effects of temperature on the

thermal

battery and to keep the battery within reliable
temperature ranges.

Phase change materials (PCM) are frequently preferred
in battery thermal management systems due to their high
latent heat (Yang et al,, 2023; Moral1 2023). When these
materials are applied in the battery pack, both good
control of the battery cell temperature and uniform
distribution of temperature throughout the battery pack
can be achieved (Murali et al., 2021; Kavasogullar et al,,
2024). In PCM-based battery thermal management
systems, paraffin and its derivatives are widely used due
to their relatively cheap and accessible nature (Maknikar
and Pawar, 2023). On the other hand, the low thermal
conductivity of these types of materials limits their use,
especially under severe operating conditions (Luo et al,,
2024). These types of materials act as insulation
materials around the battery, especially after phase
change, and cause heat to accumulate around the battery,
thus causing the battery temperature to increase rapidly
(Chen et al, 2024). To prevent this, some researchers
have suggested adding certain amounts of nano-particle
materials such as graphene, titanium oxide (Ti02), iron
oxide (Fe203) and alumina (AlI203) into the PCM
material (Talele and Zhao, 2023; Wang et al,, 2024; Vyas
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et al.,, 2024). Although PCM thermal conductivity can be
significantly improved with this method, the added
nanoparticles generally reduce the PCM latent heat
(Radomska et al.,, 2020). In addition, since the addition of
such materials to the PCM material requires an additional
process and material, the system cost also increases. In
order to increase the PCM performance by providing
good thermal conductivity and to reduce the system cost,
some researchers have proposed multilayer PCMs
consisting of different PCMs. In their study, Kang et al.
(2024) applied the three-layer PCM system to the battery
pack and performed the numerical analysis of the system.
As a result of the analysis, they reported that the three-
layer PCM system reduced the battery temperature by
13.61 °C and the temperature difference in the battery
pack by 2.54 °C compared to the system without PCM.
Jilte et al. (2021) worked on two different types of
designs for the two-layer PCM system, radial and
longitudinal. As a result of the study, they determined
that radial PCM layers provide better temperature
control. In another study, Kang et al. (2023) performed
the experimental and numerical analysis of longitudinal
multilayer PCMs using graphene and paraffin. As a result
of the study, they determined that the multilayer PCM
system reduced the battery temperature by 32.6% at an
ambient temperature of 20 °C and a discharge rate of 5C.
Shivram and Harish (2024) numerically modeled a two-
layer PCM system containing nanoparticles. The
researchers used PCM with a melting point of
approximately 27 °C in the first layer and a melting point
of 82 °C in the second layer. As a result of the study, they
revealed that adding nanoparticles shortens the PCM
melting time and increases the heat transfer rate.

As can be understood from the literature research,
studies on multi-layer PCMs in BTMSs are quite limited.
In this study, a two-layer PCM system in the radial
direction was designed and its numerical analysis was
performed. In the modeled system, the first layer used a
PCM with a melting point of 30, 40 and 50 °C; the thermal
conductivity coefficient was changed as 0.2; 1 and 5
W/mK, and the second layer used a PCM with a thermal
conductivity coefficient and melting point kept constant
at 0.2 W/mK and 50 °C, respectively. The PCM
thicknesses were also changed to be the same as 2, 3 and
4 mm. In this way, it is aimed to reduce the system cost
by using relatively cheaper and available PCM in the
second layer. To ensure a realistic representation of the
battery, a battery thermal model was created in COMSOL
Multiphysics and MATLAB software using the battery
properties obtained experimentally in the literature. In
this way, BTMS was optimized at two different discharge
rates, 5Cand 7C.

2. Materials and Methods

The BTMS proposed in the study is shown in Figure 1.
The system consists of a Li-ion battery cell and two
separate PCM layers. In order to separate the PCM layers
from each other and to keep the system together, an

aluminum shell with high thermal conductivity is placed
between the layers and at the outermost part.

ta D

Aluminum
shell
H
PCM-1
~
. 18650 Li-ion
Ll ] battery
tpcm‘\ tpcm_z

Figure 1. The modeled BTMS in the study.

