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Abstract - This paper is dedicated to the design of an optimal thermal management system using a
PCM-Metal Foam composite at the scale of a Li-ion batteries cells. To study the ability of a PCM and a
PCM- Metal foam composite to absorb the heat generated by a Li-ion cell, a mathematical and
numerical model was developed. The modeling is based on the data collected from characterizing
experiments conducted with a new experimental test bench developed in the CERTES lab. In order to
characterize the thermal behavior of Li-ion cell, the developed two-dimensional numerical model
integrates the Brinkmann-Forchheimer-extended Darcy equation, the enthalpy-porosity method and
two-temperature energy equations. The numerical study was made by coupling Matlab and COMSOL
Multiphysics. The results showed that the addition of an aluminum foam allows a more efficient
thermal management of the cell. The optimization study showed that an underestimation of the
thickness (mass of PCM required) leads to extreme temperatures. It was also found that the addition
of an extra volume of PCM does not have a great influence on the cell surface temperature.

Keywords: Phase change material (PCM), Battery Thermal Management System (BTMS),
Numerical simulation, Metal foam, Li-ion.

C» Specific heat capacity, (J. kg.K") C Inertial coefficient, (W.m2.K)
P Density, (kg.m) K Permeability, m?

q Heat flux b Liquid fraction

L, Latent heat of fusion (J.kg") subscripts

H Dynamic viscosity (Pa.s™) N Metal foam

t Time, (s) Li—ion Li-ion cell

B Thermal expansion of PCM, (K1) f fluid

T Temperature, (K) s solid
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k Thermal conductivity, (W/m.K) P Phase change material

1. Introduction

To deal with the global warming and the increased energy demand caused by the rapid
development as well as in industrial and developing countries, pure and hybrid electric vehicles
(EVs/HEVs) with green power system sources, which are more environmentally friendly than
conventional vehicles with combustion engines, are intensively designed and used. Li-ion batteries are
the most commonly used in EVs/HEVs. They are selected because of their high specific energy
density, good stability and low density. However, the battery lifespan, safe-use and performance are
greatly impacted by the operating temperature. The maximum operating temperature of a Li-ion
battery should not exceed 60 °C [1]. The performance of these batteries could be improved by thermal
management to keep the temperature within a suitable operating range, between 15-35°C [2,3].
Therefore, a highly efficient Battery Thermal Management System (BTMS) is required to ensure that
batteries operate under optimal conditions to improve performance and battery lifespan.

Several technologies are used to manage the thermal management of the batteries and avoid an
excessive rise in temperature in the battery. There are two ways to decrease the battery temperature:
internal modification at materials and chemistry of the battery to reduce the heat generation or
external thermal management system to enhance the heat dissipation from the battery [4]. External
management systems are air circuits, coolant circuit, heat pipes or the use of PCM and PCM
composites [2,5]. Currently, external thermal management systems are the most widely used. The
main problems with those systems are their cost, their complex implementation and their lack of
reliability. Latent Heat Thermal Storage (LHTES), through the use of PCM, is an attractive way to
achieve passive thermal management and ensure that the battery temperature remains within the
desired range. PCMs have the ability to store and release a large amount of heat at the time of phase
change in reduced volumes [6-8]. In fact, when the PCM is in the solid phase and the temperature
rises to the melting temperature, it will become liquid and stores energy. Similarly, when it is in the
liquid phase and the temperature drops below its melting point, it will become liquid again and
releases the stored energy.

Li-ion batteries active thermal management systems can be classed into two main families: air
circuits (natural or forced convection) and coolant circuits. Air circuits can be with or without heat
exchanger. The forced convection circuits are the most widely used [2,5,9] for its high convective heat
transfer coefficients. The advantages of these systems are direct access, low viscosity, light weight,
simple configuration, low cost and easy maintenance. However, the specific heat capacity of the air is
low. This limits its application for high flow rate operation and uniform air distribution, is difficult to
achieve. Air cooling systems can be improved by the addition of fins. Coolant circuit for Li-ion battery
thermal management are -generally- composed of a closed liquid circulation circuit, a pump to
circulate the liquid and an exchanger to remove the amount of heat absorbed by the liquid [5]. The
most commonly used liquids are water, glycols, oils and acetone [2,5,9]. Coolant circuit are more
efficient than air cooling systems. Indeed, the liquids generally used have a higher specific heat
capacity than air [2,10]. However, they are much more complex and expensive. They are also more
expensive in terms of maintenance [2,11].

