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Abstract

This thesis presents the battery thermal management systems (BTMS) modellungnsf Li
batteries and investigates the design and modellidgfefent passive cooling management
solutions from single battery to module level. A simplified-diteensional transient
computational model of a prismatic lithivion battery cell is developed using thermal circuit
approach in conjunction with the theahmodel of the heat pipe. The proposed model is
compared to an analytical solution based on variable separation as well afirtteesional

(3D) computational fluid dynamics (CFD) simulations. The three approaches, i.e. the 1D
computational model, anaigal solution, and 3D CFD simulations, yielded nearly identical
results for the thermal behaviours. Therefore the 1D model is considered to be sufficient to
predict the temperature distribution of lithition battery thermal management using heat
pipes. Maeover, a maximum temperature of 27.6°C was predicted for the design of the heat
pipe setup in a distributed configuration, while a maximum temperature of 51.5°C was
predicted when forced convection was applied to the same configuration. The higher surface
contact of the heat pipes allows a better cooling management compared to forced convection
cooling. Accordingly, heat pipes can be used to achieve effective thermal management of a

battery pack with confined surface areas.

In addition, the thermal managent of a cylindrical battery cell by a phase change material
(PCM) / compressed expanded natural graphite (CENG) is investigated. The transient thermal
behaviour of both the battery and the PCM/CENG is described with a simplified one
dimensional model takg into account the physical and phase change properties of the
PCM/CENG composite. The 1D analytical/computational model predicted nearly identical
results to the thredimensional simulation results for various cooling strategies. Therefore,
the 1D modeis sufficient to describe the transient behaviour of the battery cooled by a
PCM/CENG composite. Moreover, the maximum temperature reached by the PCM/CENG
cooling strategy is much lower than that by the forced convection in the same configuration.
In thetest case studied, the PCM showed superior transient characteristics to forced
convection cooling. The PCM cooling is able to maintain a lower maximum temperature
during the melting process and to extend the transient time for temperature rise. Fuethermor
the graphitematrix bulk density is identified as an important parameter for optimising the
PCM/CENG cooling strategy.

Finally, thelithium-ion battery cooling using a passive cooling material (PCM) / compressed
expanded natural graphite (CENG) comp®ss investigated for the battery module scale. An
electrochemistry model (average model) is coupled to the thermal model, with the addition of

a onedimensional model for the solution and solid diffusion using the nodal network method.
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The analysis of thtemperature distribution of the battery module scale has shown that a two
dimensional model is sufficient to describe the transient temperature rise. In consequence, a
two-dimensional celcentred finite volume code for unstructured meshes is develaged w
additions of the electrochemistry and the phase change. Thiditvemsional thermal model

is used for investigating a new and usual battery module configurations cooled by
PCM/CENG at different discharge rates. The comparison of both configuratithna wi

constant source term and heat generation based on the electrochemistry model, showed the
superiority of the new design. In this study, comparisons between the predictions from
different analytical and computational tools as well as eqmemce packagewere carried

out, and close agreements have been observed.
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Nomenclature
a Height of the groove channet]

a,  Active surface arean?]

A Geometric area of the electrode¥]

[Al  Global matrix of the thermal conductance in the CCLAD dode< ]
b Width of the groove channehi]

Bi Biot number
C, Concentration of Liin the electrolytdmol.m?]
C, Concentration of reduced lithium in the solid phasel.m™]

c Specific heat per unit magskg*.K™]

c. Specific heat per unit mass of a eglin the CCLAD codgJ.kg".K™]
C Capacity of the battery cgi\h]

[C] Matrix of the thermal capacitanca K]

[C] Global matrix of thermal capacity in the CCLAD cddek™]

D,  Electrolyte phase diffusion coefficiefmh?.s"]
D Solid phase diffusion coefficiefin.s]

& Thickness of théattery cell m]
F Faraday constafi€.mol™]
f

Transcendental function in the case of the PCM/CENG cooling

f, Liquid fraction of the PCM
[G] Matrix of the conductand@V.K ]
G Thermal conductance of convectiphl.K ]

G, Conductance of electrolyte solutifm™.s"]
G. Conductance of electrodm™.s?]

h,, Heat transfer coefficient for natural convectih. i K™]

h, Latent heat of vaporisatidd.kg'] in Chapter 2
h Heat transfer coefficient in the radial directigi.m?.K™]
h, Heat transfer coefficient in the axial directil.m?2.K™]

I Current intensity flowing through the syst¢Aj in Chapter 5

i Discharge current per unit volurfie.m]
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Cext

Exchange current densip.m™] in Chapter 5
Zero-order Bessel function of the first kind
First-order Bessel function of the first kind

Current per unit volumpA. m]

Thermal conductivitfW.m™*.K™]

Thermal conductivity of a cel, in the CCLAD codgW.m™*.K™]
Permeability of theapillary structure [rf] in Chapter 2

Thermal conductivity tensor in the CCLAD code [WAtd™] in Chapter 4

Thermal conductivity of the heat pipe material enveldprii.K™]

Length of the cylindrical battery cdlin] in Chapter 2
Length of the solution phase in the electrochemistry mioadlein Chapter 5

Length of the adiabatic section [m]
Width of the battery cell [m]

Length of the battery cell [m] in kapter 2
Height of the battery cem] in Chapter 5
Length of the condenser section [m]
Length of the evaporator section [m]
Length of a finlm] in Chapter 5

Latent heat of fusiofd.kg]

Length of the heat pipe [m]

Half length of the battery cdlin]
Working fluid merit numberr’]
number of electron exchange during the discharge

Capillary number [Wm?]
Number of groove section in one heat pipe
Number of heapipe in the set

Matrix of internal powefW]
Internal heat generation in the battf\fy.m™]

Production term in the solution phase in the donkajmol.s*. m~]

Heat removed by the cooling systew.pn”]
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Capillary limit [W]
Matrix of the source term in the CCLAD copl#']
Position of the interface battery/CENG in the PCM/CENG cooling cake

Position of the external surface of the PCM/CENG composite in the radial direction
[m]

Radius of the cylindrical battery cell imvection cooling cagen] in Chapter 3

Radius [m] in Chapter 2

Ideal gas constafid.K™. mol*] in Chapter 5

Thermal resistance of convectip.K ™|

Internal equivalent e si st ance pemr] unit volume [ q.
nth eigenfunction of theh solid in the radial direction for the PCM/CENG cooling

Radius of spherical particle in the electrdatg

Entropy of an electrode [JK molY]

Surface of the battery cell at= g [m?]

Surface cooled in the radial direction in the PCME/CENG codfirfj
Liquid section of the heat pipenf]

Time[9

Li-ion transference number

Temperaturg®C]
Matrix of the temperaturfC] in Chaptes2 and 3

Matrix of the celicentered temperature in the CCLAD c¢®€] in Chapter 4
Matrix of the halfedge temperature in the CCLAD cdd€]
Thermodynamic equilibrium voltag®]

Volume allocated to a nodm?

Cell voltage[ V]

Sub-cell surfaceof a cellw, [m?] in Chapter 4
Cell surfaceof a celln, [m? in Chapter 4
Width of a fin[m]

Zero-order Bessel function of the second kind
First-order Bessel function of the second kind

Normalised Liion concentrations at the surface of an electrode
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Greek letters

/ gen

/i

Thermal diffusivity of thdath solid

Charge transfer coefficient of anodic reaction
Charge transfer coefficieof the reduction reaction

pth eigenvalue associated with hté eigenfunctiond o

Geometric ration the PCM/CENG cooling case irh@pter 3

Flux of particle in the solid phagmol. s'] in Chapter 5

Thermal diffusivity ratiom the PCM/CENG cooling case irh@pter 3
Length of electrode and separahm] in Chapter 5

Variation

Porosity of the CENG graphite matrix

Volume fraction of the electrolyte
Volume fraction of the active material
Volume fraction of the filler

Electrode overpotenti§V/]

Thermophysical property groupi?]
Time-variable function PCM/CENG cooling case
lonic conductivity[S.m]

nth eigenvalue associated with tfite eigenfunctionr _ in the PCM/CENG cooling
Equivalent thickness at the evaporator in chapter 2

Viscosity kg.mt.s"]

nth eigenvalue associated with thiéa eigenfunctionsC

Function defined by Eqg. (3.32a)
Density[kg.m™]
Surface tension [N.f in Chapter 2

Half width of the melting interval temperatyR€] in Chapter 3
Solid phase conductivitys.m?] in Chapter 5

Heat generatiofW] in Chapter 5

Time-variable function of thé&h solid for thehomogeneous equation in the
PCM/CENG cooling case

Electric potentia[V] in Chapter 5
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f,,  Fundion defined by Eq. (3.31b) int@pter 3
F Geometric dimensions group]
F pth eigenfunctions in the axial direction for the convection cooling case

C nth eigenfunctions in the radial direction in the convection cooling case
Y Dimensionless number definedEq. (2.16) [37]
Y

Time-variable function in the cone&on cooling case in l@apter 3

Subscripts and acronyms

adia Adiabatic
AM  Average model

Amb Ambient
Brugg Bruggman coefficient

(o Condensein chapter 2

Cell of the computational domain in chapter 4
CENG Compressed expanded natural graphite
comp PCM/CENG composite
e Electrolyte

eff Effective

ev Evaporator

GS  Groove section

g Graphite (CENG)

gen Generated

H Homogeneous

HP  Heat pipe

i=1,2 Index number for the battery and the PCM/CENG composite respectively
m Melting

max Maximum

min  Minimum

n Negative electrode

oX Relative to oxidation reaction

p Positive electrode

PCM Passive Cooling Management ih&pter 2

Phase change materialChaptes 3 and 5
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PP  Porous electrode with polynomial approximation
P2D Pseudo twalimensional

red Relative to reduction reaction

s Solid phase

sep Separator in the electrolyte domain

SOC State of charge

SP  Single patrticle

v Vapour

X,y,Z Coordinates

Superscript

eff Effective
surf  Relative to the surface of the spherical particle at the electrode

n nth time step
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Chapter 1: Literature reviewof the battery thermal management
systems

1.1Introduction

The depletion of the global oil resources conjugated to the effort of reduction of the carbon
dioxide has made the developmen&df (Electric Vehicle)HEV (Hybrid Electric Vehicle) a
major issue for the futur@he battery used to provide power to the BEY/ during driving
operatiorhas beestudied in order to providenaptimal performancén terms of thisthe
Li-ions battery technology globally used in electronic applicatioais been designated as the
best candidatajue toits higher energy densignd lower seldischarge. However, the
temperature has an important impact on the reliability, lifespan, safety and perforfdances
2]. The battery life is reducday corrosion of the componentghen highetemperatures
(superior to 50 °C [3]) aneeacled. Besides, decompositionsméterialsn the battery can

lead to safety issumuch as explosions]1The operating temperature of the battery must be
kept between 20 °C and 40 [Z] for achieving good performances dndg lifespan At very

cold temperaturethe battery performs sluggishly due to high internal resistance. Pesaran [4]
hadinvestigated experimentally and numerically diffeneregheating method fagrismatic
battery modulavith different aspect ratjan order to bring the module toreasonable
temperature rangend obtairgood performanced he best method was the core heating of
the battery module by applying AC power to the battery terminals, instead of a DC current,
which can damage the battery due to the high internal resistance

Moreover,temperature uniformity across the battery pack is impqriatrderto avoid short
circuit or local degradatiodue to hot spotsConsideringthe temperature dependence of the
battery cell voltage, a large temperature variation in the baitely generatesnbalancd
battery voltage, leadin safetyissue.Therefore, itis prescribed to keghetemperature
difference fom cell to cell and mdule to module below 5 °C [3].

Efficient cooling systems need to be design for maintaining the battery in the prescribed
temperature range [3]. The batterythermalmanagemengystem(BTMS) is aimed to
provideeffectivecooling solutions and also to ddap new toolsimulatingthe behaviour of
the battery during operation depending on theingaolution applied to it. Téndevelopment
of faster modeprediction willallow to improve the design process of the BTMf8 to
reduce manufacture cost.

Different models have been developed, addressing generally or specifically a design issue.
With respect to thisthelifespan of a battery packas studied by Yuksel and Michalek [5]
Theydeveloped a model estimating the improvement otbatife by aircooling using a

thermal management and battery degradation model based on experimental data for a battery
pack. They performed simulatism two cities Miami and®hoenix,with daily driving

scenarios and average seasonal ambient tempeiatiee. the themal management is used,

the batteryhad a longer life in Phoenix than in Miami. However, the-usa of the thermal
management system led to a battery life decrease of one year only in Miami and three years
in Phoenix even with the temperature in Phoelower than Miami for half the yedout with
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higher peak temperature observébdese resultshowedhat considering an identical battery
pack, the thermal management efficiency is dependant of the regionasaicistical to
peak temperatures

Their model could be improved by considering daily or hourly ambient temperature averages
instead of seasonal ones, since the peak temperatures have important influences on the battery
life. Besides, they consideradiniform temperture distribution in th pack and constant
temperature surfaaa their cooling design configuratipmhich will be unlikelyin practical
applicationd6]. Nevertheless, this model is fast and well dedicated to system level analysis.

In consequencehe development of models us® predict the behaviour of the temperature
andto design the BTMS is depending on the level of analysis and geometry asishiéi\gn
1

Cylindrical

Prismatic

Single cell Battery module Battery pack

Fig. 1. Different Battery geometries and level of analysis

A very detailed model will be timeonsuming and will require huge computing resources,
while addressing specific level of analysis and usirgain battery and BTMS characteristics
can help to have faster and relatively efficient model prediction. Taygtehis dedicated to

the general presentation of the modelling of the battery thermal management and to describe
different BTMS approach strategies. The design of a cooling system implies to know the
temperature field of the battery duringeration andameasureghe impact of the BTMS on

this temperature field3.he thermal modelling of theattery cell and architecture will be
presented first, followed by the mathematical description of the heat generation during
driving operation. lxt, the different atterythermalmanagemengystem are described and
analysed through different publication addressing this issue. As shown before, this study of
the BTMS is dedicated to the modelling of the battery for predicting the thermal behaviour in
function of the coling solution applied. Different new cooling strategies are presented in
subsequenthapters of this thesis, angbaragraph in this chapter will present different
experimental study which could be used in future workfanthe validation of the models
developed.
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1.2 Thermal modelling of the battery

A single battery unit is made of different layers as presentédy. 2for the prismatic shape
and round up in a spiral form in the case of a cylindrical eflingle cell unit icomposed
of a negative and positive electrode separated by a sepaitit@n electrolyte allowinghe

diffusion of theLi-ionsbetween both electrodes. Two current collectors are positioned at the

electrode for transferring the electrahging discharge/chard€ig. 2) The details of the
electrode material and chemistry will be fully presented later in this chapter.

A battery cell is made of many single cell units iderto reach the electrical voltageectd
Each layer has different propertigh certainmechanisme action during
discharge/chargd he thermal equation of the problem can be described byl By, \here

deenrepresents the heat generated by the batteryygytte heat removed from the battéry
the cooling system.

ST - 5y by 4, g (1)

The modelling of these terms is addressglosequentlgnd the modelling of the conduction

is presented first. The application of Efj1{ to all the different layers of the battery can be
very timeconsumingTherefore, certain simplifications depending on the level of analysis
and accuracy were developed.

1 1
\ Single cell unit ,

I 1
I~ 1

'Single battery unit'

Fig. 2. Single battery unit and a single cellunio mp o s ed o0 f, 5SW®pegativet o r
el ectyxgPpesf{iliivegelleceurmnmdent( Gc ol 3)andtheo r

~

cathede (0
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1.2.1. Lumped thermal model

A lumped model consists of one node for representing the battery cetheitbtal volume
allocated to imandwith equivalent physical properties. This model is mainly used in the case
of battery pack simulation aradso inelectrochemistranalysisof the battery cell. In fact, the
study of the electrochemistry needstwount for the temperature effect, by coupling with

the energy equation.

Gao et al[7] modelled the transient behaviour of a commerciabhibattery with a cooling
systemeffectmodelled by heat transfer coefficients. The authors intended to replicate the
electrical and thermal properties of the battery as it interacts with the external world. At this
level they ignored all spatial variation of concentrations, phase distribution and considered

the electrethermal and electrohemical process as uniform thghout the entire battery.

These assumptions allow them to represent the battery by an equivalent electric circuit model.

This electric circuit provides the main characteristics of a battery cell such as the internal
resistance, the equilibrium voltageetholtageln addition, these characteristics were fitted

with experimental data in order to improve the accuracy of their middeeover, Chen et al.

[8] developed a similar approach with a simplified electric circuit presente). 3. The

internal resistance of battery cell is still fitted with experimental data and represented by R
and R. Their results were less accurate than the one predicted by Gafrgtak to the
simplifications but were more faster and simpler to compnteoth caseshe model shows
satisfactoryesults in average temperature and low discharge rate. Besides, it is simple to use
and applicabléo other batteriewithout referring to thespecificgeometry.

i(t)

Vo(t)

(a) (b)
Fig. 3. Equivalent circuit of the battery: (a) Gao et[@].and (b) Chen et &J8].

However, the thermal approach is too sintplpredict the temperature distribution in the
cell, which can be problematic in the case of high gradient of temperatidiéionally,
deviations were observed at low temperature and at high dischargeheéecuracy othe
lumped model depends on the cooling stratdggharge/charge rasand onthe
characteristic of the battery cell modelled.

Nonethelesshe knowledgef temperature gradier important for the BTMS design. In
thisregard anapproach considering global physical properties calculated from the properties
of each layers (Fig. 2) of the battery was developed.
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1.2.2. Threedimensional and twadimensionathermal modelling of the battery

The layereestructure of the battery cell can be simplified by using global average values.
These values in the case of the prismatic shape battery are obtained by analysing the different
heat flux pathsChen et al[9] studied the impact of using the layergducture presentad

Fig.2 and the global average properties approach on adimeasional model of a prismatic
battery cell Both models were in good agreement with a lower simulation time in the case of
the gbbal average property approach. Besitlas simplification was also validated

numerically by Lin et al.10] in the case of prismatic battery cell.

Moreover,Niculuta and Veje11] performed a numerical and experimental study on a
prismatic battery cellising global average properties. They obtained close results between
the numerical simulation and experiments.

Close agreementsetween experiments and numerical metivede also obtained dyui et

al. [12] on cylindrical and prismatic shape battery.cHfle authors developed their own
threedimensional and twdimensional code including heat generation model which will be
presented in the next paragrapheir model allowed them to study different cooling strategy
by modifying the crossection of a pamatic battery cell, while keeping the height constant
i.e. a constant volume for each caBlee laminated crossection preseptibetter cooling
efficiencyin reducing the maximum temperatudege to its higher surfaad coolingbut was
unableto reducethe unevenness of the battery cell.

The prismatic battery cell studied by the different authors cited before presents an anisotropic
thermal conductivity. A lower conductivity 10 to 20 time inferior in the thickness direction of
the prismatic cell compadeo theother direction. Therefore, a higher temperature gradient is
expected in the thickness direction and the cooling system should beedesigardingly

FurthermoreDrakeet al. [13 developed an analytical model to calculate the physical
propertiesof a cylindrical battery cellThe model was validated against experimental
measuremerdnd showea@n anisotropic thermal conductivity with the radial conductivity
150 inferior to the on@n the axial directionThey also demonstratéhe importance of
considering this anisotropy order to desigman effectivecooling system. A simulation using
ANSYS had highlighted thatsing the wrong thermal conductiyicould lead to either an
overdesigned cooling system Fig. 4(a)or a safetyissuein Fig. 4(b)
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Temperature | |
Rise

k,=k,=0.2 W/m-K k=k,=32 W/m-K k=0.2 W/m-K;
k,=32 W/m-K
(a) (b) (c)

Fig. 4. Numerical simulation of a cylindrical battery cell with isotropic conductivity ((a), (b))
and anisotropic conductivitig) [13].

Another approacldeveloped by Hu et dl14] used behavioural model to simulate the
transient thermal rise of the battery cell cooled by forced cooling convection. The authors
saw the thermal problem of the battery as an LTI (Linear Time Invariant) system. However,
this ispossible only if the boundary conditions are linear (radiative heat transfer not

permitted), the velocity fields of the cooling system is frozen and both thermodynamic and
transport properties are kept constant.

When the system can be defined as an L$tesy, the output response is the convolution
product of the impulse step and the input. The aufidisshowed by comparison (on one
cell battery) with CFD results that an approximation of a thermal problem as an LTI was
possible(Fig. 5). However, for éattery pack with many cells, the convolution can be long
and complex to treat. That is why the authors used the Foster nétvhrk

420.0

400.0

AP S

= 380.0
o ] \
=]
B 3600 2y
1]
£
® 340.0 | — FLUENT
320,0] + LTI Convolution
300.0 . . . , ‘ ‘
0.0 100.0 200.0 300.0 400.0 500.0 600.0

Time (sec)

Fig. 5. Comparison of cell temperature between CFD and the Foster Network model [14].

Thetransient averageolumetemperature of the cell is approximated by a foster network

presentedn Fig. 6. This methowasused in electronic cooling in order reduce the simulation
time.
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Fig. 6. Example of foster network wittour RC pairs, where R is a resistamd C acapacitor.

Since bothroster network and battery cell cooling can be considered as LTI systems, they
become equivalent if they have the same impulse respbinseesults from théhtee
dimensional behaviowresented beforeonsidering global average properties are curve
fitted in order to obtain the paramet@rand#, presented ifeq. (1.2), withmdesignating the
number of RC pairéFig. 6).

V= |£ R@ -¢") (1.2)

i=1

A close agreement is obtained between the numerical simulation and the model asishown
Fig. 7. This behawaural model is fast to compuéad is wellsuitable folarge system
simulation. However, its accuracy depends on the CFD model results and a simple
modification of the initial CFD model wiimply to recalculate everything. This method
becomes interesting when the CBithulation is finalisedndunchanged
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Fig. 7. Comparison of cell temperature between CFD and the Foster Network [hdel

Different approachksto model a battery cedire possibledepending on the geometry and
level of analysis. The battery can be modelled with onlyrmuk but without information
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on the temperature gradient, which is crucial to estimate in order to design an effective
cooling system. A mukdimensional model caidering the geometriegasthe best

approach to analyse the temperature gradient during transient temperature rise of the battery.
However, the layeredtructure of a battery cell unitastime-consumingn the case of

complex geometryAccordinglyglobal properties were used in order to reduce the simulation
and this approach was validated against numerical and experimental study.

The heat generation modelling is discussed in the following paragraph wéhatysisof
the advantages and limits of diféat models.

1.3Heat generation modelling

Theheat generation depends on the chemical reaction in the battery cell. The modelling of
this termis still subject to study in order to have a simple and-efisttive simulation time.
Bernardi et al. [15] promed a model of heat generation made of a revertsibteandan
irreversible term. This model is widely used because of its simplicity of use with thermal
models from lumped thermal model to more complex @ridevertleless, this model does

not describall the phenomena occurring in the battery during discharge and it is limited at
high discharge rase A model consideringhore details othe electrochemistry will allow
improvingthe design of the Lions battery in term of safety, lifespan and efficierin this
regard Horie et al. [16] showed that the discharge time was depending on the electrode
designs. This discharge time could be improved by optimizing the electrode parameters such
as the film thickness and redugeatticle of the electrode.

A heat generatiomalculationbased on the electrochemistry of the battery is important to
accurate predictionf the thermal behaviour of the battery cell in order to progftective
BTMS. The heat generation based only on the irreversible artsiele hat is presented
first, followed by the presentation tife electrochemistry models

1.3.1. Heat generation with irreversible and reversible terms

The following equatiompresents the model developed by Bernardi et al.\Jjith]the first
term designating the irreversible heat and the second one the reversible one.

_la dEocy
Ogen = V. géEocv V) T aT (1.3
The irreversible heair Joule heats a consequence of ohmic and other internal resistances
present in the battery cellhe expression of the reversible heat is obtained from the
thermodynamic study of the chemical reaction. This term is endothermic in the case of charge
and exothermic inlischarge proceskq. (1.3) can be rewritten intthe following equation
with R representing t equivalent internal resistance araesignating the volumetric

intensity of discharge/charge. This intensgtyositive for discharge and negative for the
charge in this case.
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4. =R T ®—; i £, spnifeer (14)
d nE L aT

With nrepresenting the number of electron exchanged during the chemical reaction. The
internal equivalent resistane@d the entropy are both function of the statehafgeand the
temperature. The Staté Gharge(SOC)for a constant discharge/charge (or gabstatic
discharge/chage) rate is calculated lilge following equation ancepresent the level of
capacity of the battery during operation at an indtairg. an equivalent to a fuel gauge.
Therefore, the battery is full when tB©C is at 1 or 100% and empty when reacimO
practical case, the battery is never completely discharge to 0% due to safety issue.

soc=1 -i- (15)

G
Inui et al. [12] measured at three different temperatures the intesisanceR of a battery
cellin function of the SO@s presented in Fig. 8(a)hey performed the same measurement

on the entroppSand showed that the entropy was maupendenbn the SOGs shown
in Fig. 8(b)

']m] T T T T
—0— 283 K—293 K
T —— 203 K33 K
“’E _I>¢ 50 —o— 303 K—313K |
& 20
T=313K ?
0 - - : ! 50 | | | 1
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S0C 50C
(a) (b)
Fig. 8. Internal resistance of the battery (a) and entropy of the battery cell (b) in function of

the SOJ12].

Correlation based on these measurement were used by Karimi and Li [17] and Liu&it al.
to represent the heat generatioithe battery module in order to analyse different cooling
strategy which will be presented subsequently

Besides, the discharge rate may play an important rakeiaccuracy of the heat generation
model when compared experimentFor example, Nieto et al [19] observed a very close
match with their numerical model using the heat generation formulation presented before at
low discharge. However, discrepancies at high discharge rate were observed, mainly due to
the limitation of this heat generation formulation to describe and/or take into account other
phenomena.

Moreover, the internal resistance of the battery is rarely provided by the battery manufacturer
andtherefore experimental tests are always necessary to unegssince its value and

behaviour depends on the chemistry of the batteryNellerthelessthis formulation15] is

simple to use and fast enough when complex geometry such as batteg orquack need

to be stugt [11, 19, despitesomediscrepancies at high discharge rate
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The generality of the electrochemistry of theidms battery is presented in the next
paragraph with example of application in the thermal modelling of a battery cell.

1.3.2. Electrochemistry of a battery cell

The improverent of the battery cell capabilities and a better prediction during various
discharge/charge operat®arecrucial for the future of the EV/HEV. Therefore, the

modelling of the electrochemistry plays an important role for describing and predicting the
capacity loss of the battery during time. Besides, the mechahighlighted by the
electrochemistryrovide a more accurate heat generation prediction, which is necessary for
designing an efficient cooling systen.addition, electrical parameters candiudied at the
same time.

The Pseudo TwdimensionalP2D)model developed bthe team of Newmaj20, 21] is

the reference electrochemismpodelfor describing the mechanismstbe Li-ions battery

The model was well validated against experiments mstzmt discharge/charge operatidn

their model, the electrodes of the battery cell are porous solid matrix that consists of active
particles with spherical shapes of uniform sizes. For a discharging operation, the oxidation at
the negative electrodegmuces Liions, which diffuse first from the centre of the spherical
particle representing the solid phase. Théobs are then transferred to the positive electrode
by migration and diffusion in the electrolyte. Finally, theidms are transferred byftiision

in the solid particle of the positive electrode, where a reduction reaction occurred. Besides,
for the conservation of the charge, electrons are collected by the current collector.

