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Summary

Solid oxide fuel cells (SOFCs) are power units aprg at 600-1000°C which
produce electricity through the electrochemicalvewgion of the chemical energy of
a fuel, thus providing a clean and efficient alsgive for energy production in the
near future. Although nowadays the first commeizadion of residential and
portable power units has just started, the optitidraof this technology for bigger
power system installations remains challenging.eéttj SOFCs are complex
systems, showing nonlinear interactions and stroogpling among phenomena
occurring at different length scales. Therefore,delmg tools and simulation
techniques offer a valid contribution to gain amleaderstanding of the elementary
processes in order to support the research irfidhiks

In this thesis, an integrated microstructural—etamttemical modeling framework
for SOFCs is presented. At the microscale, the odmerically reconstructs the
microstructure of the electrodes, which are rangonous composite media wherein
the electrochemical reactions occur. The effectivaperties of the electrodes are
evaluated in the reconstructed microstructures wset, as input parameters, in
physically—based electrochemical models, consisbhgiass and charge balances
written in continuum approach, which describe thandport and reaction
phenomena at the mesoscale within the cell. Thexgfbe strong coupling between
microstructural characteristics and electrochempralcesses can be conveniently
taken into account by the integrated model.

The presented modeling framework represents aaokllfill a from—powder—to—
powerapproach: it is able to reproduce and predic&O&C macroscopic response,
such as the current—voltage relationship, knowinly ¢the powder characteristics



Summary

and the operating conditions, which are the samasuorable and controllable
parameters available in reality. As a consequeao®irical, fitted or adjustable
parameters are not required, feature which makesrtbdel fully predictive and
widely applicable in a broad range of conditionsl el cell configurations as an
interpretative tool of experimental data and agsigh tool to optimize the system
performance.

In this thesis several particle—based microstrattunodels are presented,
covering all the main morphological features aretibde architectures adopted in
SOFC technology (e.g., conventional composite eldess, infiltrated electrodes,
arbitrary particle shapes and agglomerates). Elelseamical models for the
description of electrodes (button cell configuraji@and cells (within a stack) are
discussed. These models are applied for both ctienah conducting materials,
typically adopted in SOFC technology, and for inaitbxe fuel cell configurations.

Each model is satisfactorily validated at the cgpmanding scale, then the whole
framework is tested for the microstructural—eledtemical simulation of short
stacks, showing an excellent agreement with expariah data. The application of
the integrated model confirms that there is a stroaupling between electrode
microstructure and cell electrochemical behavialy dy taking into account this
interaction a model can provide quantitative infation and sound predictions.

Concluding, this thesis provides an approach tb tfie gap between the
microstructural and the electrochemical modelirifgring a predictive tool which
does not rely on empirical and adjustable parammgetegipable to reproduce the
macroscopic electrochemical behavior of an SOFQ starting from the powder
characteristics.









Preface

Solid oxide fuel cells offer a great opportunityr fa young scientist who is
interested in applied research: it is fast—growiogic, which requires a multi—
disciplinary expertise and a multi-scale approaokplving a lot of excellent
researchers worldwide in academia and industriaipamies who are willing to
disseminate their knowledge and findings. Especifibne wishes to model such a
complex and intriguing system, he/she must know fthelamentals of a wide
variety of physical and chemical phenomena whiléndgeaware of all the
technological issues and market requirements.féwawords, solid oxide fuel cells
represent a challenging test to improve the knogdeahd apply all the skills that a
good researcher should have.

Apart from being an interesting and fascinatingidppolid oxide fuel cells can
represent one of the possible alternatives for emrcland sustainable energy
production in the near future. Therefore, for me,isi a pleasure giving my
contribution to help the research community in mgkisolid oxide fuel cells
available on the market as soon as possible. THeugiasm that | have shown
during these years is the same one that | notadanof professors, researchers and
students that | have met throughout the world.

Many people have contributed to the present thdgisctly and indirectly. First
and foremost, | would like to express my gratittoleny supervisor Prof. Cristiano
Nicolella for his support and confidence in me. bkteongly encouraged me to
continue my studies, supporting me in several wBysing these years, he actively
participated in my modeling activities and gave tine possibility to gain further
experience and to present my results in varioufecences throughout the world.
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Chapter 1

Introduction

This Chapter represents the general introductichethesis, aimed to present the
main features of solid oxide fuel cells and relatgmteling activities. The objective
and structure of the thesis are described, focusimgthe relationships among

different chapters.
The main highlights discussed in this chapter are:

I. solid oxide fuel cells represent one of the posséiternatives to produce clean
and sustainable energy in the future, despite te tlds technology requires
deeper understanding and further optimization;

il. different phenomena occur in solid oxide fuel celtsdifferent length scales,
which can be modeled by using different approachesder to guide research
towards an optimal design;

ili. a multi-scale approach, integrating the differemtdeling tools at each scale
level, practically is still lacking: this thesisnaé to integrate the microstructural
modeling into the cell-level model, in order toldw frameworkrom—powder—
to—powerwhich does not require any empirical, fitted ojugthble parameter.



Chapter 1 - Introduction

1.1 Solid oxide fuel cells

Fuel cells are electrochemical devices which cantber chemical energy of a fuel
directly into electric energy [1,2], as schematicakpresented in Figure 1.1. The
fuel and the oxidizer are kept separated in diffecmmpartments: the oxidation and
reduction reactions proceed separately, chargestfioough the system closing the
circuit while feeding an external load. The eleckremical conversion is not limited
by thermodynamic constraints (i.e., the Carnot&yals in heat engines, with clear
benefits in terms of efficiency. In addition, sintee combustion is avoided, the
formation of pollutants is minimal, allowing an @émnmentally—friendly production
of electric energy. Fuel cells allow for stationageration since, unlike batteries,
fuel and oxidizer can be continuously supplied.

When the fuel cell is fed with fuel and oxidizen electric potential difference
spontaneously arises at its terminals. This volitadhe driving force to produce dc
currentl and thus electric power for an external load. Basic elements of a typical
fuel cell are the electrodes, namely the cathodkthe anode, and the electrolyte.
The cathode represents the positive electrode, ewhethe oxidizer, typically
oxygen, is reduced. The anode is the negativeretlgtwherein the fuel is oxidized.
The electrons produced at the anode flow in theraat circuit, providing electric
power. The electrolyte is insulating to electrahstansfers charges within the cell
through the transport of ions.

Air
—> e
Cathodd  0,+4e 20> |
Electrolyte I 0% Electric
Anode 2 - @DV load
2H,+20“—>H ,0+4e I
(A
\A)

—>

Fuel

Figure 1.1 — Schematic representation of a solid@suel cell fueled with hydrogen.

There exist different types of fuel cells, claggifion the basis of the nature of the
electrolyte material, which also determines theraiixreg temperature and thus the
state of reactants and products: alkaline fuelsc€AFC, 50-200°C), proton
exchange membrane fuel cells (PEMFC, 30-100°Cgctimethanol fuel cells
(DMFC, 20-90°C), phosphoric acid fuel cells (PAF200°C), molten carbonate
fuel cells (MCFC, ~200°C) and solid oxide fuel segfBOFC, 600-1000°C) [1]. In
this thesis only solid oxide fuel cells are conséde whose global electrochemistry
is reported in Figure 1.1 for the case of hydrogga fuel.
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Solid oxide fuel cells

Solid oxide fuel cells are characterized by a selectrolyte, which transports
oxygen ions from the cathode to the anode [3]. fféwesport in solid state limits the
operating temperature in the range 600-1000°C, aufmethe resistance to ionic
transport is acceptably low. In such a temperatange, reactants and products are
gaseous. In particular, gaseous water and carluxiddi are produced at the anode
when hydrogen—based (e.g., pure hydrogen, as uré-i1) or carbon—-based (e.g.,
carbon monoxide or hydrocarbons) fuels are used.

Despite the drawbacks connected to the high—terperaperation, SOFCs offer
several advantages if compared with other typesuef cells in terms of fuel
flexibility, efficiency and adaptability. SOFCs camn with different fuels, such as
hydrogen, carbon monoxide, methane and other hgdroaos, also accommodating
the possibility of internal reforming directly withthe anode [3,4]. In addition,
unconverted reactants can be feed to gas turbtheshybrid SOFC—gas turbine
system can reach efficiencies in the order of 6@e-18-5]. The fuel flexibility
makes this technology attractive in the next ydarghe transition between fossil
and renewable fuels.

As anticipated above, SOFCs produce very low epmssof pollutants such as
NO, and SQ because the combustion is avoided [3,4], whictansadditional
positive feature in comparison with heat engindsenl since there are no moving
parts, SOFCs also allow for silent, vibration—freperation [4,6], which also
guarantees low maintenance costs. The modularignigher positive feature: big
power plants, in the order of hundreds of megawftis can be obtained by
assembling small units [3], whose size can be &een small for miniaturized and
portable applications [8,9].

Due to their inherent flexibility, nowadays SOFGs/& been proposed for a broad
range of applications. The U.S. Department of Eyehgs the objective of
developing power system installations in the orderlOOMW based on SOFC
technology, fueled by syngas produced from coaifigason and accommodating
the CQ capture [7]. Industrial teams, such as FuelCekrgy (formerly Versa
Power Systems) and Bloom Energy, have demonstihid SOFC systems for
distributed power generation applications in theaxge 50-100kW can be
manufactured and run with satisfactory efficiend0]] Commercialization of
combined heat and power systems for residentidicapipns (~1kW-class units)
started in Japan in 2011 under the framework oNE®O project [11,12]. On the
other hand, in North America Delphi has been deyvalp and demonstrating
SOFC-based auxiliary power units (3-5kW) for trueksd other vehicles [13].
Finally, micro-SOFCs (i.e., sub—kW class) are na&diin military [8] and even
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portable applications, such as the néttanobile charging power system produced
by Lilliputian Systems.

However, despite important achievements and alth@mme SOFC systems are
commercially available, to date the breakthroughS@fFC technology still faces
significant challenges concerning cost reductiomngtHerm stability and
performance improvement. SOFCs are complex systé@ms)ving phenomena
occurring at different length scales [14]. One bé tmajor obstacles to further
significant progress is the current poor understanof the fundamental physical
and electrochemical processes and how they infeieach other [15]. An improved
understanding, required to assist experimentafpre¢ation and aid engineering of
SOFCs, can be reached by using physically—base@Is)oghich are discussed in
the following Section.

1.2 Multi-scale approach for SOFCs

SOFCs represent an outstanding example of mulle-scamplex system:
electrochemical reactions take place on partiatasas on a nanometric scale while
the whole SOFC unit, composed by several cellsnged in stacks, is usually
integrated in power generation systems whose siie the order of meters. What
makes SOFCs a multi-scale system is the strongn(afonlinear) coupling among
all the phenomena occurring at different lengtHescgprocesses taking place at the
microscale can dominantly influence the macroscbpltavior [15]. As an example,
the microstructural characteristics of the pordesteodes, such as the porosity and
the particle size of conducting materials, influerthe rate at which gaseous and
charged species are transported and react at ttresoale, producing significant
macroscopic effects on the performance at theacellsystem levels.

A schematic representation of the multiple lengtld ime scales involved in an
SOFC is reported in Figure 1.2.

At system level, the SOFC represents the powerdirite fuel cell system. In big
stationary applications, the SOFC unit is connegtet the so—called balance—of—
plant, which consists of heat exchangers, bloviaed,processors (e.g., a reformer, a
desulfurization unit), exhaust gas treatment, actdoserter, electronic controls, etc.
[1,16]. Thermal management [17], process contr8|19] and making the fuel cell
system flexible to an unsteady power demand are siirthe issues to be addressed
at this level.

The stack consists of the assembly of multiplescellong with interconnectors
and gas manifolds for current and gas distributiime main concerns at this level
are ensuring a homogenous distribution of reactamthe cells through a proper

4



Multi-scale approach for SOFCs

manifold design in order to maximize the electricaltput [20] and an even
temperature distribution along the cells to minienizermal stresses [21].

The cell level represents a single membrane—eletessembly, that is, anode,
cathode and electrolyte, including gas supply. ¢ scale, transport of reactants
and electrochemistry within the electrodes goveewoltage and current produced,
that is, the power generated by the cell [15]. Tinelerstanding of the interplay
among cell geometry, operating conditions and miayschemical processes is one
of the most demanding tasks, where further imprarmsmare still possible [22].

The electrode level is again ruled by transport @attion phenomena, similarly
to the cell level, but on a smaller scale [15]. §h@henomena are strongly coupled
to the microstructural characteristics of the etmt®. Porosity, particle size, volume
fractions of the conducting materials influence #ffective transport properties of
chemical and charged species as well as the deokitgaction sites, therefore
affecting the current and gas distribution. Expernial and theoretical studies have
demonstrated that the electrode design has ther limdioence on the macroscopic
system performance [23—-26]. Therefore, the chariaateon and engineering of the
electrode microstructure is nowadays one of thet imbsguing activities in SOFC
research [27].

Length scale

mm

Microstructure

Surface chemistry Time scale

HS ms S h y

Figure 1.2 — Time and length scales involved in 6®Fadapted from [15]).
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Finally, chemical and electrochemical reactionsetgitace on active particle
surfaces and particle interfaces within the elet®#so As an example, the oxygen
reduction reaction in a porous composite cathodmirgcin the proximity of the
contact perimeter between electron—conducting amacionducting particles
exposed to the gas phase (see Section 2.1 in €hapter a comprehensive
description). The main questions arising at tmlle€oncern the elementary kinetic
chemistry, which means the identification of reagtimechanisms, intermediate
species and rate—determining steps [15,28-30].

As anticipated at the end of Section 1.1, the maishia description of all the
processes occurring in a cell and the understardfitigeir interplay is necessary for
further improvement of this technology. In the Igstrs, physically-based models
and simulation techniques have been used to aH#sistSOFC development
[14,31,32]. In particular, different modeling todisive been applied to fulfill the
needs of each specific scale level.

At the most fundamental scalea) initio methods, such as density functional
theory (DFT) [33—35], have recently been applie@éxamine the quantum structure
of atoms and their interactions. These types ofeldllow the simulation of the
physics at the atomic scale, providing informatioseful to corroborate the
soundness of detailed reaction mechanisms, suctheasactivation energies of
elementary reactions or the chemical stability efation intermediates [36].
However, most of the kinetic parameters involvedhim reaction schemes proposed
to date have been obtained through the best fittirtge electrochemical response of
patterned electrodes under different operating itiond [15,28—-30,37,38].

The microstructural characteristics of porous etetds have been analyzed at
different degrees of sophistication with differembdeling approaches, which aim to
estimate the effective properties of porous elelesoon the basis of powder
characteristics. Percolation theory has been addptestimate effective properties
through the prediction of the number of contactomgnthe particles by using
algebraic equations [39,40]. More accurate inforomatcan be obtained with
detailed microstructural models such as particlseanumerical algorithms [41—
44] and tomographic techniques [45—-48]. While phetibased algorithms aim to
numerically generate a virtual structure of thecetmle by mimicking the packing
process, techniques like focused ion beam (FIB)XAgy tomography reconstruct
the three—dimensional microstructure by scanniagjgamples.

While equivalent circuits are still used for a cjmterpretation of experimental
data [49,50], nowadays physically—based modelgrm@oyed to describe transport
and reaction phenomena at both electrode andexalld [22,51-56]. These models

6
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are based on balance equations, incorporatingléugr@chemistry of the reactions
and the description of transport phenomena thrabhghapplication of constitutive
equations, such as the Ohm's law for charge trangpe Fick law for gas diffusion
or more advanced models (e.g., Maxwell-Stefan gassport theory [57], dusty—
gas model [58], etc.). Electrode and cell-level elechim to predict the current—
voltage relationship of the SOFC (i.¥5l in Figure 1.1), usually providing also the

spatial and temporal distribution of field variablée.g., concentration, pressure,
electric potential).

At the stack level the gas and temperature didtabs are obtained by solving
mass, heat and momentum conservation equationsigiircomputational fluid
dynamics (CFD) codes [20,59,60]. This informatisrused to design manifolds and
to modify the cell arrangement in order to minimthermal stresses and optimize
the distribution of reactants. Finally, system nlodge is assisted by process
simulations by using available commercial softwiar@rder to estimate the global
electric and thermal efficiency of the whole fuellpower system [5,61].

Despite the efforts made in developing specific atiog) tools, to date a fully
multi—-scale framework integrating different modatddifferent length scales is still
lacking, although different authors have recognidesineed [14,31,32]. Bessler and
coworkers [15,62,63] have been one of the firskaesh groups who are trying to
fill this gap, although a lot of work is still nezgary to reach this goal. This thesis
shares the same aim and approach, as discussedlfollbwing Section.

1.3 Aim and objective of this thesis

This aim of this thesis is the development anchesfient of specific physically—
based modeling tools and their coupling in ordgurtavide an integrated framework
able to describe the interplay of phenomena oauyirait different length scales in
SOFCs. More specifically, the study focuses on thegration of detailed
microstructural models into electrode and cell-Hewedels. Effective properties are
estimated in electrode microstructures numeriaaépnstructed with particle—based
packing algorithms and then used, as input parasjetdo electrode and cell-level
models based on mass and charge balances. Suhagstry is not addressed in

this thesis: where available, specific global kinetxpressions are taken from the
literature.

As anticipated in Section 1.2, the microstructutaracteristics of the electrodes
play a major role in determining the global endgperformance of an SOFC: the
cell electrochemical behavior is strongly dependéimorosity, particle size, volume
fraction of conducting materials, as supported blarge number experimental

evidences [23,26,64,65]. Modeling the interplaywssn electrode morphology and
7
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cell electrochemical behavior is crucial and repnés an outstanding benefit in
assisting SOFC development [14,27,31,32], espgcialbnsidering that the
microstructure of porous electrode is normally matluded in cell-level models
[32].

The integration of a detailed microstructural cleggezation into cell-level
modeling allows a significant reduction of free graeters. Typically in macroscale
models, effective properties such as gas phaseosity or effective conductivity
are estimated using empirical correlations if meated as fitting parameters to force
simulation results to match experimental data [82}this way, the cell model will
hardly provide realistic results when used to sateilconditions different from the
data set on which its parameters have been tailored

On the other hand, the integrated framework alltvesdevelopment of xom—
powder—to—powerapproach: given the material properties (e.g., dtleetric bulk
conductivity of the materials), only the electrog®rosity and the powder
characteristics (i.e., the particle size and thHiel smlume fraction of the conducting
phases), along with the operating conditions ant gegometry, are required to
predict the global electrochemical response ot#ie as depicted in Figure 1.3.

With this approach, all the input parameters remliby the integrated model are
the same starting measurable and controllable blagaused in reality when
manufacturing or running an SOFC. In this way, tleed for fitted, adjusted or
empirical parameters is avoided, making the moxieemely general and applicable
to a wide variety of SOFC systems.

Integrated microstructural—electrochemical mode

if=.

Powder Operating Cell
characteristics conditions geometry

SEme

Material
properties

Figure 1.3 — Schematic representation of the irdégpt microstructural—electrochemical
modeling approach with the required input parameter

The integrated modeling approach is able to quaiily describe how
morphological modifications (e.g., reduction of tide size, increase in porosity)
affect the cell electrochemical response (arroasifleft to right in Figure 1.3). This
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feature is particularly amenable for electrode glesand an example is reported in
Chapter 7.

In addition, the model can be used as interpratatol of experimental data: the

analysis of the macroscopic electrochemical bemawsfothe cell with the model
allows a physical interpretation of specific fearwhose cause can be attributed,
with a reasonable confidence, to one or more phenanoccurring at microscopic
scales (arrows from right to left in Figure 1.3,discussed in Chapter 8.

Specific details on how the modeling framework é&/e&loped in this thesis are

summarized in the next Section.