Li-ion battery passive thermal management systems can be classified into three groups: boiling
liquid battery cooling [12-14], heat pipes [15] and PCM composites. In [16-19] the results show that
heat pipes are capable of providing thermal management. However, this is not enough because the



temperature is still too high compared to the target of 25 °C as the maximum temperature the battery
should reach.

The use of PCMs for thermal management of Li-ion batteries was first proposed in 2000 by Al-
Hallaj and Selman [20]. They made a numerical study on the effect of the use of a PCM on the
temperature field of a Li-ion battery. Their battery was composed of 8 cylindrical cells of 100 Ah. The
authors compared the efficiency of used air circuit and passive management using PCM. The PCM
used is paraffin RT55 with a melting temperature of about 56°C. The results for a 1C discharge at
different discharge depths (DOD=0.25, 0.50, 0.75 and 1.0) showed that the use of PCM allows a more
uniform temperature field compared to active air management by forced convection. In 2004, Khateeb
et al [21] conducted a study on the thermal management of a Li-ion battery of an electric scooter by a
PCM. Their battery pack composed of two modules of 18 cells of 12 Ah each. They studied charge-
discharge cycles of 2.4C at different ambient temperatures (0°C, 30°C and 40°C). Three configurations
have been studied: pure PCM, PCM-Metal Foam composite and the third one is a PCM-Metal Foam
Composite with aluminum fins. The results of the numerical simulation showed that the addition of
the metal foam and the aluminum fins is necessary to keep the battery temperature within the desired
range of temperature for three consecutive cycles. The results also highlighted the importance of the
melting temperature. These results are in agreement with other results in the literature [21]. In 2005,
the Al-Hallaj team published several studies on the use of PCMs for thermal management of Li-ion
batteries [22,23]. In 2008, Sabbah et al [24] conducted an experimental and numerical study which
aimed to compare an active management system with a passive management system. It was a system
of a forced convection and a passive management system by a PCM of melting temperature between
52-55°C. Their test device was composed of 68 modules of 20 cells (3.7 and 1.5Ah) of batteries. The
study was carried out under two ambient temperatures, 25°C and 45°C. In the case of cooling by an air
circuit, several speeds were studied. Experimental results showed that in the extreme conditions, Fast
charging with high ambient temperature, the thermal management by the PCM is more efficient than
the forced air circuit. In 2010, Duan et al [25] published an experimental study on the use of a PCM for
the thermal management of a Li-ion battery. They replaced electric batteries by heated cylindrical
casings. The PCM has a melting temperature of 50°C. Three experiments were conducted. Several
experiments were performed by the authors. The results showed that the use of PCM allows to reduce
the temperature peak and to have a more uniform temperature distribution in the battery. These
results are in good agreement with other studies in the literature [2,5,26].

All these studies confirm that PCMs allow to decrease the temperature of Li-ion batteries and to
have an uniform temperature field in the battery or pack of batteries. BTMS using PCM is hampered
by two main problems: the first is their low thermal conductivity and the second is the regeneration
(evacuation of the stored heat). The thermal conductivity of PCMs can be improved by adding
expanded graphite or by incorporation into metal foam. In particular, metal foams have specific
characteristics such as high porosity (porosity between 0.8 and 0.98), high thermal conductivity and a
large contact area. This qualifies them to be a good solution to improve the heat exchanges of MCP-
metal foam composites [27].

From 2014, several researchers have studied numerically and experimentally, the use of PCM-
Metal Foam [28] and Expanded Graphite (EG)-PCM composites in order to solve the problems of
passive thermal management by a pure PCM mentioned before. In [29], the authors conducted an
experimental study of the efficiency of Li-ion batteries thermal management by comparing a pure
PCM and a PCM-Metal foam composite. The PCM used is paraffin RT 44HC with melting
temperatures of 42°C and 49°C. The foam used is a copper foam. The cells (battery) have a capacity of
10 Ah. The thermal behavior of the battery was followed for discharge cycles of 0.5C, 1C and 3C at an
ambient temperature of 25°C. The results showed that the addition of copper foam allows lower



temperatures with a more uniform temperature field. In [30] an experimental and numerical study on
the thermal management of a Li-ion battery by an expanded paraffin-graphite composite was
conducted. Different types of paraffin with different melting temperatures 36°C, 44°C and 52°C were
tested. The authors replaced the cells by heating elements that reproduce the same thermal behavior
of the cells. The objective was to keep the cell temperature below 50°C. The ambient temperature is
27°C. The results showed that the PCM composite with a high or low phase-change temperature are
not suitable for battery thermal management system. Several works on BTMS using PCM composite
were published after [31]. More recently Xiao et al [32] in order to resolve thermal stability problem of
PCM for BTMS designed a new PCM (polymer PCM) with ultra-high thermal stability incorporated
with EG. The results showed an excellent stable heat dissipation performance.