Theelectrochemistrynust be coupled to a thermal model in ordeadd the impact on the
temperature. However, a lumped thermal model is often considered, when the study is
focused on the electrochemistry and also in the case complex problem such as battery pack
simulation. In factthe couplingof both P2D model anthreedimensional thermal model can
become very timeonsumingand necessitate high computing resourbiesonsequence a
lumped thermal model is used instead to reprebenthermal behaviour @ach battery of

the pack [22, 23

Moreover, Ye et al.24] performed a capling study of the P2D model with experimental
correlations for the solid and liquid diffusion coefficients, and a lumped thermal model using
the commercial software COMSOL MULTIPHYSICS. Their performed experiments until a
discharge rate &2C with a LiMn,O4 prismatic battery and obtained a close agreement with
numerical results. They used a lumped heat transfer coefficient validated against experiment
and accounting for radiative and convective heat at the external surface of the blttery ce

Simplifications of the P2D model were investigated in order to have efficient and cost
effective simulation with lumped thermal model and more complex thermal nRxje2q].
The full details of the mathematical description of the P2D model, as wak as
simplifications [25] and modifications applied to it as part of this thesis will be presented
subsequentlyn Chapter 5 of this manuscript.

The next chapter will present the different BTMS strategoesideringheir advantages and
weaknesssin terms ofthe prescribed condition of temperature and gradient.
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1.4 Battery thermal management gstems

The thermal prediction of the battery via different rgghes was presentdzefore. The

thermal prediction is very important in the choice and designeoBiMS. The cooling

solution can be divided ia activeandpassivecoolingcategory In the active categoryluid

is usedfor cooling in function of the therm&kehaviour of the battery pack during driving
operationOnthe other hand, the passive cooling management category in this work implies
to use systesexploiting the phase change of certain materials, in order to cool the battery
without a control system.

The active cooling category is analysed first witBpresentation of their advantages and
limits through different studies. Nexhe state of art of the passive cooling method and
modellingarepresented.

1.4.1. Active cooling systenand configurations

Pesararj6] studiedthe battery thermal models for hybricthicle consideringa lumped

capacitance thermal model dedicated for a system level analysis, and a second one using CFD
and Finite Element Analysis. His study showed that, a parallel cooling flow is thettea

series one for obtaining bettemperatue uniformity(Fig. 9).

Series cooling case Parallel cooling case
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Fig. 9. Temperature distribution forseries(a) andparallel (b)distribution cooling [§.

However air-flow cooling isnot efficient for cooling the battery pack due to his low thermal
conductivity andhermalcapacity.In fact, the minimum temperature as preseimeeig. 9 is
superior or equal td40 °C.Liquid cooling is therefore preferred due to better cooling
efficiency. In this way, Chackf27] used liquid cooling, where each battery module is
sandwiched between two cooling plates. A liquid cooling plate consists of a serpentine
channel as presentedFig. 10
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Fig. 10. Localisation(a) and description of the Serpentine char{bgIn the battery pack

[27].

The different parameters improving the efficiency of the serpentinealsaystudiedby

Chacko [27].The number of bend, the distance between each straight part, and the mass flow
were considered in the analysisd had an impact dhe efficiency but also on the cost of the
coolingsystemFor example,he increase of the bend wdhhance the coolindfeiency,

butwill increase the pressure drocessitating a more powerful pump to move the flaid
consequence, theost of the battery thermal management systdhincrease

However, the impact on the cooling system to the temperature gradibatrimodule was not
studied and the temperature uniformity could not be analysed. IretipisctKarimi and Li

[17] studieda configurationsimilar to the one usedaly Chacko [2F for a prismatic battery
packof 20 battery unitswith a twadimensionathermal model with heterogeneous thermal
physical properties of different layefihe cooling system presented in Fig. 11 consists of
two cold plates made of several straight cooling ducts instead of serpentine. The two cold
plates are located at the extaksurface of the battery pack and different fluid candssl for
the cooling.

Cooling ducts J

N

t"“

t ' —~—— Cooling media

Fig. 11. Schematic of the battery pack with 20 battery units and two surrounding cooling
ducts [17]

For the configuration showim Fig. 11 the packvascooled by air natural convectidinst.
The transient temperature distribution at the-plahe of the battery pack in thedyrection,
while discharging the battery pack at 2C rate fi®@@C=1 to SOC=0,d2s shownin Fig. 12.
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In addition, tle capacity C of a battery cell is in Ah and a discharge at 2C means that 30
minutes are necessary to discharge the battery, while an hour is requirechts 1C
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Fig. 12. Transient temperature distribution at thal-plane (ydirection)(a) and overall
temperature distribution at the end of the dischargef(the battery pack at 2C

discharge rate with air and=7wW.m?* K*[17].

The temperature of the battery pack was kept under 40 @ condition presented in Fig.
12. However, the unevenness of the temperature had affected the voltage and internal
resistance of each baty unit of the pack as shownhig. 13.
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Fig. 13. Distribution of the average temperature and voltage from batdwgittery in the
pack at the end of the 2C discharge rate with airea@w.m? K*[17].

The unevenness of temperature led to unbalanced voltage in the battery pack, which can
reducethe battery performances in time and raise safety isswensequencehe authors

[17] proposed a distributed configuration wheeehbattery unit is separated from one to
another by &old plate This modification increased the volume of the battery pack by 14%
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compared to the previous origesides, the distributed configuration provided better
temperaturainiformity across the battepack, leading to a webalanced voltageas
presented in Fig. 14
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Fig. 14. Transient temperature distribution at the fpidne (ydirection) (a); overall
temperature distribution at the end of the dischéyjeand average battetg-
battery voltage distributio(t) of the battery pack at 2C discharge rate with air and

forced convectioroolingh =50W.m?* K* [17].

A parametric studyas performed by Liu et al. [28n the first configuratiomsedby Karimi
and Li [17], i.e. the one presentedFigy. 11. They analysed the impact of the discharge rate,
the Reynolds numbef the flow in the cooling duciand the ambient temperature in function
of air, liquid and phaschange materi@PCM) cooling. They used the commercial software
FLUENT for running different simulations in order to understand and develop general
guidelinefor choosing the appropriate cooling materials in function of the operating
strategies.

They $rowed thatiquid cooling was more efficient for cooling the battery pack. Besides, the
PCM cooling was better for keeping a uniform temperature distribution. Nevertheless, the
PCM cooling was modelled with a high convective heat transfer coefficient (

h=250N.m? K*) and the thermal mass was not considered. The other effects of a PCM
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cooling were not considered in their study and will be addressed in the next paragraph
dedicated to the passive cooling management.

Additionally to this study, e effect of the cooling channel design oridn battery stacks

was investigated b)un et al. [29 for cylindrical and prismatic battery cells. The heat

generation was modelled using the model of Bernardi et al [15]. The a[2Bpperformed
analyticaland numerical study using FLUENThe analytical model was developady for

the prismatic battery cells awdnsidered lumped thermal model for each battery unit of the
prismatic battery pack. A close agreement was obtained between the analytical model and the
two-dimensional CFD model simulatevith FLUENT. A threedimensional model was

considered for the cylindricabltery pack with certain simplifications applied due to

symmetry.

A good BTMS must be efficient, cestfective and compact. The auth¢29] introduced
subsequentlyhie compactness and the cooling energy efficiency, defined respectively by the
volume of he cooling channel over the volume of the battery unit and by the heat taken by
cooling air over the power consption for supplying theooling air It was found that for

the same compactness, changing the cooling channel size and the number of caolietsch
results in similar volume averaged temperature of the stack. However, increasing the cooling
channel size improves the cooliagergy efficiencyout results in more unevenly distributed
temperature in the battery pack.

In addition, the general bekiaur describedefore isidentical in both cylindricadnd
prismaticbatterystackswith the cylindrical ondess compact but more energfficient than

the prismatic battery stackgloreover, the unevenness of the temperature in the case of the
cylindrical cell can be reduced by a counter flovaagement of the cooling chanselr
changing the flow direction of the ¢mw arrangement periodically.

The periodically changing eftow arrangement waanalysed by Mahamud and park [30

They performed theimulation of the series cooling of a libank cylinder battery cells with

a reciprocating air flow system. They also compared adiweensional numerical simulation

to a lumped thermal modasing experimental correlatioRig. 15 presents the schematfc

the reciprocating flow system. The principal parameters used to enhance the heat transfer and
assurebettertemperature uniformity are the reciprocating petijtie battery cell spacing

Si/D and $/D.

a Blower b B|})\\CI'
[]8] =3 JHip doorvalve  mj Flip door valve m}J =
= \ :

Battery cell

Hot air - Cold air Cold air —1 Hot air

Flow direction from left to right

(a) (b)

Fig. 15. Schematic view of the reciprocating flow systda) from the right to left side and
(b) from left to right side [3D
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The cyclic periodic U of thetimefora edpropating fowt i ng f
to recover its initial flow direction. Note that the tdirectional flow with no change in flow
direction is a speci al case of reciprocating
The geometric characteristiofthe battery cell spacing:/® and $/D areillustratedin Fig.

16, with only the symmetry plane simulated.
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Fig. 16. Geometric characteristic of a lim@nk cylinder battery cellS0].

Mahamud and Park [3@}udied the effect of the reciprocating peridd 1 20= 1s2,0 s

= ) and showed that the shorter the reciprocatiergods the lower the cell temperature
difference and the maximum cell temperature (of both instantaneous aravtnaged) of

the system. It was shown from the numerical results that the reciprocating flowJusidig2 0 s
reduces the cell temperature differengeabout4 °C(72% reductions) and the maximum cell
temperature by.5 °Cas compared with the udirectional casel{ )} Fhe improvement by

the reciprocating flow mainly attributes to the heat redistribution and disturbance of the
boundary layers formeoh the cellsdue to the periodic flow reversal.

They also studied the effect of the battery cell spacing. They showed that the maximum
temperature decrease with a larger longitudinal spa&rgafd smaller transverse spacing
(Sr). The first spacing chacteristic $is explained by the creation of bigger eddies and the
second spang characteristicsby an acceleration of the flow, increasing the heat exchange.
However, these modifications will increase the pressure, drggying the use of a more
powerful pump.

Besides, dumped thermal model and flow network model was used and compared to the
CFD results. This lumpedapacitance modelas considered because the temperature of the
each cell could be taken uniforifhis assumption was verified by thal@ulation of the Biot
numberdescribed by¥q. (1.6). This number represents the ration between the conductive
thermal resistancever the one by convection. The Biot calculated in this case was inferior to
0.1, confirming that the cell temperature could be considered as uniform.

_Lh,
| kS

(16)

The comparison between both lumped and CFD modgrasented in Fig. 1ivith close
agreement for Re< 13000. Discrepancies appeared after Re>b8@a0se the correlati®n
used in the lumped modetedict the averaged heat transfer for the cells in the syatetdo
nottake into account recirculatiand other effestdue tothe flowturbulence.
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Fig. 17. Comparison of the maximum cell temperature between CFD and |luoapeditance
model with a reciprocating cooling floj80].

Despites this differencé&jig. 17showed that the prediction of the maximum temperasure
very close to the CFD modélherefore, a lumped thernmalbdel coupled with a flow
network model could be used in order to simplify the calculatiaireduce the&eomputation
time.

Different activecooling strategies were analydeere Liquid cooling was more sublefor
keeping the battery in the prescribed temperatndparallelcooling for maintaining a
uniform temperature in the battery patiking operationCold plates using serpentine and
cooling ducts were analysed in term of performances and parametric desigalsoiCeeof

the fluid, the flow rate and the increase of contact surface were shown to be important in
achieving ahigh efficiency.In addition,in the case of series cooling for cylindrical battery
pack, a reciprocating flow had shown to be a reasonable approach for reducing the maximum
temperaturavhile keepingthe temperature distribution uniform. Nevertheless the use of
liquid coolingimpliesto use a pump drawing power fraime battery. Therefore a balance
must befound between the power of the pump and the thermal efficiency of the cooling
system.The next chapter is dedicated to different appresthconciliate pump power and
thermal requirement during operation.

1.4.2. Optimization of active cooling systems

The batterypacks arg/ear after year more compact, in order to increase the power per

volume and reduce the mass of the vehicle. In consequirdesdt generated per surface

has been increased. Due to this compactness, the active cooling systems must be robust and
therefore use paradoxically more power from the battery pack to cool it. A balance must be
found between the size of the cooling systdm electric power consumption and the thermal
efficiency. The optimization of an active cooling system is in concrete terms, the

minimization of the electric consumption of the pump (liquid cooling) of fan (air cooling)

with regard tahe completion othe thermal prescription. For example in the case of a liquid
cooling, the minimum pump power requirement will be obtained by reducing the pressure
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drop and by choosing the right mass flow and liquid coolant. The cooling system used or
designed depends dime type of battery pack and also of the temperature requirements.

1.4.2.10ptimization of an active cooling system for cylindrical battery pack

The multiplicity of parameter in an active cooling solutioakes the optimization procedure
complex and time consuming. In the case of a cylindrical pack, the coolant is the air flow
from outside generated by the vehicle movement. Additionally, a fan is integrated in the
system for stop and start position and also to help for the cooling wéan fllow is no

sufficient. Moussavi et al. [3had optimized the aicooling system for a cylindrical tion

battery pack using a genetic algorithm. Their study was focused on the increasing of the heat
transfer rate from the cells to the air. The NunddfeTransfer Unit (NTU) was a good

candidate for quantifying the transfer and measures the cooling effichty= h@/ g,

where his the heat transfer coefficienfy is the total surface afooling (Fig. B), mis the
air mass flow and, the thermal heat capacity pamit mass.

The system presented in Fig i$ a pack of cylindrical battery cells located around tubes
(150) used as cooling medivhen air passes through them.

Fig. 18. Battery pack with 150 tubes use as cooling mgilia

Based on the efficiency calculation of the system, it can be shown that the maximum heat
transfer is obtained fodTU =5. It comes naturally in this case to use the NTU as an
objective function for the optimization process. In pursuance of fast calculation,
simplifications were made to reduce the number of parameters. The surface temperature of
thecylindrical battery cells was fixed &t=90°C, and the physal properties of the coolant

weresupposed constant. The thermal power transféroad the battery to the environment
was evaluated by:

Qconv: hAS D-avgi ]Davg T=S (T_e 1)1/2 (17)

whereT, and T, represerg the inlet and outlet temperature of theresipectivelyln

1
addition, the heat transfer coefficient was obtained using the following Gidvtisurn
Nusseltcorrelation
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Nu=0.125f RePf® ;h =Nul C (1.8)

wherek represents the air conductivity amds the tube diameter. After 10 runs of the
geneticalgorithm a value of 4.95 (very close to the maximum) is reached for the NTU,
thereby a tube diameter of 0.05 m and an air velocity of 2.559 are obtained. The optimization
case presented, was applied on a simplified case, however, this methodology nay lead
solve more complex problems.

Nevertheless, some simplifications are important and may completely change the analysis of
the prediction. According to Fig8leach battery cellwaslocated between the cooling

media (tube). In fact each cooling tub@v @ only 4 contact lines with the battery cells. A

thermal transfer by conduction would normally occur at these contacts, between the tubes and
the surface of the cells. In consequence, the tubes cannot be directly at the surface
temperature of the battecgll. Therefore, the material of the tubes and their behaviour at the
contact must be studied. In conclusion, these simplifications led to an overestimation of the
total surface of exchange and at the same time to an overestimation of the transfer. An
improvement could be done by taking into account the conduction and heat generation of
each battery cells and observed the impact of the cooling design on the temperature
distribution. Besides, considering the gradient specification (within 5°C), an eveer&tang

in all the pack must be achieved regardless of the characteristics of the cooling system design.
However it has been showthat the unevenness of the temperature distribution increase with
the intensityof the brced cooling process [6, 17,]28he nextpartis dedicated to the

optimization of theserpentine channel of a cold plate, in the cageisimaic battery pack.

1.4.2.20ptimization of cold plate in the case of prismatic battery pack

The prismatic battery cell presents a real advantage in regardanfitipactness?P] and the
cooling process. Each cell in the pack can be isolated one to mantheooled at the same
time [17. The design of the serpentine channel embedded in the coldptittee liquid
coolant propertiekavean impact on the performancasd efficiency of the cooling process.
Therefore, Jarreand Kim [33 studied the optimization dhe geometry of the singl
serpentine channadubjectto a constant heat fluas presented iRig. 19a), for three
different objective functionsThe design variable of the chanislepregnted in Fig. 19(b)
by a vectod composed of 18 geometric paramet8esides, a differd vector was
generated according to the different objective functions.
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Fig. 19. (a) Schematic of the CFD analysis, (b) Description of the cooling plate channel by 18
design variablef32).

The objective functiomarebased on the pressure drtipe average temperature, and the
standard deviation of temperature, respectively described by By.Eq. ¢.10) and Eq.
(1.11). The average temperature (Efj10)) and the standard deviation of the temperature
(Eqg. (111)) aredefined ovethe bottom surface of the platghere the heat flux is applied.

Priia (d) = Rt ~Ruter (1.9)
FiTdA
To(d) = (1.10)
\Ys} ,r,,ﬂA
A
(2.11)

whereA, andd representhe bottom surface of the pladad the design variable respectively
In order to reduce the risk of convergence to a local minimum, the optimization where
performed from eight different initial design (Latin Hypercube Sampling) showig. 20.
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Fig. 20. Set of initial cooling channel designs selected ukain Hypercube Sampling
(LHS) [32].

The schematic process for the three optimization functions is presented in Fig. 21, where the
geometry and the mesh were created by GAMBIT based on the initial design vdriable
Moreover the CFD calculation of the case wadved by FLUENTand the outputreatments
(temperature, pressure drop) and calculation of the objective functions was made by
MATLAB. This process was repeated with perturbation of the design variable until the
convergence was reached.

The optimization process using the three objedtinetions was performed on the reference
design of the cold plate in Fig. 19(a) and the new designs based on the three objective
functions are presented Fig. 21.

(a) Reference (b) Priuia optimized (c) Tuwvg optimized (d} T optimized

Fig. 21. Cooling plate geometrfcooling channel in blagkand optimized desigri82].

TheT,,, optimization decreased the average temperature by about 14% compared to the
reference design presented in Fig. 21(a),Rhg and T, optimizations showed both

improvements of greater than 50%.The impact of the serpentine geometry on the temperatur
distribution is presentedh iFig. 22. The gradient of temperature (i.e. the difference between
the minimum and maximum temperature) onlibééom surface of the cold plate is equal to
10°C (Fig. 22). Consequently, the gradient of temperature in a battery cell if connected to the
cold platewould have beemtleast equal to 10°C. The requirement of a maximum gradient of
5°C in the battery celasnot respected.
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Nonetheless, the study had shown the impact of the optimization on the performance of the
cold plate. The fluid flow was in a laminar regime for all the simulations, and never reached
the turbulenflow regime, which would be problematior reducing the pump power. In

reality, aturbulent flowwould enhance the heat transfer and therefore improving the
efficiency of the cold plate, but would also increase the pressure drop. A study of the impact
of turbulence on the power consumption of a pump would be useful. Moreover, the
optimization routinaused in this study is unable to modify the cooling plate topology (Fig.
19(a)).
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Fig. 22. Temperature distributions on the bottom face for the different objective function
[32].

In addition, the boundary conditions (méssv, heat flux) were kept constant during the
optimization.However a real driving case is characterizedabyorruniform heageneration
at various discharge ratda.regard of such behaviour, different mass flow wilheeded in
order to deal with dierent magnitude of heat generation.

The same authors [Banalysed the impact of the boundary conditions on the optimum
cooling plate using the methodology developeelviously.A nonuniformity heat flux was
modelled by a linear gradient (positive and negative gradients in bathdhdy-directions)
with an average magnitude of 500 W presented in Fig. 23. This choice was miaderder
to compare wh the previous optimizatior8g], which was performed with uniform heat
flux of 500 W m? anda mass flow of 0.001 kg'sBesides, the coolant flow rates from
0.0004 to 0.002 kg 'swere also used in this study in addition of the 0.001%gsed before.
The reference geometrygsmted in Fig. 19(a) was subject the optimization process for
the three objective functiong (, Py, T, ) [32].
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sl

Fig. 23. Four linear heat flux gradientsom 0 (blue) to 1000 W th(red). From Left to right:
+y, -y, +X, -X. +y indicates a heat flux whose magnitude increases linearly from zero
in the direction of the positive y axqi33].

Two classes of test were performed for each objective functianfiist one had a constant
coolant flow rate of 0.001 kg'sand the four nominiforms heat flux presented Fig. 23

applied on the bottom face of the cold plate. The last class was performed with a uniform heat
flux of 500 W m? and different coolant flow rates (0.0004, 0.002, and 0.001'kg s

As expected, different designs were obtained for these two classesvathabedifferent
objective functios. For example, Fig. 2dhows theT, optimization wth the first class of

boundary conditions.

(a) (b) (c) (d)

Fig. 24. Cooling plate geometry of four desigfis-optimized, with noruniform heat flux
distributions and a coolant flow rate of 0.001 Kg@&) +y, (b)i y, (c) +x, (d)i x [33].

The robustness of the designs was tested witdexdfgn boundary conditions, i.e. with
boundary conditions not used to set the optimum solutionsT J¢y@imum obtainedin Fig.

24(b) was tested with th{ey) and (+y) noruniform heat fluxes. The temperature standard
deviation with the same heat fliy) used for the optimization was 1.6 K. The application of

a different heat flux (+y) led to a temperature deviation of 7 K. In some cases, the penalty for
not optimizing with the appropriate boundary condition was a factor of two or more.
Furthermore, identical test were performed for the coolant flow rate. Alesfgn boundary
conditions, their performance is significantly degraded. According to testse it came that

a global optimum solution was really complicated to achieve.

This study had shown tlemplexity of the optimization proceasd just a modification of
fluid coolant will completely change the results predidiefbre A numerical and
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experimental investigation of a liquid cold plate design is presesuesequentlin the next
paragraph

1.4.2.3Mini channel liquid cold plate

TheUltra-thin mini channel Liquid Cold Plate (LCP) is made of straight [inesnufactured

with a very small hydraulidiameter This technology increases the thermal transfer and
reduces the unevenness of the temperature compared to the previous cold plate studied.
However, in conventional straight channels, convective heat transfer deteriorates along the
axial directionwith the development of the hydrodynamic boundary layer, resulting in
elevated maximum temperature and significant temperature gradient in the fully developed
region.In thisregard Jin et al. [3# modifiedthe usuaktraight line configuratioby the

addition of oblique cutsin order to enhance the performance with minimal penittg.new
design is presented in Fig. 25.
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Fig. 25. (a) External dimensions of ultthin liquid cold plate, (b) Structure dimensions (mm)
of ultrathin LCP[34].

The oblique cuts helped to-maitialize the boundary layer at each thins and avoided
consequently to reach a fully developed boundary layer in the entire LCP, which limits the
heat transfer with the coolant. Besides, the theaxehange is more important at the
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initialization of the boundary layer, therefore the constamitelization induced by the
oblique cuts increased the overall heat transfer of the LCP, as presehigd?26.
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Fig. 26. (a) Boundary layer of a conventional straight channel, (b) Boundary layer of channel
with oblique cutg34].

Numerical studiesf the systemvereperformed in order to determine the impact of the
obligue cuts on the velocity field andadoalyse theniformity of the velocity field in LCP
designs madef a singleinlet-outletanda twoinlet-outletas presenterkespectively in Fig.
27 and Fig. 28 Besidesthe addition of the oblique cuts hekated secondafipw
observed at the junction of the maihannel and the oblique pdffig. 27) mixing the flow
andtherefore enhanciniipe convectivdeattransfer.
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two-inlet-outlet configuratiorj34].

An experimental study of the oblique LCP was performed and compared to a conventional
straight mini channel LCP fabricated the same baseline. The surface average temperature
of both design were compared for different heat fhads and coolant flow rate in Fig..29
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Fig. 29. Average surface temperature of straight channel and obliquE€®{34].

Fig. 29 shows thaht difference between both designs is significant at higher heat flux, with
a better efficiency for the oblique fin LCPhe enhancemenif thermalexchange brought by
the oblique cutsvas measured by calculating thxerallheat transfefor both oblique and
straight fin LCR as presented in Fig. 30

The overall heat transfer coefficient was calculated by E42), whereQ,;, T, andT, are

respectivelthe actual heat fluxhe external wall temperature of the LCP and the liquid
temperature averaged from the inlet and outlet temperature

Qeff

; Qeff :rnCpDTou— in
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Fig. 30. Overall heat transfazoefficient of straight channel and oblique fin LGB4).

A simple addition of oblique cuts had completely changed the behaviour of the LCP and had
improvel its efficiency.Significant penalty of pressure drop between the straight and oblique
fins LCPs was not observ§gd]. Nevertheless, a test to quantify the pressure drop between
both LCPs would be useful in adto confirm their observation.

The active cooling solutiorr@a simple to manufacture and easy to use. However, this
technology implies a bulky management system in order to cool the battery pack. The
optimization of the different active cooling system is a good solution to reach a balance
between thermal efficieyc system volume and power consumption of the pump or fan. The
study of the previous article showed that the active cooling management is really complex to
apply,with regard tahe thermal requirement of maximum temperature and even temperature
distribution.

Passive Cooling Management has been developed and studied, for providing a better thermal
efficiency in more compact battery pack, buoalo reduce the volume of thatterythermal
managementystem.

1.4.3. Passive cooling managemesystems

The passive cooling management systems presented in this chapter are based on phase
change phenomenon in order to remove quickly the heat or to slow down the rise of the
temperature during driving operation. Heat pipe and Phase change netegishown

Rao and Wan{] as a way to cool effectively a battery under real driving application

1.4.3.1Heat pipe

Heat pipe isacooling devican flat or cylindrical shapebased on liquid/vapour phase change
phenomenon. A liquid in a saturated state is sealed in a conductive material with groove
structures in order to increase the performaricethie case of a cylindrical heat pipe)en

one side is heated the liquid iarisfornedin vapour andnoved bydifference of pressure to

the other side of the hepippe with a colder temperature. The vapour arriving at the colder

part of the heat pipe is transformed in liquid by condensation and bring back to the hot side of
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the pipe (i.e. the one where the heat is applied) by capillarity trough the groove structures.
Therefore, thesystem worksas longas thedifference of temperature is maintained at both
sides of the heat pipeleatpipes araised mainly in thermal regulation fsatellite and in
electroniccooling

Wu et al. [39 studiedexperimentally the possibility of heat pipes for coolngylindrical
batterycell. They showed thahe surfae contact is very important for achievinigh
efficiency.In fact, noappreciable changeas obtainedh the rise of temperature when they
attached two heat pipes on a battegi} due to a bad contact between thémconsequence
theyinsertedaluminium, due tats high conductivity and emissivityor improving the
contact baween both heat pipe and battery. This modification had led to a temperature
decreasing from 45°C to 38°C.

Rao et al. 36] performed an experimental investigation on thermal management of electric
vehicle battery with heat pip&@he importance of surface connect{@3] was considered

with four cylindrical heat pipedistributed evenly and contacted compactly with thermal
silica (ZG801).According to the experimental resultise heat pipesvereeffective for

thermal managemenf the power battery with laeat generation rate lower than 50 W, with
start and transient acceleratidioreover,the temperature gradient was inferior to S8@en

the heat generation from the battery cell was not excg&DW.

This following picture presents the schematic of the experimentapset
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Fig. 31. Experimental setup of a battery cell cooled by heat @6k [

However, the choice and design of a heat pipe depends of the maximuyereated by
the heat source (battery cellhereforethe design of a heat pip® orderto reach digh
efficiency will differ from a maximum power of 30Wé 50W. Moreover, thstudy of the
different parameters such as the global conductivity, the grstucture, the pressure drop,
is crucialfor future design

The modelling of a heat pipe in order to predict and analyse the different design paameter
is very important for testing the desigfficiencyduring operationThe modelling of a heat
pipeis really complex due to the coupling of hydrodynamic, phase change and thermal
transfer effect
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Zuo andFaghri[37] developed a thermal model based on the nodal circuit method. This
method treats the thermal problem Imakpgy with an electric circuit andlas completed with
analytical content taking into account the hydrodynamic behaviour of the fluid during
operaton.