1.4 Structure of the thesis

The thesis is organized in three parts as follows:

electrochemical modeling (Chaps. 2 and 3): the nsodiescribing physical and
chemical phenomena, such as the gas transportnwitié pores of the
electrodes, the charge transport and the electnaichékinetics are presented in
Chapters 2 and 3. In both the chapters, the maglasnperformed at the
electrode level by applying conservation equatfonsnass and charge. Chapter
2 focuses on conventional electrodes and in pdati@an the composite cathode,
consisting of well-characterized materials typicalsed in SOFCs. Chapter 3
describes the chemistry of a complex unconventi®@FC system, whose
materials have not extensively studied to date, which shows particular
characteristics. In both the studies the effectix@perties of the porous media
are estimated by using percolation models [40@8hse validity and limits are
further addressed in Chapter 4. It is worth notilhgt even the use of simple
percolation models highlights the need of a dedaitgcrostructural modeling in
order to correctly describe the electrode electaabal behavior;

microstructural modeling (Chaps. 4-6): the desiiptof the particle—based
microstructural models used to numerically recamtdtr the electrode
microstructure is reported in this part. Packingoathms used to reproduce
random packings of spherical particles (Chapter mnspherical particles
(Chapter 5) and infiltrated electrodes (Chaptera®) discussed. This set of
algorithms is sufficiently general to reproduce dhe main electrode
morphologies currently adopted for SOFC applicatjon

coupling between microstructural and electrochelmuadeling (Chaps. 7 and
8): electrode (Chapter 7) and cell-level (Chapfem®dels benefit from the
effective properties evaluated through the mictastral models. Chapter 7

shows an application at the electrode level, foausin how the proposed
9
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integrated approach can be used to engineer thgndes conventional
composite cathodes. In Chapter 8 the same appiieacbed at the cell level,
mainly focusing on the interpretation of the cédlatrochemical response and on
the effect of operating conditions on system edficly. In addition, in this part
the modeling framework is satisfactorily validateith specific data at both
microstructural and cell levels.

Each chapter is organized to contain all the nexgsaformation in order to be
read as a standalone study. A short summary abdlganing of each chapter is
provided to put in evidence the main results of shedy in the context of the
integrated framework discussed in this thesis. @éwmeral conclusions of the thesis
are summarized in Chapter 9.

1.5 Summary of models developed

In order to reach the goal of the integrated modglidluring the preparation of this
thesis several modeling tools and algorithms hagenbadapted and developed.
Their list is summarized in Table 1.1, which isamged in order to distinguish the
different length scales, purposes and chaptersairhtéve models are discussed.

Table 1.1 — List of models and algorithms discugsdHis thesis.

Model (Platform) Purpose Chapter
Microstructure (C++)

drop—and-roll algorithm electrode reconstructigrhégical particles) 4,7,8
CR algorithm electrode reconstruction (nonspheipeaticles) 5
infiltration algorithm infiltrated electrode recdnsction 6

RW method effective properties of reconstructedtedeles 7,8
Electrode (Comsol)

conv. electrode model current-voltage charactesisti 2,7
unconv. SOFC model current—voltage characteristics 3

Cell (Comsol)

cell model current—voltage characteristics 8

All the microstructural models have been develdped++ program language.

The drop—and—roll algorithm numerically reconstsutche three—dimensional
structure of porous electrodes assuming that pestiare spherical. The original
version of the code was provided by Dr. Jon G. &itaFuel Cell Research Centre
of Kingston — Canada) [41]. In this thesis the &ltfpon has been adapted to simulate
polydisperse phases and to take into account sigtgghenomena (i.e., particle
overlap) and the control of porosity with pore—femnsy which are characteristic
features of porous SOFC electrodes. The generattste of the algorithm is
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presented in Chapter 4, wherein its broad capigsilif compared with percolation
theory are highlighted, and then applied in Chaptérand 8 for specific SOFC
applications.

The collective rearrangement (CR) algorithm allowge three—dimensional
numerical reconstruction of porous media by sindaparticles of arbitrary shape
and agglomerates. It is more general than the @rgp-roll algorithm since it does
not rely on the assumption that particles are spdlerTherefore, it is able to
accommodate specific morphological features of S@FCtrodes, such as patrticle
agglomeration and the distortion of the particleapsh from spherical to the
ellipsoidal one as it may happen when adoptingnmdaspray techniques in the
electrode manufacturing. The code was written itaboration with Dr. Chih-Che
Chueh (Fuel Cell Research Centre of Kingston — G@anand it is presented in
Chapter 5.

The infiltration algorithm is a packing algorithnpegifically tailored for the
numerical reconstruction of infiltrated electrodeEhese electrodes, recently
proposed for intermediate temperature SOFCs, dmécéded via an impregnation
route in order to produce a nanostructured mianosire [67]. The algorithm
mimics the deposition of nanoparticles onto thefasi@ of micrometric particles
proving a virtual three—dimensional structure dfltirated electrodes. The study is
summarized in Chapter 6.

The Monte Carlo random-walk (RW) method has beereldped in order to
calculate the effective properties of the electsodeconstructed with the
aforementioned packing algorithms. Effective tramspproperties, such as the
effective electric conductivity and the gas phaméubsity factor, are calculated by
simulating the Brownian motion of tracers withiretreconstructed microstructure.
Other properties, such as the pore size distributiothe contact perimeter among
different particles (that is, the so—called thrdege boundary length) are evaluated
through geometric analysis. The method is preseime@hapter 7 and further
applied in Chapter 8.

The electrode—level models have been implementé&bmsol Multiphysics [68],
which is a commercial solver of systems of partififerential equations. Model
solution provides the distribution of field variabl which, in turn, are used to
evaluate the current—voltage relationship.

The model for conventional electrodes consists aSsnand charge balances
written according to the continuum approach andieg@long the thickness of the
electrode, thus resulting in a 1D model. The mddelises on porous composite
cathodes prepared with conventional conducting riad$e taking into account the
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physical and chemical phenomena occurring at theranand mesoscales. It is
presented in Chapter 2 and also used in Chaptahé@rein it is coupled with a
detailed microstructural modeling.

A similar physically—based model is presented im@ér 3, although it deals with
the more complex chemistry involved in an unconwera@ SOFC showing mixed
protonic—anionic conduction. Still based on masd elmarge balances, the model
takes into account some interesting chemical peesespecific for the materials
used in such a fuel cell, as the incorporation afegpus water into the proton—
conducting material, phenomenon which affects teetec conductivity.

The cell model extends the physically-based appreawployed for electrodes to
the higher level. The model describes the electmistry and the transport of mass
and charge in the whole cell, including gas supplyhe feeding channels. Unlike
electrode models, which describe a button cell igondtion, the cell model
represents a single SOFC unit within a stack, tiesuin a two—dimensional model
along the thickness and the length of the ceib ftresented and applied in Chapter 8
to describe a well-known SOFC benchmark, takingaathge of a detailed
microstructural representation.

Each model in Table 1.1 can be used standalon@, fewebroader applications
than SOFCs: for example, the microstructural modelsld be used to represent
granular porous media. However, the best beneftseached when the models are
integrated together, as already discussed in 3ett
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Chapter 2

Electrochemical Modeling of
Conventional Electrodes

This Chapter presents a transient electrochemiocalehof transport and reaction
applied for conventional composite electrodes.drtipular, the study focuses on the
LSM/YSZ cathode in comparison with experimentaladdEffective properties are
calculated using an extended percolation theorgwating for the linear distribution
of porosity along the electrode thickness.

The study shows that:

i. the model is able to reproduce the experimentahrption behavior and
impedance spectra in a wide range of temperatumesx@ygen partial pressures;

ii. kinetic information regarding the oxygen reductieaction can be obtained;

even small variations of morphological charactesstan significantly affect
the global electrochemical response.

This Chapter was adapted from the paper "Morpholdgand electrochemical
modeling of SOFC composite cathodes with distridyterosity” by A. Bertei, A.
Barbucci, M.P. Carpanese, M. Viviani and C. Nicalepublished in Chem. Eng. J.
207 (2012) 167-174, and the conference paper "lampmd simulation of SOFC
LSM/YSZ cathodes with distributed porosity" presehat the 10th European SOFC
Forum (Lucerne, 26—-29 June 2012) by the same author
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Abstract

A mathematical model of charge and mass transpadt électrochemical reaction
in porous composite cathodes for SOFC applicationdransient conditions is

presented. The model, based on local mass and ehaatpnces, describes the
domain as a continuum, characterizing kinetics aall vas mass and charge
transport using effective properties, related téhcale microstructure and material
properties by percolation theory. The distributiimorphological properties along
the electrode thickness, as experimentally obsereed scanning electron

microscope images of the samples investigatedkientinto account. This feature
allows the model to reproduce the dependence o#rigation resistance on

electrode thickness and oxygen partial pressuriénrange 600-850°C. It is found
that for cathodes made of strontium—doped lanthamanganite (LSM) and yttria—
stabilized zirconia (YSZ), the exchange currentjclwvhrepresents the kinetic
constant of the oxygen reduction reaction, folloars Arrhenius behavior with

respect to the temperature and it is dependenthensguare root of the oxygen
partial pressure. Comparison with impedance speetnables the evaluation of a
specific capacitance which, however, does not slaowlear dependence on
temperature, suggesting that several phenomenabmaathered in such a specific
parameter.

2.1 Introduction

Fuel cells are energy conversion devices in whiehadhemical energy of a fuel
and a combustive agent (for example, hydrogen aimd raspectively) is
electrochemically transformed into electric energlge electrochemical conversion
avoids the use of a direct combustion process aaddarnot thermodynamic cycle,
thus reducing pollution levels in exhaust gaseslewimicreasing the energetic
efficiency [1,2]. Solid oxide fuel cells (SOFCsharacterized by a solid electrolyte
which transports oxygen ions at high temperatuseidlly higher than 600°C), have
attracted research and technology interest duehéo expected advantages if
compared with other types of fuel cells, such asttoader fuel flexibility [3-5] and
the high efficiency of energy conversion [6,7], alhican be further increased by the
possibility of co—generation with gas turbine powgstems [8,9].

A single SOFC consists of two electrodes, namedy ¢hthode and the anode,
where the oxygen reduction and the fuel oxidatespectively occur, separated by a
dense anion—conducting electrolyte, which is deditdo the transport of oxygen
ions from the cathode towards the anode. In hydrdgel SOFCs, the cathode
represents the main source of energy loss [10-R@jous composite cathodes,
which consist of sintered random structures ofted@e-conducting (e.g., strontium—
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doped lanthanum manganite, LSM) and ion—conducpagticles (e.g., yttria—
stabilized zirconia, YSZ), are often used in orttepromote the oxygen reduction
[13].

In a composite cathode, the molecular oxygen inplese reacts with electrons,
transported by the electron—conducting phase, tm foxygen ions, which are
transported by the ion—conducting particles towdhds electrolyte. Therefore, the
reaction occurs in the proximity of the contact ipeter between electron—
conducting, ion—conducting and gas phase, whererghetion participants can
coexist, which is called three—phase boundary (TTR8)4].

The rate at which the current is converted withi@ tathode, from the electronic
form to the ionic form, depends not only on theabydic activity of the materials and
the extension of the reaction zone, but also orrdlaive facility at which charges
and chemical species are transported to and framrdhction sites [15,16]. The
effective transport properties of the compositeicttire, as well as the density of
reacting sites, depend on the microstructural cheriatics of the electrode, such as
the particle diameter, the porosity and the contjpssi17]. Thus, the interplay of
material, catalytic, geometric and microstructuctlaracteristics determines the
cathode efficiency [14,18], which is inversely poojonal to its polarization
resistance.

Electrochemical impedance spectroscopy analysiS)(E widely applied to
distinguish the effects and the contributions of thultiple phenomena on the
overall electrode performance [19]. However, in azses the resulting impedance
spectra are interpreted through equivalent elediricuits [20], which allow the
identification of the elementary phenomena but aitha direct link to the real
phenomena and their physical description.

In this study, a mechanistic model, based on belaguations of the reaction
participants, is developed and applied to porouspmsite LSM/YSZ cathodes in
both steady—state and transient conditions. Theeggation equations are applied to
the domain modeled as a continuum phase (continapproach) [15,21-26],
characterized by effective transport and kineticapeeters (e.g., electric and ionic
conductivity, gas permeability, TPB length per walume). The model accounts
for a coherent description of the microstructum®aigh the percolation theory [27],
which is used to estimate the effective properiemn the morphological cathode
characteristics. As a new feature of the modelihgreesented, the variation of the
porosity along the cathode thickness, as experatigntound on the electrodes
investigated [28], is considered. The model reprissthe refinement of a previous
work [29], in which the polarization behavior wagdrpreted without coherently
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relating the porosity distribution to the variatiosf morphological effective
properties and, consequently, to the electrochénpeaformance (as, instead,
developed here) and without taking into accounttifiects of the gas phase.

Comparing simulation results with experimental piaktion curves and
impedance spectra, information about the macrokismetf oxygen reduction can be
obtained, in particular regarding its dependencéeomperature and oxygen patrtial
pressure.

2.2 Modeling

2.2.1 General aspects and model assumptions

Within the cathode, the molecular oxygen in gasspha reduced by the electrons,
coming from the current collector and transportedhe electron—conducting phase,
into oxygen ions, transported by the ion-conductipgase, following the
stoichiometry:

Oy(q) *+ 4 — 2000

The reaction, which represents the conversion efctirrent from the electronic
form into the ionic form, may take place at any TRBovided that the paths
transporting the reaction participants are conmkdte the external sources of
reactants (i.e., air for molecular oxygen and aurllector for electrons) and to
the sinks of products (i.e., the electrolyte forygen ions). A schematic
representation of the cathode microstructure andngtry is reported in Figure 2.1a
while a zoom on an active TPB is illustrated inufgy2.1b.

The mathematical model describes, through conservaguations, the reaction
and the transport of reaction participants withia €lectrode. The model is based on
the following main assumptions:

I. model variables and parameters are uniform in aagscsection of the cathode
due to the button cell configuration, resultingaimrmono—dimensional model in
the electrode axial coordinate

ii. heat effects are neglected, resulting in uniforrmperature in the whole
cathode;

lii. the cathode structure is represented as a randampomite packing of
monosized spherical particles with a porosity distion along the thickness.
This assumption allows the application of the edezhpercolation theory [27]
(see Section 2.2.3 for further details);
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a) current collectc

ionic electrolyt

b)

Figure 2.1 — a) Schematic view of a porous compasathode; b) contact between electron—
conducting and ion—conducting particles.

iv. no mixed ionic—electronic conduction in the eleotrconducting phase and the
ion—conducting phase;

V. it is assumed that the current collector, whiclthisner and more porous than
the electrode, does not affect the gas transpahietgathode, so that external gas
conditions without any pressure drop are appliedtha&t electrode—current
collector interface.

2.2.2 Governing equations and boundary conditions

The model consists of the system of balance emstfor the three species
participating to the reaction (i.e., electrons, @solar oxygen and oxygen ions),
coupled with the conservation of an inert gas fdath wnolecular oxygen (for
example, nitrogen when the cathode is fed with 8iQdel equations are reported in
Table 2.1 in dynamic conditions.

The source and consumption terms for reacting epeare related, through
stoichiometric coefficients and the Faraday corigtamo the current exchanged per
unit volume {tpeAreg), calculated as the product of the current denstyunit TPB
lengthitpg and the connected TPB length per unit volutegs. The kinetics of
oxygen reduction is assumed to follow a Butler—\einexpression without mass
transfer effects [30]:

itpg = i{ex;{a%nj - exp(— @a- a)%nﬂ (2.1)
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Table 2.1 — Model equations.

Species Balance equation
E Caa OV ~Va) +ONe _ _ irpgtieg
F ot ox F
o> _ Cyag 0V, —Ve) + 9N, _ irparres
2F ot 0x 2F
0, ia(PYO)_‘_ dNg - _ IrpeAres
RT ot ox 4F
| 9 o(PA-Yo)) 0N, _
RT ot ox

whereiy is the exchange current per unit of TPB lengthhe transfer coefficienR
the gas constant affdthe absolute temperature. In Eq. (2/1)s the overpotential,
calculated as follows [31]:

RT Pexyex
- _ In o -V, +V. 22
n 4F ( Pyo \] el io ( )

where Vg and V;, represent the electric potential of, respectivéhe electron—
conducting phase and the ion—conducting phRghe pressure angh the oxygen
molar fraction. In Eq. (2.2), the subscrgtrefers to external conditions, that is, the
conditions of the gas mixture fed to the cathodie ©f the cell. It is noteworthy
that the first term in the right side of Eq. (2r@presents the equilibrium potential
step and that the Kkinetics is expressed in thectitire of molecular oxygen
consumption (i.eizpg > 0) for positive overpotentials.

The time derivatives in Table 2.1 account for theal temporal variation of both
molecular and charged species. In particular, lest and oxygen ions can be
accumulated at the interface between the electomgteting phase and the ion—
conducting phasecy represents a specific capacitance per unit offade area
while aq is the connected contact area per unit volume detvelectron—conducting
and ion—conducting particles. An ideal capacitieddvior is assumed [31], that is,
linearly dependent on the first derivative of thetemtial difference between
conducting phases, with @, dependent on temperature only. In principle, the
specific capacitance accounts for all the ele@nd surface capacitive phenomena
occurring at the contact area between electron—+miimd) and ion—conducting
particles.

The transport of charged species, that is electamuks oxygen ions within their
respective conducting phases, is assumed to fahevDhm law:
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_og 9V, (2.3a)
¢ F ox
eff
=% N (2.3b)
2F 0ox

where effective conductivities are considered.

The mass transport in porous phase is describemtding to the dusty—gas model
[32,33], comprising in this way convection as wal ordinary and Knudsen
diffusion. The molar fluxes of molecular oxygen agaseous inert are calculated as
a function of pressure and oxygen molar fractian as

1 1-vo |_ V. P ay, V¥ P B |oP
N + O |=_20 N -— 20 _JO |14+ — 2.4a
O[ngeﬁ DS, J DS", ' RT ox RT(" uD&" )ox (242

1 Y, _1-y P oy, 1-vy P B 0P
N +20 (= ON,+——29 - Ol1+— — 2.4b
'(D,K'Eﬁ DgﬁJ DY, ° RT ox RT [ wuD" Jox (2:40)

where the effective diffusion coefficients are cddted as follows:

D e :f%dp % withi = O, | (2.5)
r i

In these last equationgand 7 represent, respectively, the porosity and theitsity
factor of the gas phasd, the mean pore diameter whi& is the molecular weight
of the gas species. The binary diffusion coeffiti®p_, is calculated according to
the Fuller expression [34].

The permeability coefficierB in Egs. (2.4a) and (2.4b) is calculated by ushmeg t
Blake—Kozeny form of the Darcy law [35]:

B=—P_ 4 where D =gd 1-¢ (2.7)

The dynamic viscosity of the gas mixtyme associated to the permeability in Egs.
(2.4a) and (2.4b), is calculated according to tkenithg and Zipperer method [34].

Model equations in Table 2.1 are coupled with bamaonditions. At the current
collector interface, the electric potential of tectron—conducting phase is set at
0V as reference and external conditions for total axygen partial pressure are
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imposed. At the electrolyte interface (i.e,= L, where L. is the electrode
thickness), the electric potential of the ion—cartthg phase is imposed equal to:

V, (x =L,)=n, sin(27t) in transient conditions (2.8a)
Vo (x=L.)=7. in steady-state conditions (2.8b)

wherer). is the cathode overpotential. Note that the bogndandition in Eq. (2.8)
is applied in impedance simulations, in which anf@rically varying overpotential
with a specified frequendyis imposed to the electrode [36]. On the othedh&m.
(2.8b) refers to the boundary condition for steatigte simulations, that is, for the
simulation of the stationary polarization behaviarboth steady—state and dynamic
simulations, ak = 0 andx = L. the outgoing fluxes of reacting species are sehby
electrochemical charge transfer reaction per umfase [22], calculated considering
the TPB length per unit surface [37].