Recently, some efforts have been focused on the study of hybrid systems for the Li-ion batteries
thermal management by adding an active system designed at a minimum power in order to solve the
problems of passive thermal management by a pure PCM composite [33-39]. Mashayekhi et al [38]
proposed hybrid system using PCM and nanofluid in minichannels. A paraffin with melting
temperature between 42°C- 44°C incorporated in copper foam was used as passive system. Aluminum
minichannel containing coolant (Al2O3 nanofluid) flow was considered as the active part of BTMS. The
thermal response of Li-ion batteries in high discharge rates was investigated by the authors. They
concluded that passive system was inefficient to keep the battery temperature below the safety limit
(60 °C) in high discharge rates. The results showed -also- that the use of nanofluid can reduce the
maximum temperature reached by batteries by 15.5% in active system case and 8.5% in hybrid system
case. In [35] Mehrabi-Kermani et al conducted an experimental study on the use of a novel hybrid
system for Li-ion batteries thermal management. Paraffin/ Copper foam composite integrated with a
heat-sink air cooling was used. The results showed that the active and passive systems were
ineffective in hot climate (40 °C). This is because the melting of the used paraffin starts at 37.8 (below
40°C). Bamdezh and Molaeimanesh [34] conducted a numerical study on the thermal performance of
hybrid system for Li-ion batteries thermal management. An air cooling system was used as an activate
TMS and an embedded PCM as a passive TMS. The results showed that the maximum temperature
difference of the studied battery does not exceed 1.5°C. Lv et al [39] inspired by Tesla cooling system,
proposed a novel BTMS using serpentine PCM coupled with forced air convection. They found that
the proposed system can reduce the used PCM composite weight by ~70% and increasing the energy
density of the battery module from 107.8 to 121.6 Wh kg.

Table 1 summarizes the advantages and drawbacks of different Li-ion batteries thermal
management systems.

Advantages Drawbacks
*  No energy consumption *  Low heat transfer coefficient
e Simplicity * High impact of ambient air
. No operational costs temperature
*  Low initial cost *  Limited temperature reduction
*  DPassive cooling *  Uneven temperature distribution
Natural . Insufficient for high discharge rates
convection
*  Simplicity *  Low heat transfer coefficient
* Low initial cost/ Low * High impact of ambient air
maintenance temperature
*  Energy consumption (fans)
Forced *  Uneven temperature distribution
Convection »  Low efficiency

. Insufficient for extreme conditions

¢ More intensive heat transfer *  Complexity




Coolant circuit

Heat pipe

PCM

PCM- Metal
foam & PCM- EG
composites

Hybrid system

More  uniform temperature
distribution

Increased efficiency

Energy consumption (pumps)

High initial cost/ High operational
cost

Leakage risks

Short lifespan

Insufficient for extreme conditions

Improvement of thermal
conductivity

Improved heat transfer
Increased efficiency

Complexity

Highest  initial cost/  High
operational cost

Leakage risks

Energy consumption

Passive cooling

Low cost/ Low maintenance
Increased efficiency

More uniform temperature
distribution

Playing in extreme conditions

Low thermal conductivity
Regeneration of the PCM
Overcooling

Volume expansion/  risks of
Leakage

High thermal conductivity
Passive cooling

Increased efficiency

Low cost/ Low maintenance
More uniform temperature
distribution

Playing in extreme conditions

Regeneration of the PCM
Overcooling
Volume expansion/ Leakage risks

High efficiency

More  uniform temperature
distribution

Playing in extreme conditions
Increased heat transfer

Initial cost

Complexity

Volume expansion (PCM)/ Risk of
leakage

Energy consumption

Table 1: Advantages and Drawbacks of different Li-ion batteries thermal management systems

The majority of studies carried out focus on maintaining the temperature of the batteries in a
temperature range between 40°C and 60°C. However, the optimal temperature range is between 15°C
and 35°C [3,40], depending on the manufacturer [2] (Figure 1). Few studies in the literature have
studied the sizing and optimization of the amount of PCM used to manage the temperature of a Li-lon
cell [41]. In this paper we are interested in the study of Li-ion cell thermal behavior and in the
designing and optimization of a passive management system by a PCM-metal foam composite. The
goal is to keep the cell at a temperature above 27°C under a 1C charge/ discharge rate. A new
platform will be presented and described. The first part will be devoted to the presentation of the
platform and to the study the battery thermal behavior. It allows to study the temperature evolution
of a Li-ion cell and its heat flux released during a charge/ discharge cycle. The actual heat dissipated
by the cell has been calculated from the experimental results and by used the trapezoidal rule. A
MATLAB code was used to compute the heat dissipated by the cell. The numerical simulation of the
thermal behavior of the PCM and the PCM-metal foam composite is done under COMSOL
Multiphysics and Matlab. The results will be presented and discussed.
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Figure 1: Battery power curves (charge/ discharge) depending on the temperature [3]