Thetheoretical and experimental study of the heat pipggsiib high acceleratiowas
performedoy Romestant38]. This study was aimed to understand and quantify the effect of
the gravity andacceleration othe heat pipe during operatidn.fact, the gravity may

strongly reduce the performances of a heat [Bpsides, BertossBp] studied the impact of

the solid/liquidinterfaceon the performances of the heat pipe dunagmal use and for
rotating movemeniThe solid/liquid interfac@lays an important role in the efficiency of the
heat pipeln addition, the modelling of flat heat pipe for high density lgesteratiorwas
investigated byAvenas #0].

The modelling of a battery cell by heat pipes will be fully discussed &hhpter2 of this
thesis The phase change materials are presented next, with the presentation of their impact
on the battery cooling, as well as their modelling.

1.4.3.2Phase change material

Thermal management system should be compact, lightweight, easy padikedehitle,

reliable and low cst. The interest of passive cooling management has grown for few years in
the Battery Thermal Management research. They have been used in aerospace industry for
their efficiency and capacity of working alone with only thegiemature as a trigger. The

latent heat due to the phase change (solid/liquid, or liquid/vapour) has conferred to this
technology a huge advantage in term of heat removal efficiency and delay of the temperature
rise.

Rao et al. [41performed a numericalraulation of heat dissipation with PCM for cylindrical
power batterypresented in Figd2. Their model took into account unsteady heat generation,
internal conduction, and external natural convectiony Bmaplifiedthe study by taking a

heat generatiorate instead of the electrochemistry maaiadby assuming the physical
properties of the PCM and battery cell constant during the whole computation. In addition,
the density change of the PCM due to stiidid phase change was supposed negligible, and

the melting pointl, of the PCM was taken constant instead of a temperature rEmg&CM

was supposed also homogeneous and isotropic and the radiative heat transfer was not
consideredThe phase change model was enthdlpged and the complete model was run
with the commercial software FLUENT.
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Fig. 32. Mesh of the cylindrical battery cell cooled by PQAL].

ThePCMwas able tonaintain the temperature bel@s°C with natural convectiowhen
the right material was choseadoweverthelow conductivity ofthe PCMcan lead to a large

temperature difference between the centre and the outer part of the ¢@sderown in Fig.
33
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Fig. 33. Temperature variation in the radial direction wite- 5W.m? K *and the thermal
conductivity of the PCMk,,, =3W.m* K*[41].

Beside, Ramandi et al. [42] studied the heat transfer and theramalgement of electric
vehicle by PCM. A numerical simulation on a prismatic shape battery, surrounded by PCM
was performed in three different situatioAssingle PCM shell system with and without

insulatedwalls were considered firdpllowed by a doutd PCM shells system with insulated
walls. The situations are presented in F34.

o] S POM2 shell s
PCMshell ::::i:::: " PCM-1 shell ...

Battery Battery

(Q) Single PCM shell configuration (b) Double PCM shells configuration

Fig. 34. Single (a) and double PCI¥) shells configuration [42].

They considered a constant discharge rate in order to have a uniforgehesttion.
Moreover, the thermphysical properties of the PCMs were taken constéhtthe
neglecting of radiative heat transféheyshowed that the PCM could be used as a thermal

51



management systerbutthe heat from the environment redsitiee efficiency of the PCM
and could make the PCM useless duangelectric vehicle operatioNoreover the double
shells configurationid not largely increase the PCM efficiency compare to the single shell.

PCMs have great potential for reducing peak temperaturing intermittent discharge and

also overcome performance losses at cold temper&iuesm and Naterer [43nvestigated
experimentally the behaviour of tRCMs, called PCM 1 and PCM @uring discharge with
various environmental conditions. A Nesladith was used to control the boundary conditions
and settle different ambient temperatures. A battery cell is simulated by an electric heater and
located in the centre of an aluminium containecpt in the Neslab bath (Fig.(@) with

the PCM 1ThePCM 1 has a phase change temperature of 18°C, a specific heat of 2.1kJ/kg
K, a latent heat of 195 kJ/kg, a density of 840 Kgnd a thermal conductivity of 0.55 W/m

K. It is liquid at room temperatusndfilled the aluminium container and surroumgl the

electric heater as presented in Fig(é85

Heater

PCM 1|

Computer and
Neslab bath DAQ program

Case 1

PCM (2) Jacket
T1

Heater LE]
T4
R > T2
(@) (b)
Fig. 35. (a) Experimental set uand(b) positions of the threnocouples for the study of PCM

1[43].

In the second case, the electric heater was wrapped by jackets d.P@#l jackets were

made with PCM flexible sheets-HCM 92( and the PCMhas a phase change temperature

of 50°C. Moreover, the heater, wrapped in the PCM jacket, was installed into the Neslab bath
and exposed to different simulated ambient temperdtige35(b)shows the positions of the
thermocouples used to follow and study the melting process of the PCM 1.

The temperature measurement via the experimental satlipelped to understand the
behaviour of the PCM during a freezing ambient temperature and melting operation due to
the heat generation of the battery cEle temperatures monitored by the thermocouples
presented in Fig. 35(b), during melting procass,shownn Fig. 3§a).
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Fig. 36. (a) Measured temperature during melting of the PCM around the heater; (b) heater
temperature in air, and with PCMprotection, subject to constant heat rate [43].

Besides, theffectiveness of the PCM cooling was measured by comparison to natural air
convection, of the heater surface temperature. Fig. 36(b) showed that the case with PCM 1
led to a faster transient rise and a surface temperature lower tharrB0fmeantimehe

air natural convection led to slower transient rise and a higher maximum surface temperature.
An identical behaviour was observed in the case of PCM 2.

Furthermore, the impact of variable or cyclic ambient temperature on the heater surface
temperaturavas studied by the authors [48)} fact, the ambient temperature variation can be
very large, especially in the northern climdtay. 31a) showed the temperature variation of
the heater, the PCM 1 and the ambient air in function onThe heater temperature
experienced small fluctuations despite significant variation of the ambient temperature
through time. This behaviour was due to pineperties of the PCMwvhich had maintained its
inner surface temperature quasi constant after thial ineating period. Additionally, only the
outer surface of the PCM experienced a larger fluctuation.
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Fig. 37. (a) Simulation of cyclic temperature variation around a PCpotected batteryb)
schematic ofmelting of a phase change material with a line heat source [43]
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In conclusion, both PCM (1 and 2) were effective to keep the heater temperature in the
defined range of temperature and despite very important variation of ambient temperature.
Besides, their efficiency and lightweight are important advantages for thevempent of
battery thermal management system. Moreover, the ajydRjrsolved the Stephan equation
of the phase change problem in ahimensional cylindrical coordinates. The solution
described the propagation of the liquid phase in the initial 8@l depending othe heat
generation. In Fig. 37(bg line heat source is locatedrat O in an infinite solid at uniform

temperaturé, , lower than the melting temperatdye

However, he model was not used for comparison with the experimentaluiegbbuoyancy
effectsobservedvithin the melted phase change material during the experi@m&shown in
Fig. 38

?fg
e

t =20 min t =40 min

Fig. 38 Melting PCM around a heater [43].

Nonethelesshielow thermalconductivity of the Passive change materials limits their use as
cooling system for battery paekd could be deficient in the case of very stressful condition
leading to a thermal runawalyn consequencéhe thermatonductivity of the PCM was
enhanced by the additiaf high conductive material. The composite created by its
association was studiexperimentally and analytically by Py et al. [44] in the case of
graphite matrix. They showed experimentally that thentlaé conductivity of the composite
PCM/graphite was equal to the thermal conductivity of the graphite m&tegides, an
anisotropic thermal conductivity was observed in the final composite depending on graphite
density A similar behaviour concerningghindependence of the overall thermal conductivity
from the PCM was observed by Lingamneni et al. [45] in the case of composite with metallic
matrix.

An experimental and numerical investigation of a composite PCM/graphite was performed by
Ling et al. [46].They used the commercial software FLUENT and an entHadged model

for describing the phase change. Moreover, the batteries were modelled by cylindrical
heaterssurrounded by the PCM/graphite. Different PCM/graphite composition was
compared to each ahusing two parameters in order to characterize their performartoes
parametersverethe time for the heat surface temperature to reach 60°C and the maximum
temperature difference in the PCM/graphite compoSiight differences were observed
betweerexperiment and simulation, with a faster rise in the numerical simulation. This
difference was due to small heat losses in experirdespite thermal isolatioThe author
advised to use a composite with a graphite density of 890%ayth 75% of paraffi waxin
order to avoid the leakage of the PCM from the graphdéix, and to have a better overall
thermal conductivity.
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In addition, Kizilel et al. [4¥ studied numerically a PCM (paraffin wax) enhanced by a

graphite matrix structure during stressfahditions. The overall conductivity obtained by

this modification increase the conductivity to the PCM/graphite to 16.6 W/m K. The main
objective was to determine the effectiveness of a PCM/graphite during a thermal runaway by
comparison with a conventiolhactive aircooling condition.In order to predict the

temperature distribution in the module, the heat generated by the runaway and the discharge
reactions werditted from experiments performed on one of the battery cell.

The battery pack studiedias composed of 67 battery module. Each battery module was
composed of 20 commercially available cylindrical battery cells with a capacity of 1aS Ah
presentedn Fig. 39 Each module consisted of five strings of four cells in series with the
fives strngs connected in parall@he active aktcooling and PCM/graphite cooling are
presented in Fig. 48) and Fig. 40(b)

(a) (b) (c)

Fig. 39. Schematic representation of 5S4P module configuration: (a) PCM filled closed box,
(b) Li-ion cells, (c) battery module [47].

The first simulation analysed the maximum average temperaf a cell subjedb an active
air-cooling and PCM cooling, and also the impact of both cooling case to the temperature
distribution at an ambient temperature40PC. The maximum averagertperature presented
in Fig. 40(c)was 10°C lower with a PCM/graphite cooling than an activeaoting of h= 6
W/ K.
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Fig. 40. (a) Air cooling; (b) PCM cooling(c) Cell temperature at,,, =40°C[47].

The temperature uniformity presented in Fig. 41 was better in the PCM cooling compared to
the air cooling. Moreover, a thermal runaway was simulated by triggering a failure on one

cell of the battery module.
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Fig. 41. Temperature profiles in two adjacent cells, =40°C: (a) air cooling; (b)
PCM/graphite cooling [47].

In the air cooling systepwith an ambient temperature of 25°C and a convective coefficient
of h= 10 W/nf K, the runawashadpropagatd throughout the battery module as shown in
Fig. 42(a), while the propagation was stopped in the PCM coolinglamdhodulereturred to
nearambient temperature as showrFig. 42(b).
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Fig. 42. Propagation of thermal runaway due to a single runaway cell with: (a) air cooling,
(b) interstitial PCM/graphite [47].

The impact of the spacing between battery cells was finally studied in the caseaufliaig
case Thebattery cells presented Fig.43were kept Inmand 2mm apart from each other
by placing an insulator (nyldo=0.25 Wm? K*, r =1140 kg n* , ¢ 700 J kg~ K).

The objective in this test was the measurement of the temperature rise of the neighbouring
cell when a thermal runaay was applied to cell(Fig. 43. For the 2nm spacing, the

temperature neighbouring cells changed only 7 °C during thermal runaway of the cell. On the
other hand, the 1 mm spacing led to a temperaturedase of 9.5 °C. The authors [47

showed that despite the increase ofgpacing area the thermal runaway throughout the

module was unavoidable. In contrary ofedoling, PCM do not need spacing to cool

properly or absorb a thermal runaway. Subsequently, PCM has to be close to the battery cell,
reducing at the same time tastire volume of the battery module.
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Fig. 43. Top view of the half module with insulating stands [47].
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These results showed the capacity of PCM/graphite to prevent a thermal ruoegvaying
randomly in any cellfrom spreading in the entiteatterymodule In additionthe

PCM/graphite was able to keep the battery module uniform during discharge. Nevertheless,
Kizilel et al. [47 did not consider the phase chamgepertyof the PCM and consider a

unique conductiiy, where Py et al. [44] had found an anisotropic overall thermal
conductivity.

A PCM/graphite composite was investigated experimentally for the cooling of a cylindrical
battery module, by Kinet al. [48]. The PCM/graphite cooling was compared to active

cooling andexperimental measurements weagnpared to &umped thermal modeEach

cell of the module of the battery module was represented by a lumped model due to a Biot
number much less than one, i.e. approximately 0.005. Besides, the equivaleny capacit
method was used for representing the phase change. At high discharge rate, the PCM/graphite
matrix surrounding the battery cells (Fig. 40(la)as able to limit the peak temperature, but

the heat rejection to the environment Wess effective when onlyatural convection was

used on the external surfaddne addition of the graphite increase the thermal conductivity of
the composite and improve the temperature uniformity, but reduce the surface cooling as
shown in Fig. 40(b), while this surface was larigea forced cooling system. In consequence,
the author preconized to use both forced and PCM/graphite cooling for high discharge rate,
i.e. a relatively low convection cooling (superior to natural convection) would be needed,
instead of the higher inteityg of cooling used in a pure forced cooling case. This combination
is necessary at high discharge rate in order to remove quickly the heat from the battery
module and to keep an even tempam@adistribution without ammportant cooling intensity

in caseof peak temperature.

Table 1 presents the advantages and disadvantages of the different heat generation and
thermal model presented in this chapter. In addition, the coupling between the different
thermal batterynodels andheat generation models is brietliscussedror example if a

lumped thermal model is used as thermal modelling for the battery, its advantages and
disadvantages are listed first in the tablel. Besides, an identical description is made for the
modelling of the heat generation in the caka constant heat generation. The final
advantage/disadvantage of the coupling between the constant heat generation and the lumped
thermal model is represented by the intersection of the row and codsmpectively.
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Table 1. Summary and comparison of the different thermal and heat generation sodels

their coupling

Thermal 3D or 2D thermal mode
, Lumped thermal . .
modelling of the with global physical
model .
battery properties
- Fast and simple to| - Give access to the
use [7, 8] thermal gradient in the
battery [9, 10, 11, 13,
- Close agreement | 17 19
with experiment at
Biot number much | - Excellent agreement
Advantages | lower to 1 [49] with experiment for

- Good
approximation in
the case of
Electrochemistry
study [25, 26]

various cooling method
[12, 13, 19, 52]

Heat generation

Advantages

Disadvantages

- Limited at high
discharge rate [52]

- No information
about the gradient

- Time consuming

Maximum
Constant power
[55,66]

- Useful for cooling
system analysis
only[32,33,55, 66]

- Provide
conservative
cooling design [55,
66].

- The cooling
system may be
overdesigned

- The coupling
conserves the
advantages and
disadvantages of
both models

- The coupling allows to
design a cooling system
with crucial information
onthe transient
temperature gradient
during operation

- The cooling prediction
can be too conservative
and do not give
information about the
electrical parameter of
the battery cell
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Reversible and
irreversible term
[15]

- Close Agreement
with experimentat
low and average
discharge rate [11,
12,18, 19]

- Give access to
important electrical
information of the
battery [12]

- Relatively faster
compared to a
complete
electrochemistry
model

- Simple to
implement in any
thermal model

- Discrepancies
at high
discharge rate
[19]

- Do not give
access to design
parameter of the
battery

electrodes

- Cannot be
used to study
the mechanisms
of the battery
capacity loss

- The coupling
between both
models lead to a fas
calculation but with
discrepancies at

high disclarge rate

- The addition of this
heat generation
formulation to the 3D or
2D thermal model led to
results close to
experiment in term of
transient temperature
rise and temperature
gradient during
discharge/charge. [12,
19]

- Arelatively fast time
simulaion compared to
the use of the P2D
model for the
electrochemistry [19]

- Few discrepancies
were observed at high
discharge rate due to th
limitation of the heat
generation formulation
for descibing major
phenomena [25, 26].

Electrochemistry
model (P2D)20,
21]

- Validated against
experiment from
low to high
discharge rate [24]

- Close description
of the different
phenomena
occurring in the
battery cell [22, 23]

- Can be used to
study the capacity
loss and improve
the electrode
design of the
battery cel[16]

- Time
consuming [22,
23]

- The coupling
between them is
well dedicated to
study the P2D
model at battery
pack scale [22, 23]

- Complete model
describing accurately th
electrochemistry of the
battery cell as well as itg
thermal behaviour
during varous
discharge/charge.

- Very time-consuming
and therefore not
advised at battery
module/pack analysis.

Moreover, Table Zs a summary of the different battery thermal managenysttss
presented is this chapter, with their advantages, disadvanBeggdesjmprovements are
proposed in order tobtaina better efficiency.
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Table 2. Comparisons of the different BTMS presented

Battery
thermal Advantages Disadvantages Improvements
manageme
nt systems
Active - Technology well known in - Bulky and necessitate a | - Optimization of the
cooling automotive industry and easy to | flow management system | cooling systems in order t(
build like cold plate [17, 27] or hea| using energy from the find a compromise
exchanger battery between the active cooling
system and the maximum
- Effective at low discharge rate | - Lead to uneven temperature prescribed [3
temperature dtributionin | 33),
the battery module/pack at
high discharge rate [6, 17] | - Parallel [6] or distributed
[17] configuration in order
to maintain an even
temperature distribution in
the battery module or pack
Passive - Heat pipe remove quickly the heg - The surface contact - Design properly the heat
cooling- during high discharge rate [36] between the battery cell ang pipein function of the heat
Heat pipe the heat pipes is very rejected by the battery cel
- Work alone as long as a important for guaranteeing g [55]
temperature difference is good efficiency [35].
maintained between the evaporatd - Thermosyphon position
and condenser. - The performances are in order to reduce the
sensitive to the gravity sensitivity to gravity
Passive - The PCM was able to maintain th - A very low thermal - Addition of a very
cooling- temperature below 45°C with conductivity when taken conductive material in the
Phase natural convection [41] alone PCM in order to enhece
Change the conductivity [44, 45,
Material - Temperature rise is slowed dow! 47].
compared to forced or natural
convection [43]
- The PCM is effective to keep the
battery cell in the prescribed
temperature range date important
ambient temperaturid3].
-Good property for preventing
thermal runaway when enhanced
with high conductive material [47]

The next chapter is dedicated to different experimental approach in order to validate certain

model.
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1.5Experimental methods

In order to predict the temperature behaviour during various discharge rates, extreme
environment conditions and for cycling procedures of a battery cell alone or in a module,
different modelhavebeenproposel. Theseheoretical/computationahodels prowle

efficient took for choosing the suitable and efficient coolohesign forthe EVHEV.
Nevertheless, experimental methods are always important to practical applications.

It is worth noting that some models described befmeebased on experimentalrrelations.

For example the internal battery resistammes be measured by different methods. In this
respectOnda et al. [49] performed a study on the thermal behaviour of small l{tbhium

battery and measure the internal resistance by different methods. In fact, they model the heat
generation by the approach of Bernardi et al. [15], ijeul@ heat and revsible heat. They
measured thiternal resistance necessary for calculating the joule heat by four different
methods. The resistanaas measured first By-1 characteristics during constarurrent
charge/discharge cycle, then by the difference betwpencircuit voltage and also by
intermittent charge/discharge. These threthods were mostly in good agneent

However, the fourth method using AC impedance, measured a resistance half to the values
predicted to the previous three methods.

Besides, th heat capacity of the battery was measured using aypéncalorimeter

(SETARAM (C-80), increasing the battery temperature form 20 to 90 °C a constant rate of 0.4
°C mini. The heat capacity was approximated by a linear function temperature. They also
compared a lumped thermal model and a-dimeensional model depending on the radius of

the cylindrical cell to experimental measuremé@inte results obtained from thel

characteristics were used to calculate the heat generation. THiwresional agreedell

with experiment until 3C discharge rate, while a small discrepancy was obtained in the case
of the lumpednodel,with an overalldeviation of 1.6 °Gn case of 3C discharge rate.

The lumped thermal model is simple to use and in case of Biot number much lessethan
provides results in well agreement with experiments.tlibemalcomparison between the
experiment andnodels are mainly performed by putting the battery cell or neoiuh

climate chamber in order to control the environment, i.e. maintaining a constant external
temperature and controlling the heat exchange to the environment. The surface temperature
of the cell is measured by placing different thermocouple arounzkthstudied in the
chamberThis approach avoidspening the battery but addscrepancies when a lumped

model is used. This is whanother node is added for representing the surface temperature and
linked to the m node by a thermal resistance depagdin the geometry of the battery cell.
Besides, the addition of this surface is very useful when the case of the cell need to be
integrated in the calculation.

The prediction of the thermal runaway is very important in ordantterstand the

phenomena awirring and to provide the solutions guaranteeing a better safety during driving
solution.A thermal runawaynodel wasnvestigated bysuo et al. [50]. They obtained close
gualitative and quantitative agreement between their modedgetiment The batery was
placed in an oven ranging between 140 °C to 160 °C in order to create the conditions
necessary for triggering the thermal runaway.
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It happens that the battery manufacturer did not provide precisely the data of the battery.
Therefore, it is preferdd to build directly one for experimentaists Despite the cost of this
approachit will be possible to insert thermocouple in the cell and follow more precisely the
thermal behaviour of the battery c@lhe present work is focused on the development of
analytical and numerical model predicting the temperature of the battery cell and module.
Designs of heat pipe cooling as well as PCM/graphite cooling are proposed with their
dedicated modelling isubsequet chapters. Experiment for measuring the temperature of the
battery and validating certain hypotheses are planned for future work. Collaboration with the
Technical University of Munich is on the road, where their team will provide us the data and
also fadities for testing the models. They have also the technical capacity of building their
own battery and in consequence capable of placing strategically thermocouple and other
captor inside théatterycell.

1.6 Conclusions

An overviewof the lattery thermalmanagementystemss presented in this chapter. The

uniform temperature distribution in battery module and pack as well as the maximum and
minimum temperature prescribed were shown to be really important for the lifespan, safety
and efficiency of the btries. The design of a BTMS is depending on the prediction of the
temperature prediction of the battery. In consequence, the modelling of the thermal behaviour
of the cell is crucial and was investigated by different appesach

The thermal behaviour waspresented by a lumped thermaddel,when the Biot number of
the problem was much less to one. The lumped model is fast andiediglated to large
system analysis. However, discrepancies were observed a high discharge rate where the
gradient in the b&ry cell is not negligible. Besides the heat generation was mainlgliedd
by the Bernardi et al. [15nethod, i.e. an irreversible heat and reversible term, with also
close agreement to low discharge rate.

The modelling of the heat generation of the cell during discharge is very important in order to
have a model predicting the temperature behaviour in different condition of discharge/charge.
In thisrespectelectrochemistry models were developed in ordemiprovethe temperature
prediction ando have a better description of the behaviour of the cell during abuse driving
condition and cycling simulation. Moreové@mprovements of the lifespan, safety and

efficiency can be addressed by the analysis ancehmogl of the electrochemistry.

The electrochemistry model is very complex and is usually coupled with a lumped thermal
model in order to reduce the computation time. The Pseud®bim&nsional model

developed by theeamof Newman [20, 21jvas presentedsahe reference model for

describing the electrochemistry of the cell during constant discharge/charge.
Amiribavandpour et al. [51] coupled the P2D model with a resistive network for calculating
the heat dissipation of a battery pack. Discharge rated@ivas considered and cycling
simulation was performed, based on real EV driving cycles. Forced cooling convection was
used during their study and the authors showed that an adaptive flow cooling system was
more useful in order to reduce the electric comgtion of the fan. Their model was

compared to experiment with a discrepancy of 1.34% for constant discharge up to 4C.
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The Passive @ling Management using heat pipes and PCM/graphite was presented in this
chapter. The heat pipe had shown experimentadycapacity to remove the heat from the
battery cell. Besides, the PCM/graphite composite was shown to be efficient for keeping a
uniform temperature throughout the battery module or gdowever thelow heat rejection

from thecomposite to thenvironment, combined to the reduction of the cooling surface had
made natural convection not sufficient for cooling a battery module at high discharge rate.
Nevertheless a relatively low forced cooling convection would be needed compare to a pure
forced ®oling convection.

In addition the anisotropic thermal conductivity of the cylindrical and battery cells coupled
to the cooling strategyganhelp to simply the analysis of the battery cooliAbHallaj et al.

[52] used a onelimensional model of a cylimtal battery in the radialirection,subjectto

forced convection cooling. Their model was in close agreement with experimental results,
with small discrepancies observed at high discharge rate mainly due to a local reaction rate
near the centre of thekt. In additionthey used the Bernardi et al [I&odel for the heat
generation which is limited at very high discharge rate.

The PhD project is aimed to provide fast and accurate simulation approaches for battery
thermal management as well as the develeqt of passive cooling management solutions.
Numerical and analytical models are developed in order to model at different scale the
mechanisms of a battery cell during discharge/charge and to design the different passive
cooling methods. These models are used to study the coupling between afya batte
cell/module and the passive cooling solution, during transient temperature rise.

Chapter 2will study analytically the cooling of a prismatic battery cell by a heat pipe set.
The heat generation was taken constant and the maximum volumetric heatiegenera
monitored at the highest discharge rate was considered. This choice was made to provide a
consistent heat pipe design capable of keeping the battery cell under the maximum
temperature prescribethis project is followed by the development of a modsadibing

the cooling of a cylindrical battery cell by a PCM/graphite composite. The method used for
developing thenodelas well as design parameters will be presented. An eateakthis

work is made to a cylindrical battery module using an electroistgnmodel for the

description of the heat generation. In tl@specta two-dimensional finite volume code for
unstructured mesh was developed in PYTHON using an-sparce mesh generator. Finally
futurerecommendationare presented.
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Chapter 2: A theoretical and computational study of lithium-ion
battery thermal managenent for electric vehicles usingheat pipes

2.1Introduction

Electrical vehicles can be used to reduce the emissions from the traditional internal
combustion enginpowered vehicles. A wider spread usage of electrical vehicles depends on
the development of rechargeable batteries. Lithiom(Li-ion) battery has been dominantly
utilised for electric vehicles, due to its excellent performance characteristics, stugh as h
energy density, long liféime and low seldischarge. However, its narrow desirable

operating temperature range imposes a significant challenge on the thermal management of
Li-ion batteries. Thermal management oidn batteries is crucial to safeigsues like

thermal runaway or overheating during operation. These issues can strongly affect the battery
performances and lifespan. In addition, more research needs to be done for transport
applications of Liion batteries where high electric power isdigea relatively short time

period.

It has been shown that temperature affects the longevity, efficiency, and safety of the battery.
Thermal runaway, electrolyte fire, and in certain cases explosions [1] can occur when the
temperature in the battery isothigh. Therefore, an efficient battery thermal management
system (BTMS) is required in order to maintain the battery temperature between 20°C and
40°C [2]. Moreover, to avoid any short circuit leading potentially to destroy the battery, an
even temperaterdistribution must be achieved in the battery module and pack. For achieving
a uniform temperature distribution, the temperature difference from cell to cell and module to
module should be normally within 5°C.

The thermal behaviour of the battery is stiigrcoupled to the electrochemical process. To
simplify the analysis, the heat generated by exothermic chemical reaction during discharge
can be represented by a global term linked to the major electrochetmacacteristics. Gao

et al. [1 modelled theransient behaviour of a commerciatlbn battery using an equivalent
electric circuit. Basd on their work, Chen et al.][8implified the mathematical solution.
However, these simplified models were not sufficiently developed to describe the
temperaturalistribution in a battery cell to aid the design of the thermal management system.

Different two and threedimensional (2D and 3D) numerical models of temperature

prediction were deveped in the past. Inui et al. [l@eveloped 2D and 3D codes for

cylindrical and prismatic shaped batteries respectively, to predict the transient distribution of
temperature ding discharge. Karimi and Li [J&xtended the study by Inui et al. to a 2D
numerical simulation of an entire pack of prismatic battery cooled toyatand forced
convection. They also demonstrated that a distributed configuration of the cooling system
was the best solution to maintain an equal temperature distribution in the battery pack (stack
of prismatic battery cell).

