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Electric cars, in addition to representing an ecological solution, represent a turning point in
terms of renewal for the world economy. One of the main problems of electric cars is given
by the thermal control of their batteries, as below and above a certain temperature range,
they abruptly decrease the range of the vehicle, creating inconvenience to the owners of
such cars.

The thermal control of lithium batteries for electric cars must therefore take into account
both the problems of thermal increase due to the operation of the battery itself, and the
climatic conditions outside the vehicle that impact, if above a certain range, negatively on
the performance of the car, decreasing both the range and the life of the battery.

In this study, an attempt is made to control the temperature peaks due to the operation of
the battery itself to this end, a thermal control system with metal foam phase change material
is studied in order to evaluate the heat transfer behavior for use in the cooling of lithium
batteries. A two-dimensional model is considered to numerically study the thermal control
with different charge and discharge cycles. The battery is simulated as a wall-mounted heat
flow. Thermal control is achieved by means of an inner layer of copper foam and phase
change material, PCM (paraffin) and the outer surfaces are cooled by convective flow. The
governing equations, written assuming local thermal equilibrium for the metal foam, are
solved by the finite volume method using the commercial Ansys-Fluent code. Several cases
are simulated for different values of external convective heat transfer coefficient. Results,
performed for metal foams with different PPIs and porosities, are provided in terms of
temperature fields and liquid fraction, heat transfer behaviors such as surface temperature
profiles as a function of time, and temperature distributions along the outer surface of the
battery for the different cases. In addition, some comparisons with pure PCM within the
thermal control system are provided to show the advantages of the composite thermal
control system with PCM within the metal foam.

The results obtained show that the best solution among those studied is given by the use of
copper foams filled with paraffin PCM.

1. INTRODUCTION

The serious environmental problems of recent decades,
mainly due to pollutants emitted by fossil fuels from internal
combustion engine vehicles, are driving research into
increasingly sustainable solutions based on the use of
renewable energy sources. One of the most promising
solutions to curb pollution in built-up areas, and one that is
also revolutionizing the world economy, is electric vehicles,
which are slowly making their mark both commercially and as
a consumer choice.

This type of vehicle, unlike those equipped with the classic
propulsion with fossil fuels, uses an electric motor that uses as
primary energy the chemical energy that is stored through
rechargeable batteries and then made available to the engine
as electrical energy.

Compared to the classic internal combustion engine, electric
vehicles are more energy efficient, but have some issues due
to the use of batteries. These vehicles use lithium-ion batteries,
but they require long recharging times with low battery life
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and have serious thermal problems that can make their use
dangerous.

Research on thermal control of this type of batteries is
essential to avoid both health hazards and economic damage
to the production companies. Over the years, many techniques
have been used for thermal control of these devices and one of
the most promising and current is the combined use of phase
change materials (PCM) and metal foams. Among the main
innovators in the use of this thermal control technique is
Libeer and his research group [1] who performed studies for
the application of PCM and metal foams for battery
management system, concluding that the use of foam with
PCM improved the heat transfer of the devices they analyzed.
Research done by Lafdi et al. [2] on the use of metal foams
with PCM, showed that larger foam pores result in lower
surface temperatures due to high convective flow. Research by
Landini et al. [3] shows that the typical temperature range for
the use of this type of battery should be 25-40°C and that the
optimal temperature range is 25-30°C. Different models for
thermal management of batteries with different geometric
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shapes have been studied by Safdari et al. [4] who understood
that the best shape to be given is the rectangular one. As shown
by Buonomo et al. [5] the use of PCMs, due to the high latent
heat value, allows to delay the achievement of the critical
temperature of the battery until the completion of liquefaction
and that, the use of metal foams, allow to distribute uniformly
the thermal energy in the phase change material avoiding that
it, given the low thermal conductivity, behaves as a thermal
insulator. A thermal management system with copper and
paraffin foams was numerically and experimentally
implemented by Kiani et al. [6], integrated with an active
cooling system with alumina nanofluid as cooling fluid. They
concluded that the nanofluid effectively postpones the onset of
phase transition by increasing the melting time of paraffin. A
study on the thermal response of lithium batteries in high
discharge rates with a novel TMS combining active and
passive methods was conducted by Mashayekhi et al. [7].
Their results show that passive cooling was inefficient in
keeping the battery temperature below the safe limit at high
discharge rates, while the active hybrid system showed
adequate thermal performance under the same conditions.
Nine passive battery thermal management systems (BTMS)
based on paraffin as pure PCM and copper foam as conductive
additive, but with nine different amounts (from 1 to 9 vol%),
were numerically simulated by Ranjbaran et al. [8] to reveal
the role of additive content. Their results showed that the
addition of metal foam significantly affects the time evolution
of the PCM liquid fraction. The heat transfer and phase change
flux inside a lithium battery enclosure with a copper foam and
paraffin PCM are numerically studied by Veismoradi et al. [9].
Their results demonstrate that for high heat pulse powers, the
melt volume fraction (MVF) rises and the heat sink will have
higher efficiency. For a relatively strong heat pulse, the
efficiency was improved by about seven times.