2. Experimental device

The experimental test bench developed in this paper used to charge and discharge the 18650 cell
with a capacity of 2500 mAh is shown in Figure 1. The cell is connected to a DC power supply which
ensures the battery charge and to an active charge which ensures the discharge. The electrical and
geometrical characteristics of the cell provided by the manufacturer. The used Li-ion cells, supplied by
the company VARTA, are cylindrical with dimensions: r=9.255mm; H=70mm. Figure 2 (a) shows a
picture of the cell used in the present study. Electromechanical relays are inserted to open and close
the electrical circuit. In order to follow the temperature evolution of the cell, two T-type
thermocouples are placed at different locations on the surface of the cell. Figure 2 (c) shows the
positioning of the thermocouples. A cylindrical sensor encapsulates the cell to measure the heat flow
dissipated by the cell. A LabVIEW program is developed for battery charge/discharge cycles. It is
used to control the relays, power supply and active load as well as the acquisition of the measured
data. The instrumented cell is placed in a climate chamber to control the ambient temperature and
humidity. The studied cell is suspended by its power cables in order to avoid thermal exchanges by
conduction between the battery surface and the external environment, Figure 3.

Charge/ discharge
cydle

= '¢— T,

(b) = (c)

Computer

NI Modules

Figure 2: Experimental testbed

a) Sample of battery cell ; b) synoptic of the testbed; c) locations of thermocouples.



Figure 3: Instrumented cell in climatic chamber

3. Experimental study

3.1. Test procedures

The tests were carried out for different currents and for a maximum voltage of 4V and without
pause between two consecutive cycles. A cycle corresponds to a charge followed by a discharge.
Figure 4, shows the voltage and current profiles for a 1C-test (2.5 A). This means that if the battery,
fully charged, is discharged by a current rate of 2.5 A, it will reach its stop voltage after one hour of
discharge. The tests are stopped once the steady state is reached as shown in Figure 5. Indeed, the
temperature rises at the beginning and tends towards a constant value that characterizes the steady
state.
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Figure 4: Charge/discharge profile
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Figure 5: Temperature evolution on the cell surface
160

Transient regime K Steady state |

140 -

120

100

80

60

Heat flux density (W/m?)

40 -

—— Courant 1C (2.5 A)|

20

: , : , : , : , :
0 1000 2000 3000 4000 5000
Time (s)

Figure 6: Evolution of the heat flux density on the lateral reell surface

3.2. Evolution of the temperature and heat flux density of the
cell

The cell surface temperature and heat flux are essential to estimate the performance, size and PCM
mass of the cooling system. Figure 5 shows the evolution of the cell surface temperature for a
charge/discharge cycle at 1C (2.5A). Two sources are involved in the generation of heat in a battery.
The first is generated by the Joule effect, considered as an irreversible source, and the second source is
a reversible, which corresponds to the heat produced at the interface between the electrolyte and the
electrodes, is of thermodynamic origin [15,26,42,43]. Overall we observe in this figure a slight decrease



in temperature during charging and also an increase during discharge. It can be seen that at the end of
the cycle, the heat absorbed by the reaction during charging is fully restored during discharge. This
reversible phenomenon is due to the variation in entropy caused by the insertion/disinsertion of Li+
ions in the crystal structure of the active material of the negative electrode. Figure 5 show a
temperature difference of 0.4°C between temperatures T1 an T> measured by thermocouple 1 and 2.
This means that the cell surface temperature is not homogenous. Figure 6 shows the evolution of the
surface heat flux density of the cell. We notice that the profile obtained at the same rate as the
temperature. One clearly distinguishes the transition zone and the permanent zone.