The solution of model equations allows the caleofabf the total current density
at the current collector interfage= 0. In steady—state conditions, the current dgnsi
| is used to calculate the polarization resistarscB,a 77/l [21], which represents
the main index of cathode efficiency of energy amion. On the other hand, in
impedance simulations a time—dependent currentitgemn®) is obtained. By
integratingi(t) in a time intervaldt = f* sufficiently far from the start time (i.en,>>
1) as follows [36]:

[ ‘:1”_ i(t) sin(27t)dt = 2'—fcos¢ (2.9a)

i icoseryat=—_sing (2.9b)

the amplitudel and the phas@ of the current can be calculated. The real and
imaginary components of the impedaiZgeandZ, are calculated a&: = 77.- cos@)/I
andz = n.sin@)/1, respectively. Note thalz andz, are functions of the frequency
f: by varying the frequency and repeating the aimlylse impedance spectra of the
electrode is simulated. It is noteworthy that ti@utation reproduces the same
procedure used in actual EIS measurements, unliee ftequency-resolved
excitation [38] and the potential step [39] simwdas, similarly to the Hofmann and
Panopoulos work [40], although in such a study dffective properties were not
related to the electrode microstructure.

2.2.3 Effective properties from microstructure characteristics
As reported in Table 2.1 and in Section 2.2.2, rhagtpiations require the

estimation of effective properties, such as theneated TPB length per unit volume
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Arwes, the effective conductivitiess" and o' and the mean pore diametdy in

order to be solved. Such properties are relatdtiéamicrostructure characteristics
(i.e., particle diameter, porosity, composition)tbé cathode by using an extended
percolation theory [27]. With this approach, theatsd distribution of porosity,
experimentally observed on cathode samples [28), lwan accounted for in the
estimation of effective properties.

In the extended percolation theory, the porosisgritiution is attributed to a non—
uniform distribution of pore—formers. Pore—formare particles of materials, mixed
with electron—conducting and ion—conducting paesclduring the electrode
fabrication, which decompose at high temperatunasng the sintering, leaving
additional pores in the microstructure. This feataan be conveniently taken into
account by the extended percolation theory [27]ictvhis used to link the pore—
former volume fraction to the final porosity and, subsequently, to calculate the
effective properties from the electrode morpholagaharacteristics.

Through the extended percolation theory [27], tbheepformer volume fraction
before sintering//gfS leading to a final porositgcan be calculated as follows:

bs _ 49_'¢PS
Yol =12 P (2.10)
where ¢° represents the porosity of the packing beforeesimy, when electron—
conducting, ion—conducting and pore—former pasichke present. For a random
close mixture of monosized rigid spherical parclg® is equal to 0.36 [41,42].

The volume fraction before sintering of electromdbacting or ion—conducting
particles can be calculated as a function of thal fporosity and the volume fraction
after sinteringys as:

ps=y 170 ithi=el, io 211
l//| wl l_ﬁ)s 1 ( : )
which, in turns, can be used to calculate the nusnb&contacts between different

particles, which assume the following simplifiedrfie under the assumption that
the phases are monosized [27]:

8
7 - d; N withij =el, io (2.12)
1] bs bs bs ]
52§L,4-54EL,4.9€E1
d, d, d

el io pf
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d2-3s, +1) its, =921
N e AT Y (2.1
h 3(2_\/§XS_]1+1)32] Ifs i =i<1
7

1+57-JsHst+2) 7 d

In Egs. (2.12) and (2.13) represents the diameter of the particles belontgirtge
phasd.

The number of contacts betwepmandi—particlesZ;; is an important parameter
related to the particle connectivity. When i, Z;; represents the number of contacts
between homolog particles, which is related topbecolation probabilityy that the
i—th phase be entirely percolating throughout tleetedde thickness [43] providing
a conducting path for charge transport. On therdtaed, when # i, Z; (i.e., Zao
andZ ) is related to the number of contacts betweertreleeconducting and ion—
conducting particles, which is associated to thB Where reaction occurs.

The percolation probability takes into account the connectivity of the conitgct
phase as a whole. Even though percolation theory alltvesestimation of a local
probability yy as a function of the loc&@l; as follows [44]:

4236- 7,
yi =-1-| —X

37
withi =el, io (2.14)
2472

when the morphology varies along the thickness,|dhal probability is fictitious.
Instead, only the minimum valug® =min); is meaningful and characterizes the
X

conducting phase throughout the whole electrodskmieiss.

The percolation probability takes part in the ewatinn of the effective
conductivities of electron—conducting and ion—cantohg phases, according to the
Nam and Jeon correlation [45]:

o =g, (1- Q)" withi = el io (2.15)

and in the estimation of the connected TPB length and the contact areg, per
unit volume as follows [27]:

wbs
heee = 6= 07 s £ 2, (2.162)

el

bs
3(1_¢)S)y;%%%zel,iodf (216b)

ay =§

el
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d, =min(d,,,d, )siné (2.16c)

el ¥io

where @ represents the contact angle between electrondcting and ion—
conducting particles (see Figure 2.1b).

The last parameter affected by the porosity digtidlm is the mean pore diameter
(where mean is related to the cross section andtmdhe thickness), which
characterizes the gas phase. According to the @atkpercolation theory [27], it is
calculated as a function of the local porosity,tipkr diameters and electrode
composition as follows:

d = E Y deldio
P 31-¢” wid, vy,

(2.17)

2.3 Results and discussion

The model of the cathode described in Section 2.2ided to interpret the
experimental data, provided by Barbucci et al. [28parding porous composite
cathodes of different thicknesses in different apeg conditions. LSM was used as
electronic conductor and YSZ as ion—conducting eh&&som scanning electron
microscope images, all the samples were found twsh porosity linearly
distributed along the thickness, increasing up fribra current collector to the
electrolyte interface as follows:

P= ¢F° + KX (2.18)

where ¢ represents the porosity at the current colleatorsathe porosity gradient.
Such a porosity distribution was not originally ided by Barbucci et al., it resulted
as a consequence of the shaping method used bgstharchers.

Sample and operating conditions used in the maadisied in Table 2.2, coupled
with physical properties and model parameters. faesfer coefficienta, which
affects the symmetry of thepg—7 relationship in Eq. (2.1) with respect to positive
and negative overpotentials, is assumed to be d@quél5 because experimental
polarization curves were found to be symmetrical ddferent temperatures and
thicknesses [28]. On the other hand, there areonadcsindications about the mean
contact angle among particléstherefore it is assumed equal to 15° as commonly
accepted in several modeling works [15,21,45,46].
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Table 2.2 — Material properties, design and opergtconditions of the cathodes.

Parameter Value

Materials

Electron—conducting phase LSM [28]

Electric conductivityoy, 8.855-10/T-exp(—1082.5) S-m* [47]
lon—conducting phase YSZ [28]

lonic conductivitydy, 3.34-10-exp(-103000) S-m* [48]

Morphological parameters
Volume fraction electron—conducting phagg 0.5 (after sintering) [28]

Mean particle diametet, = di; = dys 0.3um [28]
Porosity at current collecta#® 0.40[29]
Porosity gradienk 1.03mm* [28]
Contact anglé? 15° [15,21,45]
Tortuosity factorr 2.083 [49]
Geometric parameters

Thicknesd._; 5-85.m [28]
Diameter 5mm [28]
Operating conditions

Temperaturd 600-850°C [28]
Gas feed air (0.79 vol N, 0.21 vol. Q) [28]
Pressuré® latm [28]
Applied overpotential, 20mV [28]

Model equations were implemented and solved bygusia commercial solver of
systems of partial differential equations COMSOL Itilnysics 3.5, based on the
finite element method. The model solution includles values of field variables
(e.g., pressure, electric fields, overpotentidiixds and other desired quantities
within the domain, which are used to obtain medafihgutcomes such as the total
current density.

2.3.1 Effective properties along the cathode thickness

The linear porosity distribution along the cathatieckness, according to Eq.
(2.18) and taken into account in the percolatiordehalescribed in Section 2.2.3,
affects the effective properties, which are nofarm along the axial coordinate.

According to the morphological parametef$ and « reported in Table 2.2, in
Figure 2.2a the porosity linearly increases witk #xial coordinatex from the
current collectorX = 0) towards the electrolyte interface. The meae pliameted,
increases more quickly than the porosity becausegrding to Eq. (2.17), at the
denominator the volume fractions before sinterimgdrly decrease as results of
combining Eq. (2.18) and Eq. (2.11).
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Figure 2.2 — Effective properties as a functiorthaf axial coordinate for a porosity gradient
k = 1.08mm" a) porosity and mean pore diameter; b) TPB leng#t unit volume and
relative effective conductivity (that is, the ratietween the effective and the material
conductivities) for two electrode thicknesses.

On the other hand, the effective properties regardiie conducting phases, that

eff

is, the TPB length per unit volum&pg and the effective conductivitieg,,' and

eff
O >

decrease with the axial coordinate as represemtédjure 2.2b. In addition, it
is noteworthy that they also strongly depend on elextrode thickness: as the
thickness increases, botheg, o

el

and o7 decrease. The dependencylefs and

a.ief'f

on the electrode thickness is due to the peraooigirobability since, according

to Egs. (2.15) and (2.16a), both these parametepgerdl on the minimum
percolation probabilities,® and y,°. As the electrode thickness increases, the
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minimum percolation probabilitieg®, which occur at the cathode—electrolyte
interface, decrease, leading to a decreade-gand Jieﬁ .

Concluding, due to the distribution of porosity,e tkelectrodes become less
conductive and offer a smaller density of reacsitgs as the thickness increases.

2.3.2 Polarization resistance and thickness

The dependence of the effective properties on tial @oordinate leads to a
peculiar behavior of the polarization resistance asfunction thickness as
experimentally observed by Barbucci et al. [28] #® sake of clarity, an example
is reported in Figure 2.3, corresponding to a regméative operating temperature,
equal to 750°C.

In Figure 2.3 the polarization resistance decreaseghe thickness increases
reaching a minimum value, after which it startsinorease almost linearly. This
behavior is well reproduced by the mathematical ehodthen the porosity
distribution in Eq. (2.18) is taken into accourdli@ line), offering a straightforward
interpretation based on the observations made ictid®e 2.3.1 regarding the
effective properties. For thin electrodes, the [tGiRB length available for the
reaction within the cathode is low, thus the oxygeduction is limited by the lack
of reaction sites leading to a high polarizatiosise@nce. On the other hand, thick
electrodes are less conductive and, even if thigy aflarger TPB length (although
locally the TPB per unit volume is lower), the aadk performance is limited by the
charge transport.

| o Experimental
0.2 | — Simulated - distributed porosity = 1.03mnt*
-- Simulated - uniform porosity « = Omni*
0.0 1 1 1 1 1 1 1 1
0 10 20 30 40 5]O 60 70 80 90
Lc [pm

Figure 2.3 — Polarization resistance as a functafrthickness at 750°C: experimental data
[28] are represented with squares, simulation réswbith lines (solid line for distributed
porosity, dotted line for uniform porosity).
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Note that assuming uniform porosity € 0, dotted line), which would result in
uniform effective properties along the electrodekhess, would not allow the
model to catch the increase in polarization rescseor thicknesses larger than the
optimal one. In fact, ik was equal to 0, there would not be any decreadéPB
length and effective conductivity as discussedenti®n 2.3.1.

The full set of experimental and simulation resalts reported in Figure 2.4 in the
range of temperature 600—-850°C. Model results btaimed by assigning, given the
temperature, the value of the exchange currenupigrof TPB lengthi, (a priori
unknown) which results from the least square methain described. Calldd,

the thickness of the-th cathode investigated, IeR}, be the experimental

polarization resistance anR;k(iO) be the corresponding simulated polarization

resistance, which is a function of the exchangeeati, through Eq. (2.1). The
optimal best fit value af, corresponds to the one which leads to the minirafithe
sum of the quadratic errors between simulated apdramental data, which means:

min > (RS, (io) - R f (2.19)

whereN represents the number of cathodes investigatetl(ég 6 in this case).

a) LOfH
09

0.8 |
0.7 f
£ 06 |
305 |
5041
03 [
0.2
0.1
0.0

0 10 20 30 40 50 60 70 80 90

Figure 2.4 — Simulated (lines) and experimental [[Z&arks) cathode polarization
resistance in air as a function of thickness fdfedent operating temperatures assuming a
linear distribution of porosity withx = 1.03mm".
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Figure 2.4 (continued) — Simulated (lines) and eixpental [28] (marks) cathode
polarization resistance in air as a function ofdkmess for different operating temperatures

assuming a linear distribution of porosity wikh= 1.03mm".

The values of exchange current per unit of TPB tlengstimated by this
procedure on the data corresponding to Figuredelreported in Figure 2.5 as a
function of temperature. The exchange currignshows to follow an Arrhenius
behavior with an activation energy of 163.4kJ-Thakhich is fairly in agreement
with the value of 144.7kJ-mdlobtained by Radhakrishnan et al. [50] in specific
kinetic studies on patterned electrodes performethirw the same range of

temperature.

10°
latm (air)

104 L

105}

io [Am™]

105 L

107
0.00085 0.00095 0.00105 0.00115
THKY

Figure 2.5 — Arrhenius plot of the exchange curnget unit of TPB length as estimated by
the model through the best fitting of experimedtah.
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2.3.3 Effect of oxygen partial pressure

Experimental studies were performed to assessdaperdlence of the polarization
resistance on the oxygen partial pressure in tlsesgygam fed to the cathode. In
such studies, performed at different temperatunea sample 4@m thick, the air
was replaced with a mixture of pure oxygen and marfmr different relative
compositions at latm [28].

Theoretically, since molecular oxygen is a partaip of the electrochemical
reduction, the effect of a different partial pregsin the feed o, may be related to
i) a concentration effect affecting the kineticeraind ii) a different contribution due
to the gas transport resistance. The latter cartioib seems negligible according to
Figure 2.6, which shows the profile of oxygen pripressure along the axial
coordinate for a 8&m thick cathode, fed with air at latm with an apgli
overpotential of 20mV, for the upper and lower bdsiof temperature (850°C and
600°C respectively) as results from the simulatewen at 850°C, where the oxygen
consumption rate is larger due to a faster kingtiee profile of oxygen partial
pressure is almost flat and equal to the exterpaditions within the electrode
thickness, revealing that the mass transport isdasugh to ensure a continuous
supply of molecular oxygen to reaction sites. Ttasmsideration, drawn also by
other authors in similar situations [21], suppaite choice of neglecting mass
transport effects in the Butler—Volmer expressidfg.( (2.1)) as well as the
contribution to gas transfer resistance relatethéocurrent collector (see Section
2.2.1).

600°C

0.208 - 850°C

0O 10 20 30 40 50 60 70 80
x [um]

Figure 2.6 — Oxygen partial pressure as a functidraxial coordinate in a cathode of 8%
at different temperatures in air as evaluated bg thodel for an applied overpotential of
20mV.
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Hence, the significant effect of the oxygen parntiedssure in the feed stream on
the polarization resistance, as experimentally leseby Barbucci et al. [28] and
reported with marks in Figure 2.7, must be attébluto a kinetic effect. In order to
catch this phenomenon in the model, the dependehttye exchange curreif on
the oxygen partial pressure is taken into accauatslightly different formulation of
the kinetic expression in Eq. (2.1), which is:

itpg = ioo(Pyo )ﬁ[exr{a%n] - exr{— @a- a)%qﬂ (2.20)

wherefis an exponent factor to be determined.

It is noteworthy that since the gas conditionswariéorm throughout the electrode
thickness as discussed above (see Figure 2.6Xkitleéic results obtained in the
previous Section in air regarding the paramegeare still valid and useful. In
particular, giveng, in order to be coherent with the previous resfatsl, therefore,
in agreement with experimental datg),must be evaluated as:

i =io (021atm)” (2.21)

Simulations were performed for the same conditisggedd in the experiments (i.e.,
thickness equal to f4n, mixtures of argon and oxygen at latm, tempegatdir
800°C and 700°C) for different values of the par@ng. Simulation results are
reported with lines in Figure 2.7 along with thegesimental data. While fgff = 0
there are no significant effects & as expected, fgf = 0.5 the simulation results
match very well the experimental data at both 800F@ure 2.7a) and 700°C
(Figure 2.7b). Table 2.3 reports the valuer @t different temperatures, calculated
from the values off, reported in Figure 2.5 through Eqg. (2.21) considgf = 0.5.

Following the derivation of the Butler—Volmer expsion for a single rate—
determining charge transfer step, which is thetideeassumed in both Eq. (2.1) and
(2.20), a value of3 equal 0.5 means that for the electrochemical datermining
step the transfer coefficient is equal to 0.5 [38nce, = 0.5 as found in this
Section is consistent with the assumption of= 0.5, made in Section 2.3.1
according to the symmetry of the polarization bétvaNevertheless, deeper and
more specific experimental and theoretical studieshe reaction mechanism were
carried out by different authors in the past [G51B(R2]. Such a detail of
sophistication is out of the scope of this studyiclh instead provides a semi—
empirical macrokinetics of oxygen reduction in LM8Z cathodes and its
dependency on temperature and oxygen partial peefsuuse in micro—-macroscale
models.
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Table 2.3 — Kinetic parametegiof the oxygen reduction kinetic expression EQQRas a
function of temperature as evaluated by the mauneft 0.5.

Temperature [°C] Kinetic parametegoi[A-n-atm®]

600 2.14.10

650 6.57-10

700 2.01-10

750 4.57-10

800 1.38-10

850 3.26.10

00 01 02 03 04 05 06 07 08 09 10
Pexyoex [atm]

\ 700 °C
181 ° \\ o Qperim.
E17Ft \\ ”’S|m.ﬂ:0.0
816t N — Sim.3=05
I 15 - AN ---- Sim.=1.0

00 01 02 03 04 05 06 07 08 09 10
Pexyoex [atm]

Figure 2.7 — Polarization resistance, normalizedhe resistance at oxygen partial pressure
of latm, for a 4fm thick cathode as a function of the oxygen pagiaissure in the feed,
which is a mixture of oxygen and argon: experimenta@a [28] are represented with
squares while simulation results with lines.
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2.3.4 Impedance simulations

Impedance spectra are simulated solving the madiine domain imposing Eq.
(2.8a) as boundary condition. Simulation resules @aported in Figure 2.8 along
with experimental data for three characteristicctetale thicknesses at three
operating temperatures. Since there is not a garfatch between experimental and
simulated polarization resistances, as shown inrgi@.4, for each temperature and
thickness the real and imaginary components of dapee in simulation results are
uniformly scaled to obtain the same polarizatiorsistance given by the
experimental data. In other words, the simulaZgd=0Hz) is forced to match the
experimentalZg(f=0Hz) by using a constant multiplier coefficientyiah is used to
scale all the simulation data ofr and Z at each frequency. This linear
transformation does not change the shape of theesusut only helps to make an
easier comparison.

Given the temperature, the specific capacitaias evaluated by best fitting with
experimental data and kept constant with the tldskn The capacitance does not
have any influence on the shape of the curve,lit affects the speed at which the
curves are covered in terms of frequency. Thyss fitted in order to have the best
possible agreement in terms of frequency.

Figure 2.8 shows that simulated spectra matchyfairtll the shape and the
frequencies of experimental data, especially fghhemperatures and for cathodes
32 and 8fm thick. Indeed, larger discrepancies are expefiedhe 4.7um thick
electrode due to the stronger sensitivity of expental data on geometrical and
morphological defects in such a small thicknessllthe range of temperature and
thickness, the shape of the spectra is depresdedh means that the maximum of
Z, is smaller than the maximum 8§ (note that in Figure 2.8 the scales of axes are
not equal). At 850°C there is only a single arcirmpedance with characteristic
frequency of about 250Hz, while, as the temperatigereases, a second smaller
contribution, corresponding to a much higher fremye appears.

In the mathematical model (see Table 2.1) therebasecally two phenomena
which are dependent on a time derivative and thatgive a response in the Nyquist
plot: the gas transport and the specific capactafidie former is found to be
responsible of the high frequency contribution whihe latter produces the larger
low frequency arc (from 250 to 3.5Hz for temperasturof 850 and 650°C
respectively).
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Figure 2.8 — Simulated (lines and open marks) amgegemental [28] (solid marks)
impedance spectra for three different electrodekiesses at different temperatures.