Threedimensional numeral simulations using global theraphysical properties to
represent the physical properties of the battery multilayer structure were catrj@é@,dl.].
The battery was cooled by active air cooling and the results showed a good agreement
between simulatins anl measurements. Taheri et al.[8@veloped a 3D analytical model to
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predict the transient thermal behaviour of adn battery cell cooled by convection. The
modelling was based on integtehnsform technique and used an internal heat generation
term. The derived analytical solution was efficient to compute the different values of
convective heat coefficient applied at different positions of the battery cell. A surface
averaged Biot number was proposed to simplify the solutions in 1D or 2D degemdihe

value of thermephysical properties of the battery and the heat transfer coefficient applied on
the batteryds surfaces.

Researches have also been performed on effective thermal ajrtrelbattery pack.

Pesaran [pshowed that for heat excharglesign, a parallel cooling flow was effective in
order to achieve an even temperature distributidhe battery pack. Chacko [Riised a

liquid cooling plate composed of a serpentine channel, but this configuration was not
developed to achieve an eviemperature dtribution. Mahamud and Park [[3ferformed a
numerical analysis of cylindrical cells cooled by reciprocating air flow. Their results showed
a 4°C decrease in the temperature difference in the battery pack.

Active air or liquid flow convectin as a cooling solution implies a bulky flow management
system and additional costs due to the maintenance and the weight. Therefore, as an
alternative method, passive cooling management (PCM) is investigated as a BTMS solution,
especially for confined siges where intensive heat transfer is required. Fonghea phase
change materials [41, }@re very simple to use, but their low conductivity limits their
applications. A possible solution for further improvements is to add a high conductive matrix
in the structure of the phase change materials to enhance the thermal conductivity.

Wu et al. [3% showed experimentally the importance damesurface contact between the

heat pipe and the battery in achievirfiigetive cooling. Rao et al. [3performed

experimental studies of a prismatic shape battery cooled by heat pipes. Their results showed a
maximum battery cell temperature under 50°C for a heat generation rate lower than 50W and
a temperature variation within 5°C for a heat generation rate not @xg&8¥. This work

can be completed by analysing the impact of heat pipe on the temperature distribution of the
battery cell or pack. Besides, further studies need to be done to choose or design the right
heat pipes according to the maximum range of teatpes reached by the battery cell. In

general, there is still a lack of understanding on the effectiveness of heat pipes used as a PCM
system solution.

This work was motivated by the need to develop reliable and possibly simple methods to
analyse heat pigeused as a PCM solution, in order to guide the BTMS design. A study of a
prismatic battery cell, cooled by heat pipes during constaméent discharge rate, is

performed using different computational/analytical methods. The heat pipe used for the
simulaions was designed according to the maximum heat generated by the battery cell. The
transient thermal behaviour of the heat pipe was modelledhsrmal network method [37

40]. The battery cell used in this study was the ePLB C020 battery (capacityAq),20
fabricated by EiG Corporation, Korea. All simulations were performed using geometrical and
electrochemical characteristics from the literatis3. The other objective is to show that

with the right design, heat pipes are able to remove more hehatquiaker than normal

active cooling. For conservatism in the design, the simulation was performed with the
maximum discharge rate of 5C, corresponding to a discharge current of 100 A.
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This chaptepresents results from a study numerically and analyigakestigating the PCM

of a Li-ion battery cell using heat pipes. Different configurations were studied and compared
to forced convection during a constant current discharge process. The transient computational
model based on the thermal circuit methotisand consistent with the analytical solution,

while the numerical simulation was parniged in 3D. The cooling system and heat pipe

designare presentefirst, followed by descriptions of the model development including the

heat pipe and thermal modedéd descriptions of the three different approaches. Results and
discussions are then presented. Finally, some conclusions are drawn.

2.2Design of the battery cooling system

A generic battery cooling system design is showfign 44 where the heat pipes are

integrated within a copper structure that allows a desirable conductive heat transfer between
the battery and the heat pipe set. To cover the entire surface of the battery cell and enhance
the heat transfer, eighteen heat pipes with a 10 mm diametelOa®dnan gap are considered

in this design. For a battery pack with a number of cells, the battery cooling system can be
designed using a layout with alternate battery cell and heat pipe set. For the understanding of
the effectiveness of the system, it isaal to understand the fundamental heat transfer
characteristics of a single battery cell in conjunction with the heat pipe set.

L, =0.195m
[, =0.125m
Zb e, =0.007m

CO00C0000000000000

Fig. 44. The design structure of the generic battery cooling system using heat pipes.

Figure 45depicts the heat transfer principle of a heat pipe, where the heat pipe is a tube filled
by a working fluid in a saturated state. When the evaporator section is heated up, vapour is
generated and carries the heat to the condenser section where thpehsatigiially cooled

down by convection. Then, the liquid in the condenser section is brought back to the
evaporator by the cdlary forces, as seen in Fig. 4bhe capillary forces can be increased by

an addition of a wick or groove structure, whichi Wwe discussed later in Fig. 46herefore,

the process works continuously as long as the evaporator is heated and the condenser is
cooled.
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Fig. 45. Schematic presentation of the heat transfer working process of a heat pipe.

However, there ara number ofimits on the heat pipe heat transfer capacity (or efficiency),

due to the thermphysical properties of the working fluid, the geometry of the heat pipe as
well as the friction in the fluid channels. In this analysis, oméydapillary limit is

considered, which refers to the maximum heat transferrable by the heat pipe without stopping
the return of the fluid from the condenser to the evaporator. The analytical formulations for
this limit take into account the capillary fexand the friction in the channels (liquid and
vapour). The influence of the gravity was not included in the analysis because the heat pipe
can bearranged in a horizontal position. However, it is worth noting that the gravity helps to
improve the capilley limit when the cooling system is arranged in a thesipbon

configuration [38.

The choice of working fluid has an influence on the heat transfer capacity of the heat pipe.
Working fluid with a high wettability and chemical stabilfty the pipe material is desirable.

In addition, the operating temperature of the battery cell needs to be kept within the saturated
state temperature interval of the working fluid. The pressure drop in the vapour channel is
much lower compared to the pressdrop in the liquid channel. The pressure drop in the
vapour channel is thus assumed to be negligible to simplify the calculations. Based on the
aboveconsideratioa and assumptions, the capillamyiti is calculated as follows [38, B9

s
25K andM _S My

bL, m

where the capillary numbeX_. can be used to choose thegre section (as shown in Fig.

46), and is also related to the dimensions of the heat pipe. The working fluid merit number
M can be used to select the working fluid. The larger the merit number is, the higher the
capillary limit will be.

Quax = Nc* M with N, = (2.7
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L,.,=0475m
R, =5mm L, =0.125m
RZ" =3mm Z‘ad'ia = Olm
a=14mm L. =0.25m
b=0.691mm N» =18  HP: Heat Pipe

€y =0-6mm Working fluid : Ammonia

Ngs =20 GS: Groove section

Fig. 46. The design and geometrical properties of the heat pipe with a groove structure.

Figure 46shows the design of a single heat pipe with a groove structureisisttiay, the
maximum transferrable heat power by a single heat pipe is chosen to be 400 W, as an
example. The heat pipe is oversized to reflect the design conservatism in terms of the 41 W
maximum power generated by the battery. This design choice is mad#er to assure an
effective working process during discharge, but also for the purpose of future experimental
study. The geometrical parameters of the heat pipe are deteracicwdinglyand presented

in Fig. 46 Heat transfer analysis of a single hgige is complex, since different phenomena
need tdbe considered, such as thermal conduction, phase change, and fluid dynamics. CFD
simulatiors and analyss have beebroady usedincluding those usingommercial software
packages. However, the CFD appods often very costly in terms of computing resources
needed andequires validations especially for changed conditiong to these reasons,
simplified models are often used in practical applications.

2.3Problem description and modelling simplification

A 3D numerical simulation of a battery pack cooled by heat pipes is complex and time
consumingln the case ofimulatng one pipeit will also necessitate high computing
resources in order to describe the mass and heat transfer, during the transiargadsfcine
battery. In light of this, anoth@omputationally efficienapproach is adopted. The thermal
behaviour of the battery is modelled by a thermal network ukeiiermal circuit method.
Additionally, for the temperature prediction of a detalbadtery cell (multilayer structure),
considering the electrohemical reactions is also too complex to execute. Therefore, models
are proposed to simulate the hgaheratiordue to the electrehemical reaction of the

battery and to describe the therrpadperties of the muHiayer structure of the battery cell.

2.3.1 Model formulation of the heat pipe

Zuo and Faghri [J7developed a thermal netwonkodelof heat pipe that showed a good
agreement with the experimental data. In this study, a further simglhfiechal network is
proposed, as shown in FigZ.4n this model, the thermal resistandgs, and R,; are due to

the phase change, while the thermal resista®cds due to the flow of vapour. Because of
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the high thermal conductanc&( °© 10°) of these heat transfers, the thermal resistRpge
R.,andR,;, can be neglectedy, =1/R,).

Heat flow,

Capillary grooved structure |

1

. . . 1

. : Adiabatic section : v !
Evaporator Condenser

section section
Fig. 47. Thermal network of a heat pipe.

A macroscopic approach based on parallel or series heat transfer is used to calculate the
thermal resistances of the network. The porous media in the heat pipe (wick or groove
section) should be taken into account. This modelling method is based ontthgéea
geometry and the choice of the porous me@jg.and G, ,, representing the thermal

conductance per the surface, are calculated &gy e, , wherek,,, is the thermal
conductivity of the heat pipe material envelop &g is the thickness of the wall. For the

evaporating area,,,) containing the groove sectiand the liquid (seen in Fig. &§), the
Chi mockl [3§ is used to determine an equivalent thermal conductivity:

= (KKAD+ WKOLB5EK + AR o ks,
(W + E)(0.185Ek +AK) A

(2.2

The Chi model is obtained by considering two paths for the hea38)ixThe first one is a

series conductiobhetween the groove structure and a liquid film with thickroéd3. 185 .

The second path is a parallel conduction pattern between the series pattern presented and a
liquid film with athicknessof A. The thermatonductivily of the condensing area (Fig.

48(b)) is calculated using a series patt&y, :(A(W +B/( Wk +E;<))'l. However in this

formula, the liquid film is notaken into account. Romestant [3Bowed that this film can
have a strong impact on the th@monductance, and recommendedivide G, , by 100to

calibrate the impact of the filnbased on thexperimental results=inally ,G,, is neglected
due to the small thickness of the envelop and the length of the heat pipe.
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Fig. 48. Groove structure at: (a) the evaporatorg (b) the condenser.

Based on the above modelling assumptions and simplifications, théhnadal network
model obtained fothe heat pipe is presented in Fig..4%e thermal network of the heat pipe
is composed of 4 nodes. Each section has 2 nodesiode for the vapour and the other for
the wall or envelop of the heat pipe.

Heat flow

vy

11111

Evaporator section

Condensersection 1 Adiabatic section
1

Fig. 49. The simplified thermal network of heat pipe.

2.3.2 Thermal model formulation of the battery

Different models of heat generation exist in litexrature, for representing the internal source
term of the battery during discharging. The heat generation rate per volume in a battery cell is
calculated, by @opting the following model [1]2

a=Ri -T §(nA (23
In theabove equationhe first term,R i, represents the heat due to the internal equivalent

resistance, and the second teﬂ'rmsy( nF), represents the reversible heat caused by the
entropy change of electrochemical réacs.

The battery used in this studytiee sameasthat in the literature [33where only geometrical
and nominal thermphysical characteristics of the battery areilatée and summarised in
Table 3 The source term is assumed to be a constant value during the entire discharging
process. The value of the source term is taken as the maximum power generated by the
battery during the highest supportable constant current discharge rate (5C discharge rate
corresponding ta00 A for a capacity of 20Ah) [33In this study, the heat generation rate

per volumeq is assumed to ERAKWM?.

71



Table 3 Mechanical characteristics and therptoysial properties of the batte(}s3]).

Material layer Thickness Number of Density Heat capacity
[m] layers [kg.m] [J.kgt.K?

Aluminium foll 2.10E05 17 2702 903

Copper foil 1.20E05 18 8933 385

Separator Sheet 2.50E05 36 1017 1978

Positive electrode  7.00E05 34 2895 1270

Negative electrode 7.90E05 36 1555 1437

For modellingthe battery properties, global theraptysical properties can be used to
represent the physical properties of the battery Aaygr structure. This simplification
approach has been validated udimg experimental data andedasin CFD simulation
analyses [10, J1Moreover, Taheri et al. [32ised this approach to represent the thermo
physical properties of the battery in their 3D analytical mdgie$ed on thgeometrical
characteristics and therapiysical properties of the battery mtHiyer structureiven in
Table 3 the global properties are calculatedfallows [10, 11, 5B

e N N
a _l LK riC Vv,
kx:--NJ—lJ;ky =, '_a.’.rjj G alzj a (2.4
a' (/) EW v
W w KJ
Thefollowing results arehenobtained:k 097— k, %, 26. 57— rc 2767. 45_rﬁ "

2.4Research methods: analytical solution, 1D model and 3D numerical simulation

In this study, the 1D approach is composed of a 1D model (analytical or computational) of
the battery, connected to the thermal network model of the heat pipe. Such simplified 1D
approach is expected to sufficiently predict the transient thermal behaviour of the battery
cooled in different configurations including forced convection and heat pipe sets. The 1D
analytical model of the battery is used as a baseline reference inuthisfetr which the

solution developed takes into account the transient behaviour of the cooling process applied
on the battery surfaces. A 3D numerical model of the battery cell is simulated using a
commercial CFD code, in order to verify the reliabilitytiee 1D approach.

2.4.1 Onedimensional analytical model

The transienenergyequationfor temperaturef the battery cell cooling by the heat pipes is
solved using theeparation of variable method [B4 his method necessitates homogeneous
and linear boundgrconditions for the equation to be applied. Besides, the time dependence
of certain boundary conditions of the heat pipe has added further complexities to apply the
method. Therefore, simplifications are needed in order to reduce the complexity of the
solution. The battery studied belongs to a battery type where an orthotropic conductivity is
observed and the thickness direction (x dicecin Fig. 50 has a very low conductivity
compared to the other direati® (y and z directionsin Fig. b0 Accor di ng t o
characteristic, the largest gradient of temperature will be in the x direction. Additionally, the
heat pipe cooling is also located in the salinection (x direction in Fig. 50 Consequently,

it is reasonable to expect thal the important physics of the heat transfer will be represented
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in this particular direction. This assumption has helped to apply the separation of variable
method despite the difficulties enumerated before and has led to a 1D analytical solution,
which is very easy to use. Howevtre intensity of the cooling on the other surfaces of the
battery located in the y and z directions can have an impact on the model proposed, and a
comparison with a 3D resolution by CFD is performed (described k3ettbn 2.5.1) in

order to verify the assumption made. Finally, the energy equation for temperature in 1D is:

uT o £9=RP
CH_ KTP =R 7 and %C:rcp (2.5

The domain of study ishownin Fig. 50

yAO,

_________ 0
¢

— e
"

Fig. 50. The 1D domain of study.

The 1D thermal equation of the battery coolisdinally solved using the separation of

variables method. However, the solution found needs the vapour temperature function of the
heat pipe. This vapour temperature functian be obtained experimentally. At=¢g,, the
boundary condition due to the heat exchange between the battery cell and the heat pipe is
represented by:

kSt xmg ) BT Pox e 29

This condition is transformed to the following formulation, using a variable change necessary
for the separation of variables:

IS U LS ST S (2.7
c HX /o +

where f (t) is a function taking into account the conductivity of the evaporator and the
vapour temperature in time. Therefore, the complete temperature of the battery can be
obtained, by knowing the temperature of the vapour experimentally. Moreb{tg¢rcan be
any function corresponding to different cooling solutions. The only condigeds to satisfy
is f(t=0) = in order to apply the separation of variables.

In this study, two analytical solutions are proposed for twefit types of boundary

conditions. The first typeQase ] is derived in view of a theoretical case for testing the

function and different hypotheses. In this case, one side of the battery has a fixed temperature
and the other side is cooled by the hapépThe second typ€éase 3 is formulated for a

battery cell sandwiched between two sets of heat pipes.
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- Case 1:

The boundary conditions are presented as folldug 60:

T(x0)- T
TO,Y)-T, =0 (1) =F(T,(t) T,)
(T T) . koA, 5 with — _ _ kA, (2.9
TR T) 6 w0 K 1005,
f(t=0) =0
And the solution can be derived
TOD- T A (KO HOen(gt) sinpo *E 1 (2.%)
4201 coste, )] sin(4e,) §y [E-cos( )R
W, H,(t : t) *
- ¢ &b g 0 K, b o)
Kk, sin(b '
R S8) G oot §ol- 9)
w, =2 CoS(48)sin( rA‘%) (2.9¢)
26,
_kby
9% ==c (2.9d)

2kev '%veb :0
/ evkab

where b, is the root of the transcendental equatidyg, cotan( fg)+

- Case 2:

In this case, due to the symmetry of the system layout, only one half of the domain is studied.
The boundary conditions atleen giveras

KT ) (x=0,1) =0

i‘e*ﬂx—T)+F(T 1) & et &9 (210
Q -
f(t=0) =0

)
2

C

The solution can thus be acquirasl
x (b

T(x0- T, (Ho<t> H,(0)exp( 1) cos@x) codt 42 (2.11a)
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wherea, is the root of the transcendental equatiafe, tan( ge.)= Fe.

Both solutions (for Cases 1 and 2 with heat pipes) can be conveniently modified for
convective cooling. For replacing the heat pipes by convectigkng, the minor
modifications are:

(=0, = g (212

The analytical model will be used as the reference in certain cases and compared to the 1D
computatioal modeland the 3D numerical simulation. Unlike the 1D analytical model, the
1D computationamodel, as presented in the following sséxtion, is able to simulate the
battery cell cooling by the heat pipe set in different configurations witheaogvapour
temperature function or experimental data.

2.4.2 Onedimensionatomputatioal model

Figure 51presents the 1Domputatioal model of the battery in conjunction with the heat

pipe set, based on the thermal circuit method where the battery is represented bgla therm
network. A number of nodes are chosen in the battery and linked by a thermal resistance (or
thermal conductance) depending upon the thgshmaical and geometrical properties of the
battery. The transient behaviour of the model is obtained by allocatheymal capacitance

to each node, as seen in Fig(th1 Each node occupies a volume and generates a thermal
power proportional tas volume.
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Fig. 51. Nodes of the 1[@omputatioal model of the battery connected to the heat pipe set.

The preliminary analyses suggest that five nodes are enough to represent the thermal
behaviour of the battery considered. Thectinputatioml approacloffers a possibility to

treat the battery and heat pipe models separately. Based on this, more nodes can be easily
added for a larger battery, without modifying the heat pipe model and the calculation process.
It should be noted that the number of nodeairiodelling the battery can be optimised using

the 1D analytical model derived beforfg,; is the thermal resistance between the nades

and j in the battery cell. The complete model of the battery (using five nodes) connected to
the heat pipe set thermal model (four nodes) is represented hydhletemperature matrix:

CENECURS @13

This equation can also lised for convective cooling by just removing the nodes of the heat
pipe and adding the term due to the convective coefficient.

2.4.3 Threedimensional numerical simulation

The global thermghysical properties derived i&q. (2.9 are used in the 3D numerical
model. The cooling solution is applied on the battery surface in the x direatfl and
x = g)). Therefore the other battery surfaces in y and z directions develop a free natural

convection. For modelling this natural convection, a heat coeffitient=5 Wm? K* is
chosen as an example in this study.

Different scenarios are investigdtdrom constant temperature to forced convection.

However, the complexity of the heat pipe does not allow a transient simulation of the battery
cooled by the heat pipe set at the moment. Nevertheless, an equivalent conductance per
surfaceareaof the heapipe set can be calculated amskd as an inpuh the CFD code. More
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details on this approach will be presented insettion2.5.4. The mesh of the 3D battery
model is refined in thex direction, as shown in Fig. 5 order b observe properly the
expected large temperature gradient and to compare the results with the 1D analytical and
computationabpproachks

0.000 0.050 0.100 (m) | 0.000 0.050 0.100 {m)
I . L I

0.025 0.075 0025 0.075

Fig. 52. Mesh of the battery cell in the 3D numerical simulation.

2.5Results anddiscussions

In this section,lte 1Dcomputatioml model developed is analysed in various configurations
and compared to the 1D analytical model and the 3D numerical simulation, so as to
demonstrate the advantages of the 1D approach in view of the rgliabdi effectiveness.
The results presented will verify if the heat pipe set designed and the distributed
configuration recommended are ablarteet the requirements thfe temperature
specifications [

2.5.1 Forced convection and fixed temperature

In this configuration, the battery surface located a0 has a fixed temperature (
T(0,t)=T,, =20 C) and a convective heat coefficiert£ 20W/ nf K) on the surface

located atx = g,. Moreover, for the 3D numerical simulation, natural convection (

mb

h=5W/ nt K) is consideed on the surfaces in yaz directions. Fig. 5gresents the results

obtainedfrom the 3D numericasimulationat the end of the transient simulation. The results
show that the gradient of temperature is mainly located in the x direction. Moreover the
temperature in the YZ plane can be considered as uniform. In fact gt, the temperature

difference between the maximum and minimum temperatures in the YZ plane is
DT(x =g) ©.042C.
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Fig. 53. Temperature distribution of the battery with fixed temperature and convective heat
coefficient.

The temperature at the different battery locations is compared for thedsed.e. 3D
simulationand 1Danalytical and computational cas&able 4classifies the different points
studied and their equivalents in the different models, in order to simplify the {atse f

the results in Fig. 54The comparison of the temperature rises for the tase is presented
in Fig. 54 The resultslearly show that for the different locations consideretthe battery
(Table 4, all the threecase (3D and 1D) yield very similar temperature predictions in both
the transient and steady states. Moreover, the results suggest that there is a sepahdiscr
between the 1[@omputatioal and analgical models, as seen in Fig..5#able Sfurther
summarises the temperature difference between threodiputatioml and analytical models
in a quantitative format, which indicates the very small discrepansy tth@n 0.5%) at the
end of the simulation, predicted by these two models.

Table 4 Position of thenodes studied for the 1D analytical and numerical models.

1D computatioml 1D analytical Position of the node (m)
T1 x=eb/16 0.0004375

T2 x=2*(eb/8) 0.00175

T3 x=4*(eb/8) 0.0035

T4 x=6*(eb/8) 0.00525

T5 x=8*(eb/8) 0.007

Table 5 Discrepancy of temperature between thecbhputatioal and analytical models.

Position of the node (m) 1D computational 1D analytical Discrepancy
4.38E04 20.709 20.686 0.11%
1.75E03 22.553 22.461 0.41%
3.50E03 24.253 24.164 0.37%
5.25E03 25.195 25.109 0.34%
7.00E03 25.380 25.297 0.33%
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Fig. 54. Battery cell temperature with fixed temperature and convective coefficient for the
threecass.
The discrepancy of temperature between thedBputatioal model and 3D numerical
model at the end of the simulation is 0.01%. Therefore, theobiputatioal model is
sufficient to describe the transient behaviour of the battery cell. This result was predictable
using the Biot NumberRi). This number compared the thermal resistance of conduction
with the thermal resistance of convectidimerefore the conditio, "Q p, indicates that the
temperature in adsly can be considered uniform [538i; =h L, /k with jindicating the

direction x, y, z.

Table 6shows that the Biot numbers in the y and z directionsnaigh less thaone. As a
consequence, the temperature in the YZ plan can be considered uniform. Additionally, the 3D
numerical model used 18895 nodes, where thedputatioml model used only 5aues.

The running time of the 1Bomputatioml model tookmuch shorter time thaihe 3D
numericalsimulation Therun time needed for the 1D computational model is comparable to
theanalytical solutionwhich takes almost no time to run

Table 6 Directional Biot number.

Direction k h L Bi

X 0.97 20.00 0.007 0.14
y 26.57 5.00 0.195 0.04
y4 26.57 5.00 0.125 0.02

2.5.2 Theoretical test of linear temperature vapour in the heat pipe

This subsection attempts to \i§y the analytical modelEQs.2.9a2.9c) in Case 1 with

f(t), 0. In this case, one surface has a fixed temperature, and the other is cooled by a heat
pipe set. The formulatiori (t) = F(T,(t) -T,) is calculated with @rescribedsapour

temperature. The characteristics of the vapour temperature could vary, which could be
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represented by a linear or nonlinear function. To simply the analysis, a linear function is
chosen to perform the calculations. For a relative comparison, theiealdiytmulation of
the vapour temperature can be used which is giveR (ty=10t/ 550 +2(, where the slope
10/550 is chosen to represent a mild temperature variation. Based on these assumptions, the
1D computatiomal model and analytical solution are compared, and the results are presented
in Fig. 55

32 4
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Fig. 55. Comparison of battery temperature between thedputatioml and analytical

modelswith a linear vapour temperature in the heat pipe.
The results show a good agreement between the numerical and the analytical solutions, which
confirms the effectiveness of the derived analytical solution for a boundary condition that is
dependent upon ¢htime. Thus, the analytical model proposed in this stadybe usetbr
practicalapplicationswith different types of coolingnethod.

2.5.3 Battery cell sandwiched by two heat pipe sets

The battery sandwiched by two heat pipe sets is presenkegl iB6 which might be the case

in view of large battery packs for electric vehicles. The other cooling solution, forced
convection (CS1) directly applied on the bat
coolingsolution (CS2, shown in Fig. h#or a prger comparison, identical convective

coefficients = 28Vm? K'l) are used for the condensing area of the heat pipe set and also
for the convective cooling within the both coolindudmns, respectively. Figure §8esents

the comparison of the characteristics of the maximum temperature in a battery cell for the
CS1 and CS2 cooling solutions.
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Fig. 56. Battery cell sandwiched by two heat pipe sets.
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Fig. 57. Comparison of maximum temperature for the forced convection (CS1) and heat pipe
set (CS2) in a distributed configuration using the same convective heat coefficient.
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Fig. 58. Comparison of temperature distribution between Q®I1LGS2.

The efficiency of the heat pipe set depends on its design parameters but also on the cooling
process used at the condenser. Contrary to CS1, the heat pipe set (CS2) yields a larger contact
area for the sameonvectiveheattransfercoefficient. For the simulation conditions

considered in this study, the contact areas of CS1 and CS2 can be calculated as:

S, =0.0244nt andS, =0.14n7, respectively. The gap between the heat pipes in the set is

0.8 mm. Theseaps allow the cooling fluid to flow around the pipes, which improves the
cooling efficiency of the system. It should be noted that the type and design of the cooling
process at the condenser have an effect o& ta&ue of the heat pipe set. In order to
simplify the analysis and to be conservative as well, the minimum contact area at the

condenserS, =0.14n7, is considered.

The maximum temperature is obtained for both cooling solutions, namely 51.5°C for CS1 and
27.6°C for CS2. For thebavectiveheat transfecoefficients considered, using heat pipes

yields better cooling than the forced convection. Furthermore, an even temperature
distribution in the battery cell must behievedn order to avoid safety issues. Half of the

battery is epresented ifrig. 58 because of the symmetric cooling configuration. The
temperature difference between the maximum and the minimum is less than 2°C for both
cooling solutios. The steady state is reached faster using the heat pipe set. In fact, the
appioximations or models used (conductance calculation) were chosen to achieve better
performances for a real application. Moreover, the efficiency of the heat pipe set in
distributed configuration can Isggnificanty improved by:

A An efficient cooling of the&ondenser
A Increasing the length of the condenser
A Adding fins to the heat pipe sets

The complexity of the heat pipe does not allow a simple CFD simulation. Additionally, the
analytical model developed needs an expression or experimental data of the vapour
temperatureTheapproach developed using an equivalent conductance of the heat pipe
proves to be effective, in whidche 1Dcomputatioml model of the batteng connected to the
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heat pipe. It ishereforetaken as the reference to study the impact of the equivalent
conductance.