3.3. Study of the influence of charge/discharge current on cell

temperature

In order to investigate the impact of current rates on the cell surface temperature, three current
rates was investigate, 1C, 2/5C and 4/5C. Figure 7 shows the temporal cell surface temperature
evolution measured by thermocouple T; as a function of the current rates. The temperature inside the
air-conditioned chamber is fixed at 22.5°C. It can be observed that the cell surface temperature
increases with the the current rates. The maximum temperature reached for the three current rates
investigated in the present study is 36°C, 33°C and 26°C for respectively 1C, 2/5C and 4/5C. The cell
surface temperature difference between current rate of 4/5C and 1C can reach 10°C. Indeed, both
reversible and irreversible heat sources are dependent on the solicitation current. The results found in
this study for cell 18650 are in agreement with the results found by R. Rizk et al [43]. In [43] the
authors studied the thermal behavior of a high capacity prismatic Li-ion battery.
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Figure 7: Influence of the current rates on the cell surface temperature evolution



3.4. Study of the impact of charge/ discharge cycle time on the

steady state temperature

In this section we study the influence of charge/ discharge cycle time on the temperature in steady
state. All the tests are done in 4/5C regime, i.e. with a current of 2A. It is clear that the charge/
discharge cycle time has a great impact on the temperature peak. Indeed, a longer load time leads to
higher entropy and subsequently to higher temperatures. Our choice is made to study with a the
charge/ discharge cycle time of 8 minutes.
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Figure 8: Influence of the charge/ discharge cycle time on the cell temperature

3.5. Study of the influence of the ambient temperature on the

cell surface temperature

In order to study the impact of the ambient temperature on the temporal evolution of the cell
temperature. The air-conditioned enclosure allows us to impose a constant temperature within the air-
conditioned enclosure. Four temperatures were studied: 12°C, 23°C, 28°C and 37°C. All the tests were
made in 4/5C regime (2A). The results show that in the case of ambient temperatures of 23°C and
28°C, the temperature of the cell converges to the same temperature. This demonstrates that a
difference in ambient temperature 5°C between 23°C- 28°C does not have a great impact on the cell
temperature without BTMS. On the other hand, in the case of a BTMS with a PCM, such a difference
can have a big impact if the melting temperature is in this temperature interval. For example a BTMS
with paraffin RT27.
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Figure 9: Influence of the ambient temperature

The study of the Li-ion cell thermal behavior showed that it is affected by several parameters:
Current rate, Charge/ discharge cycle type and ambient temperature. A general thermal management
system cannot be designed. For this reason, we have chosen to focused on the designed and
conception for a thermal management system with the follow conditions: current rate (1C), frequently
of cycle 20 minutes and ambient temperature 22°C. The goal is to keep the temperature of the cell
lower than 27°C.

4. Thermal management wusing PCM-Metal Foam

Composite

In this section we are interested in the designing and optimization of a passive management
system using a PCM-metallic foam composite. The goal is to keep the cell at a temperature above 27°C
under a 1C current rate. The actual heat dissipated by the cell has been calculated from the
experimental results presented earlier in this manuscript and thanks to a calculation code developed
under Matlab. COMSOL Multiphysics and Matlab are used to simulate the thermal behavior of the
PCM and the PCM-metal foam composite used to absorb the heat released by the cell.

4.1. Modeling method

4.1.1. Physical model

To simplify numerical simulations, the problem is considered in bidimensionnel (2D). The physical
model is shown in Figure 10. Figure 11 present a simplified physical model with boundary conditions.
It is a Li-ion cell surrounded either by a pure PCM or by a PCM-metal foam composite. It is an
aluminum foam with a porosity of 0.93 and a pore density of 40PPIL. The choice of this foam with these
characteristics is based on our work in [44] where we studied the impact of the thermal characteristics
and the morphology of the foam on the solid-liquid phase change kinetics of a PCM incorporated in a
high porosity metal foam. The external walls are considered adiabatic. Our choice for the PCM is the



RT27 paraffin. The choice of the RT27 paraffin is justified by its melting temperature around 27°C. The
proprieties of paraffin RT27 and the aluminum foam used for the present study are given in Table 2.

PCM composite

Symmetry

Figure 10: Physical model
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Figure 11: Simplified physical model with boundary conditions

properties Paraffin RT27 Aluminu Paraffin RT58
m

Density (kg.m) 870 2800 850

Heat capacity-solid (J.K1.kg1) 2400 910 2100

Latent heat (KJ.kg) 179 181



Melting temperature (K) 300.15 331.15

Dynamic viscosity (Kg.m1.s) 3.42x10°3 0.0269
Thermal conductivity -solid (W.K-1.m- 0.24 237 0.2
D)
Density - liquid (kg.m3) 760 775
Heat capacity -liquid (J.K1.kg") 1800 2100
Thermal conductivity - liquid (W.K- 0.15 0.2
)
B (K1) 0.5x10- 1.1x10+4

Table 2: Thermophysical properties of paraffin RT27, RT58 and aluminum foam.
4.1.2. Assumptions
*  The liquid is considered as incompressible and the flow is laminar.
*  The natural convection caused by buoyancy is subject to the Boussinesq approximation.
*  The thermal radiation is neglected in the metal foam during melting and solidification.
*  The metal foam is considered as isotopic and homogeneous.
*  The volume expansion is neglected.