The model predicts that the gas transport contohuto the whole cathode
polarization resistance is negligible due to thigdgporosity and the small electrode
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thickness, as also discussed in Section 2.3.3Higeee 2.6). In addition, the model
predicts that the oxygen is transported in the ponainly by diffusion (about the
80% of the flux is diffusive). By using the Bosaetjdiormula [45] to calculate an
overall oxygen diffusivity Do from the effective ordinary and Knudsen
diffusivities, it is possible to estimate the claeaistic frequency of the gas
transport aDSML2, which is about 1100Hz for a thickness ofuBBand rises to
6200Hz for 32m. This confirms that the high frequency contribatis related to
the gas transport.

On the other hand, the model suggests to attributelow frequency arc of
impedance to the specific capacitance at the LSM/¥&erface. The values of the
specific capacitancey obtained by best fitting at the investigated terapges are
reported in Table 2.4. Contrary to what happendti e kinetic constang, (see
Table 2.3 and Figure 2.5), the capacitangdoes not show a clear relationship with
respect to the temperature. Moreover, the spedéipacitance, which ranges
between 115 and 26 -mm?, is about two orders of magnitude higher than the
typical value associated to a double layer electacitive phenomenon in a SOFC
electrode [25,51].

All these considerations lead to draw the conclusiat the parametey, is not
related to a single electric phenomenon, rathgatihers in itself several overlapping
contributions which have different behaviors witspect to the temperature but
about the same time constants. In other woigs,represents only a global
capacitance which is the sum of different phenomesiated to the local time
variation of the overpotential at the LSM/YSZ irftere. Just to make an example,
Cq could gather the electric capacitance and theaserfdiffusion of reaction
intermediates, which are both related to the tireavdtive ofV,, and V. at the
LSM/YSZ interface.

Table 2.4 — Specific capacitance as evaluated By fiténg of experimental spectra.
Temperature T [°C] Capacitance g [(F-mm?|

850 125
800 133
750 115
700 210
650 180

2.4 Conclusions

A mathematical model of porous composite SOFC ahtbo based on the
application of local mass and charge balance empgtwas developed. The model

also comprised, through the extended percolatienrth a coherent morphological
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description, which allowed non-uniform effectiveoperties along the cathode
thickness to be taken into account. The model watied to interpret experimental
data of polarization resistance and impedance ispedt a function of thickness,
temperature and oxygen partial pressure of poroBM/YSZ cathodes, which
showed to be characterized by a linear porosityibigion along the thickness.

The mathematical morphological description showed the distributed porosity
mainly led to a decrease in the effective propentgdated to the conducting phases,
such as the density of reaction sites (that is;T#B length per unit volume) and the
effective electric and ionic conductivities, as tlieickness increased. This
phenomenon was found to be responsible of the diepee of the polarization
resistance on the electrode thickness as expertheabserved.

The comparison of simulation results with experitabrpolarization curves
allowed the estimation of the exchange currentupérof TPB length of the oxygen
reduction reaction, which was found to be well etated by an Arrhenius law with
an activation energy of 164.3kJ- mah the range 600-850°C. From the comparison
between experimental data and simulations for diffegas feed compositions, the
exchange current was found to depend on the sqoateof the oxygen partial
pressure in the range 0.05-1atm, providing in thisy a more detailed
macrokinetics of oxygen reduction.

The comparison between experimental and simulatpédance spectra, the latter
obtained by solving model equations in time domamoyvided a physically—based
interpretation of the impedance plots. In particulde high frequency arc was
attributed to the capacitive behavior related te #tcumulation of gas species
within the pores. On the other hand, the low fremyearc (characteristic frequency
from 250 to 3.5Hz for temperatures of 850 and 650&€pectively) was found to be
related to capacitive phenomena at the LSM/YSZriate. However, the specific
capacitance did not show a clear relationship wémperature, suggesting that
multiple chemical (i.e., surface diffusion) andattieal (i.e., electric double layer
capacitance) phenomena could be gathered in sgidbal specific parameter.

With the proposed approach, which couples a coharghflexible morphological
description within the electrode mass and chardgnbas, even non—homogeneous
microstructures can be considered. The approach bsarused to assist the
interpretation experimental data with physicallysdxh considerations, as discussed
here, or to optimize the cell performance through éngineering of geometry and
microstructure. Schneider et al. [52] studied tfieats of functionally graded SOFC
electrodes; similarly, other kinds of non—uniforistdbutions could be considered,
such as a distribution of particle size [53]. Inrtigaular, anad hoc porosity
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distribution may be helpful in optimizing very colap SOFC systems, such as the
IDEAL—Cell [49].

Nomenclature

Glossary

ag connected contact area betwednandio—particles per unit volume [t

B permeability coefficient [f)

ca  specific capacitance [F~f

d mean particle diameter £ el, io, pf) [m]

d, mean pore diameter [m]

DS Knudsen diffusivity for specidgi = O, I) [m*s7]

Do binary diffusion coefficient for oxygen—inert gps® ]

f  frequency [S]

F  Faraday constant [C-md|

i exchange current per unit of TPB length [AYm

ioo  kinetic parameter in Eq. (2.20) per unit of TPBdth [A-m™- atm”]

itps current density per unit of TPB length [A<in

I current density per unit of electrode area [A]m

L. electrode thickness [m]

M;  molecular weight of speciégi = O, 1) [kg- mol™]

Ne molar flux of electrons [mol-ths™]

N,  molar flux of inert gas [mol-m s ]

N, molar flux of oxygen ions [mol-Th s7]

No molar flux of molecular oxygen [molhs’]

P pressure [Pa]

R ideal gas constant [J-mbK™]

R, cathode polarization resistancg- frf]

t time [s]

T temperature [K]

V  electric potential [V]

X axial coordinate along the thickness [m]

Yo  Oxygen molar fraction in gas phase

Z; number of contacts betwegandi—particles ij = el, io)

Z  imaginary component of the impedan€e ff]

Zr real component of the impedan€e frf]

a  transfer coefficient

£ exponent of oxygen partial pressure in Eq. (2.20)

¥°  minimum percolation probability of phasé = el, io)
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SIS

EESRLT VAR >R O
o 0 o
los}

o
wn

overpotential [V]

overpotential applied to the cathode [V]

contact angle [rad]

porosity gradient [fH]

connected TPB length per unit volume{m

dynamic viscosity of the gas mixture [kg'ns’]

electric conductivity of phase(i = el, io) [S: ]
tortuosity factor of the gas phase

porosity

porosity before sintering

porosity at the current collector

phase of the impedance [rad]

solid volume fraction of phasdi = el, io) after sintering
solid volume fraction of phasdi = el, io, pf) before sintering

Superscripts

bs before sintering

cc current collector

eff effective

ex external conditions
Subscripts

e electrons

el  electron—conducting phase
io  ion—conducting phase
I inert gas

0 oxygen ions

O  molecular oxygen

pf  pore—formers

TPB three—phase boundary

Abbreviations

LSM strontium—doped lanthanum manganite
TPB three—phase boundary

YSZ yttria—stabilized zirconia
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Chapter 3

Electrochemical Modeling of
Unconventional SOFCs

This Chapter presents a steady—state electrochemicdel of an innovative
SOFC, called IDEAL-Cell, which shows mixed ionicndaiction. Other interesting
phenomena are considered, such as the incorporafiomater in the proton—
conducting phase and the dependence of protoniductimity from water partial
pressure. The thermodynamics and electrochemidtheo system are analyzed.
Effective properties are calculated with the extshgdercolation theory.

The study highlights that:

I. the presented electrochemical modeling frameworkajplicable also to
unconventional SOFCs;

ii. empirical correlations for the estimation of effeetconductivity, which do not
take into account particle overlap (i.e., the conéengle), are inappropriate;

ili. the cell performance can be substantially enhanbgd optimizing the
morphological parameters.

This Chapter was adapted from the paper "Mathealatmodeling of mass and
charge transport and reaction in a solid oxide ¢edllwith mixed ionic conduction”
by A. Bertei, A.S. Thorel, W.G. Bessler and C. Nitla, published in Chem. Eng.
Sci. 68 (2012) 606—-616.
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Abstract

A mathematical model for the description of transphenomena and reactions in
an innovative solid oxide fuel cell (called IDEALeH} under steady-state
conditions is presented. This cell is characterizd an intermediate porous
composite layer, called central membrane, betweathodic and anodic
compartments, which shows mixed conduction of psoémd oxygen ions and offers
active sites for their recombination to form wateapor. This study presents an
original model of charge transport and reaction time central membrane. The
model, based on local mass and charge balancesuats for mixed conduction in
the solid phases, diffusion and convection in the ghase, and reaction at the
solid/gas interface. The model domain is resolved continuum approach by using
effective properties related to morphology and mateproperties through
percolation theory. The model predictions are sssbtdly compared with
experimental data, which provide an estimate ofkinetic parameter of the water
recombination reaction. Simulations show a stroegahdence of predicted results
on the kinetic constant of the water incorporaticgaction and the effective
conductivities. A design analysis on porosity, kh&ss, particle dimension,
composition of central membrane and cell radiugppé&sformed and an optimal
membrane design is obtained.

3.1 Introduction

Fuel cells are electrochemical devices which cantlex chemical energy of a
combustible and a combustive agent (e.g., hydr@gehair, respectively) directly
into electric energy, without passing through anéathermodynamic cycle, thus
increasing the energetic efficiency of the procasd reducing pollution levels in
exhaust gases [1]. Among various types of fuelsceBiolid Oxide Fuel Cells
(SOFCs) and Proton Conducting Solid Oxide Fuel CEICFCs) have attracted
research and technology interest due to high ezggurformance and efficiency.

The Innovative Dual mEmbrAne fueL Cell (IDEAL—Cei$) a new SOFC concept
operating in the temperature range of 600—700°C If2¢onsists in the junction
between the anodic part of a PCFC (i.e., anodedande protonic electrolyte) and
the cathodic part of an SOFC (i.e., cathode andealanionic electrolyte) through a
porous composite layer, called central membrane)(@hde of proton—conducting
and anion—conducting phase. At the anode, hydrisgeonverted into protons while
at the cathode molecular oxygen is converted iri@en ions. Protons and oxygen
ions migrate through their respective electrolytegards the CM wherein they react
to produce water vapor (Figure 3.1).
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# Cathode
%0, +26 - O

2H" +0> - H,0

Figure 3.1 — Schematic diagram of the IDEAL-Caih@vative Dual mEmbrAne fuelL Cell)
configuration.

The water recombination reaction occurs in the Cither than at one of
electrodes as in common SOFC and PCFC configusatida a consequence, the
generation of corrosive mixtures of water with hgglen or oxygen is avoided,
safeguarding the interconnect materials. At theteddes water vapor does not
dilute reactants, thus they can be recycled witlaoyt treatment, while pure water
and heat can be recovered from the CM. In principple IDEAL—Cell performance
can be improved beyond either SOFC and PCFC peaficensince anode, cathode
and CM are independent and can therefore be fytimized for their individual
purposes, that is, the delivery and conversioreattants into ions at the electrodes
and production and discharge of water vapor inGhke

The CM represents the main innovative componenthef IDEAL-Cell since
electrodes are similar to those used in SOFC andCPEnfigurations. The CM
shows mixed conduction of oxygen ions and prot@Yishin the layer, ions react at
the active sites to produce water vapor, whichdsahe CM through the pores. The
CM is an electrochemical system in which mixed ¢oodonduction, mass transport
in the gas phase and reaction simultaneously oddixed ionic conduction and
water recombination from protons and oxygen iomsthe peculiar features of the
IDEAL-Cell. They do not occur neither in SOFC norRCFC, and for this reason
they have not attracted attention before.

Due to mixed ionic—protonic conduction in the Cle iDEAL—Cell is an original
concept of a fuel cell with three chambers for safedy feeding fuel (at the anode)
and air (at the cathode) and removing producedrnwatehe CM). This cell concept
was demonstrated by a set of dedicated experingnt8eing the objective of these
experiments the proof of concept of the IDEAL-CédhHe cell design was not
optimized, resulting in thick layers for differentompartments and poor
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electrochemical performance. Much effort is curdseriteing dedicated to the
shaping of more efficient cells, and the objectwehe presented model is, besides
allowing more fundamental interpretation of the eripental findings, to provide a
tool to support material and cell design. To thisl,ea mathematical model for the
description of simultaneous mixed ionic conductao electrochemical reaction in
a porous composite layer is developed. The modélaged on charge and mass
balances in a continuum approach, which descrifbegpbrous composite structure
as a continuum characterized by effective transmortd kinetic parameters
(conductivities, reaction constants, gas diffugagit etc.). Despite its simplifications,
this approach has been employed in several moddingies of composite
electrodes yielding valuable results [3—-8]. The tomum model is then a
mechanistic model, that is, based on the physiwdichemical representation of the
phenomena involved in the cell, which describes ra&cting system by local
partial—differential balance equations for spepiagicipating to the reactions.

The presented model is the extension and the raéine of a previous model of
the CM [9]. In particular, the current model is @b reproduce the experimental
behavior of the IDEAL—Cell and to elucidate the Kegtors (e.g., structural and
geometrical parameters, operating conditions, gmverning the cell performance.
Hence, this refined model has been developed ieraa reach a better physical
description of the system, to focus on sensitiveap&ters, to perform design
analyses for the improvement of cell performaneas, finally to extend the results
of the existing model (specifically tailored on t of the IDEAL—Cell) for
description of a general porous composite systewisty simultaneous mixed ionic
conduction and electrochemical reaction.

3.2 Modeling

3.2.1 General aspects

The CM is a composite layer made of proton—condgcéind anion—conducting
particles randomly distributed and sintered to gamough porosity for water
removal. The recombination reaction between prot@osning from the anodic
compartment and carried by the proton—conductirgspi{PCP), and oxygen ions,
coming from the cathodic compartment and carriedhigyanion—conducting phase
(ACP), occurs at the three—phase boundary (TPBhgm®eCP, ACP and gas phase
where reactants and products may coexist (Fig@a):3.

2Hcp) + Ofcry < H20( (3.1)
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c) A Anodic side
y!

(1) ™
() Lelec L e (v)
(D) ) x

Cathodic side

Figure 3.2 — a) Recombination reaction at the thglgase boundary (TPB). b) schematic
diagram of the cylindrical geometry of the IDEALHC#& the central membrane, protons
and oxygen ions react at the TPBs and the produeatér vapor leaves in the radial

direction. c) Schematic representation of the Chindim in the continuum approach with

boundary identification numbers (the dotted linpressents the electrode projection).

The recombination reaction can take place at arfy [BBation provided that the
gas phase and the two conducting phases are cedneith their respective bulk
phases via percolating networks (Figure 3.2b). Asmsequence, transport of both
molecular and ionic species through their respectienducting phases must be
considered.

Due to large length—scale disparities (ranging ftemths of millimeters at cell
level to fractions of micrometers at particle lgvelnd complex microscopic
structure, the model is developed by using theicoom (also called macro—
homogeneous) approach, which describes the corepsisitcture as a homogeneous
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continuum. Homogenization enables an approximateresentation within a

representative volume of the CM that is small re¢ato the overall dimensions but
large compared to the microstructure. The compaditecture is characterized by
effective properties (e.g., conductivities, meamepdiameter, TPB length per unit
volume) related to microstructure and material praops through percolation
theory. As a result, the model consists of a setarftinuum partial—differential

equations, with particle—level detail representedugh effective material properties
[5,10].

The CM model is based on the following main assiongt (further assumption
will be given in the following Sections):

i. steady—state conditions;

ii. the CM is modeled as a continuum and its morpholsggssimilated to a
random packing of monosized spherical particleshpawerlapping; effective
parameters are assumed to be uniform througho@ihe

lii. isothermal conditions: temperature is uniform tilylwout the CM and heat
effects are neglected,;

iv. mixed conduction of both ionic species is negledteldoth solid phases, that is,
PCP conducts only protons and ACP only oxygen ions.

In the following Sections, the submodels regardamayphology, electrochemistry,
and transport phenomena are developed and discussed

3.2.2 Morphological model

In order to obtain parameters required for the ioonim approach, we apply
particle—based morphological models and percolaheory. The CM is assumed to
be a random binary packing of monosized spheriagigbes of the two conducting
phases. Assuming that the gas phase is entirelyected in the range of porosity
investigated [11], the connected TPB length pet wolume A'rpg, the PCP surface
area exposed to gas phase per unit volafe and the mean pore diametgrare
estimated by using percolation theory accordingedei and Nicolella [12,13] as a
function of particle size and volume fraction ohdacting phases.

Effective conductivities are estimated by compusiémulations of random
packings of overlapping spheres. The composite asitucture is generated by
assembling a relatively small set of particles (meds of particles) into a cubical
region. A random position for each PCP and ACPigaris assigned in a body—
centered cubic structure according to their retatisolume fraction providing
porosity and coordination number of particles cstesit to those related to close
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random packings of spheres [14]. Particle radii then expanded to achieve an
overlap characterized by the contact andle (see Figure 3.2a). Effective
conductivities are evaluated by using the finiengnt method solving the Ohm law
within the conducting phases as a function of casitjgm and contact angle.

In Figure 3.3, the effective conductivity factogfihed as the ratio between the
effective and the material-specific conductivitiestimated according to the method
described above, is compared to that evaluateddmya et al. [15], who used a
computer simulation method based on a numericabnstouction to generate a
random packing of particles. Results are referoed binary mixture of particles of
the same size with a contact angle of 15 °, anafsed in mathematical models of
composite electrodes [3,4,15,16], and a porositg2P6. The results obtained by
using our simplified simulation method are consistend in quite good agreement
with Sanyal et al. [15] results.

1¢ - )
F o Numerical reconstructic

This study
0.1
% .
t\
()]
§
0.01
g, =0.32
T g8 =15°
0.001 :
0.35 0.40 0.45 0.50 0.55 0.60 0.65

Y

Figure 3.3 — Comparison between effective condiictifiactors obtained by numerical
reconstruction methofl5] and by our simulation method for a binary mixtofenonosized
particles with contact angle 15° and porosity 32%.

3.2.3 Thermodynamics and Kinetics
The local equilibrium of the reaction reported in.H3.1) is described by the
balance of electrochemical potentials of speciesqgi@ating to the reaction [17]:

~eq ~eq — 7eq
24 H*(PCP) + oz (acp) Hug) (3.2)

in which each electrochemical potential is the sofmthe standard chemical
potential, the activity term and the electric pai@rterm:

Ay = ,UiO(K) +R,TIn(aik,) + jiFV* (3.3)
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wherei refers to the specief,to its chargegjx, to its activity,K to the phase to
which the species belongg is the electric potential of the phase. By rewgtEq.
(3.2) through Eqg. (3.3), the local absolute eqtillilm voltage difference between
conducting phases may be expressed as:

abs 2F 2F 2

a_ .-
wtecr 02 (ACP)

0 RT 0
AV =SS, -V, = - B0 T In(a Pu/ P J (3.4)

where water activity is explicitly expressed as tiaéio of water vapor partial
pressuref,) and standard pressugg,)) while the standard Gibbs free energy is the
algebraic sum of standard chemical potentials digipating species. Note that Eq.
(3.4) represents the Nernst law for the reactidaqn(3.1).

Eq. (3.4), which represents the local voltage d#ffiee at equilibrium, can be used
to calculate the open—circuit voltage difference the CM. At open—circuit
equilibrium, local conditions are uniform and, iarficular, the local water vapor
partial pressure is equal to the external wateovaprtial pressurp,™. Application
of Eq. (3.4) under these conditions yields:

AGS, R,T / py
Avaggex:_ ZEM - ng |n[a2 Pw apw \J (35)

H " (PCP) “0% (ACP)

By subtracting Eq. (3.5) from Eqg. (3.4) and assuntirat activities of protons and
oxygen ions are unity since they are not functidnerternal conditions (i.e.,
activities are assumed to depend only on temperaand material properties), a
relative local equilibrium voltage difference istaimed:

RT
Aveq:—Lln( DWJ (3.6)
2F

ex
Pw

In the following model, we use only the relativeusitprium voltage difference
given in Eq. (3.6) since the Gibbs free energyeattion Eq. (3.1) is unknown.