In the BTMS analyzed, a 2.4 Ah capacity Li-ion battery of
type 18650 (D = 18 mm and H = 65 mm) was considered
(Lai et al., 2024). The heights of the PCM-1, PCM-2 and
aluminum layers used in the system are equal to the
battery height (H) and their thicknesses are determined
as tpem1, tpemz and ta, respectively. tpem: and tpemz were
changed within the scope of the analysis. ta was taken as
1 mm to reduce thermal resistance. The thermophysical
properties of the materials used are summarized in Table
1. As can be understood from the table, except for the
melting temperature (Tm) and thermal conductivity (ks
and ki), all other properties of PCM-1 and PCM-2 are the
same. In the calculations, the ks value of PCM-1 was
changed to be 0.2; 1 and 5 W/mK, and the T\, value was
changed to be 30, 40 and 50 °C. In PCM-2, the ks and T
values were kept constant at 0.2 W/mK and 50 °C,
respectively. The thermophysical properties of the Li-ion
battery and aluminum were taken from the COMSOL
Multiphysics v6.2 software library (COMSOL, 2024).

2.1. Mathematical Modelling

The modeled system, as can be seen in Figure 1, consists
of 18650 type cylindrical battery, PCM-1, Aluminum
shell, PCM-2 and Aluminum shell layers from inside to
outside. Here, a certain amount of current passes through
the battery cell according to the given discharge rate and
heat is generated due to its internal resistance. The heat
released in the battery is absorbed by the PCM layers and
the battery temperature is tried to be kept under control.
When the heat absorbed by the PCM layers reaches a
level, liquefaction occurs in the PCM.
Accordingly, to determine the temperature and phase
change behavior of the system, continuity, momentum
and energy equations in all layers and phase change
equations in PCM-1 and PCM-2 layers must be solved.
The following assumptions were made to simplify the
solution:

» Heat transfer by radiation is neglected.

e It is assumed that the system is completely insulated
from the outside.

o [t is assumed that the thermophysical properties of the
battery, PCMs and Aluminum materials do not change
with temperature.

e The battery cell used can be discharged at the 5C and
7C rates determined in the analysis.

sufficient
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Table 1. The thermophysical properties of the materials used in the study

Li-ion cell Aluminum PCM-1 PCM-2
Property Definition (COMSOL (COMSOL (Elldi et (Elldi et
2024) 2024) al. 2021) al. 2021)
ps, kg/m3 Solid phase density 3600 2730 870 870
cps, J/kgK Solid phase specific heat 881 893 2400 2400
ks, W/mK Solid phase heat conduction 1 155 02,15 0.2
Tm, °C Melting point - - 30,40, 50 50
LH, k] /kg Latent heat - - 179 179
pi, kg/m3 Liquid phase density - - 760 760
cpi, J/kgK Liquid phase specific heat - - 1800 1800
ki, W/mK Liquid phase heat conduction - - ks 0.2
u, Pas Viscosity - - 0.00342 0.00342
B, 1/K Thermal expansion coefficient - - 0.0005 0.0005
The conservation and phase change equations for the T =303K: R =107 —793 x SOC + 4.036
axisymmetric  problem modeled in COMSOL x50C*—10.514
Multiphysics software are given below. The energy X SOCi +14.700 (4b)
equat?on for the battery side can be written as in 2 gggs ; ;%ggo
equation 1: x SOC®
aTb Qgen
Polon gy = VT += = 1) T = 313K: R = 66 — 382 X SOC + 1.962
Here p», Cpp, kv and V), are the density, specific heat, iggg; ; ;;3513
heat transfer coefficient and volume for the battery, x SOC* — 5:365 (4¢)
respectively. Qgen is the heat generated in the battery x SOC® + 1.559
and was described by Bernardi et al. (1985) with the x S0C®
following equation 2:
T =323K: R =58-355x50C +1.898
Qgen = Qir + Qrev (2) x SOC? —5.121
. . . X SOC3 +7.367
In equ.atlon 2, Qir and Qrev are the 1.rrever51ble and % SOC* t 5374 (4d)
reversible heat amounts produced in the battery, % SOC5 + 1.559
respectively. Since Qir and Qrev depend on the internal X SOC®
resistance, current and temperature, the total heat
produced, Qgen, can also be expressed by the following T =333K: R =48 — 233 X SOC + 1.225
equation 3: x S0C% —3.263
U X SOC3 + 4.667 (4e)
Qgen = I?R — IT—222 x SOC* — 3.406
gen aT 3)