2.5.4 Equivalent thermal conductance of the heat pipe

To achieve a further simplified formulation, the equivalent thermal conductance is defined
andcalculated using the thermal netwarkthe heat pipes. The analogy between the thermal
network Eig. 49 and the electric circuit is used to derive the equivalent thermal
conductance:

G=(Ry Re Rs Ry h—lg)'l 332w K (2.14

The equivalent convective heat coefficient can correspondioegtiefined and obtained by:
h, =G/ S, (2.19

Based on the above definition of equivalent cative heat coefficient, Figs. 59 and 60

depict the performance characteristics of the maximum and minimum temperatures of the
battery cell for heat pipes. The results sugtiesttusing the eqwialent model defined in Egs.
(2.14) and (2.1pyields good approximation of both maximum and minimtamperature to

those generated by the complete thermal network model of the heat pipes. However, the
computational efficiency based on the equivalent model is improved in the CFD simulation.

It should be noted that the CFD simulation of the transient gdedymamics of the battery

with heat pipess computationally very demandin@herefore, the proposed equivalent

model offers a feasible solution for conducting design and analysis of battery cooling systems
at the preliminary design stage.

28 -

27 — 1D Computational model

—ANSYS WORKBENCH-Geq
= 1D Analytical model-Geq

— 1D Computational model-Geq

26 -

25

24 -

23

Max Temperature (°C)

22

21

20

0.1 1 10 100 1000
Time (s)

Fig. 59. Maximum temperature of the battery cell using equivalent approach for the heat pipe
set.
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Fig. 60. Minimum temperature of the battery cell using equivalent approach for the heat pipe
set.

It is also observed from the results that the equivalent approach tends to overestimate the
temperature rise, which might be attributed to the conservatism in the parameter
determinationincludingthe intensity of the convection in the condensing arehthemodel
simplificatiors. The discrepancy observed between the approaches is due to the thermal
capacity of the heat pipe. In the completectiinputatioml model, the thermal capacity
evolves with the temperature during the simulation process, but the equigahductance
approach does not consider the thermal capacity and therefore reaches theagttefalter,

as seen in Figs. 59 and.60

2.5.5 Thermodynamic process within the heat pipe

The heat pipe is oversized using the working fluid merit number methodh helps to
achieve the heat pipe design in a mawcpcal way. Zuo and Faghri [Bproposed a method
based on the first law of thermodynamics. The liquid@udiing is a requirement for the
heat pipe operation when the liquid is traveling from thredenser tohe evaporator [37
This subcooling reuirement can thus be met if [37

= F Q& (2.1

where

b R’ T TotT
- dT. = v,ev v, C
2R, L(L+2L, 4 ° ey 2T

( hfg)2 ’ 2
In the above equatiork; represents the geometric group (a group of geometrical parameters

of the heat pipes), anQ represents the theraphysical group (a group of theraphysical
properties of the working fluid).

Figure61 presents the variation of the minimum valueYof calculated from Eq2(16),
over the vapour temperature range consideusing the 1[@omputatioal model. It can be
clearly seen that th& value is the order of £&nd much larger than 1, which satisfies the
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sub-cooling requirement. The very large valueXfis primarily due to the oversizing in the
heat transfer capacity of the heat pipe.
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Fig. 61. Verification of the sukcooling condition of the heat pipe operatiosing the
method proposed in [37

2.6 Concluding Remarks

An analysis of the passive cooling management of the ePLB C020 battery cell by heat pipes
was studied in this paper. A cdénensional approach composed of ackdmputatiomal

model of the battery connected to a thermal network of the heat pipe, is propluised

approach is based on the thermal circuit method and allows to treat the battery and the heat
pipe separately. An analytical model withme-dependenboundary conditions and a 3D
numerical model were developed in order to test and verify certaothigges made for the
onedimensionatomputationahpproach.

The lack of experimental data for this study made it difficult to systematically assess the
design and modelling approaches. Accordingly the design of the cooling system was made
intentionallyconservative. Because of this, the heat generation of the battery was taken as a
constant at the maximum rate of discharge. Simplifications were also made concerning the
model of the heat pipe and its design. Regarding the thermal network model oftthipdea

the thermal resistance at the evaporator was calculated using the Chi model. The Chi model is
very conservative and was useful for this study but not recommended when the size of the
heat pipe is a critical issue. Besides, the impact of the ligodat the condenser was
approximaged by an experimental factor [381oreover, the design of the heat pipe did not

take into account the reduction of the liquid section at the evaporator and the impact of the
gravity. In addition, the effect between eddat pipe was neglected in the heat pipe set.

The comparison between the 1D modaeiniputatioml and analytical) and the 3D numerical
simulation by CFD showed a good agreement rékuls confirmed the reliability of the
onedimensional approach to sitate the thermal behaviour of the battery cell. Besides, the
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1D approachiakes much shorter running time than 3@enumericakimulation Because of
this, the 1D approach holds great potentials for practical applications. Howewesuls
cannot be geeralizedsince theydepend on the Biot number of the system.

The heat pipe set designed and applied on the battery cell in a distributed configuration was
studied using the 1Bomputatioal model. This simulation made with conservative
correlations andpproximations for the heat pipe model, predicted a maximum temperature
of 27.6°C. A maximum temperature of 51.5°C is obtained for the same configuration in a
forced convection cooling directly applied on the surface of the batteeye$hls with a
congervative design and calculation showed the importance of the heat pipe and the
effectivenes®f the passivecooling management.

The 1D computational model based on the nodal network method as well as the analytical
resolution have been able to predict titagsient temperature in a prismatic battery cell.
These numerical and analytical models were obtained, consideringrihiew conductivity

in the thickness direction of the prismatic @@mpared to the other on8hese approaches
areinvestigated ithe next chapter, for studying the cooling of a cylindrical battery cell by
PCM/graphite matrixBesides designs parameters of the PCM/graphite are highlighted
depending on the characteristics of the cylindrical battery cell.
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Chapter 3: An investigation of lithium-ion battery thermal
management using paraffin/porousgraphite-matrix composite

3.1Introduction

The global efforts on reducing the carbon dioxide emission and the diminution of oil
resources have made electric vehiV) and hybrid electric vehicle (HEV) alternatives to

the vehicle equipped with combustion engines. The requirements of battery power and
capacity for HEV/EV vehicles have positionedian battery as the best candidate amongst
various battery types, wdh has a better energy density and lower discharge rate compared to
many other battery types. Nevertheless the performanceion lbattery is limited by
temperature rise during the discharge process. Temperature affects strongly the safety,
reliability and lifespan of the battery [1, 2]. Efficient and safe running during driving
operations is obtained by keeping the battery temperature between 20°C and 40°C [2].
Moreover, the temperature from cell to cell and module to module should be normally within
59C, for ensuring temperature uniformity. An uneven temperature distribution may lead to a
short circuit in the battery. Consequent to these requirements, two types of cooling systems
are used in the thermal management. One commonly used system is bagac: @moaling,

using fluid flow for cooling the battery. Active cooling systems usually involve a bulky flow
management, which increases the system mass and has the risk of fluid leakage. System
components such as a pump are also required for movingiitieBesides, the cding must

be well distributed [6, JJ74n order to maintain an even temperature distribution in the entire
pack.

An optimisation of the active cooling system can reduceoi$s andsize. Moussavet al. [3]

had optimised thair-cooling system for a cylindrical tion battery pack using a genetic
algorithm. However, the external surface of the battery had a constant temperature and the
gradient in the battery wamt analysed. Jarret and Kim [32] 38udied the optimisatioof a

cold plate subject to a constant heat flux and the impact of the boundary conditions on this
optimum design, but the cold plate design was nosidened in detail. Jin et al. [B4

improved the design of a mishannel liquid cold plate by applyinglajue cuts in the

straight line of the cold plate. This modification avoids the complete development of the
hydrodynamic boundary layer responsible of the deterioration of the convective heat transfer
in the straight line design. They also showed expetiallgran enhancement of the
performance with minimal penalty on the pressure drop.

Thermal management system should be compact, lightweight, reliable and low cost. As an
alternative to active cooling, passive cooling systems based on phase change pheanmena

be potentially advantageous. Heat pipes, based on the liquid/vapour phase change, were
studial experimentally by Wu et al. [R5They showed the importance of maintaining a good
surface contact between the heat pipe and the battery. Based recdmisiendation, Greco

et al. [59 studied and designed the cooling system of a prismatic battery cell by a set of heat
pipes embedded in copper material. A 1D computational model was developed and compared
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with an analytical approach and a thdBmensional (B) computational fluid dynamics

(CFD) simulation. It was demonstrated that the 1D model was sufficient to predict the
temperature distribution of the lithiuian battery. In addition to heat pipes, PCM based on
solid/liquid phase change can be used fospascooling, which has great a potential in

reducing peak temperature during intermittent discharge and in overcoming performance
losses at colcemperature. Duan and Naterer][#8/estigated experimentally the behaviour

of two PCMs during discharge undearious environmental conditions. The PCMs allowed
reducing the large temperature variations in the battery despite significant ambient
temperature variations. In addition, the Stephan equation of the phase change problem in 1D
was solved, where the siilon described the propagation of the sdiligiid interface with a

line heat source located in the centre. However, buoyancy effect was observed experimentally
in the axial direction, making the 1D model incomplete to describe the melting process.

In practice, the low conductivity of the RCcan limit its applications [41, 42The

conductivity of the PCM is improved by adding fins or matrix foam made of high conductive
materials. Lamberg and Siren [5feveloped an analytical model describing the meglof a
semtinfinite PCM with internal fins. The model was based on a glirgsar, transient, fin
eqguation which predicts the soliduid interface location and temperature distribution of the
fin in the melting process. The analytical results were @etpto the numerical results with

a good agreement in general, but the speed of thelgplid interface during melting

process was slightly underedicted. In addition, the analytical solution was obtained by
considering a semnfinite space. In redly, the PCM/fins have finite dimensions, and
therefore the simplified analytical solution has itsitations. Lamberg and Siren [B&lso
developed an approximate model for solidification in a finite PCM storage with internal fins,
where the solidiquid interface location and the temperature distribution of the fins were
predicted. The comparison with numerical results showed a better agreement in the solid
liquid interface location than the prediction of the temperature distribution in the fin.
Moreover the fraction of solidified PCM was introduced, giving an indication of the amount
of PCM solidified at a given time. Addinally, Nithyanandam et al. [$8tudied numerically

the latent thermal storage of a system with packed bed of encapsulated Psiim. De
guidelines were derived from their study. The phase change process was modelled within the
PCM by the enthalpporosity method.

Compared with the metallic compounds, graphite has a higher conductivigdylawer

density. Wu and Xing [9%tudied mmerically the performances of a cylindrical PCM

enhanced with graphite. The poroségthalpy method was also used to describe the phase
change process. Furthermore, the high surface contact between the PCM and the matrix led to
a fast local equilibrium é&tween both entities. Therefore the PCM/graphite composite can be
modelled by only one equation with equivalent physical properties. The porosity and the
graphite conductivity are the most important parameters for improving the thermal
performance of thearnposite. However, an isotropic conductivity was usettieir study

and Py et al. [44showed experimentally that the conductivity of the composite was

anisotropic in the case of compressed expanded natural graphite. This anisotropy was caused
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by the compession of the natural graphite powder during the manufacturing process. In
consequence, the conductivity in the axial direction (parallel to the compression force)
depending on the bulk density can be ten times lower than the conductivity in the radial
direction (perpendicular to the compression force).

Most of the studies of PCM were focused on the latent thermal storage. Kiziled&] al. |

studied numerically the cooling of a cylindrical battery pack by a PCM (paraffin wax)
enhanced by a graphite matstructure during stressful conditions. The overall conductivity
obtained by this modification increased the conductivity of the PCM/graphite to 16.6 W/m K.
The PCM helped the battery to achieve a more even temperature distribution and to avoid the
propagtion of a thermal runaway from one cell to the entire pack. Moreover, the temperature
in the pack stabilized itself quicker than an@bling system. However, the equations

presented did not take into account the effect of the latent heat.

Modelling thecylindrical battery cell is important to the design of efficient cooling systems.
The thermal analysis of a cylindrical battery was usually performed with isotropic thermal
conductivity. Drake et al1f3] studied the thermphysical properties of a cylinidal Li-ion
battery cell. A strong anisotropy of the thermal conductivity with a very low value in the
radial direction compared to the axial one was shown. However, the combined effect of the
cylindrical battery cell cooled by a PCM/CENG composite whiin addition of the melting
process has not been fully investigated.

This study was motivated by the lack of investigation on the thermal behaviour of both
battery cell and PCM/CENG during the transient temperature rise, which is important for the
understading of the passive cooling system performance. The analysis is aimed to provide
information on design parameters, and to optimise cost and efficiency of the PCM/CENG
cooling system. Besides, simple and esff¢ctive models oriented to practical applicas

are developed for the PCM/CENG and the battery. In this study, the anisotropic thermal
conductivity of the battery cell is used, in order to generate a simplified model describing the
thermal behaviour of a cylindrical battery cell. A esienensionatomputational model

based o the thermal network method [B5S developed taking into account the phase change
process in the cylindrical battery cell cooled by PCM/CENG. Indhaptey the geometry

and problem descriptions are presented first, follolethe description of the analytical,
computational and CFD models. Next, different cooling strategies are studied, along with the
effects of the bulk density and PCM on the cooling effectiveness, during the transient
temperature rise. Results and disomssiare then presented. Ripgome conclusions are

drawn.

3.2Geometry and problem description

A cylindrical battery cell with an anisotropic thermal conductivity was considered. This
behaviourighlighted by Drake et al. [13as an impact on the designdmodelling
strategy.Table 7presents thehysical properties measured [1&hich were used in this
study.
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Table 7: Physical properties of the laydrical battery cell 26650 [13

Physical properties Cylindrical cell 26650
Heatcapacity [J.kg.K™] 1605
Density [kg.n?] 2285
Radial condulctivity [W.rit.K 0.2
]
Axial conductivity [W.m".K™] 32

3.2.1. Battery

The dimensions of the battery were chosen to test the models developed, which can be
modified easily for a different battery size. The heat generation of the battery is modelled by
a constant heat generation rate per volgnassumed to be 240V.m* [55]. The geometry

as shown in Fig. 6&as built using the open source software SALOME (an soeince

software that provides a generic platform for-faned pos{processing for numerical
simulationhttp://www.sdome-platform.org) on Linux (Ubuntu 13.10). This software is used
for building the geometry, the mesh, and also for the-pastessing in this study.

Fig. 62. Geometry of the cylindrical battery cell.

The cylindrical battergell has a diameter of 14 mm and a height of 200 mm. The anisotropic
conductivity of the cylindrical battery cell with the radial conductivity much lower than the
axial one (k<< k) is used for simplifying the modelling of the battery cooling. These
simgifications are discussed in detail subsequently.
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3.2.2. PCM/CENG

Wu and Xing [59 showed that the PCM/CENG composite could be modelled by only one
equation using equivalent physical properties. The PCM/CENG composite can be modelled
by one solid, as shown ind- 63 where a thickness of 20 mm was chosen for the test case.

Fig. 63. Cylindrical battery cell surrounded by a PCM/CENG composite

3.3 Analytical methodology

The forced convection and the PCM/CENG cooling are investigated in detail in this study.
The cooling by forced convection is investigated in1D and 3D. Additionally a 1D analytical
model of the cooling by a PCM/CENG composite is developed.

3.3.1. Analyticalsolution of a forced convection cooling

The cylindrical battery cell is cooled by convection on the surface located in the radial
direction. Subsequent to an axisymmetric boundary condition, the temperature distribution is
invariable by rotatonandbecers T (r , d, z, t)=T(r, z,t). The ger
presented as follows:
pT fr 1 & T

rc —-k— -k=—g— "5 3.1

v N RTE T 2 (1)
Moreover, the same convection coefficient (different from the one in the radial direction) is
applied at bth ends of theylinder (Fig. 62. Due to this symmetry condition in the z
direction, only the half length of the battery cell is studied. According to this symmetry, the
boundary conditions of thisoavection cooling problems are:

T(r,z,0)=T,, (3.2a)
%‘E §=o,z,t) 0 (3.2b)
(T ) 8 Rz o (320
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L8 ,-01) = (3.2d)

®)

%&%%(T T 82 ®/21) 0 (3.2¢)

Equation 8.1) is solved by theeparation of variable method [b3 he application of this
method requires homogeneous boundary conditions. These conditions are obtained by the
variable changq(r,z,t) =T(r,zt) -T,, The new system of eqtion obtained is:

W Bg 1 & B

o TR T (33)
q(r,z,0)=C (34a)
gel:?q ;:O,ZI) =0 (3.4b)
%”—"mq @ Rzt & (3.4c)
I +

%:TZ %ZZOI) =0 (34d)
%gzu—uih hg gz 2zt 6 withLz=L/2 (3.4e)

Therefore, the temperature can be rewrittep(asz,t) = Qr) Fz) (). However, Eq.3.3)

is still nonhomogeneous due to the volumetric heat source term. The method applied in this
case is the resolution of the associatethdgeneous equation (AHE), i.e. resolving the

equation fog =0. The associated homogeneous equation is presented as follows:

g g 1 & @

-k —"-k=—g—"56& 3.3a
T T T 359
Two different eigenproblems in and zdirections are obtained by applying the
decompositiong(r,z,t)= @r) Fz) (in Eq. 3.3a). The eigenproblem the rdirection is
described by

2
‘(’jrf +%%: Wi Co (35)

In Eq. @.5), mrepresents the eigenvalue. In order to obtain a basic form of the Bessel

equation, the variable change= m is applied to Eq(3.5) and leads to:

,d’C  dcC
X + X—

R 2x CO: (35a)

The general solution of equatic®fa) when following the garation of variable method is:
C.(n) =AJ(mr) B.Y( A1 (3.6)

92



where J, and Y, are the zer@rder Bessel function of first and second kind respdgtivde

boundary condition (4b) leads to the eigenfunctfdnassociated with the eigenvalag:

C,(r) =AJ,(mr) A, @) (3.6a)
The application of boundary conditior&4c) leads to the transcendental equation:

x J,(%)- B J(x) 9, With, x = 7RandBi, =h R/ k

(3.7)

Equation 8.7) provides infinity of roots and then infinity of eigenvalues. The second
eigenproblem ithe zdirection is described by

2
?j_szz F e (38)

The boundary condition84d) and 8.4e) lead to the eigenfunction associated with the
eigenvaluep, and the transcendental equation respectively, given by

F,(2) =B,cos(p,z) B~ F2 (3.9)
x, tan(x, )= Bi,, with x, = bzandBi, =h,Lz/ k, (3.10)

The next step of the calculation is to verify that the families of eigenfuncofs) and
F ,(2) constitute an orthogonal space. This verification is made by the construction of a scalar

product providing the orthagality condition in each space. The scalar product of the family
of eigenfunctions® , is defined as follows:

s e\ gy, €0 for pog _b,Lz+cos( fLz)sin( A2)
(FolFa), NE G o pog i 25, (311)

The orthogonality condition in Eg3.01) isobtained by calculating the integral and by using
the transcendental equatidhl(0). The same condition is verified for the family of

eigenfunctionsC, and the scalar product is defined and evaluated (Appendix A) as follows:

i (e +(n /K )) R
2 2

(C

G) fi C.@

e0 for n, m
I =
{W, for n=m

(J,(mR)* (312)

, with W, =

n

o]

The decompositiony(r,z,t)=d AX.(N F(2) Y, =4 & @ @ ..

n

withC,, = A B, , is finally replaced in Eq3(3) and the scalar products f@rn and F pare

applied to it.
q ~ > ‘ >
M E C,
o p
dY,, &kpb +k @ 8 1 <~<’°j Sy (3.13)
a & re & Co(F, Fp>z<q‘ Q>r



Equation 8.13) is now a simple first order differential equation with a second term. This
second term can be time dependant (heat source depending on the time) or taken as a
constant, in this case. The denominator of the second term is evaluated (Appendix A) in this

way:
Lz R .
<i F p> 6) =L pz e —LE with e = TOLIRUMR) (5
re, z . Lo o 0 % p
Then, the final equation describing,  (t)is:
dy ak b ? +k 0
n,p +§z P r /ﬁ 8aan _1 q Enp (3133.)
dt ¢ rc, 9 C, ©, W, W,
The solution of Egq.3.13a) under boundary conditioB.4a) gives
En é é kzb ’ + kr li) 6
Y, = g L expg Lt ¢ (3.15)

Ckb+k/j7vyv,yae 2 ¢

The 3D analytical solution of a cylindrical battery cell with radial and axial forced convection
and an internal heat gamadion rate per volume is:

T, (r,z1)- 5 g B : exa Kby +k, ,ﬁt osb,z )} (nr (3.16)
3D amb n=0kzb +k ,,ﬁ W\éﬂe % p 88 /ﬂ’

The study made by Drake et al. [showed a strong anisotropy of the thermal conductivity
for a cylindrical battery cell witk. < <, . The gradient of the temperature in thdirection is

expected to be more important in the radial direction and very low in the axial one. Moreover,
the available surface cooling is more important in tbdeection. Consequent to this

observation and therefore applying the major cooling psoicethe radial direction, an

analytical model independent of thelzection is proposed. This simplification leads to the
following equation:

re, LIS T POl e B (317)

’ r- gg’ ru-
Equation 8.17) can be solved using the separatbmariables. The method use to solve Eq.
(3.17) is identical to the one used to solve BdlL), with only the application of the boundary
conditions in the radial direction. In this case, only the radial eigenproblem is considered.
The solution of thidD analytical solution is presented as follows:
00
K, ,ﬁt 880 (mr) (3.18)

p -

~

.‘i q 2J,(MR)
amb 2
Bk (g +(n /K ) R 3( 78)
The 1D and 3D analytical solutions of a forced convection cooling are compared in different

configurations. In addition, a 3D CFD simulation of the cylindrizttery cell is performed
using the open source software SYRTHES (software dedicated to transient thermal

a a
To(rD)- T ;;% g
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simulations in complex solid geometries by ERtEp://researchers.edf.com/ssére/syrthes
44340.htm). The simulation is compared to both 1D and 3D analytical solutions. The test
case and the details of comparnisare presented and discussed subsequently

3.3.2. Analytical solution of the cooling by PCM/CENG

The development adnalytical solutions of conduction problems in multilayer bodies has
been carried out extensively in various configurations. Singh Ghldeveloped an

analytical solution to the transient heat conduction in polar coordinates with multiples layers
in the radialdirection. Besides, De Monte [pdeveloped an analytical approach to unsteady
heat conduction processes in @hmensional composite media. The method simplified the
analysis and the development of solution in the case of convective coolmgrottlia at

both external faces. Furthermore, Belgh&2] studied the analytical modelling of two slabs
with imperfect contact with an internal source term. In this study, the analytical model of two
cylindrical shaped bodies in contact (battery and RCBMNG), with an internal heat

generation rate per volume for the battery and convection on the external radial surface, is
invedigated, as that shown in Fig..63

The possibility of modelling the PCM/CENG by only one entity implies the calculation of
equivdent physical properties. The physical properties of the PCM/CENG composite were
studied experimentally by Py et a44]. The CENG matrix presents favourable mechanical
properties and chemical inertness. Besides, various shapes can be easily moulded from
expanded graphite powders. The compression process during the manufacture of the graphite
matrix leads to a higher conductivity in the direction perpendicular to the compression force
and a lower one in the direction parallel to the compression forcee&uént to this, and
considering the geometry (Fig. 68he conductivity in the radial direction is much higher

than that in the axial direction-@irection). After the manufacture of the CENG matrix, the

PCM is incorporated by imbibition. The CENG matis soaked in a PCM at a liquid state

and weighted until maximum load was reached. The PCM impregnates the CENG by
capillary forces, retaining the liquid in the matrix. However, a higher bulk density and long
chain paraffin presenting high value of visitpsvill necessitate a more sophisticated process

to reach a higher impregnation rate. Furthermore, 3% to 10% of the volume was known to be
closed during the manufacture process of the CENG, and could not be filled by the PCM
during imbibition procss. Theheoretical porosity [44can be calculated using

e=1 { £/ 2250, where 225(kg.m° is the theoretical density of graphite (3.19)

Py et al. [44 obtained the experimental data from the imbibition of a CENG matrix at

different bulkdensity for three different PCMs with melting temperature9%¢, 18°C and

80°C. To consider a conservative design, the model with 10% of closed volume is used for
the porosity calculation. In addition, it was shown experimentally that the PCM (paraffin)
does not affect the conductivity of the CENG despite the high level of impregnation. Besides,
a similar behaviour was observed for PCM added to a metallic mé&gixjccordingly the

95


http://researchers.edf.com/software/syrthes-44340.html
http://researchers.edf.com/software/syrthes-44340.html

bulk density of the CENG matrix gives the conductivity and porositi@PCM/CENG
composite. Empirical correlations of the conductivity in terms obtlik density were
developed [4} given as

Kg = Ker ﬂ(rCENG/46)4/3+O.l7 (3.20)
K g = Koo ﬂ(rCENG/46)2/3 82 (- 7eend 460117 (321)

The cylindrical battery cell studied here kas< k,, and the PCM/CENG composite Hass

>> K, ot Besides, the cooling will be applied on theface located in the radial direction of

the PCM/CENG, i.e. where the suréais the most important (Fig. 63 he external surface
located in the axial direction of the battery and PCM/CENG is assumed to be adiabatic. This
hypothesis is made because & #mall surface available and the low convective cooling
(mainly by natural convection). Moreover, the natural convection is disrupted by the presence
of the electric wire connecting all the batteries in the pack. Accordingly-diorensional

analytical nodel of the battery cooled by PCM/CENG composite is considered. Tests will be
performed when natural convection is applied on the external surface located in the axial
direction (zdirection) and compared to the results of adiabatic condition.

The conseration equations of energy for the CENG and the PCM can be written as follows:

- Wl kg pa M 0
(- ) ), £ ond pl® (322)

uT, K., & Mocu O_ i
e( ).y I . %gé e (3.23a)

The termé gyl ; % in Eq. 3.23a) describes the melting process in the PCM, With

representing the liquid fraction. The liquid fractidfis a step function, equal to 1 when

Toen > T,,and O otherwise. The equivaler@pacity method is used in this case, by modifying
the term describing the melting in EQ.33a). Besides, the derivation of the step functfpn
leads to a Dirac distribution.

Moo B Ty D(Tocn Tm)ﬂ (3.23b)

o Py tH t}

Equation 8.23a) is now transformed into a new equation with the Dirac distribution replaced
by a Gaussian distribution

€ r | - - 2 A o ~
eé( Cp) 4 PCMf expi (I_PCM _ Tm) %THCM kr,PCM H % TFHM 8 e (3_230)
é PCM 52 p C 2s 4 Kt r Hc rp =

Natural convection is observedrthg the melting of the PCM [4&nd enhances the heat
exchange between the PCM and the graphite. However, Py &flalemonstrated that the
natural convection during the melting of the PCM is negligible using a standard size of the
pores for the caldation of the Rayleigh number, in the case of PCM/CENG. The absence of
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natural convection for enhancing the transfer is replaced by the relevant surface contact
between the PCM and the CENG. This large surface contact leads to a fast thermal
equilibrium, with T, =T, =T, @ pointed out by Wu and Xing [%9The analysis oftte

comg!?
behaviour of the PCM/CENG [44, B§ives one equation with effective physical properties
(Eq.3.24), whereDT represents the melting temperattarge of the PCM.

e(rc) + PCMIf a- (Tcomp T)? @THomp kreﬁua Tl O

SN2p p? 25 v pgé oy 08 (324a)
(rcp)Eff - é %)PCM -(1 -)(ECp)é’; 3z (3.24b)

The cooling of the battery is finally described by E3j17) and Eq.3.24a). In the interest of
simplifying the resolution, the subscripts 1 and 2 are applied respectively to designate the
battery and the PCM/CENG composite. The resolution of the system is complicated by the
phase change term depending on the temperatur@.@dg). The model proposed only takes
into account the specific heat of the PCM/CENG &E8&4b), i.e. the latent heat of fusidn

is taken equal to zero. This model will be used to verify thedimensional hypothesis made
previously by a comparison to a thrdenensional CFD model.