Since kinetic studies on the materials used inIDEAL-Cell have not been
developed yet, a macroscopic Butler—Volmer typeetinapproach without mass—
transfer effects is assumed [17]:

itpg = io{exp[a RZT /7] - exp(— l-a) RZT n]} (3.7)

where itpg represents the current density per unit of TPRtlenrelated to the
current density exchanged per unit volume throughogphological parameter, i.e.,
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the TPB length per unit volum&'rpg), io the exchange current per unit of TPB
length, a the transfer coefficient anglthe overpotential, which is defined as:

n=04avV*- (VACP _VPCP) (3.8)

The reaction kinetics is expressed in the directibmvater production for positive
overpotentials.

3.2.4 Gas transport

Water vapor is produced according to Eqg. (3.1) insl removed from the cell
through the porosity of the CM. In the pores, aieainert gas (e.g., nitrogen) could
also be present, which is used to carry away waben the cell in order to reduce
concentration losses in the CM and to increaseplea—circuit voltage according to
the Nernst law. On the other hand, as discussedilaiSection 3.2.6, a decrease in
water partial pressure may lead to a decreaseotorprconductivity. However, in
principle the overall cell performance increaseghié gain in the open-—circuit
voltage is higher than the polarization loss duetlhe decrease in proton
conductivity.

Mass transport is described according to the dgsiy-nodel for transition region
[18,19], taking into account convection (Darcy floand diffusion (both ordinary
and Knudsen diffusion) of water vapor and carrs.gsurface diffusion of adsorbed
species is neglected and the gas phase is assonbedideal considering the high
temperature and the relatively low pressure.

According to the dusty—gas model, the net molaxeffuof water\) and carrier
(c) are described as a function of presfuend water vapor molar fractiog:

1 1-x X P X P B
N + Wi=—2 N_,— Ox, ——%|1+— opP (3.9
W,Q( Dvlv<,eff Dvevt:f J Dvevt:f c,g RgT W RgT ( /,I D K,eff ] ( )

w

1 X 1-X P 1-X P B
NC,Q[ DK,eﬁ + D(:fo J = Deﬁw Nw,g + RT DXW - R TW (1"' ZWJDP (310)
c wc wc g g c

Effective diffusion coefficients, both ordinary andnudsen, are used, by
correcting for the porosity and the tortuosity factag, of the gas phase [19]:

(3.11)

T
D, :f_gDiK where D/ :gdp ZE\/I fori=w,c (3.12)

o] |
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where the binary diffusion coefficient in Eq. (3)14 calculated by using the Fuller
correlation [20]. In Eq. (3.12)4; is the molecular weight of the species (water or
carrier).

In Egs. (3.9) and (3.10)¢ is the dynamic viscosity of the gaseous mixture,
calculated by using the Herning and Zipperer metf2®j, while B represents the
permeability coefficient, which is calculated usitigg Blake—Kozeny form of the
Darcy law [21]:

2
g 4 (3.13)
150 1_%

whereD, represents the mean particle diameter, relatdtetaean pore diameter as
[21]:

D :g(l_%’)d (3.14)

The Blake—Kozeny form is an empirical form of therBy law specifically
developed for porous media, such as packing ofraahgarticles. The numerical
constant 150 in Eq. (3.13) is empirically deterndirzes the average of hundreds of
measurements on systems with different particle aid porosity.

In this work, we propose to estimate the tortuofagtor in Egs. (3.11) and (3.12)
by comparing the permeability given by the Blakez&uwy correlation (Eqg. (3.13))
with the corresponding expression used for estirgatiie viscous (non—separative)
component of flow (i.e., due to gradient of totaégsure [22]), as defined by the
dusty—gas model [18,19]:

2
=% 9 (3.15)
Ty 32

By comparing Egs. (3.13) and (3.15), the tortuokittor results as:

22150
= = 2083 3.16
9 32132 ( )

3.2.5 Water incorporation and transport in PCP

Some proton—conducting materials, in particularséhdased on the perovskite
structure, show to incorporate and transfer watdhe solid phase [23-26]. This is
the case for the PCP material used in the pretauhy.s

Water is incorporated into the PCP bulk in the farhprotonic defects according
to the following reaction [24], written in Kroger+#\k notation:
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H 0 +Vowrer) + Odpcr) © 20Hopcr) (3.17)

whereVy" represents an oxygen vacan®j, an oxygen ion in the lattice ar@@H

a protonic defect. According to Eq. (3.17), theasmtration of incorporated water is
equal to a half of protonic defect concentratiorld concentrations of oxygen ions
in the lattice €o) and oxygen vacanciesyf) can be expressed as a function of
molar concentration of protonic defects per unitlanof perovskite cell doy) as
follows [24]:

S_

Co :% (3.18)
S_

Co =% (3.19)

where S represents the dopant level of the proton—condgaqterovskite material.
Hence, the thermodynamic constant of the waterrparation reaction becomes
[24]:

2

K, =—Con = 4con” (3.20)
PuColvo  Pw (S ~ Con )(6 —S—Con )

To the best of our knowledge, the kinetics of thretew incorporation reaction is
unknown. Consequently, a global kinetic expresstomsistent with the equilibrium
stated in Eq. (3.20), is assumed for the molar ohteater incorporation per unit of
PCP surface:

k
Vine = Kg PuCvoCo _K_dCOH2 (3.21)
whereky is the kinetic constant of water incorporationctean andc,o andco are
expressed as in Egs. (3.18) and (3.19).

The diffusion of protonic defects (i.e., water) hiit the PCP can be described by
the Fick law [25]:

N pcp = _DSvf,fPCPDCW,PCP (3.22)

The water diffusion coefficient is estimated acd@ogdo Coors [25] as a function of
self—diffusivities of protonic defects and oxygeacancies as well as of protonic
defects concentration. It is corrected for poroaityl tortuosity of the PCP phase in
the same way described in Section 3.2.2 for the B@Rluctivity. The volume
concentration of incorporated wat€y, pcp is related to the molar concentration of
protonic defects as:
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C
Coy = 2—WPCP (3.23)
o
where 0 is the molar density of perovskite unit cells p@it volume. Eq. (3.23)
allows the calculation of molar concentration, thedynamic constant and kinetic
rate of water incorporation reaction (Eqgs. (3.1843.as a function o€, pcr

Both water incorporation kinetics and diffusion assumed to be independent of
the electric potential of the PCP phase.

3.2.6 Charge transport
Transport of protons and oxygen ions in PCP and ,A€$pectively, is assumed to
follow the Ohm law:

T5e
N,. =~ = OVpep (3.249)
N, = Zace Oy (3.25)
0% 2F ACP :

where effective conductivities are considered.

The PCP conductivity is not spatially constanttdas, the local PCP conductivity
is linearly dependent on the concentration of prmtadefects according to the
Nernst—Einstein equation [17]:

sat Cou (3.26)

g, =0, -
PCP PCP
S

sat

in which o3g, is the conductivity at the saturation limit, thist when the

concentration of protonic defects is maximum anda¢dqo S. According to Egs.
(3.20) and (3.17), given the temperature and theeniad at equilibrium the molar
concentration of protonic defects is a non—linaarction of water vapor partial
pressure. In particulacoy increases as the water vapor partial pressureases
until a saturation limit, determined by the dopl@vel S, is approached. Beyond this
limit, a further increase in the water vapor parpeessure does not lead to any
increase ircoy, that is, in proton conductivity. As already sthie Section 3.2.4, in
such a case the use of a carrier gas in the CNhcagase the cell performance since
the lack of water vapor leads to a gain in the epenouit voltage without any
decrease in the proton conductivity.
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3.2.7 Governing equations and boundary conditions in the CM

The model consists of the system of molar balaogmtons for the five species
involved in the CM (protons in PCP, oxygen ionsAGP, water incorporated in
PCP, water vapor and carrier gas in gas phase):

OIN,. = —% (protons in PCP) (3.27)
OMNg. = —% (oxygen ions in ACP) (3.28)
0N pcp = Vinc@pep (water incorporated in PCP) (3.29)
OMN,, = % -v,.apcp  (Water vapor in gas phase) (3.30)
OINg4, =0 (carrier in gas phase) (3.31)

The model is developed for a cylindrical cell des{gee Figure 3.2b). Due to the
axial symmetry, the governing equations are appteedhe CM domain in 2D
(Figure 3.2c).

Boundary conditions are applied according to Fig@®@c. The boundary
identification numbers are also reported in Fig@t2b for the sake of clarity.
Symmetry conditions are considered at boundary ifi3ulating conditions at
boundaries (IV) and (V). At boundary (Il) we defiNgcp as reference potential
(Vacp = 0) while at boundary (Ill) the conditio¥pcp = 77cm IS Set, whereou
represents the overpotential applied to the whal¢. External conditions are
applied at boundary (VI)R = P™ and x, =x;‘ ) coupled with the desorption of
water from PCP N, pcp = ~@cpVin. » Wheregcp is the fraction of PCP volume to

the total volume, including void volume, and the exiting unitary vector).
Transport of incorporated water inside PCP is amrsid at boundary (lll) in a
simplified form as:

_ C _Can
ﬁDNWPCFF%CPDwF’CPM (3.32)

AE

where D ,pcp represents the mean water diffusivity in PCP actbe electrolyte,

tae the anodic electrolyte thickness a@f;.., the concentration of incorporated

water at anode—anodic electrolyte interface.
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3.3 Results and discussion

The model of the CM, that is, the system of Eqs2433.31) coupled with
relationships of fluxes and kinetics, is implemenénd solved by using COMSOL
Multiphysics 3.5 (based on the finite element mdjhin 2D due to the symmetry of
the geometry. The main model outcomeis that is, the total current density
flowing through the axial direction of the CM rafed to electrode or cell area. Cell
and CM polarization resistanceRe and Rpy), that is, the main performance
indexes, are respectively defined as the ratiatbeecell or CM overpotential and
the total current density. In addition, the mod#lgon includes the values of field
variables (e.g., pressure, overpotential, PCP dDB Alectric potentials, etc.), fluxes
and other desired quantities in the domain.

3.3.1 Comparison with experimental data

The IDEAL-Cell concept was proven in a single dadedicated experiments [2],
which are used in this work as a term of comparisororder to verify model
assumptions.

The model is compared with experimental data measat 873K on a non—
optimized cell used for proofing the IDEAL—Cell aapt [2]. In the same test
series, also the polarization resistances of platirelectrodes were singularly
measured. Yttria—doped barium cerate (BCY15) wasduss PCP, yttria—doped
ceria (YDC15) as ACP and nitrogen as carrier géthatigh BCY15 is known to be
a good conductor for both protons and oxygen itgagxygen ion conductivity will
be significantly lower than proton conductivity dte the absence of molecular
oxygen and the presence of water vapor [27]. Theeefmixed conduction of both
ionic species in PCP can reasonably be neglectaaidingly with the assumption
done in Section 3.2.1.

Sample and working conditions are shown in Table and the main model
parameters used in simulation are shown in Talile Bhysical properties for gas
and water transport in PCP are taken respectively fTodd and Young [20] and
from Coors [25], while the thermodynamic constKptis taken from Kreuer [24]
for BCY10. Since BCY15 is used as PCP, the demdityerovskite—cell®) is equal
to 19594mol- . The contact angle is assumed equal to 15° as ooigraccepted
[3,4,15,16] for calculation of effective morphologl parameters as described in
Section 3.2.2.
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Table 3.1 — Sample and working conditions usedtlier comparison of the model with
experimental data [2].

Parameter Value
Materials

PCP BCY15
ACP YDC15
Electrodes Platinum
Cell geometric parameters

CM thickness 60Qum
Anodic electrolyte thickness 140Qum
Cathodic electrolyte thickness 100Qum
Cell radius 5mm
Electrode radius 2mm
CM morphological parameters

Proton—conducting particle radius 0.15um
Anion—conducting particle radius 0.15um
Pore—former radius 0.75um
Porosity 0.53

PCP solid volume fraction 0.50
Working conditions

Temperature 873K
CM external pressure 1bar
CM external water vapor molar fraction 5.406°10
Water vapor partial pressure at anode 0.03bar

Table 3.2 — Main model parameters used in the coispa of the model with experimental
data.

Parameter Value
Conductivities

PCP (saturation) 1.9844S 28]
ACP 1.5488S- 1Mt [29]
Polarization resistances

Anode 3.0-10'Q-nt [2]
Cathode 4.2-10°Q-nt [2]
Morphological parameters

Contact angle 15° [3,4,15,16]
Kinetic parameters

Exchange current 3.1 m™
Kinetic constant water incorporation reaction  5*4fol- m? Pa*s*
Transfer coefficient 0.5
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In the following, we compare our own method toreate effective conductivity
(see Section 3.2.2) with two different formulatiaghat have been proposed earlier:

oy - 050¢ ~dien)’ (3.33)
Oy (1 - ZK ~th )2

eff
I = ((1 -9 );ZIK Vi )1'5 (3.34)
Ok

Eq. (3.33) is the Costamagna et al. [3] correlafiorwhich {« represents the
numerical fraction of K—phase particles and/x the numerical fraction
corresponding to the percolation threshold, white 8.34) is the Nam and Jeon
[16] correlation whereak represents the solid volume fraction of phidsend y its
connection probability, calculated according totBieand Nicolella [13].

Figure 3.4 shows the comparison between experinantbsimulated polarization
curves; current density is normalized to electrad®sa. The exchange curreptof
the recombination reaction Eqg. (3.1) is evalua®tha best fit to experimental data
for each individual method used for the estimatefféctive conductivity factors.
Table 3.3 shows effective conductivity factors &mktic parameters obtained from
the different methods.