4.1.3. Thermophysical and structural proprieties of metal foam

Thermophysical proprieties of aluminum foam used in this study are presented in Table 2. Many
researches have been carried out to develop an analytical model for predicting permeability and the
inertial coefficient of metal foam [27-33]. In this work, we use the model of Calmidi [28] to calculate
permeability and the inertial coefficient.

Permeability:
d -1.11
K =0.00073d>(1-£)%*| L (1)
g d
P
Inertial coefficient:
d -1.63
C =0.00212d>(1-&) | L )
? d
p

Where d 7 denotes the equivalent diameter of metal foam fibers and d , pores diameter [28]:

d /1—5 1
f -
d——1.18 T (1_6—(1—5)/0.04j (3)

P
d, can be calculate from pore density:

0.0254
d,=
PPI

The specific area a,; can be calculated by the following formula [29].

37Tdf (1 _ e—((l—g)/0.004))
Ap, = :
" (0.59d,)*




4.1.4. Mathematical model

Continuity equation:

O Ov_ ©6)
Ox Oy
Momentum equations:
Py Ou Py _Op M M PC
v —+=0% +S, 7
e o e VT et Jk e 7
PrOv . Py _Op M ML PC
v —+= D +8, + T - 8
£ at 8 ( ) ay v= (K \/— |V|)V pPgﬂ( ref) ( )
Where S = A (A-b) u,and§ =A a- b) v denoted the source term to damping the velocity in
B’ +b B’ +b

solidified phase (A and B are two constants). They are deducted from Carmen-Kozney relation [45]. In
this study we take A=10° and B=103. For the solidified phase, b = 0 leads the item to be infinity to

damp the velocity in the momentum equation. For fluid phase, b =1 leads the item to be zero.

b (T ) can be defined as:

0 T <(T,-AT/2)
piry =) T =T+ AT /2 T £)<T<(T +A_) o)
AT
1 T>(Tm+AT/2)

_ 2
The dynamic viscosity is modified by using S(7) = A (1193 b) to have an extremely high value
+

when the PCM is at a temperature below its melting temperature.
1,(T) = P, (1+S(T) (10)

For non-equilibrium thermal condition, two energy equations are used for PCM and aluminum
foam as following:

Energy equation for PCM:

oT 0T, a7,
£0,Cp—L+ p,Cp(u—L+v—"L) = kaZTP +hpgaps (Ts = T,) (11)
or Ox Ox
The density variation of PCM can be given by:

Pp(T) = Py, +(0p, = P3,)D(T) (12)

The phase change temperature interval is taken at 3°C [46]. The specific heat of PCM can be written
as [47,48]

Cpp = Cp +(Cp —Cp).D(T) + L, D(T) (13)
Where Lyis the latent heat of fusion:
_(T_Tm)2
(7]
L)

D(T)=e (14)



D is a smoothed Delta Dirac function which is zero everywhere except in the interval. Its integral is
equal to 1. The use of this function ensures that the latent heat is conserved during the melting
process. The thermal conductivity of PCM can be given as:

k,(T) =k, +(k,, —k, )b(T) (15)
Energy equation for metal foam:
or, _,
(1=&) Py or ksUTs = hpgapg (T = T,) (16)

Where F por K are the effective thermal conductivity of paraffin, effective thermal

, h
Se PS
conductivity of metal foam and the interstitial heat transfer coefficient between the porous metallic
surface and saturating PCM. The Zukauskas expression was used to estimate 4, [49].

076R€”Pﬁ”€f 0<Re<40
h,s =40.52Re"’ Pr®” Z—P 40 <Re <1000 (17)
Q%M“mmgl 1000 < Re < 20000

Effective thermal conductivities of the PCM (kp) and copper foam (ks)) are determined using
formulations proposed by Boomsma and Poulikakos [50]:

kPe =keﬁ ks =O (18)
ky, =k, |k, =0 (19)
Where
P 0
2(R, +R, +R.+R,)
R, =7— 4d . (21)
(2¢” + md(1-e)) k, +(4-2¢> = rrd (1-e) ),
(e-2d)°
R, = 22
 (e-2d)ek, +(2e-4d —(e-2d) e’ )k, %)
o = (V2 —2¢)’ )
© 2 (1-2eN2 )k, +2(V2 - 2e - mid* (1-eN2) )k,
2e
R, = 34
D ezké+(4_€2)kj ( )
— 3 —
i N20e-6i8)eV2 2) 339 5)

ﬂ(3—4e\/§ —e)



For pure PCM, e =1, k,,, =k, and hpga, (T —=T,) =0.