El Idi et al. [10] fabricated a composite of metal foams and
paraffin by the vacuum impregnation method, modeling the
thermal conductivity of the composite as a function of the
foam structure, the thermal conductivity of the metal foam,
and the thermal conductivity of the PCM. The results
demonstrate a high impact of the thermal conductivity of the
metal foam and a lower effect of pore size on the effective
thermal conductivity.

Few studies still exist in the literature on the combination of
metal foams with phase change materials (PCMs) for thermal

2. PHYSICAL
EQUATIONS

MODEL AND GOVERNING

The physical domain consists of a zone where, based on
various simulations, air has been introduced, copper foam at
40 PPI with €=0.934, the RT42 PCM melting at about 42°C
[11] and the copper foam filled by the PCM.

The operating temperature of the lithium batteries is
expected to remain around 318 K [12].

Figure 1 shows the 2D domain used in this study where the
dimensions, obtained from a commercial electric battery, are
L=310mm, H=40 mm.

Figure 1. Physical Domain

The properties of the materials and the copper foam have
been reported in Table 1 and Table 2.

The enthalpy-porosity method [14] is used to describe the
melting phenomenon of PCM, where the solid-liquid interface
is not drawn explicitly but the method defines a mixed solid-
liquid region that represents the "pseudo" porous zone that is
the liquid fraction. The liquid fraction B has a value of 0 when
the zone is totally solid, 1 when it is totally liquid, and between
0 and 1 for the mixed region.

Table 1. Properties of materials

Thermal Properties Paraffin RT42Copper  Air
Density [kg/m?] 820 8978 1.225
Specific Heat [J/kg K] 2000 381 1006.4
Thermal Conductivity [W/m K] 0.20 387.6 0.0242
Dynamic Viscosity [kg/m s] 0.020 - 1.789¢?
Thermal expansion coefficient [1/K]  0.0001 - 0.00333
Melting Heat [J / kg] 165000 - -
Solidus Temperature [K] 311.15 - -
Liquidus Temperature [K] 316.15 - -

Table 2. Properties of copper foams [13]

control of lithium-ion batteries, and this research work seeks Cu-40-6.6
to make an original and innovative contribution on this Number of pores per inch, PPI 40
promising combination, which could evolve current thermal Relative density, pr (%) 6.6
control systems for electric vehicle batteries while avoiding _ Porosity, £ (-) 0.934
the safety issues encountered so far. Fiber thickness, 7 (mm) 0.262
In this research work, a passive system for cooling lithium Fiber lenght / (mm) 1.109
. . - . Surface are per unit of volume, as (m?m) 1635
batteries for electric vehicles has been implemented. A . ) ;
el del has b lized th h ¢ ith Permeability, K (m*) x10 0.44
numerical model has been realized through a system wi Inertia coefficient Cr 0.060
PCM and copper foams using the porosity enthalpy method.
The simulations performed were obtained through the use of
Ansys Fluent and the results were reported in terms of average
temperatures and melting time achieved.
B=0 for T <Tsoiqus
T — Tsotiqus
B = for Tsoiagus <T < Tliquidus (1)