20
°o  Experimental ,
—— This study ra
16 x
~~~~~~~~~ Eqg. (3.33)
. |~ EQ.(3.34) e
39 L o
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Figure 3.4 — Comparison of models using differemtalations for the effective conductivity
with experimental data [2].

The highest exchange current results from usingyanphological model since it
predicts the lowest effective conductivity provigian ohmic regime condition as
reflected by experimental data. In particular, tkieetic contribution to CM
polarization resistance is 9.7% as calculated fimulation. In addition, the
simulation predicts that the 95.5% of the cell piaktion losses are due to the CM.

64



Results and discussion

On the other hand, the two morphological modelgqs. (3.33) and (3.34) predict
higher effective conductivity providing a lower é&wmge current, which yields a
higher kinetic contribution to the cell polarizatioesistance and an exponential
shape of simulated polarization curves.

Because our own morphological model yields goo@&ament with experimental
data, it will be used in the remainder of this 8ett

Being the experimental data on IDEAL-Cell availabte far rather limited, the
comparison shown here cannot provide a thorougidatédn of the model. In
particular, the model was not tested on differeatl designs and operating
conditions. More detailed experimental informatismequired to estimate unknown
parameters and to extensively validate the modalwedv¥er, the satisfactory
comparison with available experimental results (Bagre 3.4), as well as the
rigorous phenomenological derivation of the modele( Section 3.2), suggest that
the model provides sound indications on the effeétkey design and structural
parameters and operating conditions on cell behand performance. To support
these indications, a sensitivity analysis and dgdeanalysis are presented in the
following Sections.

Table 3.3 — Effective conductivity factors and exaje currents as a result of the best fitting
of experimental data used in Section 3.3.1 foedkfit methods used to predict the effective
conductivity factor.

Method o o io

Our method (Section 3.2.2) 465310 3-10°A-m*
Eq. (3.33) 3.609. 18 8-10MA-m™
Eq. (3.34) 9.167-10 4.10"A-m*

3.3.2 Sensitivity analysis

The model contains two key parameters for whichatiable values are available,
that is, the kinetic constant of water incorponatieactionky and the contact angle
6. As reported in Table 3.2, while the latter waisteel5° as commonly accepted in
several modeling studies [3,4,15,16], the kinetimatant of water incorporation
reaction was set equal to18mol-nT%Pa"s' because, as discussed later in
Section 3.3.2.1, it yields a conservative estinatine cell performance. In order to
study the choice of parameter values on the elgwérical behavior, a parameter
study was performed as follows. Polarization cunasresponding to the same
conditions used in Section 3.3.1, were simulatedividually varying the two
unknown parameters. Using a value for the exchangenti, equal to 3L0°A-m™*
(see Table 3.2), the cell polarization resistammedculated in the linear range (in
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particular, for cell overpotential equal to 0.2V§, simulated as a function of the
tested parameter. Subsequently, the exchange tugremndetermined again as a
function of the tested parameter as the best fiexperimental data in order to
evaluate how the estimate of the exchange curremddvhave been changed if a
different model parameter had been used. In thewolg figures, simulations using
the standard parameters (Table 3.2) are markedavathiid symbol.

3.3.2.1 Variation of water incorporation kinetics

Figure 3.5a shows the cell polarization resistaasea function of the kinetic
constantky of the PCP water incorporation reaction. As canobserved in this
figure, asky increases as the cell polarization resistance@sas. Two asymptotes,
corresponding to an upper and a lower regimk,odre identified. At highky, water
incorporation reaction is fast and the PCP tendseton equilibrium with the gas
phase. The low value of water vapor partial pressiged in the simulations (see
Table 3.1 regarding external water vapor molartioac,”) leads to a low protonic
defect concentration, resulting in low proton cactiiity of PCP (see Eq. (3.26))
and in high cell polarization resistance. On thbeeothand, for lowky values,
protonic defect concentration (and PCP conduchivigynds to become independent
of gas phase conditions, and to be mainly detemninethe mass transport of the
incorporated water. As a consequence, the PCP ctivitiuin the CM is influenced
by the anode conditions, where a certain leveluwhidity has to be maintained to
ensure proton conductivity (see Eq. (3.17)). If wader vapor partial pressure in the
CM is lower than at the anode (as in the simulatiperformed in this work, based
on the experimental conditions used, see Table, 38 overall polarization
resistance levels off for loky. This situation occurs just in case of low wataper
partial pressure in the CM, and it will not occar bther operating conditions. Low
water vapor partial pressure in the gas chamberegiad to the CM was required in
the experiments performed to prove that water énlBEAL—Cell is produced in the
CM and not at the electrodes [2]. Higher water vagantial pressure in CM should
be expected for normal operation of the cell.

Figure 3.5b shows that for loky the refitting to experimental data reduces the
exchange current. On the other hand, it becomesdsilple to fit experimental data
over ks = 510 mol- % Pa* s* by further increasingy. Provided the validity of
the model and of the experimental data, and destiiter uncertainties that might
affect the model comparison with such experimedtth (Section 3.3.1), Figure
3.5b states that the kinetic parameter of watesrjpmration reactiotky is physically
limited below this critical value.

These results show that the water incorporatioretida into PCP plays an
important role in model validation and in simulaticesults, therefore an accurate
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estimate is required. Due to the lack of specifitelic studies, the chosen kinetic
constantky = 510*mol-ni> Pa™s’ is precautionary since, according to Figure
3.5b, it yields a low estimate of the exchangeeti,.
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Figure 3.5 — Parameter study of the kinetic constiapn a) Cell polarization resistance
calculated as a function of kinder reference conditions; b) sensitivity of exae currentg
on k resulting from the refitting of experimental data.

3.3.2.2 Variation of contact angle

The contact anglé affects the estimate of the TPB length per uniive and the
effective conductivity factors, both of which demse a¥ decreases. Regarding the
cell polarization behavior, since the kinetic cdnmition to CM polarization
resistance is almost negligible (Section 3.3.1¢, éffects of contact angle variation
will be mainly attributed to the change in effeetisonductivity.

67



Chapter 3 - Electrochemical Modeling of UnconveméicSOFCs

In Figure 3.6a the almost hyperbolic decrease inhpodarization resistance &8
decreases reflects the linear dependence of tketigt conductivity factor (equal
for both PCP and ACP since composition and pagtidlenensions are the same) on
the contact angle in the range investigated. Fi§usb shows the dependence of the
best fit exchange current as a function of cordaciie. As@increasesiy, decreases
because the increase in both effective condud@gviéind TPB length forces, during
refitting, the choice of a lower exchange curremtréproduce the experimental
behavior. For the same reason,Gadecreases, increases strongly until reaching a
limiting value atd = 13.2°. Below this limit value it is impossible bbtain good
fitting of experimental data since the effectivangdoctivities become too low.
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Figure 3.6 — Parameter study of the contact anglea) Cell polarization resistance
calculated as a function & under reference conditions; b) sensitivity offewge current
ip on @resulting from the refitting of experimental data.
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As a conclusion, the contact angle is a key modedrpeter as it affects primarily
the effective conductivity factors which play theaim role in determining cell
performance since the CM is in ohmic regime. In thiéowing simulations, the
standard value of 15° is used [3,4,15,16].

3.3.3 Design analysis

Keeping in mind the need for more rigorous moddidesion (see Section 3.3.1),
the present model is nevertheless used here tomdetethe best CM design which
leads to the minimum CM area—specific polarizatiesistance, as an indication
about how the design parameters affect the CM peeoce. In this Section, the
CM area—specific polarization resistance is retetiee the CM area, while in the
previous Sections (see Sections 3.3.1 and 3.3wAdtreferred to the electrode area.
In the following, the model parameters listed irblEa3.1 and Table 3.2 are used,
except for the cell radius (10mm), electrode rad8mm, i.e., 2mm are left free for
sealing), anodic electrolyte thickness |(#9) and external water vapor molar
fraction (0.2), as these conditions are more réalfer an optimal design study
under realistic conditions.

Figure 3.7 shows the dependence of the CM polaizaiesistance as a function
of porosity and thickness. The minimum porosityastigated is 0.36, corresponding
to the porosity of a dense random packing of hometo particles [14,30,31]
theoretically obtainable without using pore—formef$ any given porosity, CM
polarization resistance shows a minimum (i.e.,roptn) with respect to thickness.
For lower thicknesses the total number of reactites decreases giving an increase
in Rpew due to kinetic activation losses, while for higtibicknesses the ohmic
losses become dominant. As the porosity decredsedl&® minimum polarization
resistance decreases due to an increase in PCRGih@ffective conductivities. As
a result, the optimum porosity corresponds to th@mum value investigated, i.e.,
0.36.

Fixing the porosity to 0.36, Figure 3.8 shows thmimum CM polarization
resistance as a function of PCP solid volume foactiThe increase in PCP solid
volume fraction leads to an increase in PCP effeatbnductivity and a decrease in
the ACP effective conductivity and vice versa. Ttwmmbination of these two
opposite effects leads again to a minimum of peddidn resistance. Since PCP and
ACP show similar bulk conductivities under theserkirmg conditions and both
kinds of particles have the same dimension, themgbtcomposition corresponds to
50% PCP and 50% ACP of the total volume of solidgas with an optimal CM
thickness of 146m. In addition, this composition corresponds theximam TPB
length per unit volume for monosized particles [13]
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Figure 3.7 — Design analysis on porosity and thads
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Figure 3.8 — Design analysis on composition: mimmQCM polarization resistance and
optimal CM thickness as a function of the soliduwod fraction of PCP.

The influence of particle size on CM polarizati@sistance is shown in Figure
3.9. As shown in Figure 3.9a, decreasing particlmedsion leads to an
improvement in CM performance since both CM pokian resistance and the
optimal thickness decrease due to the increasedld@ifsh. Nevertheless, as shown
in Figure 3.9b for a reasonable CM overpotentialOdfV, also the mean pore
dimension decreases yielding an increase in taedgore since the permeability
becomes smaller (Eq. (3.15)). High pressures withénCM should be avoided to
guarantee the mechanical stability of the membravieteover, actually small
particles could lead to problems during the singgrresulting in a smaller porosity
that reduces both gas transport and kinetics daeldaer TPB length as a result of
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a non—percolating pore space. For these reasonsggest to avoid decreasing the
particle size below 0.18n.
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Figure 3.9 — Design analysis on particle dimensiap.CM polarization resistance as a
function of thickness for different particle radb) maximum pressure inside the CM at a
given CM overpotential.

The cell radius is another important design paramé&tchnologically, larger cells
are preferred due to their higher absolute powgsuiuln the following, we assume
that due to sealing requirements, the electrodausad 2mm smaller than cell
radius:

Meec = Feen — 2MM (3.35)

Using the best design parameters as identified eatsind a reasonable CM
overpotential of 0.1V, Figure 3.10a shows the flce of cell radius and CM
thickness on CM gas pressure. As the cell radioseases, the maximum pressure
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inside the CM increases due to the increased toandstance that water vapor has
to cover to leave the CM in the radial directiorhisT results in a larger CM
concentration overpotential yielding a lower CMfpamance. However, the active
region available for the recombination reactionfregponding to the electrode
projection, increases. Figure 3.10b shows the émite of cell geometry on
polarization resistance. Here, an optimal desigobigined forr., = 13mm and a
CM thickness of 156m where the minimum CM polarization resistance,atdo
6.06510°Q-nt, is observed. In addition, Figure 3.10b shows tigher cell radii
could be used without significant increase in CNlagaation resistance, if also the
CM thickness is increased accordingly.
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Figure 3.10 — Design analysis on cell radius. a)Xifaum pressure inside the CM at a given
CM overpotential for different cell radii; b) minuiin CM polarization resistance and
optimum CM thickness as a function of cell radius.
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Conclusions

The little increase shown by the polarization r@sise for thicknesses higher than
the optimum condition gives comfortable latitude &haping efficient cells with
mechanical reliability and for advanced design.(eydd channels) to enhance water
vapor outflux.

3.4 Conclusions

A mathematical model of the central membrane (CKjhe IDEAL-Cell was
developed in this study. The CM was modeled usingoatinuum approach
describing a mixed ionic conduction layer where noival and electrochemical
reactions, coupled with charge and mass transpbnteacting species, occur. The
model consists of a system of local charge and rbaksce differential equations
under steady—state conditions. Geometrical parameteere obtained using
morphological models based on percolation theory.

The model was successfully compared with experiadafgta from literature. The
kinetics of the recombination reaction was estimhdig best fitting revealing that
the CM was in ohmic regime under the investigataatigions.

A variation of uncertain parameters, in particulae kinetic constant of water
incorporation into the proton—conducting phase #mel contact angle between
particles, showed a strong influence on the estichaikchange current, suggesting
that an accurate estimate is required in orderbtaio reliable results from the
model. Despite this limitation, a design analydieveed the identification of how
geometrical and morphological parameters affectabe performance, revealing
that an increase in cell efficiency is expected nvhising lower porosity, smaller
thickness and higher cell radius compared to thereace condition. In particular,
the optimized parameters yield a decrease in CMrgaltion resistance from
0.3X)-nt of the reference to 6.08%°Q-nT in the optimized condition.

After further experimental comparisons and morenégs validation in order to
get reliable values of the so far unknown paramsetiie presented model may be
used as a valuable tool to interpret experimerdatd,do help optimizing cell design
and to predict future performance and developmdiie predicted optimum
performance relies on the model chosen for theipgdkandom packing of single—
size spheres), and it may improve when featuresmosidered in this study (e.g.,
channeled porosity, mixed conduction in a singlageh better shaping and better
materials) were taken into account.
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Nomenclature

Glossary

ak)  activity of species in phaseK

aye, PCP surface area exposed to gas phase per umit@dh’]

B permeability coefficient [f)

Co molar ratio of oxygen ions to perovskite cells

CoH molar ratio of protonic defects to perovskite sell

Cvo molar ratio of oxygen vacancies to perovskitescell
Cwpcp VoOlume concentration of water incorporated in PQB!- m‘3]
d, mean pore diameter [m]

DX Knudsen diffusivity for specigs(i =w, c) [m? s7]
Dp mean particle diameter [m]

Dw.  binary diffusion coefficient for water vapor—carigas [ s
Dwpcp diffusivity of water incorporated in PCP frs]

F Faraday constant [C-m{|

G Gibbs free energy [J-md]

io exchange current [A-T)

itot total current density per unit of electrode ot aeta [A- M7

it current density per unit of TPB length [Ain

kg kinetic constant of water incorporation reactinrPiCP [mol- nf- Pa®- s7]

Kw thermodynamic constant of water incorporation tieadPa’]
n normal versor

N.g  molar flux of carrier gas in gas phase [mof-g]

molar flux of protons in PCP [mol-fas™]

N _,. molar flux of oxygen ions in ACP [mol /s

Nwg  molar flux of water vapor in gas phase [mof-s]
Nwpce Molar flux of water incorporated in PCP [mol?ns]
P pressure [Pa]

Pw water partial pressure within the CM [Pa]

I cell cell radius [m]

lelec electrode radius [m]

 part particle radius [m]

Ry ideal gas constant [J- mbK™]

Rper  area—specific cell polarization resistan@erff]
Rpew  area—specific CM polarization resistan€e ]

S dopant level

T temperature [K]
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Nomenclature

tae
tem

thickness of the anodic electrolyte [m]

thickness of the CM [m]

electric potential [V]

rate of water incorporation reaction in PCP [mof-81]
molar fraction of water vapor in gas phase

transfer coefficient

percolation fraction

molar density of perovskite cells [mol-in

absolute equilibrium voltage difference betweerPAghd PCP [V]

relative equilibrium voltage difference betweenA@nd PCP [V]
numerical fraction of ACP of PCP particles

overpotential [V]

cell overpotential [V]

overpotential applied to the whole CM [V]

contact angle [rad]

connected TPB length per unit volume fm

dynamic viscosity of the gas mixture [kgns ]
electrochemical potential of specidéa phaseK [J- mol’]
ionic conductivity [S- ]

tortuosity factor of the gas phase

porosity

volume fraction of PCP

solid volume fraction of ACP or PCP

Superscripts

0 standard conditions
an anodic conditions
eff effective

eq equilibrium condition
ex external condition
sat saturation limit
Subscripts

c carrier gas

H* protons

O*  oxygen ions

w water
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Abbreviations

ACP

anion—conducting phase

BCY yttria—doped barium cerate

CM

central membrane

PCFC proton conducting solid oxide fuel cell

PCP
TPB

proton—conducting phase
three—phase boundary

YDC yttria—doped ceria
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Chapter 4

Numerical Reconstruction of
Random Packings of Spheres

This Chapter presents the numerical reconstructi@thod used to simulate
random packings of spherical particles, which soapplied in Chapters 6-8. The
method is compared with percolation theory in sadecomposite packings of
particles, that is, in composite SOFC electrodes.

The numerical reconstruction algorithm allows tbentification of the range of
validity of percolation theory, showing that:

i. percolation theory predictions are inaccurate fomtact angles larger than 23°,
which means porosities smaller than 28% accordinghapter 7, which are
typically used in the anode functional layer justriake an example;

il. the assumption that particles retain their positipon sintering when pore—

formers are used is generally valid for porositiesller than 60%, therefore it is
satisfied in typical SOFC electrodes;

within these conditions, percolation theory faidgrees with the results of the
packing algorithm, although broader information barobtained from the latter.

This Chapter was adapted from the paper "Percglatiehavior of sintered
random packings of spheres" by A. Bertei, H.-W. iIChbG. Pharoah and C.
Nicolella, published in Powder Technol. 231 (2042)-53.



Chapter 4 - Numerical Reconstruction of Random Peyskof Spheres

Abstract

This study investigates the effects of sinteringamdom composite packings of
spherical particles, with focus on structures wighatively low densification where
the sintering is used to obtain desired catalyticl aransport properties. The effects
of the degree of sintering (particle—particle casitaangle) and of additional
porosity created by pore—former particles on conation numbers and percolation
probabilities are addressed by using both the adg¢enpercolation theory and the
drop—and-roll numerical reconstruction method. Themparison of the two
methods allows the assessment of two key assumptiowhich percolation theory
relies when applied to sintered structures: i) pees retain their position during
the sintering, ii) coordination numbers in the sired structure are evaluated as the
particles were rigid spheres. The former assumpimrassessed by calculating,
using the drop—and-roll method, the fraction oflapsing particles, which belong
to clusters completely surrounded by pore—forméhsmerical simulations show
that the fraction of collapsing particles is lesgmmn 1% for porosities as high as
60%. Within the range of validity of the first asgution, the theoretical and
numerical methods predict that pore—formers decehe number of contacts and
so the percolation probability. The latter assuroptiis assessed by comparing
simulated and theoretical results for different tzar angles. The comparison shows
that for contact angles smaller than 15° particleshave as they were rigid. For
contact angles larger than 23°, sintering effeats ao longer negligible, leading to
a relative error between the two methods largernti0% in contact number
estimations. This study also shows that percolatibeory and numerical
simulations provide very similar results over a avirdinge of conditions, suggesting
that the two methods can be used interchangeablgdscribing sintered random
packings.

4.1 Introduction

Random packings of spherical particles have a#idacesearch and technology
interest due to their several theoretical and jmalcapplications. They are used in
many particulate systems such as packed beds iandilchemical applications,
cermets and ceramics. In several applications #ekipg undergoes a sintering
process. Depending on the desired resulting priegeaind the involved materials,
the sintering has two different aims: i) the ddnation of the packing, leading to a
highly compact structure, closing the pores amdrey ftarticles, hereafter called
structural sintering, ii) the stabilization of tpesition of the particles in the packing
without closing the pores, hereafter called funwicsintering.
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Introduction

The goal of the structural sintering is the enhare@ of the mechanical
properties (e.g., the tensile strength), as desirélte densification of metal-ceramic
powder mixtures as in powder metallurgy [1,2]: imcls a situation the residual
porosity is undesired. Powder densification hastaddressed experimentally [3—
5], theoretically [6,7] and numerically [8—11]. THeestudies were mainly dedicated
to investigate very high packing densities (upQe®%).

In functional sintering the mechanical propertiessén a marginal role and the
sintering process is used to get the desired detalgd transport properties (e.g., the
specific surface area exposed to the gas phaseffdutive electric conductivity, the
effective gas diffusivity), in particular for comgite mixtures. This is the case of
porous composite electrodes for solid oxide fudlsce which the optimization of
the cell performance requires the tailoring of thecrostructural functional
properties [12-17]. In such applications the paghkporosity can be controlled by
addition of pore—formers in the particle mixturddse sintering. Pore—formers are
particles of materials which decompose at high tnajpire during the sintering,
leaving additional pores in the microstructure tm@easing the packing porosity
and, as a consequence, the gas transport prop@itidgbe other hand, the degree of
densification can be tailored to enhance the degfegarticle overlap, thus
increasing the effective electric conductivity betsolid phase. This study focuses
on structures obtained by such a type of functisirdaering.

In these applications the main goal of studying plaeking morphology is the
prediction of the effective functional properti¢aring from measurable parameters
such as the granulometric distribution of the pawdend their composition. Among
theoretical and numerical methods, percolation rh¢b8,19] and particle based
numerical reconstruction methods [20,21] have beieiely applied to characterize
the microstructural properties of random packingspierical particles. The former,
due to its simple implementation, can be easilyedgrated in more advanced
macroscopic models [14,22] but it does not protig¢he effective properties like,
for example, the effective thermal and electric diariivities. On the other hand,
numerical methods reconstruct the microstructuth®imedia, which can be used to
evaluate broader information than percolation thean predict about solid and gas
phase properties, at the expense of a higher catnprgl cost.

Particle based numerical packing algorithms havenbeidely adapted in the
context of the microstructural reconstructions. rehés a variety of available
numerical techniques for simulating random struedwf spherical particles, ranging
from random loose to random close packings: Mon#ldC[23-25], collective
rearrangement [20,26,27], drop—and—roll [21,28-@&1d discrete element methods
[32—34] to cite the most common methods. Among mathgers, this article adapts
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the drop—and-roll algorithm due to its easy impletagon and because it is usually
faster than collective rearrangement and discré&gment methods, nevertheless
ensuring consistent results at the particle 1€38).[

In this study, several improvements over our previapproaches [36—38] have
been introduced in the packing algorithm in ordeptovide a better representation
of the microstructure of composite sintered strrgguPore—former particles can be
added into the reconstruction process in orderntyekse the porosity of the
packing. Furthermore, the model is capable of pvasg the same particle—particle
contact angle between the rolling and the packeticfes throughout the whole
structure. Different degrees of sintering are nucadly simulated by varying the
contact angle, providing structures ranging fronertap—free (i.e., rigid spheres
having a contact angle approaching zero) to sutialignhighly sintered packings
(i.e., overlapping spheres having a contact anglie 40°).

Percolation theory [18,19,39,40] is a stochastieotiz regarding the particle