1un 1pa | oq(). . _K

_____ v 3.25a
a | r u%é rus k, = rcp)1 (3.253)
1T, 1pd W o, _k . _

_____ Tu ! : 3.25b
a | r Ugé rllg:o 2 rcp)2 (/Cp)z (zvp)eﬁ k k& ( )

Figure 64presents the problem and locations of the boundary conditions. The boundary
conditions can be expressed by the following relations:

T, (r O) amb (3268.)
T,(r,0)=T,, (3.26b)
am 8 _o1) =0 (3.26¢)
ST

% Min(, 1) 8 50 O (3.260)
Sy =

T(r=r,t) F,0r Kt (3.26e)
kKM= 20 s (3.26f)

pr n
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Fig. 64. Description of the battery cooling by PCM/CENG.

The separation of variable method is used to solve this problem. The rmeesiodar to the
one used in the forced convection cooling (1D and 3D). The homogeneity of the boundary
conditions was used when applying the variable change:

g(r,)=T,(1) T RN & (3.27a)
g (r, ) =T,(r, ) T, R (& (3.27b)
1ug 1pa pg 6.9
T pgé Tk, (3.28a)
1pg 1pd pg o 3.28b
a, ur wa;é ru9:0 ( )
g,(r,0)=0 (3.29a)
q,(r,0)=0 (3.29b)
&g B_ot) 0 (3.29¢)
GHr =
%% ing § =0 e (329d)
¢ W +
gr=rt) =4r mt) (3.29¢)
KEh(r=r,t) %0 mY (3.29f)
W u

The AHE is solved with the separation of variaple(r,t) =R (r) /(t), in order to obtain the

eigenfunctions in the radial directions and the twadable functions:

I R G Y (3:30a)
a, dt

R=A3(/ 1) BY( /) i 2 (3.30b)

The coefficient/, is the eigenvalue of the solid, wherés associated with the eigenproblem

in the radial direction for the solids 1 (battery) and 2 (PCM/CENG).nidie difference with
the convection resolution is the addition of a new condition at the contact of both solids. The

continuity of temperature at the conta@2@e) implies, = ([ & ,a ,/J , with
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d= g/ . The application of thboundary condition3.29c), 3.29d) and 8.29¢e) leads to

the following equations:

Roa(N=A( 3o/ 200 = CLIIYL D)) A Ra(D AR

P(/ r) _Bino(/znrz)' /er] 1( zér% Bi hr/k (3318)
2n 2 BigYo(/anz)- /zrzYl( zéf;)’ 2 r'2 2

Jo(/501) - ROLTIYL Ar)
Jo(/1,1)

The functionsf{n(r) and @,n(r) are the eigenfunctions associated with the eigenvalyes

Ra(N=AFd 40 FA,R(D AR f

(3.31b)

and/, , respectively. The transcendental equation of the problem is obtained by using the

contact condition between both solids given in B9e) andeqg. 3.29f). The automatic

search of the roots can be challenging. The method is to determine the brackets where the
roots are located. The asymptotes generated by the convection cooling at the external surfaces
can be used as the brackets. However, ctatipns related to the large width of these

brackets are time consuming. Methods are developed to reducertiputation time. De

Monte [63 proposed a method using physical aspect of the problem to shorten the width of

the brackets. This method was developed based on the heat conduction betwagarado

slabs in steady state, with convection on both externals faces. Neverthelesg,atisaye

possible to obtain directly the roots within two asymptotes.

In our case, only one side is adiabatic (invariance by rotation due to the convectn at
and convection is applied at the external surface as shown iB4Fig. addition, the plot of
the transcendental equation (Bd2b) shows at least three roots between each asymptote.
Consequent to this observation, an algorithm written in Fortran 90 is proposed. An initial
value x, and an incrment dx, are chosen, followed by the calculation bfx,) and

f(x +dx). If f(x)f(x+dx) O,thenx, and x, +dx are the brackets for a root and they

are not otherwise. This condition implemented in a loop gives all the brackets and the one
where the asymptotes are located. All the brackets are saved in a text file and used by a
simple bisection algorithm to find dhe roots and also the asymptotic values. A test is added
in order to remove the asymptotic values from the final file containing the roots. The test,
with a different value ofix, from the first one is recommended, in order to yethft all the

roots are found.

P (X) _Biz‘]o(Xg/“/_N' (x /J_)JQIX/«/_@' ar,

; = 3.32
BLY,00/N o (x /¢ ) Wx/N g ‘d, (3:322)
f(x) = 3,(Q I(HVD) { K HA(3 I W) d
- RI(AYOND € R 3y () (332b)
k:%,x :(nrl
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The scalar product used in tltiase is presented as folloy@®, 61], and the demonstration is
described in Appendix B:

T R L T, 333
ia_:.La_irE] Ri,nR,m _: H for m= n’ Wi rO_ ( . a)
o= S L) )+
o _ (3.33Db)
5 re< A 2
7 830z RN AN) B0 (R (o) G
The solutions of the AHE, i.e. fay, (t) =0 are:
G0 =8 AR, (Dexp(- {2 B (334a)
Gl 0=8 AR (NeXp(- 4,7 2) (3:34b)

After the determination of the eigenfunctions and the relation between the eigenvalues, the
functions searched are written as follows:

g9 =4 R,(1) QU (3350)
2.0.9=8 R,,() QU (3:35b)

Eq. 3.35a) and §.35b) are replaced respectively in Eg28a) and §.28b). The
orthogonality conditio (Eq.3.33a) and the condition between the eigenvalugs (1,/ 4 ,

) are then applied, leading to the following equation:

>)""OIQ 7.7 a Q8% 1) R,

a—iaﬁ hrﬁi,n R,n :< R,n ~I3,n>2 -l< ~Bn ~B,n>1 :|_r| (3368')
al » — rL rC - . ‘lo(/ 2,nr1)_ F( /2nr2)Y0( Jnr) rl‘]l(/lnrl)

E(ou(t)\ R,), = AR, dr =R () R U 5

dQ, 2 F,

Gt 2 e (336b)

The calculation ofF, is detailed in Appendix B. The solution of E§.36b) is obtained by

using the variation of the constant method and the initial condition 329a) or 8.29b)).
The geneal timevariable solution and its simplified format when the heat generation rate is
constant can be given as
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Q.0 =0 exp( 4.7 alt Y (337)

n

— ql I:n _2

Q0 = 4H_n(1 exp /1, &) (338)
Finally the solution for the cylindrical battery cell cooled by the PCM/CENG with convection
on the external surface and a constant heat generation rate per volursensegras follows:

s G R (o) - RANYVL A4

T.(hY-T Do
(0 Taw A 7 3 4

30,01 exo 42 B) (339)

() T A5 (3000 (RN ) o gl @30
The 1D analytical solion of a cylindrical battery cell by a PCM/CENG was developed. This
model only took into account the specific heat of the PCM/CENG. Adputational

model based on the hypotheses made, Etj7) and 8.24a), is developed using the thermal
networkmethod b5]. The latent heat is added to this model and compared to the analytical
models (convective cooling and PCM/CENG cooling) developed previously.

3.3.3. 1D computational model

The thermal network method was used byd@ret al. [5$to build a 1D computeonal

model of a prismatic battery cell cooled by heat pipes. The same method is applied to
describe the cooling of a cylindrical battery cell by a PCM/CENG composite. The domain is
divided into small volumes with a node allocated to each volume. The aogl¢hen

connected together by thermal conductance, as shown i63-ig.

~ R
\.h, =20 Wm K

r

Fig. 65. Thermal network of the battery cooled by PCM/CENG.

The thermal conductance between the nodasd i +1 and the conductance of convection

(or resistance of convection) can be calculated using the following equations:
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. 1 _ 2plk

i+ (3403)
" Ria 100( 4/1)
Gconv R:i :hr Sconv' Sconv &7 { l' (340b)

The complete domain is divided into two stdimains: one for the battery and another for the
PCMI/CENG, in order to have flexibility in the cheiof the number of nodes for each

domain. The PCM/CENG suilomain is expected to necessitate fewer nodes compared to the
battery subdomain because of its higher conductivity. Due to the impossibility of placing the
first node at the centre of the battsgp-domain ( =0), this node is placed in a small

volume close to the centre instead. For this purpose, the battedpswein of widthr, (Fig.

64) is divided in two smaller domains of widit r, /u and widthr,i =((u -1)/u)r,. The first

node is located in the smaller domain of wigthwith u chosen to be a big enough quantity.
Tests are performed for different valuesuaffrom 1¢ to 10° with no major difference
observed and accordingly i€ finally used. The second smaller domain of the battery with

the widthr,iis divided into N nodes, while the domain of the PCM/CEM@h a width

r,i=r, +, is divided into N nodes. This spatial division is illustrated in Fog.

Fig. 66. Partition of the entire domain

The transient behaviour is modelled by calculating the thermal capaech volume
where a node is allocated. The phase change in the PCM/CENG domain is modelled by the
equivalent capacity method presented before (E844)).

rPCMIf a- (Tcom _Tn)z
Ceq comp ™ (/'C )eff S\j_pexp% 2;2

(7€) = € %o 1 2)eS)s ¥ (341b)

The complete problem can be represented by a matrix equation given as follows. This matrix
system is solved by the Euler implicit method, withrepresenting the time step.

(3.41a)

CORNEEILRE a2
g;i(-rn.l) [g-]n z[q"-l (343a)
gsi(.l.n.l) g C@Tﬂ -1) ) H)q (343Db)
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[Q" =gc(™ [g1]"* + DA (3.43c)

The Euler implicit decomposition applied on E84Q) provides stability. However, the heat
capacity is calculated at the previous tirtepgEq. 8.43b)). This simplification is tested for
different time steps in order to verify its impact on the results. THikagional system

formed by Eq. 3.43a) is solved with the Thomas algorithm at each time step.

The 1D computational model is wah in Fortran 90 where the choice of the bulk density,
PCM and geometry size can be easily modified. The choice of the bulk density modifies
automatically the porosity and thermal conductivity of the PCM/CENG, as those indicated in
Eq. 3.19) and Eqg.3.20). The temperatures at the nodes are automatically plotted with
Python in order to analyse the results and update the design.

The next section is dedicated to the analysis and comparison of the different models
developed.

3.4Results and discussions

A test case is built to compare the behaviour of the models and to verify the hypotheses. The
battery used for the forced cooling convection and PCM/CENG cooling is described in sub
section3.2.1. Identical convective coefficient is used in both cases.

3.4.1. Test case

The cooling of the battery by forced convection with a convective coefficidptdd® W.m

2 K is studied first. Followed by the cooling of the same battery with a PCM/CENG
composite wher,=20 W.m?.K* is applied on the external surface of the composite (Fig.
64). The 1D hypothesis is tested in both cooling cases and conclusions are drawn. All the
results presented are obtained with an ambient temperature of 20°C.

The PCM chosen for the PCM/CENG compess the rheptadecane paraffig4] and its
properties are presented in the following Table.

Table 8: Physical Properties of the PCM

Physical properties n-Heptadecane [26] n-Octadecane [15]
Number of C atoms 17 18
Melting point [°C] 21.9 28
Latent heat of fusion [kJ.Kg 214 241
Density [kg.n?] 775 777
Specific heat [J.K§K™] 2226.25 2660

The density of the CENG is fixed péena=200 kg.m®> with a thickness,=0.02 m In
consequence, the properties of ¢ihhaphite matrix (Eqs.3[19-3.21]) are given iTable 9
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Table 9: Physical Properties of the CENG

Physical properties CENG
Porosity(10% closed volume) 0.82

Radial conductivity [W.il.K"  27.3
Axial conductivity [W.m"K™] 5.7
Density [kg.nT] 200
Specific heat [J.K§K™] 700

3.4.2. Comparison of 3D CFD and analytical model for forced convection cooling

The convection cooling of the battery described previously is studied. The 3D CFD
simulation of the battery is performed the opersource software
SALOME.7.4/SYRTHES.4. The geometry and mesh are created on SALOME7.4 and the
thermal problem is solved on SYRTHES.4. The gostessing is also made on
SALOME.7.4 via PARAVIEW integrated directly into it. Only half of the battis

simulated due to symmetry of the problem, as that indicated irB2d) @nd Eqg.3.2e).

The properties of the battery are prase inTable 7and natural convection at the top
(z=L/2) is modelled by the convective coefficignt5 W.m2.K ™. The esult of the CFD
simulation is presented in Fig7.6
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Fig. 67. CFD results (°C) of the forced convection of the battery

To facilitate comparisons with the analytical model, the following indicative temperatures are
considered:
T(O,0t)=T ..; TOL 2t) =T ..

(344
T(raoit):Tminl; T(r1L/2’t) :Tminz

wherer represents the position of surface subject to convection=R, in the forced
convection cooling case amd=r, in thePCM/CENG cooling configuration.

The maximum temperature at these poikis. (3.44)) is compared to the 3D analytical (Eq.
3.16) and 1D analytical solution (E8-18) for forced convection cooling, shown in F6&.
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There is a very good matchtime prediction of the temperature rise between the 3D CFD
simulation and 3D analytical solution with natural convection at the top. The temperatures at
different heights are very close despite the natural convection on the external surface in the z
direction. This result showed the very small gradient in the axial direction. Therefore the
temperature field of the battery can be well described by the radial gradient only. This
behaviour is due to the anisotropic thermal conductiity<(<k,) of the cylindrical cell, as

that presented by Drake et al. [13

This particularity of the cylindrical battery cell was used to develop a 1D analytical model.
This model predicts a maximum temperature 2% higher than the temperature predicted by the
3D CFD simulation and 3D analytical solution. The discrepancy is due to the natural
convection on the battery top surface. A small amount of heat is removed from the battery

cell to the ambient. In reality, this discrepancy is expected to be smaller a# afrésiited

surface available for convection, compared to the present simulation. In real applications, the
top of the battery cell is occupied by electric wire and components, reducing the development
of the natural convection.
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Fig. 68. Maximum temperature of 3D CFD simulation and Analytical solutions (1D and 3D)
at different heights.

The 1D analytical model is therefore able to predict the temperature rise of a cylindrical
battery cell withk, << k,, subjet to forced convection in the radial direction. The
discrepancy expected will be less than 2% compared to a 3D CFD simulation.

The PCM/CENG cooling is addressed in the following-sabttion with comparisons
between the 3D CFD simulation, analytical sointand the 1D computational model.
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3.4.3. Comparison of 3D CFD model, analytical solution and 1D computational model for
PCM/CENG cooling without latent heat

The application of the same convective coefficient on both external faces in the axial
direction ¢=-L/2 andz=L/2) made it possible to consider only half of the battery cell and
PCM/CENG. The application of the symmetry conditions leads to consider the domain

[0.r,]3[0.L/ ], with adiabatic boundary conditionsrad andz=0. Finally the 3Ddomain

presented in Fig. 68 simplified to a 2D axignmmetric domain, shown in Fig. 6@hich is
much less tim&onsuming for a CFD simulation.
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Fig. 69. 2D-axisymmetric CFD model after application of the symmetry conditions.

The physical properties of the battery cell are the same as those used in the forced convection
case. The global properties of the PCM/CENG composite based on the parameter chosen for
the test case are presentedTiable 10 Besides, the latent heat is maken into account for

this study.

Table 10: Effective Physical properties of the PCM/CENG composite based on the test case
data

Physical properties PCM/CENG

€ (10% closed volume 0.82
K, o [W.M™K™] 27.3
K, o W.M™K™] 5.7
I cenc [kg.m?] 200

(’Cp)eﬁ [3. m®KY 1.44E6

A study of the mesh independence is performed and presented Tid.Figpe multiplication

of the number of nodes by four did not generate a major discrepancy between the results from
the two meshes. For consistency, results from the finer mesh (75009 nodes) are presented for
the simulations performed.
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Fig. 70. Comparison of the mesh for the CFD Simulation

The influence of the natural cooling on the top of the battery is studied by considering cases
with and without it (adiabatic). The addition of natural convection at the top of the battery
cell leads to similar maximum and minimum temperatures at different heights, as shown in
Fig. 71 Therefore, like the forced convection cooling, the properties of the battery cell and
the PCM/CENG composite lead to a very small gradient in the axial dire€tien.

comparison with the adiabatic hypothesis at the top also shows a maximum of 2%
discrepancy. The discrepancy is comparable to that in the forced cooling convection case,
which is expected to be less in real applications, for the same reason enunedoated b
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Fig. 71. Comparison between natural convection and adiabatic condition at the top for the 3D
CFD model.
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A comparison between the 1D analytical model of the cooling by PCM/CENG, the 3D CFD
model and the 1D computational when the latent heat is not taken into account, is performed.
The adiabatic hypothesis is kept due to the small discrepancy compared wauttad

convection condition at the top. Furthermore, the 1D analytical solution is computed with 74
roots, presented in Appendix C. A close match is observed for all the models in this
configuration, as shown in Fig2.
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Fig. 72. Comparison between the 3D CFD model, 1D analyi@M/CENG solution
and 1D computational model, whenQ and B=0.

The 1D computational model used twelve nodes for the battery and eleven for the
PCM/CENG. This amount of nodes is very low congplatio the 75009 nodes needed for the
CFD simulation. The comparison between 1D analyi®@aM/CENG, 3D CFD and 1D
computational model has shown that a-dimeensional model is sufficient to describe the
temperature behaviour. Considering the much redusgtd e comparison with the 3D CFD

simulation, the 1D analyticd CM/CENG solution and 1D computational model are superior
in practical applications.

The analysis of the conductivity helped to develop thedimensional models. However, the
intensity of he cooling also plays a role. It was shown that the most effective direction of
cooling was in the radial direction due to the low conductivity and large surface available for
cooling. The simplest way to analyse the cooling effect is the calculationegjuaralent

Biot number in the radial and axial directions of the battery cooled by the PCM/CENG.

An approximate thermal conductivity can be calculated considering a series path
configuration for the heat flux in the radial direction and a parallel patfigcwation in the
axial direction. The centre is approximately located. &t when using Eq.340a) in the
series configuration, in order to avoid the divergence at zero. The parallel path with the
thermal resistand® = L/ k Sis considered for both the battery and the PCM/CENG
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composite. The equivalent thermal conductivities for the battery and PCM/CENG represented
respectively by subscript 1 and 2 are:

2
o In((r,)/0.1,) k,, k., ke 1+, ((r) 47
* Ky, In(1r/0.0r) +ky, In((r,)/ry) a (r,)*
Considering the convective coefficient used befae.h,=5 W.m?.K* at the top in the axial
direction anch,=20 W.m%K™ in the radial direction, the Biot number obtained are:

0.3V mt K Kk ) BN K

Biy,, © h,(r,)/Ky,, .69 ; with an approximate characteristic lengthrpf

Bi.,, =h,(L/2)/K., 0.02

The Biot number is the ratio of the thermal resistance of conduction over the resistance of
convection. In consequence, the value of these equivalent Biot numbers indicates a lower
thermal gradient in the axial direction compared to the radialldne.calculation confirmed
what was observed for the comparison between theliomensional models (analytical and
1D-computational) and the 3DFD simulation.

After the validation of the ondimensional hypothesis, the 1D computational model is tested
with the addition of the latent heat, and compared to the 1D analytical PCM/CENG model.

3.4.4. Comparison 1BanalyticatPCM/CENG solution and lddomputational model with
addition of the latent heat

The latent heat of phase change is added to theobiputational wh |, , 0. The

calculation of the heat capacity at the previous t&te@ could lead to errors when applying

the Euler discretization on E®.43) with a large timestep. Therefore, the cooling of the

battery by the PCM/CENG presentaithe test case is evaluated at two different-siees.

The equivalent capacity method recommends a narrow phase change interval centred on the
melting temperatur@_ . A phase change interval @fT =°C is therefore condered in alll

the simulations [6b This value may differ for different PCMs and can be modified or
updated. The maximum temperature (at the centre of the battery) is calculated by the 1D
computational model with the tirsteps 0.1s a&h0.01s and presented in Fig..73
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Fig. 73. Maximum temperature of the battery for different tisteps.

A time-step ten times smaller than the initial one predicts an identical temperature variation.
In consequence, the time si&0.1s is sufficient to overcome the simplification made on the
heat capacity calculation and to describe the temperature rise.

The effect of the latent heat on the maximum temperature rise is shown if4-agel 75

with the comparison of the 1D comptiteal model to the 1D analyticRICM/CENG

solution. The latent heat of the PCM used, maintains the temperature under 40°C for 2.9
hours. Besides, 18000s are needed to reach the steady state, while 8000s are required in the
case of the 1D analyticelCM/CENG model with only the specific heat taken into account.
Furthermore, Fig75 depicts the comparison between both models at the surface contact of
the battery and the PCM/CENG, and the minimum temperature. This contact temperature
denoted byT,, is located atr =r, and the minimum temperaturg, is located at the

external surface of the PCM/CENG, i.er atr,. Both models present a close match at the
steady stateas shown in FigsZ/4and75, and also a very small gradient in the radial
direction of the PCM/CENG (Fig’5). This small gradient is due to the high conductivity in

the radial direction, resulted from the choice of the bulk dengity.
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After the validation of the onrdimensional hypothesis by the comparison to 3D CFD
simulations, &omplete 1D computational model was compared to a 1D analytical
PCM/CENG model.

Both 1D analytical and computational models have predicted the steady state with a close
match. In addition, the 1D computational model is able to represent the phase change
phenomenon. This comparison has shown the advantage of the PCM/CENG as a thermal
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management solution during temperature rise. The next section is devoted to compare the
PCM/CENG cooling to theokced cooling convection.

3.5Comparison of PCM/CENG cooling withforced convection cooling
The cooling of the battery by forced convection With20 W.m?.K™* gives a maximum
temperature of 75 °C and a skin temperature=at) of 61 °C, when the cooling by the

PCM/CENG designed for this casedsao a maximum temperature of 45.9 °C and a skin
temperatureT;,, ) of 31.1 °C with the same convection coefficient at the external surface of

the PCM/CENG, as shown in Fig6.
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Fig. 76. Comparison between the forced convection cooling and the PCM/CENG
cooling forh,=20 W.m?%.K™,

Besides, the 1D computational model shows that the PCM/CENG designed for this test case
is able to maintain the maximum temperature under 40 °C for 2.9 Bmsggite this slowing

down of the temperature rise, the reduction of the final maximum temperature is mainly due
to the increase of the cooling surface and the high conductivity of the PCM/CENG. What
would be the amount of convection to apply on the batterface, in order to reach the
maximum temperature obtained in the case of the cooling by PCM/CENG?

The Biot number of the PCM/CENG designed for this test case is equal to
Bi = Rogycene/ Ry 9.027. The temperature can be then considered gpubsiuniform in the

solid. The calculation of the thermal equivalent resistance by the consideration of a series
configuration can be approximated by:
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&q = RPCM/ CENG +Rconv
1 _In(r/n) 1 (3.45)
hequ kr,ef‘f hr( rz)

A h,° 3.8his necessary for the forcednvection cooling to reach the same final temperature

in the case of the PCM/CENG cooling. This value is substituted in the analytical solution of
the cooling by convection (E§.18) and compared to the 1D analytical model with
PCM/CENG cooling and th&D computational model. Figg7 and78 show respectively the
maximum and skin temperature of the battery cooled by convectioh,y¢ithgh . There is a

close correspondence between all the models at the steady state, but the fastedtitempe
rise took place in the forced convection cooling case. Consequently the higher convective
coefficient needed in the forced convection cooling implies a more efficient and expensive
pump/flow management system. In contrast, the PCM/CENG system @savidjhter

system compared to the heavy metallic components used in the forced convection cooling
solution equipped with a bulky flow management system.
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Fig. 77. Maximum temperature with the equivalent convective coefficient applied on
the battery cell.
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the battery cell.

The 1D computational modi computationally fast and the implementation of the

correltion developed by Py et al. [dgrovides a possibility to design the PCM/CENG. The
1D computational model is therefore used to study the influences of the bulk density and

PCM on the thermal prmances, which are presented in the next section.

3.6 Effects of the bulk density and the PCM

To investigate the effects of the bulk density and the PCM, parameters such as those for the
battery and the PCM/CENG thickness as well as boundary conditions are identical to the test

case described before. The ambient temperatufg, pf 20°C and the convective coefficient
h=20 W.m?K™ applied on the external face of the PCM/CENG, are still in use.

3.6.1. Bulk density

The 1D computational model is used to study the effect of the bulk density of the CENG
matrix. Due to théimit of mechanicaktrength [44 the minimum bulk density value used

for this study ig cena=50 kg.m.The maximum temperature decreases and reaches faster the

steady state with the increase of the bulk density, as shown inSFithis tendency is the
result of the increse of the effective conductivity when the bulk density increases (Eq.

(3.20)). Besides, the increase of the bulk density leads both to the decreasing of the porosity
and the reduction of the PCM quantity injected in the CENG matrix. The reduction of the

114



length of the phase change plateau is clearly observed ii%iyevertheless, the reduction

of the temperature obtained by the increase of the bulk density becomes insignificant after

} cena=200 kg.m®, while the length of the phase plateau decreases. Therefore, the increase of
the bulk density becomes less effective at a certain value and tends only to reduce the gain
brought by the phase change.
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Fig. 79. Maximum temperature of the battery cell cooled by PCM/CENG for various
bulk densities.

Figure80 presents the discrepancy of the maximum temperature in steady state, for different
bulk densities relative tpcena=200 kg.m°. The discrepancy drops loweath0.5% after a

bulk density of 150 kg.f The analysis presented in F&f) confirmed that a high bulk

density becomes ineffective and may penalize the gain added by the PCM, by reducing the
phase change plateau as shown in Fg.
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Fig. 80. Relative discrepancy of the maximum temperature (steady state) for different
bulk densities relative tpceng=200 kg.n.

Besides, Py et al. [}4as advised to use a maximum bulk density of 350 RgThis limit is
mainly due to the injection method of the PCM in the CENG matrix. In the imbibition
method, the impregnation kinetics and PCM quantity started to become too slow with
increasing density. In addition, the viscosity of the PCM, increasirgtindét number of
carbon atoms reduces also the impregnation kinetics. Therefore, the choice of 20&kg.m
sufficient to have a low maximum temperature, a high phase change plateau and good
impregnation kinetics during the imbibition of the PCM in therirat

The ineffectiveness at high bulk density can be explained by the analysis of the equivalent
thermal resistance, as that given in B#%). In order to highlight the effect of Biot number
of the PCM/CENG, this equation is rewritten as

Req = I%onv( BiPCM CENG _H') (346)

The Biot number and the equivalent thermal resistance are plotted for different values of bulk
density in Fig81.The Biot number decreases with the increase of the bulk density and
becomes much less than oheconsequence, the equivalent thermal resistance approaches
the thermal resistance of convection with the increase of the bulk density.
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Fig. 81 Equivalent thermal resistance and Biot number of the PCM/CENG versus the
bulk density.

This limit is approached very fast for bulk densities greater than 200°kgmerefore, in this
configuration, the only way to improve the performance of the PCM/CENG composite is to
reduce the thermal resistance of convection. If the thicksfabe PCM/CENG composite is

not modified, increasing the convection surface by adding fins and/or the introduction of a
higher convective heat coefficient will reduce this resistance. It is also important to notice
that the conclusion drawn for the impatthe bulk density on the maximum temperature in
steady state is independent of the choice of the PCM. This result is the consequence of the
independence of the effective thermal conductivity of the PCM/CENG composite to the
PCM. The choice of the PCM braffects the temperature rise.