Here I, R, T and 0Uoc,/0T are the current (ampere),
internal resistance (ohm), battery temperature (K) and
short circuit voltage coefficient (V/K), respectively. In
equation 3), the current I is found by multiplying the
battery capacity with the discharge rate. In order to
make a more realistic approach,
depending on temperature and SOC (State of charge)
obtained experimentally by Lai et al. (2019) were used

the equations

when finding the R value. The equations suggested by
the researchers are presented below (equations 4a-e):

T =293K:R =166 — 1.334 x SOC
+ 6.559 x SOC?
—16.531 x SOC3
+22.391 x SOC*
—15.496 x SOC*
+4.301 x SOC*®

(4a)

X S0C5 4+ 992 x SOC®

As can be seen above, the given equations were
obtained for five different temperature values, 293,
303, 313, 323 and 333 K. For
temperature values, interpolation was performed with
the help of a MATLAB software code and the obtained
internal resistance values were transferred to COMSOL
software simultaneously. For temperature values
greater than 333 K, the internal resistance value was
calculated using equation 4e) as suggested by Lai et al.
(2019). The short circuit voltage coefficient, dUoc,/0T,
was also calculated with the equation obtained
experimentally in the same literature study (equation
5):

intermediate

GUUCU

ar - —0,355+ 2,154 X SOC — 2,869 X SOC?

+ 1,028 x SOC3

©)

The Qgen value defined by equation 3 was calculated by
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running equations 5, 4a, 4b, 4c, 4d and 4e
simultaneously in COMSOL-MATLAB. The working
method of the COMSOL-MATLAB couple is presented in
Figure 2. As can be seen in the figure, in the first step,
the T and SOC information was sent from the COMSOL
software to the MATLAB code and then the R value was
calculated in the MATLAB code and transferred to the
COMSOL software. In the COMSOL software, the Qgen
value was determined using equations 5 and 3.

T, SOC
MATLAB COMSOL
R
Use equations
(5) and (3)
Ogen

Figure 2. The calculation procedure of Qgen.

For the axisymmetric system, continuity and
momentum equations 6 and 7in PCM layers can be
written as follows (Samimi et al., 2016):

dp 10 |
E*‘;a(ﬂ”’ﬂ"’&(ﬂ”z)—o (6)
du R I
pE+p(u-V)u=—|7P+pg+Vr+F (7)

In the above equations, v and u are velocity
components (m/s), g and T are gravitational
acceleration (9.81 m/s?) and shear stress (N/m?2),
respectively. In equation 7), F is the total volume force
(N/m3) in the r and z directions and its value in the r
direction will be Fr = 0. The component in the z-
direction can be calculated with the following equation
8:

E ngﬁ(T_Tref) €]

Here, Trer is the reference temperature and is taken as
293.15 K. The energy equation for PCM is given in
equation 9):

aT
pCp 9t + pCpu VT =V-(kVT) 9)

The effective thermophysical properties for PCM layers
can be found with the following equations 10a-d:

kpcm = Qlks + szl (103]
Ppcm = 01ps + 6,0, (10b)
1 10c

Cp,pcm =— (elpscp,s + ezplcp,l) (10¢)

Ppem
da
LH —Pcm
U 57
16,0, —01p5 (104d)

Apem = =
P 201p5 + 02p

Here, the subscripts s and ! represent the properties in
the solid and liquid phases, respectively, and are given
in Table 1. apem given in equation 10c is the PCM
thermal diffusion coefficient (m/s2). 6; and 6. indicate

the ratio of solid and liquid materials in the PCM at any
moment, respectively, and the sum of the two will be
equal to one. Since heat transfer on the aluminum side
will only occur by conduction, the energy equation 11
can be written as follows:

T
pCPE —kVT =0 (11)
2.2. Initial and Boundary Conditions

In order to solve the equations given above
numerically, the initial and boundary conditions must
be defined. Since the system is assumed to be
completely isolated, the isolation boundary condition
for all boundaries can be written as follows (equation
12):

-n-q=0 (12)