Tliquidus - Tsolidus

B=1

In (1) T is the local temperature of the cell, Tiiquidus 1S the
upper temperature at which the domain is totally liquid, and
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fOT' T> Tliquidus

Tsoliqus 1S the temperature below which it is totally solid. The
solid part of the mixed zone is modeled by adding a source



term in the momentum equation. The metal foam is modeled
with the Darcy-Forchheimer extended Brinkman model
because it behaves as a porous medium; The gravitational
acceleration is along the y-axis and the Boussinesq
approximation is considered to account for the buoyancy force
due to natural convection. The thermal interaction between the
metal foam and the flows is modeled with the LTE assumption,
where a unique local temperature function is defined between
the porous medium and the fluid flow. The reference equations
are as follows:

-PCM
Oupem | IVpem _ )
d0x dy
Ppcem aupcm Upem aupcm Upem aupcm
€ Jat e Ox e dy
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@ (auair Uqir auair Vair auair) _

£ Jat e Ox e ady ] -
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0T, 0T, aT,;

(5 v 5 var ) -
aZTair
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:kefflair( Jx2 + 9y?

The heat generation rate simulates a typical battery
dissipated power of 5.3 KW.

In the equations, p and c are the density and specific heat,
respectively; u and v are the velocity in the x and y directions,
respectively; € is the porosity of the metal foam; p is the
relative pressure; [ is the dynamic viscosity of the PCM or air;
S is the source term; V is the velocity vector of the PCM in the
liquid or air phase; and et is the time. The subscripts Lit, pcm,

©)

and air referred to the battery, phase change material, and air,
respectively. Regarding the local temperature, the LTE
approach is used and thus the temperature foam in the PCM
domain is equal to the PCM temperature and the same
assumption is set in the air domain.

The source terms in the PCM momentum equations are:

(1-p) A
340.001)3 " sk
5= |+ 0000 Vpem (10)
#pcm F ‘7
+ K +\/_?ppcm| pcml
(1_ﬁ)2 .upcm
S, ==——A —pem
y ((ﬁ3+0.001)3 mush T~
C o (11)
+\/_%ppcm|vpcm|>

vpcm + ppcmgypcm(Tpcm - TO)

The first term is the Kozeny - Carman term that models the
presence of the solid part of the PCM during melting. Amysh is
the mushy zone constant that takes into account the velocity
damping during solidification. Its value is fixed at 105 kg/
(m’s). The second term is the Darcy term where K is the
permeability of the porous medium and the third term is the
Forchheimer term, where Cr is the inertial strength factor.

The details of equation 12 can be found in [15].

Permeability and resistance coefficients are calculated from:

1.11
K = 0.00073(1 — £)~0-224 (d—f> d?
D

d —-1.63
Cr = 0.00212(1 — £)~0132 (_f)

d
] P (12)
df__ 1"8 1
E =118 3 (1 _ e1(1—s)/0.04)
0.0224
p =

w

The last term is the Boussinesq approximation where g is
the acceleration modulus of gravity, Yypem is the thermal
expansion coefficient of the PCM, and TO is the operating
temperature, set to 310K. ker is the effective thermal
conductivity calculated by [16]:

111
K = 0.00073(1 — £)~%22* (d—f> d2
D

d —-1.63
Cr = 0.00212(1 — £)~0132 (_f)

d
] P (13)
df__ 1"8 1
E =118 3 (1 _ e1(1—s)/0.04)
0.0224
r=7 4
{kemmm = (= ks + elepen (14)
keff|air = (1 - £)kmf + £kair



3. NUMERICAL MODEL

Table 3. Grid independence at t=1000s

. Average
Grid Temperature (K) AT
8x20 395.50 0.1
15x40 395.45 0.05
30x78 395.41 0.01
60x115 395.40 -
120x310 395.40 -