3.6.2. PCM

The bulk density is kept at 200 kg*ralong with the configuration of the test case

previously described. The PCM is replaced by ttoetadecane paraffim@ble § and

compared to the analytical solution equipped with the same PCM. This case is also compared
to the previous one with theheptadecane paraffin. Fi§2 presents the maximum

temperature of the battery cell for th@ctadecane (n=18) andheptadecanparaffin

injected in the CENG matrix. As stated before, the change of PCM has only modified the
early temperature rise but not the final temperature.

Besides, a zoosn of Fig. 82 is presented in Fig. 83, which shows that the maximum
temperature of the bary cell reaches 40°C before being affected by the phase change
process occurring in the PCM/CENG composite. The 1D computational model provides a
possibility to design the PCM/CENG with its impact on the battery temperature distribution.
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Fig. 83. Zoomtin of Fig. 82

The thickness of the PCM/CENG chosen for the test case in this study has an impact on the
thermal behaviour of the battery. If the convective heat coefficient is kept constant, the
reduction of this thickness leads to an increase of the thermal resistaroceection by
decreasing the external surface of the PCM/CENG. Consequently, an increase of the
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maximum temperature is expected in the steady state. Furthermore, this reduction has an
impact on the transient rise of the temperature, by shortening éise phange plateau, due to
the decrease of the quantity of PCM injected in the CENG matrix. Therefore, the Biot
number presented in subsect®f.1, which depends on the PCM/CENG thickness, is
modified, as well as the optimized value of the bulk density obtained previously. This
parameter will be addressed in the next study dedicated to the codiireghttery pack

with PCM/CENG.

3.7Conclusions

The passive cooling management of the cylindrical battery by a PCM/CENG composite was
investigated and different models were proposed. Despite the high level of impregnation, a
PCM/CENG composite possesses a high conductivity, independent of the PCM thermal
conductivity. The forced convection cooling was studied first by the development of 1D and
3D analytical models. The 1D analytical model resulted from the anisotropic thermal
conductivity of the cylindrical battery cel,(<< k,, coupled with the conveon in the radial
direction where the gradient of temperature and surface are important. A test case was used to
study and compare the models. The comparison to the 3D CFD simulation on the open source
softwares SALOME.7.4/SYRTHES .4 in the case of foramavection cooling, led to a very

good match with the 3D simulation, when the surface in the axial direction was supposed
adiabatic and to a discrepancy less than 2% in the case of natural convection. This analysis
was followed by the PCM/CENG cooling ca3®e PCM/CENG was modelled by one

equation with effective physical properties due to the fast thermal equilibrium between the
PCM and the CENG graphite, resulting from the high surface contact between both entities.

Contrary to the battery, The PCM/CENGCdraradial effective conductivity much higher

than the one in the axial direction. The anisotropic thermal conductivity in the battery and
PCM/CENG composite combined with the cooling in the radial direction, led to the
development of a 1D analytical modélthe battery cooled by a PCM/CENG. This analytical
model used physical properties based on experimental correlations and the effective specific
heat for the PCM/CENG. A 1D computational model based on the thermal network method,
was developed in ordeo include the phase change of the PCM as a function of temperature.
A test case was built with the same configuration for the battery and convective coefficient
depicted in the forced convection case, and also-tieptadecane paraffin as phase change
material. The analytical solution and 1D computational model were compared to a 3D CFD
simulation on SALOME.7.4/SYRTHES.4, with only the specific heat taken into account. A
very good match was observed between all the models with adiabatic condition on the
surfaces in the axial direction and less than 2% discrepancy with natural convection on the
same surfaces. In practice, this discrepancy is expected to be lower, due to the surface in the
axial direction, usually occupied by the electric wires connedtiedpatteries with each

other. In consequence, a edienensional modelling of the battery cooled by a PCM/CENG
was sufficient to describe the temperature distribution in the battery cell.
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In addition, the 1D computational model with the consideration dateat heat was able to
predict the temperature rise in the battery and PCM/CENG with only 23 nodes, when the 3D
CFD used 75009 nodes. The model showed, with the chosen PCM, that the maximum
temperature was kept under 40°C for 2.9 hours. The cooling ByGCENG was able to

reduce the maximum temperature and skin temperature from respectively 75°C to 45.9°C and
61°C to 31.1°C compared to the forced convection cooling case with the same convective
coefficient of 20 W.rit.K ™. Moreover, 3.8 times the previoasnvection coefficient was

needed for the forced convection cooling in order to reach the same temperature obtained
with the PCM/CENG cooling. This implies that the PCM/CENG can be effectively used in

the battery cooling system.

The 1D computational mode&n be used to design the PCM/CENG from the bulk density,

and dimensions, to the choice of PCM. The influence of the bulk density was studied because
of its impact on the porosity and thermal conductivity of the PCM/CENG. Identical

dimensions, convectiveoefficient and PCM, to the PCM/CENG cooling case were used with
variation of the bulk density from 50 to 500 k&'nThe increase of density reduces the

porosity and PCM quantity at the same time, and increases also the effective conductivity.

The increas of the bulk density becomes ineffective at certain value of density. This
ineffectiveness was depicted by a low impact on the final maximum temperature reduction

and a more significant effect on the reduction of the length of the phase change plateau. Th
estimation of the equivalent thermal resistance of the PCM/CENG showed that this resistance
was approaching quite fast the convection thermal resistance. For the test case presented, 200
kg.n® was sufficient to be close to this limit. Therefore, foixed thickness of the

PCM/CENG composite, the only way to improve the performances is the reduction of the
convection thermal resistance. This resistance is reduced by increasing the convection surface
by adding fins and/or increasing the convective heeafficient. Moreover, this result is
independent of the PCM chosen, since the PCM does not affect the effective thermal
conductivity of the PCM/CENG graphite.

Nevertheless, an important gradient higher than 10°C was observed in the battery for the
coolingby PCM/CENG. This gradient was predicted by the 3D CFD model, 1D analytical
PCM/CENG and the 1D computational model. This result is perhaps dugrigle set of
representative data for an example battesed to build the test casEhechoice of various
representativelata was made to demonstrate the capacity of the models to work in various
configurations. Real battery data would be useful to confirm the origin of this gradient of
temperature. An experimental study would be usefuétdy certain hypotheses made and

to test the 1D computational model for designing a PCM/CENG compesitbermore, the
1D computationaénd the analyticahodels developed previously were only dedicated to the
study of a single battery, with possibktension to a module scale analysis in limited
configurations. In this optic, a new model is necessary to extend thdiroaasional model

to a multidimensional on&he next chapter will presetite numerical method used

develop this new approach.
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Chapter 4: Development of the celicentred Lagrangian diffusion code

4.1 Introduction

The study of passive cooling systems was presentée iprevious chapter, with models
developed in orer to predict the thermékehaviourof the batterycooled by thessystems
However these models were only dedicatethe study of a single cell and cannot be used
for battery module or packimulations To extend the methods to muttimensional
applications, numerical simulations in 2D or 3D are essential as anladgtichons become
unavailableln thiscontext a finite volume code was developed in ordearialysehe
passive cooling of a battenyodule or pack, i.e. the extension of tmedimensional model
to a multidimensional model.

This chapter is dedicated thedevelopmenof the CellCentredLAgrangianDiffusion

(CCLAD) mathematicatode, where the numericalethodclosely followed thaby Maire

and Breil [67, 68)with further developments in the boundary conditidriee method is a

finite volume numeridaresolution of equations for unstructured meshes. The method is well
described by the authors [67, 68] and only few generalities will be presented first in this
chapter, followed by the modification applied to the boundary conditions. The code was
createdor analysing the PCM/graphite coolipgesented in Bapter 3pf a cylindrical
batterymodule with constant and electrochemistry based heat generation. Finally, validation
tests against different models are performed, using constant and electrochiessistiyeat
generation. The electrochemistry model and the temperature distribution of the cylindrical
batterymodule are fully described inh@pter 5, but are used to show the capabilities of this
finite volume method.

Besides, simulations on SYTHESA4.0 ciéised in the next chapter, have shown that only a
two-dimensional simulation was sufficient to predict the temperature distribution of the

cylindrical module cooled by PCM/CENG. In consequence, thedimensional version of

the CCLAD finite volume methof67, 68] is presented. The code based on this CCLAD

method, is written in PYTHON and the mesh is generated by thesopgoe software
SALOME7. 4. For avoiding any misunderstanding
designates one element of the compaotel domain.

4.2 CCLAD generality

The CCLAD method developed by Maire and Breil [68] is used to describe the thermal
behaviour of battery cells cooled by a PCM/CENG at a multidimensional level, while the 1D
computational is only limited to the study ofiagde cell. The global thermal equation is
presented as follows:

mQ/dd_-::-: HK ED)V\é /.-'E;en (41)
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Where/ ., represents the hegeneration of the single battetgken either constant or
depending on the temperaturg the addition of the electrochemistry mqdeidw,

represents the global volume of the battdfgreover, the specific hea] is taken constant

for the battery domain and described by an equivalent theapakity model for the
PCM/CENG composite. The equivalent thermal capacity model [66] allows the addition of
the phase change phenomena in the transient simulation.

The main difficulty of the finite volume method for unstructured grid is the calculatithreo
fluxes exchanged between each cells composing the computational domain.

4.2.1. Flux calculation

The computational domain is divided in polygonal mgllwhich also are divided into subcell
w,.. A subcellw, is defined by connecting the centre or centroid of theegib the
midpoint of the edges impinging to nogef the celly, , as presented in Fig. 8Besides,

each edge has two hadtige normal fluxes and two hafige temperatures. The heat fluxes
for a cell w, are obtained by the calculation of the kedige normal fluxes exchanged for all

the subcellsw,. .

Fig. 84. Notation for sukcells surrounding the nogelocated in the computational domain

The first step is to find a relation between theedlfie fluxes of the subcell connected to the
same node. The discretisation of the hatfdge fluxes is derivelom the local variational
formul ati on of t he -céllandpresented ia a dereral fornoas follvasc h s u

qFourier = -K -E (42)

Different notations are used in order to build the mathematical relation between tbddwlf
fluxes of the subcells connected to the same node. Ireffpect C(p) represents the set of

cells surrounding a nogg as shown in Figd4, and the cell numbering follows the edge
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numbering, i.e. celly, is located between edgend edge+1. In addition, the two haif

edge normal fluxes with the application of the temperature continuity between adjacent cells
areexpressed by:

1 K QC (-rc - Tc)
—K_,© _
é%gﬂ Wec ’ écﬂ (Tc i Tc)

whereT_, T_,, designate the two hat¢fdge temperatures afg represents the cetientred

é c
k (4.3)

-|-QDk Ot

temperature. The ha#éfidge fluxesy; andq;,, represent the normal flux at edgand edge
c+1 respectively, viewed from cell, . Besides), designates the half of the length of edge
and K is the conductivity tensor calculated on the-selth w;, of cellu,, connected to the
nodep.

&K et K gt

K ccc c ctl''’c (4 4)
pc C +C C C )
§<cnc'nml Kcnci'nc 1+

This tensor is described by Eq. (4.2), wiffand nZ,, representing the unit outward normal to
cellw,, at edgec and edge+1 respectively. Because the thermal conductivity is isotropic in

the domain of study for both the battery and the PCM/CENG composite, Eq. (4.4) can be
simplified as follows:

al - Cog, 45)

The thermal conductivitk. is different from the battery to PCM/CENG, agds the angle
between edge andc+1 of the cellw, and is connected to the nopleas shown in Fig84.

The final expression for the hadtdgefluxes for a twedimensional problem with isotropic
thermal conductivity is:

0 _1kcél - €Oy, @C (TTC_ Tc)
(E%;l 8 Wpc ? Cosqc 1 gcﬂ (-rc i Tc)

The conservation of the flux at the hatlgec, i.e. between cellsy, and v , is given by Eq.
(4.7). The writing of Eq. (4.7) for all the hattigec of the setC( p) leads to a matrix system
described by Eqg. (4.8).

las+1ast ®; ¢ A(p) (4.7)
IMITIHHT (4.8)

This equation gives the relation between the vectors ofagé temperaturdd] and the
cell-centered temperatufé@] for the cells connected to the same npdk is important to
notice that the matricgM] and[S] of Eq. (4.8) are written for a nogieand there will be as
many as the nodes in the computational domain.

(4.6)

Therefore, the half edge temperature can be eliminated by the inversion of the tridiagonal
cyclic matri{M] , as presented in Eq. (4.9).

[TI=[M TS T (4.9)

The implementation of the boundary condition is similar to the previous calculation with the
conservation of fluxes between the hadfges not located at the boundaries of the domains
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(EqQ. (4.10.b)). The difference is in the addition of the boundary conditions at the first (Eq.
(4.10.a)) and last ha#dge, (Eq(4.10.c)) as described in Fig..8therefore, the sef(p)at a

nodep is open, i.e. there arl, cells connected to a nogdocated at the boundary and
N, +1 edges.

Fig. 85. Notation for sukcells surrounding the nogelocated at the boundary with Robin
boundary condition applied at the external teife.

From the notation of Figd5the new system of equations is defined as follows:

eh zllhl(-rl 'Tamb) (4.10.a)
las +1gs* ©; for ¢ 2,..N, (4.10.b)
le+1qss 1:|Np 1pr 1(-er 1 +'Tamb) (4.10.c)

The final matrix system obtained for a nquecated athe boundary is written by Eq.

(4.11).

IMIITI H 9 T [B] (4.11)
Where the matriXB] takes into account the terms due to Robin boundary condition applied
on the halfedge 1 antl, +1, as presented in Fi§5. Furthermore, the haddge

temperatures are eliminated similarly to the previous ¢tgsthe inversion of the matijii]
, as presented in Eq. (4.12).

[TI=[MTS T [+M[B] (4.12)

The final expression of the hadtige temperatures, when the npde located or not at the
boundary of the computational domain is used to build the final matrix resolution of the

problem.

4.2.2. Global cellcentered system

The building of the global matrix is presented in this section, by considering theicelisl

w located respectively in the domain and close to the boundary, as presente@@wHig.

a mesh generated by the ogsurce software SALOME7.Zhe thermal equation for a cell
w, is written as follows:

dT .. .
A Qu Fogens Que ¥d. ladg (4.13)

M Ge a.
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For the sake of homogeneityjs important to notice that the masgand the fluxQ, are
expressed respectively by, = ws HandQ,, = (Icqi +.,.05 i) H . However, the two
dimensionality of the problem all@puttingthe height tdH =1, leading to the Eqg. (4.13).

Different meshes from unstructured to structured, can be used, but only triangular ones were
considered in this study. In consequence, Eq. (4.13) can be simplified by Eq. (4.13a), with

P(9={ n, p. B} presented in Fig. 86

aT 2
M. Ge dt +a.1 Qpc 7 gen ¢ (413&)
Q:

The total hakhedge fluxQ,.exchanged by the subced, with the other subcells impinging
at a node of the cell w, is transformed into Eq. (4.14) by using E4.6).

Que=f9e(T %) [ BT T (4.14)

In the case of symmetric thermal conductivity tensor [68], the migtiis identical tgS] .

Moreover, due to the sparse structure of $heEq. (4.14) can be rewritten into Eq. (4.14a)
with the subscriptl designating a cell belonging®@{ p) .

Fig. 86. Triangular meshes on SALOME with an inner aell and a cellw/ close to the

boundary.
e o A . . A& .- 0

Q.= - [S qd(-la q;) E'a[ Poalh e AlS;u@ T (4.14a)
di C(p) caran cdiap -

Finally Eq. (4.12) is used in Eq. (4.14a), Wi8] set to zero for a cell, located in the
computational domain as shown in FB§. Finally, Eq. (4.15a) is obtained witB?, seen as
the thermal conductance between cellsand v, belonging taC( p) through a node.

Q.= -a Gy (S), (4.15a)
di C(p)

(S).=((3T m1B] ). (4.15b)

G"=[9{M[ b - (4.15c)
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gl :if c=d
L ﬁa [S] cd dd’WIth Qd 1,:0 ‘i d
Cdi C(p) i T C

5

(4.15d)

The thermal equation of a cell can be transformed from Eq. (4.13a) to Eq. (4.13b).

Besides(S; ) is seen as a source term accounting for the boundary condifiptisd on the

half-edgesof the cell locateatthe boundary /) of the domain. This term is equal to zero
for the cellw, not connected to the boundary.

dT, 3,
ran/c a a da 7 genc +a89: (413b)
dt  padicin pE

Finally Eq. (4.13b) is written for all the celtemposing the computational domain and put in
a global matrix system equation as follows:

[C]dm {ALT EQ (4.16)

[C], [Al and[Q] designate the global thermal capacity matrix of theasitered nodes,

the global thermal conductance matrix between theceeltered nodes of the entire domain
and the global source term of the problem respectively. Eq. (4.16) has an identicaltfoem to
global equation of the 1D computational model [66] of a battery cell, but described the 2D
simulation of a battery module scale. Furthermore, the transient solution is obtained by an
Euler implicit discretization of Eq. (4.16).

It is important to bewge that the maximum principle is respected during a simulation, i.e. the
increase of the hatiedge temperatures coordinates with the increase of theecgdired
temperatures.

Cpi P ro
) 1*"82 24
ci C( p)| . (4.17)

'ICOS% ¢ mlnaelﬂ - —

Sufficient geometric conditihs on the meshes were highlighted by Maire and Breil [68], in
order to respect this principle. For an isotropic thermal conductivity tensor, the geometric
conditions are simplified into Eq. (4.17). This condition is very restrictive and can be difficult
to achieve in the case of complex geometries. Nonetheless the CCLAD code is studied first
for a test case and compared to other CFD code and methods in order to validate its
capabilities.

4.3Test case and validation

A cylindrical battery cell of 7 mm raditend 65 mm height is considered for the test, in order

to compare the results to the analytical and computational model developed before [66]. This
battery is surrounded by a PCM/CENG composite of 7 mm thickness, identical to the one
used by Greco et al. §§, i.e. a graphite density pEeng=200 kg.mi® and the paraffin

heptadecane as PCM. Besides, a convective coeffici@t\wtm?.K™ is applied on the
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external surfaces of the battery cell wath ambient temperature fixed at 209®e meshes of

the twadimensional problem presented in R8F, are generated with the opsaurce

software SALOME7.4, where the battery cell is coloured in orange and the PCM/CENG

composite in green. The meshes generated by SALOME7.4 are exporte@C@LHB code

as a A.dato file. This file contains the coo
the different nodes composing each cell, in order to calculate the parameters (volume, length,

etc.) used to build the global matrix of the problem.

The CCLAD code is compared to the 1D computational model, SYRTHES and analytical
solution, when it is possible. The temperature is compared first, followed by the addition of
the phase change in the code and finally the implementation of the electisichemdel

fully presented in Gapter 5. Moreover, the temperature and phase change validations are
performed with a constaheat generatiopowerper volumeof 240kW.m?.
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Fig. 87. Meshes of the test case of the cylindrical battery cell cooled by a PCM/CENG
matrix.

4.3.1. Temperature and phase change validation

The temperature prediction is tested with a constant power and by taking only into account
the specific heat of the PCM/CEN.e. the latent heat of the PCM fixed at zdro£ 0).

Fig. 88presents the results between the CCLAD code, the analytical solution obtained in
[66], the 1D computational codad the opeisource software SYRTHES4.0. The 1D
computational code used 23 nodes and the meshes presdrigdinwere used for both
SYRTHES and the CCLAD code. A close match is obtained between the different models,
showing the capacity of the CCLADde to predict accurately the temperature.
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Fig. 88. Comparison of the maximum and minimum temperatures of the battery cell cooled
by PCM/CENG matrix between the CCLAD code, 1D computational model,
analytical solution and SYRTHES.

Next, the phase change is added in the CCLAD code and compared to the 1D computational
model. The phase change model is added with the latent;he& and a constant heat

power generation. The CCLAD code is compared to the 1D catipodl code with the
phase change model included.
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Fig. 89. Comparison between the 1D computational model and the CCLAD code with the
addition of the phase change model.
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Fig. 89shows an agreement between the CCLAD code and the 1D computational model for
the maximum and minimum temperatures. These results have shown the capability of the
CCLAD code to describe the phase change behaviour in the PCM/CENG matrix and its
impact on tle temperature rise.

The final test is dedicated to the addition of the electrochemistry model in order to describe
the heat generation of the battery during different constant discharge rates.

4.3.2. Effects of the electrochemistry

The electrocheratry model desribed in apter 5 is added to both the CCLAD code and 1D
computational model. The solid and solution diffusion coefficients are taken constant as well
as the ionic conductivity. This hypothesis was made due to the lack of proper correlation [25]
and alsdecause the different data used to run the simulations were randomly taken in order
to show the capabilities of the CCLAD code and 1D computational model to describe the
thermal behaviour of a cylindrical battery cell cooled by a PCM/CENG composite. This
simplification will lead to slightly higher temperatures which can ensure a conservative
PCM/CENG composite design.

The simulations are performed for 2C, 4C and 8C constant discharge rates witifa cut
condition activated, when the-ion concentrationthe spherical particle surface of the

anode or cathode reaching a certain value fixed by the manufacturer for safety considerations.
The comparison of maximum and minimum temperatures between the CCLAD code and the
1D computational code for the 2C, 4GJa8C discharge rates are presented in Bigs91

and 92respectively.
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Fig. 90. Comparison between the 1D computational model and the CCLAD code with the
addition of the electrochemistry model (AM) for the 2C discharge rate.
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Fig. 91. Comparison between the 1D computational model and the CCLAD code with the
addition of the electrochemistry model (AM) for the 4C discharge rate.
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Fig. 92. Comparison between the 1D computational model and the CCLAD code with the
addition of the electrochemistry model (AM) for the 8C discharge rate.

The number of nodes of the 1D computational is fixed at 103 and the meshes for the CCLAD
code are identicdb the ones presented in F&Y. A close agreement is observed between the
1D computational and the CCLAD code despite the very different approaches used in these

codes.

The 1D computational moded based on the configuration symmetries and the anisotropic
thermal conductivity of the cell [66]. Therefore, the 1D computational model involves
discretisation in the radial direction only, with different nodes connected to each other by
thermal conduence calculated from the geometrical and material properties parameters. In
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the meantime, the CCLAD code is a 2D ahtred finite volume code for unstructured
meshesThe close agreement obtained between both models despite their different approach,
hasconfirmed the capacity of the CCLAD code to simulate the cooling of battery cell cooled
by PCM/graphite composite with a heat generation based on the electrochemistry.

Finally, the impact of the phase change on the temperature rise of the singledetittery
additionally studied. The 1D computational model is only used for this study, since both
CCLAD code and 1D computational model had shown identisaltsefor this test case

(Figs.90, 91 and 92For the different discharge rates presented prelyiciine latent heat is

fixed at zero [, =0) and the heat generation is still described by the electrochemistry model.
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Fig. 93. Impact of the enthalpy on the temperature rise for the 2C discharge rate of cylindrical
battery cell cooled by a PCM/CENG composite.

Figs.93, 94 and95 present the comparison of the temperature wbere the phase change is
takenor notinto accaunt, for the 2C, 4C and 8C discharge rate respectively. This comparison
highlights the effecof the phase change on the temperature rise. Furthermore, the phase
change leads to a variation of the temperature field resulting to a slightly higher gradient o
temperature. This variation of the temperature field in the battery cell is caused by the low
thermal conductivity and the high cooling effect of the PCM/CENG composite.
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Fig. 94. Impact of the enthalpy on the temperature rise for the 4C discharge rate of cylindrical
battery cell cooled by a PCM/CENG composite.
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Fig. 95. Impact of the enthalpy on the temperature rise for the 8C discharge rate oficglindr
battery cell cooled by a PCM/CENG composite.

At higher discharge rate like the 8C rate, the temperature rise is fast and more noticeable. The
low conductivity of the battery does not allow the cooling effect of the PCM/CENG to reach
the centre of th battery cell, as fast as the temperature rise. In the meantime, the border of
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the cell is directly subject to the cooling effect of the composite, as shown BbFIgis
important to keep in mind that these results can change for different graphite fengity
dimensions and PCM type, but the main behaviour will remain the same.

4.4 Conclusion

TheCell-Centered LAgragian Diffusion mathematical method developeddise and Breil

[67, 68] was briefly presented in this chapter as well as the modification applied to the
boundary conditions. The CCLAD method provides also a high order finite volume cell
centered scheme for unstructured grid. This method was usedefol@evcode written in
PYTHON for the LINUX environment, with the mesh and geometry generated by the open
source software SALOME?7.4.

A test case made of a single battery cell cooled by PCM/CENG [66] was proposed in order to
compare the CCLAD code to the dmputational model, analytical and CFD software. The
CCLAD code has proven its effectiveness in predicting the temperature behaviour of the
cylindrical cell cooled by PCM/CENG composite with, addition of the phase change and an
electrochemistry model.

Furthermore, the impact of the phase change was highlighted when an electrochemistry
model was used to model the heat generation of the baftesyimpact on the temperature
prediction will be fully studied in the next chapter with the description of the
electrochemistrynodelling.After the validation of the CCLAD code on simple test cases, the
next chapter will extend the study to a cylindrical battery module cooled by PCM/CENG with
the addition of an electrochemistry model.
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Chapter 5: A coupled thermal and electrochemical study of lithiumion battery cooled
by paraffin/porous-graphite-matrix composite

5.1Introduction

Electrical and hybrid electrical vehicles are alternatives in the global effort of reducing the
carbon dioxide emssions from the transport sector. Batteries are normally used as the power
source for these vehicles, and the high power requirement has madedahéaitery the

best candidate. However, the performance abhibattery is limited by temperature during

the discharge/charge processes, despite its high capacity and energy density. Temperature
affects the reliability, safety, and efficiency of the battery. Besides, the temperature
uniformity is important in order to avoid thermal runaway and hotspotsnipsm short

circuit in the battery module [1, 2].

The developments of efficient and reliable cooling solutions were investigated and can be
classified into two main categories. In active cooling methods, heat is removed by the
movement of a coolant in thettery module. A dedicated pump which uses the energy from
the battery in order to move the fluid and the cooling flow is adapted in function of the
battery heat generation status, during the driving operation. The systems are usually bulky
and require garallel configuration in order to maintain uniformity beémesach battery in

the module [6, 1J7 In addition, studies were performed in order to optimise the flow
management system [32,]38y reducing the pump power, moving the fluid while keeping
the cooling efficient.

The other category is dedicated to the passive cooling management of the battery using the
phase change phenomenon. Heat pipes based on the liquid/vapour phase change were studied
experimentallyf35, 39 and theoretically/numericalljp5] in battery thermiamanagement.

The design of a heat pipe set in the case of prismatic battery cetbdlaowgh level of

efficiency [53. The solid/liquid phase change phenomenon was used in order to reduce the
temperature rise of the battery during discharge. Passiliegooaterial (PCM) showed a

good capacity in maintaining the temperature uniformity, despite extreme environmental
temperature conditiong $]. However, their low conduatity limits their application [41, 2.

In this context, composite materials madéigh conductive material and PCM were
investigated in order to study their effectiveness in the thermal management of the discharge
process.

Kizilel et al. [47] showed that a composite made of a graphite matrix and PCM was able to
bring back the battennodule to thermal uniformity after a thermal runaway. However, the
equations presented did not consider the effect of the latent heat. The experimental properties
of the compressed expanded natural graphite (CENG)/PCM compb8ijter¢re used by

Greco etal. [66] with the consideration of the phase change of the PCM, in order to develop a
model predicting the thermal behaviour of a cylindrical battery cell cooled by this composite.
This model can be used for designing the composite and to predict thegemgpat any

points in the battery cell. In addition, design parameters were highlighted which can be
optimised for achieving maximum cooling effectiveness.
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The studies carried out previously considered a constant heat generation source in the battery.
This simplification is cost effective in term of thermal cooling design, where the main

objective of the cooling process is to maintain the temperature under a certain limié3ato [
studied experimentally the thermodynamics of -#oli battery and decomped the heat

generated into a reaction heat, polarisation heat and Joule heat. The Joule and polarisation
heating was represented by resistances depending only on the state of charge (SOC). The
reaction heat due to the chemical reaction during chargsaraige was taken only

depending on the SOC. Despite the absence of temperature dependency in the heat generation
model, the results were close to the experiment but discrepancies appear@&ait: of

50%. Nieto et al. [1Psimulated the cooling of pohdattery module by cold plates, during

charge and discharge from 1C to 3C. The heat generation was represented by the entropy heat
and Joule heat, depending both on the SOC and temperature.