4.1.5. Numerical method and validation

The numerical model is solved using a finite element analysis with the COMSOL Multiphysics 5.3a
software [51]. COMSOL automatically selects the solvers, and then we make the necessary

modifications.

To validate the model that predict the melting of pure PCM, the simulation results were compared
with experimental data from Kamkari et al. [52]. In their work, a rectangular enclosure filled with
lauric acid was investigated. They studied a vertical and inclined enclosure. The comparison of liquid
fractions simulated by the current model and experimental results of [52] during melting of Lauric
acid at the same initial and boundary conditions for inclination angles of 0° (vertical enclosure) is
showed Figure 12. The maximum deviations of the current model from [52] is 5%, indicating good

validations of this model against experimental.
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Figure 12 : Comparison between numerical and experimental

The simulation results of PCM melting embedded in metal foam were validated by comparing the
predicted results with the experimental data of the study by Zhao et al. [53]. In the study conducted
by Zhao et al. [53], a copper foam sample with dimensions of 200mm, 120mm and 25mm, pores
density of 10PPI, and 95% porosity filled with paraffin wax RT58, was heated with a constant heat of
1600 W/m?2. The heat loss coefficient generated by the natural convection of air is estimated at about
3W/m2. The proprieties of RT58 are given in Table 2. Figure 13 presents a comparison between the
evolution of calculated temperature of the PCM at 8§ mm away from the copper foam composite
bottom and the experimental results. The results show that during the melting process, from 1200s to
4000s, there is a small discrepancy between the numerical results of the present model as well as after
the melting process. It can be concluded that the numerical results obtained by the present model is in
a good agreement with the experimental data on the whole, and the present model is reliable and

reasonable.
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The sensitivity to mesh size has been studied. A mesh decency study carried out on the mesh for
three different mesh size. Figure 14 shows the evolution of melt fraction for different mesh size. It was
found for all mesh size the melt fraction is varied in a similar manner, with a small difference,
between 0-2 percent. With a small mesh size, the solution is more accuracy. For the present study a

mesh 64965 elements are used.
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Figure 14: Effects of grid on the variation of liquid fraction

4.2. Calculation of the amount of PCM required

In order to determine the amount of paraffin RT27 needed to absorb the heat dissipated by the cell,
the total heat dissipated by the cell must first be calculated. The amount of heat generated by the cell is

the integral of the heat flu

x density (Eq 36).



QLi—i()n = II qu—ion ’ds'dt (36)

The integral is calculated numerically by the trapezoidal rule by a code developed under Matlab.
The mass of PCM is then deduced as follows:

OQpicion =MCpy (T, —Tpp) + mLf +mCp, (Tﬁnul —Tpr) (37)
m= QLi—ion (38)
Cpp (T, —Tpp) + L+ Cp, (Tfinal ~Tpr)

With T}, is the maximum temperature not to be exceeded (design temperature), in our case is

27°C. The thickness of the PCM layer surrounding the cell is calculated from the volume of PCM
required which is deduced from the mass:

7TH Li-ion
The calculated thickness is 2.8 mm. The results of this numerical study will be used to set up a

+71r, . *H, .
e= Ar - \/VPCM ﬂrLz—zon HLz—zon —r (39)

BTMS. For this reason, we approximate to 3 mm. The volume is increased by about 7% compared to
the calculated volume.
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Figure 15: Evolution of the liquid fraction
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Figure 17: Impact of the ad of BTMS on the cell surface temperature

4.3. Impact of the addition of BTMS using PCM composite

Figure 14, shows the evolution of the liquid fraction for pure paraffin and for the
paraffin/aluminum foam composite. It's can be seen from Figure 15 that the melting starts earlier in
the case of a pure PCM (pure paraffin RT27) than in the case of a PCM-metal foam composite
(paraffin RT27-aluminum foam). The liquid fraction shows that the pure paraffin has a low solid-
liquid kinetic phase change compared to paraffin incorporated in the aluminum foam. The melting of



the pure paraffin starts after 45 minutes and that of the paraffin incorporated in the aluminum foam
starts after 62 minutes. Indeed, the addition of a metallic foam improves thermal conductivity and
intensifies heat transfer. The low thermal conductivity of pure PCM slows down the heat propagation,
which leads to higher temperatures at the battery surface-PCM interface than at the battery surface-
PCM composite-metal foam interface. Therefore, pure PCM reaches the melting temperature before
the PCM incorporated into the metal foam. At the end of the simulation, we observe that, the in the
case of thermal management with pure PCM, the PCM is not completely melted. The main reason to
use a PCM is its latent heat. On the other hand, the PCM embedded in the metallic foam is completely
melted. Indeed, at the end, all the paraffin incorporated in the aluminum foam was in liquid state
versus 80% in the case of pure paraffin; hence the importance of incorporating it into a metal foam.