Table 4. Boundary conditions

Phys1§al Zone Velgglty Thermal conditions
domain conditions
For All _ .
cases AB u=v=0 q=qwaLL
A_% B- u=v=0 adiabatic: Z—T =0
Forh=0 a;
C-D u=v=0 adiabatic: 3y = 0
A-C u=v=0 9T (xa,y)
Kres————
= h[T(x4,¥) — Text]
B-D u=v=0 fepcg LCE:Y)
Forh#0 0x
= h[T(XBJ y)
- Text]
k aT(Xv Yec )
C-D u=v=0 TCS dy
= h[T(x, ¥e) — Text]
y
C D
A B

Ansys Fluent software [17] was used to solve the governing
equations using the finite volume method. A transient mode
with a time interval of 1 s was used. The phenomenon related
to coupled velocity-pressure fields has been solved using the

1.0

0.8

SIMPLE algorithm developed by Patankar [18]. A second
order wind model is used to treat the convective terms for the
momentum and energy equations, and a second order central
difference model is used for the discretization of the diffusive
terms. For the discretization scheme of the pressure equation,
the PRESTO! A transient mode with a step of 0.1 s has been
enabled. The convergence errors for the continuity and
momentum equation were set to 10~ and the energy equation
was assumed to be 10, For the independent mesh solution,
five different grids were created using the configuration with
copper foams at 40 PPI filled by the PCM, which are: 8x20,
15x40, 30x78, 60x115, 120x310 of which it was decided to
use the 60x115 because the calculation costs are satisfactory
with precision (Tab. 3).
The boundary conditions have been reported in Table 4.

4. RESULTS AND DISCUSSIONS

In the following research work, simulations were performed
to understand the thermal performance of various materials
used for thermal control of a modern electric vehicle powered
by a lithium-ion battery. Initially, the thermal performance
obtained using only air was analyzed, then the analysis of only
copper foam 40 PPI (Pores per Inch) with a porosity € = 0.934,
then the analysis of only PCM where a paraffinic phase change
material from Rubitherm was used, and finally analysis was
conducted on the copper foam filled with a paraffin PCM.

These materials were analyzed both individually and
compared to each other to understand the differences. These
analyses were conducted with a heat transfer coefficient of h=0,
20, 200 (W/m?K) and they have covered the liquid fractions
for only PCM and copper foam filled PCM (Figure 2), the
average temperatures of both layers Top Domain and Bottom
Domain (Figure 3), average temperatures of the entire domain
(Figure 4), the temperature profiles along the bottom layer of
the domain (Bottom), and the temperature ranges of only air,
only copper foam, and PCM-filled copper foam were obtained
for h=20, 200 (W/m?K).

0.6
Q.
0.4
i Only PCM h=0
02 AAAAAAAA o ------ Only PCM h=20
i __+—— Only PCM h=200
—_———— PCM with copper foam =0 934 40 PPI h=0
—_— . — PCM with copper foam ¢=0.934 40 PPI h=20
I .+ [ ¢ PCM with copper foam £=0.934 40 PPl h=200
0.0¢ : : d
0 500 1000 1500 2000
Time [s]

Figure 2. Liquid fraction of domain for only PCM and 40 PPI copper foam filled by PCM h=0, 20, 200 [W/m?K]
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Figure 3. Average temperatures of Bottom and Top layers for only air, 40 PPI copper foam, only PCM, and 40 PPI copper foam
filled by PCM (a) h=0 [W/m?K], (b) h=20 [W/m?K], h=100 [W/m?*K]
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Figure 4. Average temperatures of domain for only air, 40 PPI copper foam, only PCM, and 40 PPI copper foam filled by PCM
(a) h=0 [W/m?K], (b) h=20 [W/m?K], h=100 [W/m?K]
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Figure 5. Temperature profiles of bottom domain for only air, only 40 PPI copper foam, only PCM, and 40 PPI
copper foam filled with PCM
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As with the simulations conducted with only air, different
trends were found depending on the heat transfer coefficient
used.