In equation 12, n represents any coordinate. It is
assumed that the temperature of the entire system is
the same at t = 0. The relevant initial condition can be
written as follows (equation 13):

t=0; T,(r,®,2) = Tyem1 (r, @, 2) (13)
= al,l(r: b, z)
= Ipem,2 (r,®,2)
= al,z(r: ®,2) =T,
Here, the initial temperature Ty is taken as 20 °C. The
conduction boundary conditions for the Battery-PCM-
1, PCM-1-Aluminum, Aluminum-PCM-2 and PCM-2-
Aluminum interfaces are given in equations 14, 15, 16

and 17, respectively.
aT oT

kp % = Kpem,1 % (14)
aT oT

kpcm,l% = ala_n (15)
aT oT

kal % = kpcm,z % (16)
aT aT

k (7)

pcm,2 on — Ral on

2.3. Solution Procedure and Validation

In the numerical analysis performed in the study,
COMSOL Multiphysics software was used to solve the
conservation and phase change equations. Battery side
thermal modeling in the system was performed with
the COMSOL-MATLAB interface, considering the
change of internal resistance with temperature. PCM
temperature and phase change characteristics were
determined using the “Heat Transfer in Solids and
Fluids” module in the software. The momentum
equations of PCM in the liquid phase were solved using
the “Laminar Flow” module.

As stated in the previous section, the battery thermal
model was created using the equations obtained in the
literature study conducted by Lai et al. (2019). Before
the analyzes performed within the scope of the study,
the model created in the COMSOL-MATLAB interface
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was verified with the same literature study. The results
obtained in the verification analysis are shown in
Figure 3. As shown, the COMSOL-MATLAB thermal
model is highly consistent with the literature, with the
maximum discrepancy determined to be 2%.

390
~——— COMSOL-MATLAB
Lai et al.-Experimental
4 870 Lai et al.-Numerical
g
S 350
=
©
S
S
= 330
(3]
|_
310 P
/
290
0 200 400 600

ts

Figure 3. The validation of the COMSOL-MATLAB
model created in the study with literature.

As is known, the mesh structure created in numerical
studies also greatly affects the results. The mesh
structure used in the numerical analysis performed in
the study is shown in Figure 4. The mesh structure was
prepared by dividing the calculation area into squares
of a certain length. Since the mesh element dimensions
are constant throughout the geometry, a mesh
structure with an average element quality of 1.0 was
obtained. The graph in Figure 5 shows the battery
center temperatures obtained at 7C discharge rate
with different mesh element dimensions. As can be
seen in the graph, the temperatures obtained at the
specified mesh element dimensions have almost never
changed. Reducing the mesh element size will increase
the total number of elements and therefore increase
the calculation time. For this reason, the largest sized
mesh element (2.5 mm) was preferred in the analyses
performed to save time and energy.

/'

Figure 4. The mesh structure used in the numerical
analysis.

90

80

70

60

50

40 — 2.5 mm
30 1mm

0,25 mm
0,1 mm

T,°C

20
10

0
0 200 400
ts

Figure 5. The temperature values obtained for
different mesh element sizes.

90
80
70
60
Q 50
F 40
30
20
10

— (.25 5
05s
1s

0 200 400 600
ts
Figure 6. The results of time step size independence
analysis.

Since the continuity, momentum and energy equations
given in the study are time dependent, an analysis of
independence from the time step size was also
performed. In the analysis performed, numerical
calculations were made for three different time step
sizes, 0.25, 0.5 and 1 second. The battery core
temperatures obtained at a discharge rate of 7C as a
result of the calculation are shown in the graph in
Figure 6. As can be seen in the figure, almost the same
results were obtained for all determined time step
sizes. Therefore, the time step size was taken as 1
second for an economical calculation.