In order to study the impact of PCM composite on the cell temperature and its ability to absorb the
energy generated by the cell, the temperature was followed in the cell surface (Tsurface) and the
interface between the adiabatic wall and the PCM composite (Tvoard) like show Figure 16. Figure 17
shows the temperature evolution with and without a thermal management system. The results show
that the addition of a pure PCM or a PCM-Metal Foam Composite can significantly reduce the
temperature of the cell. It can be seen that the transient time was reduced. Indeed, the duration of
transit regime without BTMS is about 2000 seconds and in the case with BTMS is 700 seconds. As soon
as PCM melting starts, the cell surface temperature stabilizes around the melting temperature. The
gain in time is about 35%. Figure 18 shows the evolution of the average temperature of the cell surface
and the external surface (at the insulation level) in both cases, pure PCM and composite PCM. It can
be seen that the use of a PCM/Metal Foam composite is more efficient with a lower cell temperature
and a smaller temperature difference. The difference between Tsuyce and Tpoura is about 0.2°C in the
case of Aluminum foam and RT27 composite and about 1.3°C in the case of pure RT27. The addition
of aluminum foam intensifies heat transfer and leads to a more uniform temperature field [44,46,54-
59]. Figure 19 and Figure 20 present respectively the phase fields and the temperature fields of pure
RT27 and RT27- Aluminum foam composite for the last 500 seconds. We can see that the temperature
field is more uniform in the case of RT27-aluminum foam composite than in the case of pure RT27.
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Figure 18: Influence of foam addition



44. Optimization of the quantity of PCM used

In order to optimize the amount of PCM, the performance of Paraffin RT27/Aluminum Foam
composite is evaluated for different thicknesses (2mm, 3mm, 4mm, 5mm and 6mm). Figure 21 shows
a comparison of the evolution of the cell surface temperature for the different thicknesses studied. It
can be seen that an underestimation of thickness (mass required) leads to extreme temperatures. The
temperature of the cell with a thickness of 2mm reaches 33°C, while the temperature of the cell
without a thermal management system reaches 37°C. Figure 21 shows that the impact of adding more
mass of PCMs is greater in the sensitive storage phase. The temperature difference can reach 2°C in
the sensitive storage phase while in latent storage it is about 0.5°C. Overall, the addition of extra
volume does not have a great influence on the cell temperature. However, the larger the volume of the
composite, the heavier the system will be.
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Figure 19: Phase field after, (a) pure PCM, (b) PCM- Metal foam

AT

4400s 4500s 4600s 4700s 4800s
(a) Pure paraffin

| | | | | | | 300

4400s 4500s 4600s 4700s 4800s
(b) Paraffin- Metal foam composite

Figure 20: Temperature field, (a) pure PCM, (b) PCM- Metal foam
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Figure 21: Impact of composite thickness on the cell surface temperature

5. Conclusion

In this paper a new experimental bench has been developed to study the thermal behavior of a Li-
ion battery at cell scale. Li-ion 18650 cell was chosen. A passive thermal management system using an
aluminum foam/paraffin RT27 composite was designed and optimized. The aim is to keep the cell
below 27 °C while undergoing consecutive charge/discharge cycles. To investigate the efficiency of
our BTMS a two-dimensional numerical model based on the enthalpy-porosity model and non-
equilibrium equation was developed and validated with experimental data. The result showed that
the cell surface temperature depends on several parameters: Current rate, duration of charge and
discharge cycle and ambient temperature. It is found that the PCM allows to absorb the heat
generated by the cell in latent form in solid-liquid phase change. However, its low thermal
conductivity limits its performance. The addition of an aluminum foam allows a more efficient Li-ion
cell thermal management of the cell. The optimization study showed that an underestimation of the
thickness (mass of PCM required) leads to extreme temperatures. It was -also- found that hat the
addition of an extra volume of PCM does not have a great influence on the cell surface temperature.
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