arrangement in the packing, which relies on thedipten of average contact
numbers of particles, that is, the number of cdstacade by a particle with its
neighboring particles. Functional properties, edato the connectivity among
particles, are then predicted starting from theluatson of the contact numbers
[14,18,19]. Several percolation models have beemldped [18,39,40], based on
different basic relationships used to calculatetacinnumbers as a function of
particle size and composition. Recently Bertei &licblella [41] showed a critical
comparison of existing percolation theories angpsed new relationships to obtain
a better agreement with simulated and experimergallts. The theory was
extended to take into account polydisperse powdedsthe control of porosity by
addition of pore—formers in the mixture of partgc[@9].

Despite recent improvements [19,41], percolatioreotih relies on some
assumptions which require careful verification @nkdas some possible limitations
when applied to sintered structures:

I. itis assumed that pore—former particles, whichodgmose during the sintering,
leave holes in the structure of the same shapleopore—former particle that
occupied such position before sintering. Under #ssumption, the remaining
particles retain their position, and their perdolatproperties as well, during the
sintering;

ii. the particle coordination numbers are evaluatedsidening particles as rigid
spheres, i.e., neglecting overlaps.
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Methodology

The first assumption is valid only if the structul@es not locally collapse. When a
solid particle or a cluster of solid particles igreunded by pore—former particles,
after sintering they cannot retain the same posititey had before sintering.
Structure collapse logically occurs in the case dfigh volume fraction of pore—
formers in the starting mixture, although a quaitiiie estimate has not yet been
proposed. Regarding the second assumption, to whkeEnt particles can be
considered as rigid is still an open issue.

The main goal of this article is to investigate thimtering effects in the
applications where a functional sintering is regdir(e.g., porous composite
electrodes). The assessment is performed by usamgolgtion theory and the
particle based numerical reconstruction method.MMmmrdination numbers and the
phase percolation probabilities are evaluated, lwhite the primary information
required for the calculation of more advanced ¢iffecpacking properties related to
particle connectivity. Furthermore, this articleamates the limiting particle—particle
contact angle over which particles do not behaveigid spheres as well as the
amount of pore—former particles leading to localicture collapses, providing the
range of validity of the extended percolation tlyeas well as practical indications
for the mixture preparation.

4.2 Methodology

The extended percolation theory used in this wak lbeen extensively described
in Ref. [19], thus only the equations strictly reegd for the comprehension of the
study will be briefly recalled in this section.

The particle based reconstruction procedure us#usdrstudy follows the random
sequential addition method better known as drop—atidalgorithm [21,28-31].
The procedure is applied to a ternary mixture df/gisperse powders, namedy,
b— and f-particles. The latter type represents pore—formarticles, which
decompose during the sintering and are not prasettte final sintered structure.
The granulometric distribution of the powders iscdetized into particle sizes [18]:
m, for a—particles (i.e., different radii, _), m, for b—particles anain for

S RN

f—particles.

The packing is numerically generated by adding jpemticle at a time into a box
domain of specified dimensions with periodic bougdzonditions in the horizontal
directions [21,31]. Each particle is dropped frdme top of the domain randomly
choosing its horizontal coordinates. The fallingtisée is allowed to roll over one or
two already packed particles without friction, asibe or inertia, provided that is
coordinate is higher than the-coordinate of the center of rotation. The particle
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comes into rest when either it is stably suppobethree other particles, that is, the
projection on the floor of the center of the fadliparticle is located inside the
projection of the triangle formed by the contacing® with the three contacting
spheres [20,42—44], or it reaches the bottom ofdibrmain. As the particle comes
into rest, its position is fixed and a new partisleiropped into the domain repeating
the same procedure, reported in Figure 4.1. Theedlegolume fractions of tha—,

b— andf-phases, indicated ag, ¢ and ¢, are enforced by assigning a weighted
probability to the particle selection before thetigbe is dropped. In a similar way,
the size of the falling particle is randomly detered before the dropping
considering an occurrence probability according the@ desired particle size
distribution for such phase.

A desired particle—particle contact angle is usedirgput parameter of the
algorithm, in order to simulate different degreésiatering. The contact angle is a
property of the pair of contacting particles: fach couple of spheres, the contact
angle depends upon the smaller particle [18] asesemted in Figure 4.2. Given the
contact angle and the radii of the contacting pladi the minimum allowable
distance between them is directly calculated, atigwthe rolling of the particle
holding the same distance (i.e., the same parpelgicle contact angle) between the
rolling particle and the packed one. This featwgresents an improvement of the
previous version of the algorithm [36] since thataat angle is constant throughout
the structure. Structures with overlap—free (rigid spheres) or overlapping particle
configurations are obtained by using small (usuélgfow 5°) or larger contact
angles, respectively.

As the box domain has been entirely filled withtjgdes, the structure generation
is completed. Since during the sintering processe-gormer particles undergo
decomposition (e.g., they burn in an oxidizing adpteere), it is assumed that they
leave holes of the same shape of the pore—forméiclpathat occupied that position
before sintering. Even though pore—former partides not present in the final
structure, constituted by onlg— and b—particles, they do have an effect on the
number of contacts oé— and b—particles. Indeed, due to this assumption, the
remaining particles hold their position during 8ietering, so that they retain, upon
sintering, the same percolation properties they befibre sintering. In order to
characterize the final packing composition, theuwm# fractions ofa— and b—

particles after sinteringy2® and ¢2° are evaluated on the basis of the volume

fractions before sintering ag® =y, /(, +w,) and @ =, (W, + ).
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i
’ Select particle type ‘
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’ Select particle size ‘
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7 particle >z cente No

of rotation’
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Select the 2 stable
contacting particle

{ Record final particle positior‘.‘r

Figure 4.1 — Program flow chart.

Using the numerical reconstruction method, the jtype radius and the center
coordinates of each packed particle within the donsae known. Based on that
information, the number and type of contacting ipke$ can be easily determined
for each particle. Taking as reference lthh particle of then, particles belonging

to thei-th particle size of the phase the individual number of contacts of this
particle with particles belonging to tlieth particle size of phadeis indicated as
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zﬂ?kj . The average number of contacts betweenhthparticle size with thédg—
particle size, calledzhikj , is then calculated by summing all the individoahtacts

of each h—particle with k—particles and dividing by the number of particles
belonging to thén—particle sizen, :

My
(1)
— |1=1

Ky nh

(4.1)

Figure 4.2 — Definition of contact angle betweero taverlapping particles: the contact
angle @is defined upon the smaller particle.

The average coordination number lafparticles Z, is defined as the total

number of contacts that &n-particle makes with its neighboring particles. $hie
coordination numbeiZ,, is equal to the sum of the number of contacts tttehi—

particles make witla— andb—particles as:

My My
Zhi:Z;Zn.a,- +Z;Z“'bj (4.2)
1= 1=

These average numbers of contacts are comparathiese calculated, in the same
conditions (i.e., composition and particle sizetriisitions), by using percolation
theory according to Ref. [19].

The contact information of the resulting structatso allows the determination of
how many clusters of particles are present in thmilated packing. A cluster is
defined as a group of homolog patrticles (i.e.,haf same type) connected to each
other. The number of clusters as well as the nurahdrparticle index of particles
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belonging to each cluster can be identified. THellpwing the notation given by
Costamagna et al. [14] (see Figure 4.3), each erlust marked as entirely
percolating (A—cluster), if it provides a connectegtwork through the thickness
(that is, thez direction) of the structure, partly percolating-(uster) if connected
to either the top or the bottom of the domain &eiparticles andb—particles,
respectively, and completely isolated (C—clusteit)is not connected with either the
top or the bottom of the domain fa@—particles andb—particles, respectively.
According to Refs. [14,39], for each phase onlypb#icles belonging to A—clusters
are considered percolating. The percolation proipaln the simulated packing is
calculated as the ratio between the number of peeg particles and the total
number of particles belonging to the consideredseha

Figure 4.3 — 2D schematic representation of a casitporandom structure made of a—
particles (dark gray) and b-particles (light grayEntirely percolating (A), partly
percolating (B) and completely isolated (C) clustare shown for both the phases.

Regarding percolation theory, the percolation pbiltg p, of the phaseh is
estimated as:

4236-27, .\
=1-| =2 _Shh 4.3
Ph ( 2472 J (43)

whereZ, , represents the overall average number of contacts! h—particles, i.e.,
the average number of contacts thathaparticle makes with other homoldg-
particles, calculated according to:
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m, my,
Zzhi Zzh ;
_i=1 i=1
My
2%
i=1

where {}, represents the numerical fraction before sinteviitg—particles.

Zhn (4.4)

The same routine described for the determinatiotiusiters of homolog particles
is also used to individuate the local structurdagde. It is assumed that, due to the
interactions among particles that the sinteringcess provides, after sintering a
particle is stable provided that it makes at leasbntact with another stable particle.
A particle is considered unstable if it belongsatcluster ofa— or b—particles or a
mixture of them (in the following, we will refer @ solid particle if such a particle
belongs independently to treor b phase, but obviously not to the pore—former
phase) not connected to the bottom of the domathcampletely surrounded by
pore—former particles before sintering. After siimg such a cluster is unstable and
it will drop downward without retaining its initiadonfiguration. Thus, the structure
collapse is related to the presence of C—clustessla particles isolated from the
bottom of the domain. In the following, the ratietlveen the number of unstable
solid particles and the total number of solid mdes in the structure after sintering
will be taken into account as a reference for thecture collapse.

4.3 Results and discussion

4.3.1 Effect of pore-formers on percolation properties
Polydisperse mixtures of rigid particles were siabedl by using the numerical
reconstruction algorithm with a small contact angteong particles (4°, smaller
than the one used by Nolan and Kavanagh [20]). MigaleGaussian distributions
were used for each phase in order to highlight tliferences between a
polydisperse and a monodisperse case, emphasizitigsi way the gap between
small and big particles in the packing [19]. In tadar, each distribution was

discretized into 9 particle sizes in the rar((;]e o3,F +0'\/§) with a step size of
20 whereTt ando are the mean radius and the standard deviatigimeodiistribution,
respectively [45]. The cases investigated consilere=r, =7, =7, and
o, =0, =0; =02r with an increasing volume fraction before sintgriof pore—

formers, thus leading to an increasing final pdyosiarting from 0.41 fogk = 0. In
all the simulations, the dimension of the cubic dommwas chosen to encompass an
average of 10 000 particles in order to provideadequate number of particles for
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each particle sizey, in Eq. (4.1) (40 particles as suggested by Bouaaiti Lange

[39]). The same starting input parameters wereidensd for percolation theory.

In Figure 4.4, the coordination numbers of the #séala;), mean &) and biggest
(ag) particle size are shown farparticles as a function of the final porosity. &in
r, =1, andg, = o, the coordination numbers bfparticles are coincident to those

of a—particles. Numerical simulation results are repnésd with marks while the
estimates of percolation theory are reported visibs.

Figure 4.4 shows a good agreement between thealratid simulation results for
the range of porosity considered. Numerical sinatresults show that, as
predicted by percolation theory, in a polydisparsgture the coordination number
of the biggest particle sizag is larger than the coordination number of the lkrsa
particle size &;). Both percolation theory and numerical simulatiesults show that
increasing the volume fraction of pore—former pdes, i.e., increasing the final
porosity, leads to a decrease in the coordinatiambers ofa—particles (ando—
particles too). Hence, as stated by Bertei and IBlieo [19], the numerical
simulation highlights the fact that the presenceafe—formers not only increases
the packing porosity but it also reduces the numbér particle contacts.
Furthermore, the agreement between percolationrthestimates and simulation
results suggests that both methods provide consisésults with respect to the
contact numbers in polydisperse mixtures of riggdgtiples with and without pore—
formers.

0.40 0.45 0.50 0.55 0.60

n

Yy

Figure 4.4 — Coordination numbers of smallesf),(anean (g and biggest (g a—particle
size calculated by the percolation theory and themerical model as a function of the final
porosity. Lines are used for percolation theoryules marks for the numerical model.
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The percolation probability ai—particles as a function of the packing compaosition
was numerically evaluated for four representatimalfporosities (09“” =0.41, 0.45,

0.50, 0.55, corresponding t& =0, 0.066, 0.151, 0.235). In numerical simulatjons
for each setting four structures containing moemnth0 000 particles were simulated
in order to have sufficient data for each case.imjle simulation per case is not
enough to get a reliable representation of the nvadure due to the randomness of
the structure generation. Simulation results goented in Figure 4.5.

1.0
0.8 |
0.6 [
(]
o

0.4 r

0.2 |

0.0
0.20 0.30 0.40 0.50 0.60 0.70

Figure 4.5 — Percolation probability of a—particles a function of the volume fraction after
sintering of a—particles for different final portisis calculated by the numerical model.

For each final porosity, the percolation probapitif a—particles is equal to 0 until
a critical composition, called percolation thregh{89,46], is reached. This means
that below the percolation threshadparticles are grouped in B— and C—clusters
but there is not any A—cluster entirely percolatiddpove the threshold, as the

volume fractiong/2® increasesp, increases reaching 1 when aHparticles belong
to one or more entirely percolating clusters.

Given a composition after sintering above the gatmm threshold, increasing the
packing porosity by adding a larger volume fractioh pore—formers before
sintering leads to a decrease in percolation piitityabThis result, predicted by
percolation theory [19] and confirmed by numerisihulations, is expected since
the decrease in the number of contacts as preyialderved (Figure 4.4) with an
increasing amount of pore—formers is logically cected to a decrease in particle
connectivity. Indeed, Eq. (4.3) highlights thatrthés a direct relationship between
the number of contacts of homolog particlgg and the percolation probabilify.
Furthermore, as the packing porosity increases,ptreolation threshold of—
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particles moves towards a larger volume fractigfi, from ¢2° = 0.29 when no

pore—formers are added ¢° = 0.38 forg" = 0.55.

These results show that increasing the amount oé—formers leads to an
increase in packing porosity, which may logicallycriease the effective gas
transport properties of the sintered packing sictha effective diffusivity and the
permeability. On the other hand, the additionalopity leads to a decrease in the
number of contacts in the solid phase, resulting ismaller particle connectivity
represented by a smaller percolation probabilityictvhwill reduce the effective
electrical conductivity.

4.3.2 Structure collapse

As discussed in Section 4.1, the local structurdapse occurs when, before
sintering, a cluster of solid particles is comgleteurrounded by pore—former
particles. After sintering this cluster is unstablel its particles cannot retain their
position. Local structure collapse should be avbidden a functional sintering is
required because it leads to non homogeneous rmecases. Furthermore, the
resulting microstructure and its percolation préipsrare not the same of those that
could be expected and predicted. Indeed, the estepdrcolation theory cannot be
used since it relies on the assumption that pedicétain their position during the
sintering while the numerical reconstruction metisbduld be adjusted in order to
take into account the dropping and rolling of tmstable clusters after sintering. In
other words, both percolation theory and numernieabnstruction method are valid
within the range where local collapse does not occu

In this Section, the local structure collapse eniified when at least 1% of solid
particles are unstable after sintering. This caémdlitdoes not identify when a
sintered composite packing is practically feasibbgther it determines the limit
below which the presence of collapsing clusters lmameglected when evaluating
microstructural properties by percolation theorynomerical reconstruction method.

The local structure collapse was investigated bpgushe numerical algorithm
because such a type of information cannot be oddafnom percolation theory.
Given thea—, b— andf—particle distributions as well as the volume fiattof a—
particles after sintering, the volume fraction obrg@-former particles before
sintering was increased in the numerical simulatiamtil structure collapse
occurred. In particular, for each setting, threeicttires were created: if collapse
occurred in at least one of them the current volénaetion of pore—former particles
was stored and related to that setting, otherhiszetnew structures were generated
with an increased pore—former volume fraction. &ahe structure, the domain size
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was varied for each setting in order to get attl&@80 particles after sintering, that
is, at least 50 unstable particles when the cadlap=curred. During the structure
generation pore—former particles were also consileso the total number of
particles per structure was actually much larganth000.

Monosized rigid particles (i.e4 < 4°) were used in these simulations. Obviously,
polydisperse mixtures might be used, however thentibn was focused on
monodisperse phases in order to get the generdl,nah distribution—specific,
behavior of the local structure collapse as a fancof composition and particle
size. The radius df—particles was fixed to a constant valyeThree pore—former
sizes were investigated, thatligr, = 0.5, 1 and 2. For each pore—former size, three
simulations were performed using three differediifor a—particles, that is; /r, =
0.5, 1 and 2. In total, 9 different cases were Kted. It is important to note that the
actual powder sizes are not important, only thesabf particle radii affect the
volume fraction of pore—former particles at collepbkigures 4.6 and 4.7 show the
volume fraction of pore—formers before sinteringuieed to get the local structure
collapse and the porosity after sintering as atfancof the volume fraction od—
particles after sintering, respectively.
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Figure 4.6 — Local structure collapse: pore—fornv@tume fraction at collapse as a function
of a—particle volume fraction after sintering foiffdrent pore—former sizes: ajm, = 0.5; b)
rdrp = 1; ¢) rer, = 2.
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Figure 4.6 (continued) — Local structure collapgmre—former volume fraction at collapse
as a function of a—particle volume fraction aftartering for different pore—former sizes: a)
rirp = 0.5; b) K/rp, = 1; C) rilrp, = 2.

Figure 4.6 shows that, given the radiiaf andb—particles and the composition
after sintering, as the pore—former radius increaadarger volume fraction of pore—
formers is required to get the collapse as alrgaddicted by Bertei and Nicolella
[19]. This behavior is reasonable because in aipgamaller particles surround and
isolate bigger particles [47]. Accordingly, giveretradius of pore—former particles,
when smallera—particles are used (circles), a higher amount afeformer
particles is required to get the collapse if coragawith the case in which largar
particles are used (triangles). As shown in Figdr@, this is true at least for

compositions close tg/2° = 1.0. Indeed, except in the cases whgrer, (squares),
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the volume fraction of pore—former particles atlajpée shows a minimurg2® a
function of the volume fraction @fparticles after sintering.
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Figure 4.7 — Local structure collapse: porosityaafsintering at collapse as a function of a—
particle volume fraction after sintering for diffamt pore—former sizes: aym, = 0.5; b) r/ry,
=1;¢)rdr,=2.
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Figure 4.7 (continued) — Local structure collapggrosity after sintering at collapse as a
function of a—particle volume fraction after siriteg for different pore—former sizes: ajrg
=0.5;b)r/rp=1;c) rlrp, = 2.

In order to explain why there is a minimugn at collapse as a function ¢f2°,
take as an example the cage, = 1 withr,/r, = 2 (marked with triangles in Figure
4.6b): we would expect that the minimugnoccurred aty2° = 1.0 because, in such

a situation, there is the highest ratio of raditween bigger solid particles and
smaller pore—former particles, which surround asalate the first ones and lead to
collapse. But actually, biggexparticles make more contacts than the smaller
particles, which will make just a few contacts, éxample just one with a bigga+
particle and the remaining contacts with pore—farrparticles. Taking as an
example the situation represented in Figure 4.8bigger a—particle (dark gray)
makes three contacts with smalbeparticles (light gray) which make the remaining
contacts with pore—former particles (white): irsthituation, the whole cluster, made
up of 4 particles in total, is completely isolat&tgure 4.8b shows exactly the same
situation whereb—particles were replaced by pore—former particdesthe volume
fraction of pore—formers was increased at the expeaf the volume fraction dif
particles: here only one particle, i.e., the biggeparticle, is isolated, so the total
number of isolated particles is 1 instead of 4.

97



Chapter 4 - Numerical Reconstruction of Random Peyskof Spheres

Figure 4.8 — 2D schematic representation of a lostalicture collapse with a—particles
marked in dark gray, b—particles in light gray aridparticles in white: a) b—particles
present in the mixture; b) b—particles replaced-gyarticles.

Hence, bigger solid particles are surrounded byllsmsolid particles which make
few contacts: reasonably, smaller solid particlél mwake the remaining contacts
with pore—former particles, bringing themselves thigger solid particle and the
related other smaller particles into contact withisolated region. The combination
of this effect with the general rule that smallartjzles surround bigger ones yields

the minimume at collapse as a function gf£° whenr, # ry as shown in Figure 4.6.

The same considerations could be repeated for ahesity at collapse (Figure
4.7). In general, the relationship between thel fpmrosity and¢2® reflects the

dependence aof at collapse as a function ¢f2°. However, the porosity at collapse

is a function of both the volume fraction of porerafiers at collapse and the initial
porosity of the ternary mixture before sinteringsbme cases the overlap of the two

opposite effects yields a maximu¢gin as a function ofy2® (circles in Figures 4.7b

and 4.7c), which is not present in the correspandigures concerning at
collapse as a function @fZ°.

Figures 4.6 and 4.7 show that local structure ps#aoccurs at relatively high
volume fraction of pore—formers, that is, for vémngh expected final porosities, in
particular when pore—former particles are as lag@r larger than solid particles.
Accordingly, the extended percolation theory and thumerical reconstruction
model, which are based on the assumption that loai#pse does not occur, are
valid over the range of practical compositions raliynused, for example, in
sintered electrodes for solid oxide fuel cells. §eesults can be seen from another
point of view: given the particle dimension and toenposition, Figures 4.6 and 4.7
show the limiting volume fraction of pore—formensdathe maximum porosity in
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order to avoid local structure collapse of morenti&o of solid particles after
sintering. The knowledge of these limits is essénith the design of sintered
composite microstructures.

4.3.3 Effects of contact angle

Even though particles were rigid after the packprgparation, the sintering
process introduces overlaps among the particleselmumerical reconstruction this
effect was simulated by increasing the contacteaigimong the particles. In order
to evaluate how the particle overlap affects therage number of contacts of
particles and the percolation properties, binarytunes of more than 6000
monosized spheres with = r, = 0.25um without pore—formers were simulated. In
this situation, the overlaps have the highest &fiil@t particle shape [19]. Indeed,
since the contact angle is defined based uponrtiadles particle in a contact, in
polydisperse packings the fraction of volume ofgeigparticles lost in contacts with
smaller particles would be much less than what ddwppen in a mixture of
monosized spheres, where in each contact the dractf volume lost by each