3. Results and Discussion

In the presented study, as mentioned before, a two-
layer PCM system with different properties was
modeled. While the PCM with changing material
properties was used in the first PCM layer (PCM-1), the
material properties of the PCM in the second layer
(PCM-2) were kept constant. Accordingly, the thermal
conductivity of PCM-1 was changed as 0.2, 1 and 5
W/mK; and the melting point was changed as 30, 40
and 50 °C, while the other properties of PCM-1 were
the same with PCM-2. The thermal conductivity of
PCM-2 was taken as 0.2 W/mK and the melting
temperature as 50 °C. In order to see the effect of the
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PCM material thickness on the system performance, were calculated as 720 and 514 seconds, respectively.
the tpcm was changed as 2, 3 and 4 mm, which would be The value reached by the battery center point
the same in both layers. In the created numerical temperature (Tp) at the end of the calculated discharge
model, the multilayer PCM system was subjected to times was taken as the performance indicator in the
discharge at two different speeds, 5C and 7C, and the system.

discharge times for the determined discharge rates

kpcm_l =0,2 W/mK kpcm_l =1 W/mK kpcm_l =5 W/mK
1 1 1
0.9 0.9 0.9
0.8 0.8 0.8
0.7 0.7 0.7
&)
:% 0.6 0.6 06
£
= 0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
0.1 0.1 0.1
0 0 0
1
0.7 0.5
0.9
0.45
0.8 0.6
0.4
0.7
0.5 0.35
0.6 0.3
& 0.5 0.4
o .
2 0.25
5 0.4 0.3 0.2
g
= 0.3 0.2 0.15
0.2 0.1
0.1
0.1 0.05
0 0 0
1 03 0.12
0.9
0.8 0.25 0.1
0.7
0.2 0.08
0.6
s
< 0.5 015 0.06
mn
1] 0.4
£
= 0.3 0.1 0.04
0.2
0.05 0.02
0.1
0 0 0

Figure 7. The liquefaction contours obtained for different kpem1 and Tm values at 5C discharge rate (tpem = 4 mm).
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kpcm_l =0,2 W/mK

kpcm_l =1 W/mK

kpcm_l =5 W/mK

1 1 1
0.9 0.9 0.9
0.8 0.8 0.8
0.7 0.7 0.7
e ) 0.6
(=]
M ) 0.5
1]
e _ 0.4
: 0.3
) 0.2
) 0.1
0
0.9
: 0.8
' 0.7
' 0.6
o 0.5
o
2 0.5 0.5
n 0.4 0.4 0.4
£
= 0.3 0.3 0.3
0.2 0.2 0.2
0.1 0.1 0.1
o 0 0
1 1 1 0.5
0.9 08 0.45
0.8 0.7 0.4
0.7 0.6 0.35
s
g 0.6 0.5 0.3
m
M 0.5 0.25
£ 0.4
= 0.4 0.2
0.3
0.3 0.15
0.2 02 0.1
0.1 0.1 0.05
0 0 L Ll 0

Figure 8. The liquefaction contours obtained for different kpem1 and Tm values at 7C discharge rate (tpem = 4 mm).

The liquefaction contours obtained for different kycm: and
Twm values for different 4 mm tpcm at the end of the
discharge time at 5C speed are shown in Figure 7. When
different T, values are examined, it is seen that almost no
PCM-2 liquefied at kpcmi. In the system where only 5
W/mK PCM-1 was used, very little liquefaction occurred
in PCM-2 at 50 °C. The reason for this is that the amount
of heat generated in the battery at 5C discharge rate is
relatively low. When different kycm,; values are examined,
it is determined that as the kycm: value increases, the
amount of liquefactions in inner and outer layers of PCM-
1 are closer to each other due to the improvement of heat

conduction, that is, the PCM-1 layer liquefied more
homogeneously.

Figure 8 shows the liquefaction contours obtained at the
end of the discharge period for different kyem: and T
values for 7C discharge rate and 4 mm tycm. As can be
understood from the figure, in the system using PCM-1
with 0.2 W/mK, PCM-2 almost did not melt at all Tn
values. The reason for this is that at low kpcm,z values, heat
could not be transmitted in PCM-1 and accumulates in
the region close to the battery. While almost all of PCM-1
melted at all kpem,1 values for low T, increasing Tm value
decreased the liquid ratio of PCM-1 and increased the
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liquid ratio of PCM-2 at high kpcm1 values. At high kpcm,1
values, heat could be transmitted more to PCM-2 layer
and PCM-2 layer could be utilized more.