In fact, while with h=0 (W/m?K) the average temperatures
of the Top and Bottom layers are close, despite having the
highest average temperatures, as the heat transfer coefficient
h=20, 200 (W/m?K) increases, the gap between the average
temperatures of the two zones increases greatly due to the
triggering of convection. The most pronounced differences
between the average temperatures of the Top and Bottom
domains were found with the use of only PCM, in fact while
the average temperature measured on the Bottom layer of the
domain, which receives the heat flow, turns out to be at
extremely high temperatures and therefore dangerous for the
thermal safety parameters of lithium batteries, it completely
liquefies, the areas above the Bottom layer up to the Top part
of the domain turn out to be at extremely lower average
temperatures, not triggering the transition between solid and
liquid. The average temperatures obtained using only 40 PPI
copper foam € = 0.934 for the Top and Bottom layers, while
less pronounced than previous cases, find extremely high
average temperatures. The best performance regarding
average temperatures was obtained with the simulations with
PCM-filled copper foams, which in addition to having lower
average temperatures than the other cases analyzed, keep the
two Top and Bottom layers at closer average temperatures.
This happens because as the battery temperature approaches
the critical temperature, the PCM begins to melt and thus the
temperature tends to be maintained at levels more in tune with
the battery safety parameters.

To better understand the thermal effects occurring at the
leading edge between the battery and the domain we did,
analyses were performed on the temperature profiles for the
bottom layer of the domain (Figure 5) for h= 20, 200 (W/m2K),
using air only, 40 PPI copper foam only, PCM only, and
paraffin-filled copper foam PCM. Again, the lowest
temperatures found were achieved through the combined use
of PCM and copper foam.

5. CONCLUSIONS

From the analysis of the results obtained in this study, as
regards the simulations carried out with the only copper foam,
it was obtained that the average temperatures of the Top
Domain and Bottom Domain layers, even if they have very
close average temperature trends, appear to be at temperatures
that are too high for thermal control of the batteries. As for the
average temperatures of the only air, as the heat exchange
coefficient increases, given the triggering of convection, there
are too large differences between the Top Domain part and the
Bottom Domain part, this means that the battery is almost not
affected all of the thermal control based on only air.

The trend of the average temperature for the simulations
conducted with the only PCM showed to have the worst trend,
that is to have extremely different temperatures between the
two layers (Top and Bottom), in fact while the lower layer of
the domain, or at the interface with the battery (Bottom
Domain), it turns out to have extremely high average
temperatures by completely liquefying the PCM layer, the
immediately upper layer of the domain turns out to be at
extremely lower temperatures at least until the PCM is
completely melted. This situation is particularly dangerous for
the battery, exposing the vehicle and the user to various
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dangers. From the simulations obtained, the best trend for the
average temperatures was found to be that obtained with the
combination of metal foams with PCM, in which the average
temperatures of both the Top and Bottom layers and of the
entire domain are the lowest and also the differences between
the two layers are extremely limited compared to the other
cases analyzed and this allows the battery to maintain
temperatures close to the safety parameters for a longer time
than in the other cases analyzed.
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NOMENCLATURE
Amush Mushy constant [kg/(m3s)]
Cr inertial drag factor [-]
c specific heat [J/kg K]
d diameter [m]
g Gravity acceleration [m/s?]
Hp Latent Heat [J/kg]
k thermal conductivity [W/mK]
K Permeability [m?]
p relative pressure [Pa]
S Source term [N/m?]
T Local Temperature [K]
t Time [s]
u” heat generation [W/m?]
u velocity along x direction [m/s]
A% Local Velocity module [m/s]
v velocity along y direction [m/s]
X,y Cartesian directions [m]
Greek letters
B Liquid Fration [-]
€ porosity [-]
Y thermal expansion factor [1/K]
" dynamic Viscosity [Pa s]
P Density [kg/m?]
® Pore Density — Number of pore per Inch [-]
Subscript
0 operating
air air
f fiber
Liquidus End melting Temperature
mf metal foam
p pore
pem phase change material
Solidus Start melting Temperature