Their model agreed well with the experiment at the lower chdisp/arge rate (1C) but
unsatisfactorily at the higher rate (3C), with a discrepancy of 7%. This solution seems
satisfactory for representing the heat generation of the battery at low discharge rates.
Nonetheless, this model does not give access to ekqiarameters of the battery and their
behaviour with the rise of temperature. Therefore, an electrochemistry model of the battery
cell has to be introduced in order to describe the electrical parameters and to represent a more
realistic behaviour of thieattery heat generation during charge/discharge.

Based on the porous electrode and concentrated solution theories, the pseudo two
dimensional (P2D) model was developed by the group of NewB®a21]]. The model was

well validated in galvanostatic dischar{ronstant discharge rate conditions) and has been
widely used. The phase concentration and potential were assumed to vary only in one
dimension. The solution domain is taken as continuous and the solid phase is assumed to be
composed of identical sphesigarticles of a predetermined size in the radial direction. The
P2D model can give satisfactory results with appropriate calibrations, but it is time
consuming for cycling simulation or when used forbmard battery management system
applications. Thiss why Smith and Wand@p] coupled the P2D model with a lumped

thermal model in order to explore pulse power limitations and thermal behaviour of a battery
pack.

Simplifications were applied to the P2D model and led to the porous electrode model with
polynomial approximation (PP) and single particle (SP) models, in order to reduce the
computing time. The PP model approximates the solid diffusion with a polynomial function
and still takes into account the solution phase diffusion and migration in the lgtectfitie

SP model neglects the diffusion in the electrolyte and represents each electrode by a single
particle with an area equivalent to the active area of the solid phase described in the P2D
model. In addition, the solid diffusion in the SP model isragimated by a parabolic profile.
Santhanagopalan et arq compared the three different models at different discharge rates.
They observed a close match between the three models at low discharge rates, but larger
discrepancy appeared between the P20P®) and SP models at high discharge rates. This
difference is mainly due to the absence of solution phase diffusion in the SP model, which
has a major impact at high rates.

Moreover, Guo et al.7[l] extended the SP model presshby Santhanagopalanatt [7(
with the additions of an energy balance and a solid phase diffusion coefficient depending on
the temperature. Their model was validated against the PP model for different galvanostatic
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operations at low charge/discharge rates. However, the moeindt take into account the
diffusion in the electrolyte and may lead to discrepancies at high rates.

Similar to the SP model by considering one particleetwh electrode, Prada et al.][25
proposed the average model (AM). However, the AM leads ferdiftial equations with the
current density approximation, while the SP model gives algebifférential equations.
Furthermore, the solid and solution phase diffusion was taken into account in the AM, in
order to use the model at high discharge rdtes.authors coupled the AM with a lumped
thermal model made of one node, in order to observe the impact of the temperature on the
electrochemistry and also to predict the temperature behaviour of the battery cell during
charge/discharge. They linked théeimal node of their lumped model to the skin

temperature of the battery cell by considering internal and external thermal resistances for
modelling the diffusion in the battery cell and the convection cooling with the environment.
The comparison with thexperiment for low and high discharge/charge rates showed
agreements for the cell voltage. The trend of the transient behaviour of the skin temperatures
was in good accordance with experiments, but with small discrepancies for the high rates of
charge/disbharge (4C and 8C). The higher temperature prediction observed for the high
charge/discharge operations may be due to the neglecting of the radiation heat removal and
also to the consideration of a lumped thermal model with only one node.

Zhang [/2] invesigated the thermal analysis of a cylindrical lithiom battery by coupling a
SP based model for the electrochemistry with a lumped thermal model taking into account
convection and radiation heat removal . The solid diffusion of the lithamnm the eletrode
was modelled by a parabolic approximation, and the diffusion of lithamm the electrolyte
was included in the model. The diffusion in the electrolyte was solved by a finite volume
method, where the concentration of lithium was supposed tavfallsecond order

polynomial function of the coordinate along the thickness direction of the cell components.
The comparison between the experiment and the lumped model was in close agreement with
40 °C and 39.43 °C respectively for the skin temperataalscharge rate of 1.7C (5A).
Moreover, the author showed that the lithiton gradient concentration in the electrolyte
played an important role in the precise determination of the heat generated during
charge/discharge operations.

The lumped thermal medlis frequently used to model the energy balance when the
electrochemistry model is studied with more details. In fact, the coupling of the
electrochemistry model with a thermal model remains complex despite the simplifications
presented before. The sinfigation by a lumped model did not take into account the gradient
of temperature in the battery cell. This gradient can be important due to the low conductivity
of the battery cell in the thickness and radial directions for the prismatic and the cglindric
battery cells respectively. Furthermore, the description of this gradient is important for the
design of an efficient battery thermal management system, especially when the design of the
cooling system is included in the model.

The onedimensional (1Dromputational model developed by Greco et@8] flescribed the
temperature behaviour of both battery cell and PCM/CENG with a constant power. However,
the constant power assumption poses a severe limitation on its scope of applications. The
combined effet of the cylindrical battery cell cooled by a PCM/CENG composite with the
additions of the melting process and heat generation described by an electrochemistry model
has not been investigated. The present study is motivated by the lack of investigdtien on
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thermal behaviour of the battery cell when electrochemistry is considered. This analysis will
allow studying the performances of both battery cell and PCM/CENG composite in more
realistic conditions. The AMZ5] was selected as the electrochemistryelaue to its

simplicity and satisfactory results against experiment at high and low charge/discharge rates.
In addition, the solution and solid diffusion of lithiaion of the AM was replaced by two 1D
computational models, validated against analytiohlt®ns.

The aforementioned 1D model was developed for the study of one cylindrical battery cell
only and could not be used for simulations of more complex configurations. In consequence,
an extension from the ort@mensional model to a multiimensionamodel is performed in

order to extend the study of the battery cell cooled by PCM/CENG composite to the battery
module scale. The extension was made possible by developing a new code based en the cell
centred Lagrangian diffusion (CCLAD) mathematical mdttdeveloped by Maire and Breil

[67, 68. This method allows the solution of the thermal equations by a finite volume scheme
with anisotropic diffusion on unstructuredds. The phase change model][@6d the

modified AM model for the electrochemistry aneluded in this new code, called CCLAD

code for the sake of simplicity. The code is used to compare two different module designs
with constant power and power based on the electrochemistry model (AM).

In this chapterthe problem and geometry of a cylirwél battery cell cooled by the

PCM/CENG are briefly presented first, followed by the presentation of the electrochemistry
model with the description of the modifications applied to it. Next, the analysis of the battery
module scale is performed. Compariss made between the usual and new module designs,
with results and discussions subsequently presented. Finally, a summary of the research is
presented.

5.2 Cylindrical battery cell cooled by a PCM/CENG composite

A cylindrical battery cell is cooled by PCRIENG composite, with the battery cell
completely surrounded by the cylindrical shape composite. The cylindrical battery cell is
represented by a orttmensional model due to the anisotropic thermal conducf{d/&yand
the PCM/CENG composite is modelleg éne equation due to the thermal equilibrium
between the PCM and graphite (CENG). The thermal equilibrium between the PCM and
graphite is assured by the large surface contact during the melting process. In addition,
experimental correlations were usedaiculate the density and conductivity of the
composite with the modelling of the phase change laganvalent thermal capacity [F6

In our previous studies, an analytical solution based on the separation variable technique and
a 1D computational modebbed on the thermaktwork method were developed [55he

analytical solution took into account the specific heat of the PCM/CENG composite only,
while the 1D computational method indked the phase change procesg.[G6e different
hypotheses made ingee of the development of the analytical solution and 1D computational
model were validated against a 3D model simulated by the spece software

SYRTHESA4.0 (software dedicated to transient thermal simulations in complex solid
geometries by EDARttp://researchers.edf.com/software/syrtdd840.htm).

Our previous work considered constant power only, which is not the case for real discharge
conditions. In this study, the thernt@haviour of the battery cell cooled by a PCM/CENG
coupled with an electrochemistry is investigated in order to predict more realistic behaviours
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of the battery during discharge process and the impact on the cooling effectiveness of the
PCM/CENG compositelhe extension of the model will allow analysing the performances of
the PCM/CENG composite at different discharge rates. The next Section is dedicated to the
description of the AM and to the modifications applied to it.

5.3Electrochemistry model

A lithium-ion battery with a lithium iron phosphate cathode and graphite anode is considered
in this study, as shown g. 96 The chemical reaction for the discharge of the battery is
described by the following reactions.

LiC, e V5W%% X Li* +x e  +i, , C;atthe negtive electrode. (R.1)
X, LT +xg e+, FePQ %%%%%; %LiFeP@ at the positive electrode. (R.2)

The governing equations and descriptions of the mechanisms during discharge process are
presented via the P2D model.
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e ® © o o [0
o® 0o o e® 0 o
(- L7 (=
é .. : .. 'R Electrolyte .. : .. O %
G @) @ |G
Jo® o® 2
0@ ® 0® 9
Je o®@ 0 0%0
.... Solid spherical e® o4
O ® pherica O ® »
O 0 materials L AL ) S
0 R re
O O

1 L 1
Fig. 96. P2D model of the Lion battery.

5.3.1. Pseudo twalimensional model (P2D)

The equations of the P2D model describe the charge conservation and diffusion of species in
the solid and electrolyte phases. The conservation of lithium species is represented by:

L L (5.1)
woor?opg Corp

HEC _ Hé eff P 0 jf

e o EIDS T s ) (52)
it ngp zZu 9 F

The conservation of charge is represented by the following equations:

E%eﬁ “fs :
we g s

QO

I (5.3)
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The electrode overpotential and electrochemical kinetics are respectively calculated as
follows:

h=¢ - U, (55)
I :asiogexpge%h g-exp %?% h (5.6)
with the following boundary conditions:

D, ‘:J‘;S(r:o) 0 ; Ds—is(r R2) ajsfF—, (5.1a)
‘:E(r:o) =%(z E) o, (5.2a)
-se““u];s(r 0) :sgﬁ—f(z =L, (53a)
““fzs(r:dn) =%(z E ¢ o (5.3b)
“p';e(r:o) =M 9 o (5.4a)

During the discharge process, theidm is removed from the sperical sites by diffusion at the
negative electrode. This diffusion of-lans from the centre to the external face, as described
by Eq. 6.1), is caused by the current generated duringlitiearge, as described in E§.§).

The Li-ions removed from the sperical sites at the negative electrode are transfered through
the electrolyte by migration and diffusion in order to reach the positive electerode, as
described in Eq5(2). The separat@voids exchanges between the anode and cathode but
lets the Liions travel through, in order to reach the spherical site of the positive electrode. A
diffusion process occurs at the surface of the sphere from the surface to the centre. This
insertion ofLi-ion in the spherical site at the cathode is also descriped b%.EQ.With a

change of sign for the boundary condition shown in E4aj.

The extraction and insertion of-lans at the the negative and positive electrode generate
electrons in theolid phase, collected by the metalic collectors at z=0 and z=L. An electric
potential in the electrolyte exists due to the transfer of charge in the electrolyte, as shown in
Eq. 64). Itis interesting to notice the conservation of the electric chargeding Eq. %.3)

and Eqg. $.4). The coupling of this model with a detailled themal model is time consuming
when cycle simulation and/or pack/module level designed are addressed.

5.3.2. Average model

In this study, the average el proposed by Prada et @5] which wasbased on
simplifications of the P2D model is chosen in order to reduce the computing time. The model
has shown agreements with experiments for low and high charge/discharge rates. ifhe AM
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similar to the SP model by neglecting the solidamoniration distribution along the electrode

and considering the material diffusion inside a representative solid particle. Nevertheless, the
AM leads to partial differential equation with the current density approximation while the SP
model gives algebraidifferential equations:

o

~ [
an,n(Z)dZ:Z :Jf,ndm (57)
0

" |
N+ p(2)dz= N 3 o (5.8)

This approximation transforms the equations of the P2D model into simple partial differential
equations which are solved subjaxthe boundary conditions. In consequence, &8) énd

Eq. 6.4) are integrated for the negative electrode, separator and positive electrode regions
with the boundary conditions given in E§.3a), Eqg. $.3b), and Eq.5.4a). The solution of

these equ#ons led to the following eression of the cell voltage [R5

—

Voo €8 3, c(0), ¢fL), = U [ &) -U[ x7) RT oty 1L

PP f L (59)
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The parameters.’ | =c_’,

concentrations at the surface of the cathode and the anode respectively. Furthdyamute,

U, designate the equilibrium potential of the LiFePO4 electrode (catht8legrid the

graphite (anodejespectively [2P which are experiment based correlations depending on the
normalized lithiumion concentrations at the surface of spherical sites. The cell voltage
calculation depends on the solid and solution phase diffusion processes with the necessity of
providing thke concentration of the lithium at the surface of both electrode particles and also
the concentration of lithiuaon in the electrolyte at z=0 and z=L.

/¢, amaxF€Present the normalised-idn

As presented before, the addition of the solution diffusion in the electrolyte is really
important in oder to describe properly the heat gatien at high discharge rate [Z8))].
The heat generation is defined as follows:

~

; a s s édUp s dUn s
/gen: -Iéévcell (U p(Xs;) U_r(xs))) ?g-rh(x,sl F(X,s)n g- . (510)

The intensityl, is positive for the discharge and negative for the charge. ThedtefdT is
linked to the entropy bylu/dT= [ Fwhenonly one electron is exchanged. For the sake of
simplicity, dU/dT is called entropy term, witdU , /dT and du,/dT[74] designating the
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experimental based correlation of the entropy of the cathode and anode respectively, in
function of the normalized lithiuAon concentrations at the surface of spherical sites. The
coefficients of the polynomial interpolation based onegkgerimental data of the entropic
terms are presented in Appendix D.

Consequently, the calculation of the cell voltage and heat generation implies knowing the
concentration of lithiumon at the surface of the electrode particles, and in the electrolyte.
The transformation into simple partial differential equations based on the current density
approximation, is used to calculate theidm concentrations in the solid and liquid phases.
The determinations of these parameters are performed by resolviradidhensl solution
diffusionwith the nodal network method [b5'he data used to perform the electrochemistry
simulation are taken fron2§], unless they are stated from other sources.

5.3.3. Solid phase diffusion

The nodal network method used to develop thedmputational thermal model [b&
applied in this case with the lithium concentration represgntie nodes, as shown in Fig.
97(a). The conductance of the electrolyte between two nodes is determined by considering
the following patrticle flux betweerné nodes:

, dc

Gin= 4 B ar (5.11)

The integration of Eq5(11) with the hypothesis of a constant flux between the nioaled
i +1 gives the final expression of the electrolyte conductance:

1 r

L 1 r,f

C.,-C.y = =—1g; = . 511a
> . 4st I’i+1ri g Gs,i,i 4 4 @s ri £i ( )
Therefore, each node obeys the following equation from the htolE-1:
dg,;
Vs,i d_t' = Gs,i,i+1(cs,i+1 _Q,i) @s,i EN} (Cs,i 1 Cs?i) . (512)

If N designates the last node, i.e. the node linked to the surface of the spherical particle, the
equation becomes:

dc, j
VS,Nd—t'N:GS,N,N—l(CsN-l 'Cs,N) 4p zaS_fF' (5.12a)

A global matrix systens finally obtained and solved similar to the 1D computational
thermal model§6] with an implicit Euler decomposition to perform the transient simulation.
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Fig. 97. (a) Spatial discretization of thepherical particle in the solid phasad the
normalised Liion concentration at the surface of the electrode particles for the
discharge rate of: (b) 2C; (c) 4C; and (d) 8C.

The consideration of constant volumetric heat generation for the battery=&6] implies

that a steady state is reached as function of the cooling solution and battery geometry at the
end of the simulation. Nonetheless, the addition of an electrochemical model changes this
behaviour by stopping the simulation when the battetiage reaches a certain @ff value

or a certain concentration at the surface of the electrode. These values are defined by the
manufacturer in order to assure better safety and lifespan of the battery. In consequence, the
solid phase diffusion plays amportant role in the determination of the heat generation
(equilibrium voltage, entropy) and the simulation time.

The insertion/extraction process ofibns is very complex due to the partial solution regions
and difference in capacity restitutions igr charge/discharge process2s|] A shrinking

core model was developed in order to account for the mechanisms with the use of a particle
size distribution. However, such an approach is very time consuming and the use of only one
equivalent particle peglectrode for the AM do not allow its application. Therefore, the radius
of the sphere in the solid phase was taken as dependent omateehy Prada et al2f)], in

order to account for differences in capacity restitution after extraction/insertiba bfions.

This adjustment of the particle sizes was in good accordaticexperimental result.able

11 presents the particle size radius dependencies on the discharge rate with C=2.3Ah.

Table 11. Particle size radius ifunction of the discharge rate [25].

Discharge rate Positive particle radius [nm] Negative particle radius [pm]

2C 6.9 412
4C 6.0 4.0
8C 5.11 3.87
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The 1D computational model of the solid diffusion is compared to the analytical solution
developedy Subramanian et alr$], which was obtained for a constant solid diffusion
coefficientDs. The study is only focused on the discharge operations, and the simulation
stopped (the cubff condition was met) when the normalisedidun concentration reaches

surf

Xs.n
electrode 25].

o & the surface of the negative particle@;f‘w at the surface of the positive

The comparison between the analytical solution and the particle diffusion model is performed
for 2C, 4C and 8discharge rates. The resufiresented in Figs. 97(b), 97(c) andd®7

showed a close match between the models at different discharge rates, supporting the validity
of the solid diffusion computational model. In addition, compared to the analytical @ne, th
model is simple to apply and can be implemented with zones based on different solid
diffusion coefficient values and/or solid diffusion coefficients depending on the temperature.

The diffusion of the Lions in the solution phase is also describedsateed with the same
method used in the case of the solid diffusion.

5.3.4. Solution phase diffusion

The diffusion of lithiumions in the electrolyte affects directly the cell voltage and heat
generation and has an important impact at high discharge rategefiér@l equation for each
node is presented as follows:

dc..

ee,kv dEI _Ge|1+1( e|+1 _Cei) @e', —1,(Q,i 1 QE-I) Q V

S A | (5.13)
C:’e,i i+l = =X k = (1 -t+)ﬁ 7 D:,ﬁk Beeekbrugg

Z,- % F

with the subscripk designating the anode, cathode and separator. A total of 30 nodes were
needed to compute the solution phase diffusion, i.e. 10 pede®ne (separator, negative

and positive electrodes). Considering a constant electrolyte diffusion coefficient and an
average current density, an analytical solution for the steady state of the solution phase
diffusion is obtained as:

a 1 94,
O L) - P_L. 5.133
( ) ( ) qndn %:):_f;ep 2D fon 8 qpﬁ B?;p 2D e;f o [jéefef sep ( )

The demonstration of this solution is fully explained in Appendix E. The transient 1D
computational electrolyte diffusion model is compared to the analytical solution obtained for
thesteady state, as shown in Fig(&8
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Fig. 98. (a) Comparison between the transient 1D computational solution diffusion
model and the steady state analytical solution for different discharge rates. (b)
Solution phase concentration at different discharge rate2%¢ and t=100s.

The agreement between the two models indicates that the solution phase diffusion model and
the number of nodes chosen are adequate. The solutioardeations presented in Fig.(88

for different discharge rates, are plotted in functbthe thickness of the cell at t=25s and
t=100s, inFig. 98b). The 1D computational solution of the diffusion has shown its

capabilities for describing the transient variation of the lithRiamconcentrations in the

electrolyte domain.
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Furthermore, theolution diffusion model can be implemented with an electrolyte diffusion
coefficient depending on the concentration of lithium in the electrolyte and/or the
temperature, while the analytical solution describes only the steady state with a constant
electolyte diffusion coefficient for each zone (anode, separator and cathode).

The AM proposed by Prada et &5] is modified by the addition of the 1D computational
model for the diffusion in the solid and electrolyte phases. Prada ebjalsgd an averge
constant ionic conductivity based on experimental results due to a lack of experimental
correlation for the LiFePO4 and obtained close results to their experiments. This value is
used in this study for all the simulations performed.

5.4 Analysis of the batery module scale

This section is dedicated to the analysis of the battery module with cylindrical batteries
presented. Five identical LiFePO4 cylindrical batteries of 7 mm radius and 100 mm height
are inserted in the PCM/CENG block. The parameters d?@M/CENG are the same as
those used ing8], i.e. a graphite density pfeng=200 kg.m? and the paraffin heptadecane as
the PCM. Aconvective coefficient of 20v.m% K™ is applied on the external surfaces of the
battery module wittan ambient temperatufixed at 20°C Moreover, the surfaces in the
height direction (zlirection) are supposed adiabatic due to the low surface of exchange and
convective coefficientd6], while the power generation for each battery is taken as constant
and fixed aR40kW.m>. The boundary conditions in thedirection made it possible to study
the haltheight of the battery module and the ones applied in the x-atickgtions made it
possible to consider onbyquarter of the block.

The simulation is performed using SYRTB&£0 and posprocessed using PARAVIEW via
SALOME?.4 (software dedicated to build geometry/mesh and post processing of CFD results
by EDFhttp://researchers.edf.com/software/saletd839html) for the threedimension

(3D) and twedimensional (2D) simulations. Fig. 99(a) and Fig(l®%resent the 3D and 2D
simulations respectively, of the battery module with the positions of the battery cells.

The maximum temperatures of the batteryscellboth 2D and 3D simulation are presented
in Fig. 99(c), whereT, .,and T, represent the maximum temperature of thiéelpy cell

,max2

1, as shown in Fig. 98), located at the bottonzE L, /2) and top ¢ =L, ) of the battery

cell respectively. An identical notation is applied for battery cell 2 in the 3D simulation and
only T, ..andT, . are chosen for designating the maximum temperatures of battery cell 1

2,max

and cell 2 in the 2D simulation.

A close match is observed between the 3D simulation at different heigtite¢on) and

the 2D simulation. Moreover, the results show that the PCM/CENG matrix is able to maintain
the battery cells of the module at a gjtidentical temperature distribution with a maximum
temperature difference less than 2 °C and a minimum skin temperature difference less than 3
°C, between the twibatterycells. This analysis has shown that a 2D simulation is sufficient

to study the behaviour of the battery module embedded in a PCM/CENG block.
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Fig. 99. Cylindrical battery cells embedded in a PCM/CENG block3{@&)simulation;
(b) 2D simulation. (c) Comparison between the 2D and 3D results for battery
cells 1 and 2.

In this study, a new design is investigated in order to reduce the volume of the PCM/CENG
used and also to enhance the cooling by increasing itxauffae design presented in Fig.
100has a thickness of 2 mm and twelve identical fins integrated into its structure. Each fin
has a length of 3 mm and a width of 1 mm, with the final shape of the PCM/CENG matrix
supposed to be moulded as described inldetpd4]. It is worth noting that the prescribed
minimum and maximum densities of the CENG matrix for such shape have not been
analysed/optimised in order to ensure favourable mechanical properties during operations.
Despite this technical uncertaintiietnew shape is considered and extended to a battery
module made of only 4 battery cells. Each battery is surrounded by the PCM/CENG
composite with fins and separated from others by thermal insulators in order to ensure the
safety of the battery module. fact, this separation is made for avoiding the propagation of a
thermal runaway from a battery to another and also to achieve efficient cooling of each cell in
the zdirection as shown in Fig. 10This parallel cooling distributior6] is aimed to

maintan an even temperature distribution in the battery module.
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Fig. 100 A new design of the battery moduleqaarer of the battery module cooled
by the PCM/CENG with finsLn=3 mm; bcy=9 mm; Wi,=1 mm).

In consequencanly one battery cell cooled by the PCM/CENG with fins needs to be studied
since all of them are subject to the same conditions. Moreibneesymmetries allow using

the 1D computational code of the battery cell cooled by a PCM/CBRGN| order to study

the thermal behaviour of this new configuratidhe fins in the 1D computational modéb]

are only modelled in term of cooling surface due to the high conductivity of the composite
and the small volume occupied by the fins with regard to the rest BGNECENG

structure.

The 1D computational model of the battery cell cooled by a PCM/CENG becomes inadequate
for complex geometries and cannot be applied for module or pack studies. The extension of
the study to more complex geometries (module/pack desigtis)he additions of the phase
change and the electrochemistry model (AM) has led to develop a new code based on the
CCLAD mathematical method. This method originally developed by Maire and Bre8§]

is a finite volume celtentred scheme for anisopic diffusion on unstructured grids.

Considering that a 2D simulation is sufficient to study the module design, the code is
developed for 2D geometries and unstructured grids. This code will be designated as CCLAD
code in the rest of the article andused to verify the hypothesis concerning the

representation of the fins only in term of equivalent convection cooling and also, to
investigate and compare two different designs of battery module cooling. These two designs
are designated by the usual and/rkesigns, where the cylindrical battery cells in the usual
design are inserted in a PCM/CENGmMposite as presented in Fig(I99 and the ew design

is presented in Fig. 10Qe. the configuration of PCM/CENG with fins.
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5.5Comparison between the new andsual battery module design configurations

The CCLAD code is used to study and compare both the new and usual design configurations
presented previously in Section 4. The module in the new and usual configurations is made of
four batteries of 7 mm radiwsd 65 mm height. The volume of the PCM/CENG composite

is taken as the same in order to compare the two configurations, where the cooling surface in
the new design is 3.7 times of the one in the usual desigigamation (Table 1P Due to the
symmetriesn the x and ydirections, only a quarter of the module is considered for both the
new and usual design configurations.

Table 12. Surface and volume cooling of the two module designs.

Usual module design New module design withfins
surface of cooling [cn] 83.55 22.55
Volume [cm’] 8.87 8.87

The PCM/CENG composite is identical to the one used before emavactive coefficient of
20W.n?.Kis applied on the cooling surfaces of the module tighambient temperature
fixed at 20°C. The meshes of the usual amvd design are presented in Fig. 101(a), Fig.
101(b) and Fig. 1Qt) respectively, with the PCM/CENG composite coloured in green and
the cylindrical battery cell in orange. Both design configurations are studiead wonstant
volumetric heat generatiaf 240kW.m? and the electrochemistry model (AM).
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(@) (b)

(c)
Fig. 101 Battery module configurations (a quarter of the donmshown): (a) the
usual design; (b) the new design; and (c) the new design without the fins.

5.5.1. Analysis of both configurations with constant heat generation

The configuration (geometry and cooling process) of the new design allows using the 1D
computational model, since all the battery cells of the module are subject to the same
conditions. It was considered that the fins of the PCM/CENG composite could lededod

only in term of convective effect due to the small volume and high conductivity of the
composite. The CCLAD code is used in this case to verify this hypothesis. Besides, a
comparison with SYRTHES is performed for both the new and usual design&irterd

firstly show the effect of the phase change and finally to verify the temperature at the steady
state. In fact, only the specific heat of the PCM/CENG composite is implemented into the
opensource code SYRTHES, i.&. =0. Both he CCLAD code and 1D computational

model are expected to reach the same temperature as that obtained by SYRTHES.

Fig. 104a) shows the comparison of the results. The 1D computational model is not valid to
represent the complete transient thermal behadoero the simplification made for the
description of the fins. Neglecting the volume of the fins leads to a faster temperature rise
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