The battery temperature values obtained for T, values at
different thicknesses at 5C discharge rate are given in
Figure 9. As can be understood from the graphs,
especially at 0.2 W/mK kpem: value, increasing the
thickness negatively affected the cooling performance of
the system and caused the temperature to exceed 60 °C.
Increasing the kpem: value at the same thickness
improved the system performance. Considering the
performance and cost parameters of the system, it was
determined that using 0.2 W/mK PCM-1 with 2 mm
thickness and 40 °C melting point is the most suitable
solution.

64 | ek=0,2 WimK

a) 6y | *ksLWimK
k=5 W/mK )
60 Y
S 58 ¢
F 56
54
52
25 35 45 55
T, °C
b 70
) 60 ° P o
50
O 40
o
2 30 | ek=0,2 W/mK
20 k=1 W/mK
10 k=5 W/mK
0
25 35 45 55
T, °C
0 70
60 L4 ° o
50
o 40
o..
=30 0 k=0,2 W/mK
20 k=1 W/mK
10 k=5 W/mK
0
25 35 45 55
T, °C

my
Figure 9. The battery temperature values obtained for
different tpcm and Tm values at 5C discharge rate: a) 2 mm,
b) 3 mm and c) 4 mm.

Figure 10 shows the change of T, values with Tp at 7C
discharge rate for different kycm 1 values at 2, 3 and 4 mm
thicknesses. As can be understood from the figures, as
the kpem1 value increased, T» values decreased due to

better heat transfer to the PCM-2 layer. Increasing the
thickness at low kpcm 1 values caused Tp values to increase
slightly. This can be caused by the greater accumulation
of heat in the PCM-1 layer. When the T, values are
considered, at a kpem,1 value of 0.2 W/mK, the T, value
tended to decrease slightly as the T value increased. At
higher kpem 1 values, Tb first decreased and then increased
with the increase in the Tn, value. Considering the
obtained data, it was determined that the most suitable
Tm value was 40 °C. Under the specified conditions, T
was calculated below 60 °C for only 4 mm thickness,
Kpem1 = 5 W/mK and Tm = 40 °C. It was understood that
PCM-1 and PCM-2 with a thickness of at least 4 mm
should be used at the specified kpcm,: and T values for a
safe discharge process.

82
a) 80 o

o o
8 ok=0.2 WimK
O 76

¢ k=1 W/mK
274 oks5W/mK
l_
72

70
68

66

25 35 T, °C 45 55

90
b) 85

80 o [ ]
O 75

o
=270
65
60 ®k=0,2 W/mK
k=1 W/mK
k=5 W/mK

55

50

25 3B 1 oc 4 55

0) 95
90 )

85 k=02 Wimk ¢ L4
go °NThewwim

O k=1 W/imK
S 75 ok=5WImK
2 70
65
60
55
50

25 35 45 55
T °C

Figure 10. The battery temperature values obtained for
different tpcm and T values at 7C discharge rate: a) 2 mm,
b) 3 mm and c) 4 mm.
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4. Conclusion

In the presented study, numerical analysis of a BTMS
using two-layer PCM was performed using COMSOL
Multiphysics software. The thermal model of the 18650
type Li-ion battery in the system was created in the
COMSOL-MATLAB interface using experimental data
obtained in the literature. In the numerical analysis, two
different PCM layers, namely PCM-1 and PCM-2, were
obtained by changing the thermal conductivity (kpcm1)
and melting point (Tw) of the PCM in the first layer. The
system designed in this way was analyzed for two
different discharge rates, 5C and 7C, different PCM layer
thicknesses (2, 3 and 4 mm), different kycm,z (0.2; 1 and 5
W/mK) and different T (30, 40 and 50 °C) values. The
results obtained as a result of the analysis are
summarized below:

» The liquefaction contours obtained for 4 mm tyem at 5C
and 7C discharge rates showed that increasing the kpcem 1
value provided more homogeneous liquefaction.

e For 4 mm tpem at 5C discharge rate, PCM-2 layer was
almost not liquefied in all cases.

e When PCM-1 was used with 2 mm thickness, 0.2 W/mK
and Tm = 40 °C in the system at 5C discharge rate, the
battery temperature could be kept below 60 °C.

¢ At 7C discharge rate, the battery temperature could be
reduced below 60 °C only when it was 4 mm thick, 5
W/mK and Tm = 40 °C. It was understood that PCM
thickness should be at least 4 mm for a safe discharge at
the determined rate.
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