particle is maximum.

Figure 4.9 shows the mean coordination numberparticles in the mixture as a
function of the contact angle as obtained by thaemical simulation: increasing the
contact angle leads to an increase in the meanlication humber. This behavior is
expected since the increase in contact angle teddsger overlaps among particles,
therefore increasing the number of contacts thekemé is noteworthy that for
small contact angles particles behave as almast, tigat is, the mean coordination
number is close to 6 as it is for rigid spherespanticular, ford = 15°, which is a
contact angle often assumed in simulating sintestedctures [13,14,25,48], the
simulated mean coordination number is equal to,8a#fich is only 3.5% higher
than the value of 6 predicted by percolation thefoy rigid spheres. Hence,
percolation theory, although it does not consitier iarticle overlaps, is still suited
to estimate the number of contacts.

On the other hand, for large contact angles thtersiny effects are no longer
negligible and the increase in coordination nunti@momes significant. F@ = 23°,
the simulated coordination number equals 6.6, fBat10% higher than the
corresponding value for rigid spheres. Therefdles 23° is considered as the
limiting contact angle, which represents the upyeue over which particles no
longer behave as rigid spheres. Figure 4.10 shbw/srtean numbers of contacts
(Figure 4.10a) and the percolation probability (fFeg4.10b) ofa—particles as a
function of the volume fraction ai—particles after sintering for a contact angle of
23°.
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Figure 4.9 — Mean coordination number of a—particées a function of the contact angle in a
binary mixture of monosized spheres.

In Figure 4.10a, numerical simulation results (rsarkare compared with
percolation theory calculations (lines) of the meammber ofa—a contactsZ, ,
(squares and dashed line), mean numbea-bf contactsZ,,, (triangles and dot—
dashed line) and mean coordination numbex-plarticlesZ, (circles and solid line).
The mean relative error between percolation theowy simulation results is in the
order of 10% for all the numbers of contacts, réagahat the assumption of rigid
spheres in calculating the contact numbers is ngdpapplicable.

Figure 4.10b shows the comparison between numesigallation results (marks)
and predicted results (lines) regarding the petirigorobability ofa—particles. In
particular, Eq. (4.3) was used to predict percofatirobability, where the average
number of contacts of homolog particl&g, was either predicted starting from
particle radii and composition (solid line) or ditly evaluated from the numerical
packing simulation (dashed line). Simulation resukhow that, given the
composition, the percolation probability of the-phase is higher than the
percolation theory prediction (solid line), in whicsintering effects are not
considered. This result is expected due to thestangimber of contacts made by
particles as a consequence of the allowed over{apgs Z,, in Figure 4.10a).
However, if the actualZ,, is used in Eq. (4.3) (dashed line), the predicted
percolation probability is in very good agreemeithvgimulated results, suggesting
that Eq. (4.3) can reasonably predict the peramiapirobability in binary mixtures
of monosized spheres even if partly overlappedyigeal that the correcty, is
used.
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Figure 4.10 — Comparison between percolation thesmg numerical reconstruction model
for a—particles in a binary mixture of monosizetheges with a contact angle of 23°: a)
numbers of contacts for a—particles,(Z,, and %) and b) percolation probability as a
function of the volume fraction of a—particles.

As a practical application of these results, thentact perimeter between
percolatinga— andb—particles and the gas phase was evaluated in éfesence
cases, that isg = 15° and@ = 23°, as a function of packing composition. Such
contact perimeter, usually called three—phase bayn@TPB), is an important
geometrical parameter in solid oxide fuel cell (8)Rpplications, which has to be
maximized in order to promote the electrochemiealction taking place at the
composite electrodes [19,36,48]. The TPB—lengtheddp on both the numbers of
contacts of particles and the percolation probigbitif the two phases. In the
numerical simulations, the contact perimeter betwee and b—particles was
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analytically evaluated from the knowledge of thatee-coordinates and the size of
each particle [36]. Concerning percolation thetng, connected TPB length per unit

volume AypgWas calculated according to Ref. [19] as:

P |
B+ e

It is noteworthy that in Eq. (4.5) the contact a@ls considered only in the sine
computation, while it cannot be considered, as ipusly discussed, in the
evaluation of the contact numb2s, and in the probabilities of percolatigg and
po. Therefore, the accounting of the contact anglgencolation theory is only
partial and not properly self—consistent.

) papraZa,bZHa Sm(e) (45)

Initial porosities of 0.404 and 0.329, evaluatechumerical simulations, fof =
15° and 23°, respectively, were used into Eq. (4i5)both methods, only the
particles belonging to A—clusters were consider®gexrcolating and the gas phase
was considered entirely percolating according towéy et al. [36] because the
porosity was higher than 30% in both cases.

Figure 4.11 shows that there is a satisfactory eagemt between percolation
theory predictions (solid line) and numerical résukircles) ford = 15°, that is
consistent with the results at the particle levwlven above (see Figure 4.9). On the
other hand, ford = 23°, the TPB length estimated by percolatiorothgdashed
line) is on average 22% smaller than the TPB lergthluated in numerically
reconstructed microstructures (squares). This regas expected due to the larger
number of contacts per particle in numerical sirtioifes, which leads to an increase
of a-b contacts as well as to an increase in percolgtiobability than predicted by
percolation theory.

Thus, for 8 < 15°, numerical simulations and percolation theprgvide very
similar results at the patrticle level (that is, thanber of contacts) as well as at the
macroscopic level (that is, percolation probabiéityd TPB length per unit volume),
although the latter neglects the particle overlapghe calculation of the contact
numbers. The good agreement between the two methalige to the fact that for
contact angles smaller than or equal to 15° thiegerig effects are negligible and
particles still behave as rigid spheres. Over B&°dverlapping of particles should
be considered because the assumption of rigid ephier no longer reasonable.
Regarding percolation theory, theoretical approachs used for the structural
sintering should be used [6,7]. It is worth remirglithat in the case studied (i.e.,
monosized particles with, = ry, without pore—formers) sintering of particles yld
the highest effects, which will be lower in polypisse mixtures with pore—formers,
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So in these cases the agreement between the twmadsetould be fairly good and
the assumption of rigid spheres could hold evenctortact angles slightly larger
than 15°.
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Figure 4.11 — TPB length per unit volume for diffier contact angles calculated from the
percolation theory (lines) by using Eq. (4.5) ahd humerical reconstruction model (marks)
in a binary mixture of monosized spheres with r, = 0.25um.

4.4 Conclusions

Contact numbers and percolation probabilities cisgls, which are the primary
information to calculate more advanced packing ertigs, were evaluated by both
the extended percolation theory and the numermabnstruction method (namely,
drop—and-roll algorithm) in random polydisperse andnodisperse mixtures of
spherical particles. The effects of pore—formettiplas and of the particle—particle
contact angle were investigated in random packiriggpherical particles in order to
assess the effect of the functional sintering enpiéicking properties and the validity
of the assumptions on which the theoretical andarigal methods rely.

Numerical simulations confirmed the theoreticaldixgon of percolation theory
that the presence of pore—former particles not amdyeases the packing porosity,
but it also reduces the numbers of contacts amanticies, which decrease as the
volume fraction of pore—formers increases. Consattyyjethe reduced number of
contacts among homolog particles leads to a dezreaparticle connectivity, that
is, a reduction of percolation probability. Thisgolomenon occurs because pore—
formers decompose during the sintering, leavingsavhere they were positioned
before the sintering.

103



Chapter 4 - Numerical Reconstruction of Random Peyskof Spheres

As the volume fraction of pore—formers increasesidsparticles could lose
particle—particle connectivity and do not retaimithposition during the sintering
since they could become unstable. The local strectollapse of a sintered
microstructure, introduced by the addition of pdoemers in the mixture of
powders, was defined as the numerical fraction mdtable solid particles after
sintering. In this study, a limit of 1% was usedimerical simulations enabled the
identification of local collapse given the compisitand the particle distribution of
the mixture. Since both the extended percolatioeoth and the numerical
reconstruction model rely on the assumption the&ll@ollapse does not occur in
order to predict packing properties, the range alidity of these methods was
individuated, which is reasonably wide becausegpitor some limited cases, the
local structure collapse did not occur for finatgsities smaller than 60%.

Numerical simulations with partly overlapped spkehnelped to assess the effect
of particle overlap on contact numbers and permolaprobability. Numerical
results showed that for a contact angle smaller % the particles behave as they
were rigid, so that sintering effects are negligibln this situation, percolation
theory, which assumes that particles are rigichendalculation of contact numbers,
provided results in good agreement with numerigaukation results. For contact
angles larger than 23°, particle overlaps becorgaifgiant, so that the average
contact numbers are at least 10% higher than wdat de expected in a similar
situation with rigid spheres. In such a case, patiom theory underestimates the
contact and percolation information.

This study also highlighted that, for practical poses, percolation theory and
numerical reconstruction algorithm provide compérand consistent results even
for sintered random structures. Thus, they candsel unterchangeably to estimate
the effective properties strictly connected to¢batact information.

Nomenclature
Glossary

m  number of particle sizes
n, number of particles belonging to theh particle size dfi-particles
p percolation probability

r radius of a type of particlegin]

I mean radius of a distributioprn]
number of contacts of theth h—particle with l-particles
Z,n overall mean number of contacts forfatparticles (see Eq. (4.4))
mean coordination number yfparticles (see Eq. (4.2))
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{  numerical fraction of a type of particles (befoirgtering)
@  contact angle (see Figure 4.2)

Alos three—phase boundary length per unit volumé][m
o  standard deviation of normal distributiquj]
final porosity (after sintering)

@' initial porosity (before sintering)

¢ volume fraction of a type of particles relative tise total solid (before
sintering)

Superscripts
as after sintering

Subscripts

a—particles

b—particles

pore—former particles

particles of typdn (with h = a, b orf if not otherwise specified)
i—th particle size dfi—particles

particles of typeék (with k = a, b or f if not otherwise specified)
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Chapter 5

Numerical Reconstruction of
Random Packings of Non-
Spherical Particles

This Chapter presents the numerical reconstructimthod used to simulate
random packings of nonspherical particles andranyitshapes. The method must be
considered as an extension of the drop—and—rairigihgn described in Chapter 4, to
be used when the particle shape cannot be apprtedraa a sphere.

The study shows that:

i. the proposed algorithm is able to produce closé&ipgs, whose properties are
in fair agreement with more consolidated algorithms

il. in the resulting microstructure particles touchheather, which is a desired
feature often not guaranteed by other packing dhgos;

ili. sintering phenomena and packings composed by maixtwf polydisperse
particles and agglomerates can be simulated.

This Chapter was adapted from the paper "Modifiellective rearrangement
sphere—assembly algorithm for random packings oEpberical particles: Towards
engineering applications" by A. Bertei, C.-C. Chugl&. Pharoah and C. Nicolella,
in press in Powder Technology (doi: 10.1016/j.p@x2613.11.034).
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Abstract

A modified collective rearrangement algorithm, ldhsen the sphere—assembly
representation of the particle shape, is presefivegimulating random packings of
nonspherical particles and arbitrary shapes. Congmhrto other collective

rearrangement methods, the modification introdulsgdhis algorithm consists in i)

avoiding the particle—to—container shrinking proceel by allowing particles to

sequentially settle down and ii) in a stability stnaint applied to all the particles in

the packing. The coupling of these criteria ensuhes all the particles are stable

and contacting each other, allowing for an unamiigs! detection of contacts,
which is important in the evaluation of the effeetiproperties desired in many
engineering applications, such as percolation thatds and effective conductivity.
The effect of the internal parameters of the aldponi is investigated, showing that
random close packings can be obtained. The algorile applied to simulate

packings of rigid ellipsoids and cylinders withfdient aspect ratios, which are
compared with simulation results provided by otpeacking algorithms, showing

the consistency of our method. Simulations of H#tenetrating particles, mixtures
of particles with different shapes and packingag§lomerates are shown, which
confirm the applicability of the method to a brosmhge of packing problems of
practical interest and, in particular, for fuel d¢elpplications.

5.1 Introduction

Random packings of particles are widely considénedcience and engineering
applications: they have been suggested as modeligfitcd and glass structure [1,2]
and they are used to represent granular mateBglpécked beds, cermets [4] as
well as in many other applications. In the lastadkss, several packing algorithms
have been developed to represent the packing rtigobgre and for the evaluation
of effective properties. Many algorithms have beakveloped in particular for
spherical particles: Monte Carlo [5-7], drop—andl-emd sequential deposition
algorithms [8—13], collective rearrangement [14~th§crete element methods [17—
19] and molecular dynamics [20,21] to cite the nmmshmon ones.

Recently, in order to have a better representatibiparticulate systems, and
mainly due to the availability of increased compiotaal resources, the attention has
shifted to the simulation of random packings of syrerical particles. The first
problem arising with nonspherical particles is there complex shape than the
spherical form. Different approaches have been geeg to account for
nonspherical shapes. In several methods the acallguation of the particles is
considered in the algorithm: packings of ellipsojd2—25], spherocylinders [26],
superballs [27,28], superellipsoids [29] and gelnepavex particles [30] have been
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investigated. The use of the analytical equatiorepresent the particle has the clear
advantage that the exact shape of the particleomsidered. Although such a
method is elegant and rigorous, the detection eflaps is hon-trivial and may lead
to detection errors in some critical situations][3h addition, the algorithm is
tailored for the specific shape under consideraaod, clearly, particles with a
shape that cannot be represented analytically ¢doensimulated.

Another approach consists of tessellating the @oetand the particle shape with
a grid, digitizing both the domain and the pargd@2—35]. In this way, any particle
shape can be approximated with a coherent collectigixels (2D) or voxels (3D),
and the collision and overlap detection is simpdimg whether two objects occupy
the same site in the grid. On the other hand, dfatime predictions of packing
characteristics, such as packing density, are thengd the resolution used and
increasing the resolution through a finer grid k&d too much higher memory
requirements than other methods [32]. Moreover,nloement of the particles is
discretized, such that particle trajectories afectéd by the resolution of the grid.

The third method is the so—called multi-sphere Sfainere—assembly) approach
[36—-40], in which particles are represented by ssembly of component spheres
reproducing their shape. As the digitizing methgeheral particle shapes, analytical
or otherwise, can be reproduced by varying the tiposiand the size of the
component spheres within the particle. The deteabioparticle overlaps is carried
out by checking if two component spheres, belongindifferent particles, overlap,
which is much easier if compared with the first lgeh where the analytical
particle equations are used. On the other handhehigesolutions, obtained with a
larger number of component spheres, slow down therithm and require more
computer memory, though usually less than in tlse od the digitizing method.

The packing procedure is the second important featuconsider and it can affect
the resulting packing properties. Existing physisahulation models include the
discrete element method (DEM) [29,39,40] and thdemdar dynamics method
(MD) [23,24,28]. In these algorithms the real iatgion forces are taken into
account, rigorously simulating the dynamics of fecking generation in time
domain. While even jammed configurations can baiabt [22,41], these methods
are usually very complex and, although specifihtézal solutions can be used to
speed up the simulations, they are less computdljoefficient than many purpose
designed packing algorithms, at least for sphed®y. [Furthermore, for some
engineering applications such a highly detailed spfat representation is not
necessary.
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In Monte Carlo methods [31], each particle is adttethe domain one by one by
selecting a random position and orientation andckihg the overlaps with
previously placed particles: if there are no oyeslahe current particle is accepted,
otherwise a new position is tried and, after a pfieéd number of trials, the particle
is rejected if an acceptable placement has not fmeerd. Though this algorithm is
straightforward, it is very time consuming and rearrangement of particles is
permitted (i.e., the orientation is completely ram). This usually results in loose
packings, and when rigid particles are simulatedrtiajority if not all the particles
are not in contact with one another.

Another packing algorithm, which has been widelya@tedd for nonspherical
random packings [36,38], is the collective reareangnt method (CR). In this
algorithm all the particles are randomly distriliisnd oriented in a domain which
is smaller than the volume that all the particlesynoccupy. At the beginning
particles experience large overlaps, which areviddally removed by iteratively
moving and rotating each particle under the actbra restoring force and a
restoring moment generated in consideration ofothexlaps. The rearrangement of
particles is usually coupled with a process of ipltto domain reduction,
consisting of either reducing (i.e., scaling dowhg particle size or increasing (i.e.,
scaling up) the domain volume. When simulating hzadicles, the algorithm stops
when all the overlaps have been removed. This tqubns expected to run faster
than DEM and MD, since the physics is only apprated in order to save
computational time. While this method usually po®s close packings, these are
generally not strictly jammed. Moreover, there i check about the contact
information of particles during the rearrangemendcpss: typically, in the final
configuration particles are arranged in unstablsitipms or are isolated, feature
which is pronounced by the particle—to—containein&ing procedure.

Finally, in principle each packing algorithm coudd coupled with one of the three
approaches described above to represent the pastiape, although some concerns
have been recently arisen when the sphere—asseppigach is coupled with the
discrete element method [39,40].

In this study, a collective rearrangement methodpted with the sphere—
assembly approach is used, sharing some featuresnimon with the Nolan and
Kavanagh work [36]. However, in the present aldgnitboth the particles and the
container maintain their dimensions, avoiding tlaetiple shrinking procedure. A
constraint has been introduced and applied to @acticle in order to provide
packings in which all the particles are stable. Ttwmupling of these two
characteristics ensures that all the particles amtntach other in the final
configuration, characteristics that cannot be gaheguaranteed by conventional
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CR algorithms [21]. The unambiguous detection aftaots is a desired feature in
many engineering applications because percolatioesholds and conduction
properties of the packing are strictly relatedhte humber of contacts [7,43—45]. In
addition, the algorithm has been generalized towalfor multiple polydisperse

phases and to a controlled degree of particle aparl order to simulate deformable
particles and sintered multi—-phase packings.

The study focuses on the application to rigid and-migid ellipsoids, cylinders
and agglomerates, though the algorithm is suffityegeneral that any particle
shape can in principle be used. The chosen subfshapes are common in several
engineering applications, such as in polymer edgde [46] and solid oxide [47—-49]
fuel cells which, in part, motivated the developmtsedescribed herein. In these
applications it is important that in the reconstedgcmicrostructure the packing is
representative of a stable configuration and thiégbas experience a desired degree
of overlap, in order to ensure that charges cantraesported and converted
throughout the packing [47,48,50-53].

The study is organized as follows: in Section Hi@ algorithm is presented in
detail; in Section 5.3, the algorithm is first ex@d by assessing the effects of its
internal parameters, then simulation results fgidrspheres, ellipsoids and cylinders
are compared to those obtained by other algorithensl finally some results
regarding the broader possibilities of the algonitére shown.

5.2 Algorithm

5.2.1 General aspects

The algorithm was written in C++ programming lang@avith the use of some
functions provided in an open source finite elenaerl.ll library [54]. The code
was generalized to account for both 2D and 3D paskiwith one or more
polydisperse or monodisperse phases of rigid cordefble particles: in this study
only the three dimensional problem is described.

The algorithm begins with the definition of the damsize and the number, types
and sizes of particles. The domain consists ofxadispecified dimensions having
a rigid floor and periodic boundary conditions le thorizontal directions. Based on
the desired volume composition, the initial porpsihd the particle size distribution
of each phase, the number of particles for eachelsacalculated. A very small and
unrealistic initial porosity is used in order tth fhe domain with more particles than
there will be in the final configuration: in thisaw, packings that do not completely
fill the chosen domain are excluded.
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All the particles are labeled with a progressivéeixi, from 1 to the total number
of particlesNy.. Apart from its type and size, each particle characterized by its
center coordinates; (i.e., the coordinates of its center of mass) amd axial
directions, X, and z , which identify the orientation of the particletvirespect to

the global system of reference (see Figure 5.1)e Nuat the third axisi/i is not

independent and can be easily calculated asz x X; .

z i —th particle

X

Figure 5.1 — Center coordinates and orientationsa®éa generic particle (here an ellipsoid)
in the domain.

Each particle is represented by an assemblyef component spheres, which
means that the radius{’) and relative position of ead® component sphere with

respect to the local particle coordinate systedfl’) are stored. Note thaf!’

represents the center of th€ component sphere in the local frame, which is
centered on the particle center of mass and odeakeng the particle axes. The

center coordinate of the component sphere in thieadiframe is indicated witlg‘ki) .
There is a one—to—one correspondance between miber @ the component sphere
in the global (i.e.c!”) and in the local (i.e.£\) coordinate systems as reported in
Eqg. (5.1).

% e’ - ¢ |,
N S
c’ =c +|y| €’ and gl =|lc{’-¢ |7 (5.1)
2 o’ -¢ )2,

Eq. (5.1) shows that the component sphere centthreirglobal framegﬂ) can be

calculated from the local on&\’ by applying a rotation matrix, given by the vessor
identifying the particle orientation, and adding tparticle centec;. On the other
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hand, given the component sphere center in theabfodime gﬂ), the projection of

the vector(g(k” —gi) on the orientation axes provides the center ofctiraponent
sphere in the local particle frame.

At the beginning particles are randomly and unifigrdistributed and oriented in
the domain. The random orientation is determinedising the Marsaglia method
[55] to find an axis of rotation and by randomlyooking a rotation angle between 0
and 2t (details on how to rotate a particle are givenSection 5.2.4). The
randomness is checked calculating the nematic qralemeter from the alignment
matrix Q [56]:

1 Npart 3’\ R 1
= =X 0Ox —=1 5.2
2 Npan izzl:(z_I - 2=j 52

where | is the identity matrix and] is the tensor product. The nematic order

parameter is equal to A2 where A, is the middle eigenvalue of the orthogonal
matrix Q. The orientation of particles is repeated, if ssegy, until the absolute

value of the nematic order parameter of the int@hfiguration is lower than 0.1,
which means that the initial configuration is didered and isotropic [38], which
helps to speed up the rearrangement process.

After the initial placement, the configuration cédrficles has a lot of undesired
overlaps and the packing is, in general, unstdhlerder to get the final packing
configuration, a collective rearrangement proceddodlowing the flow chart
represented in Figure 5.2, is used.

At each iteration, provided that the number of nimé& cycles has not been
exceeded leading to the application of the reafioneor the reposition procedures
(details are given hereafter in this Section), yeeto be placed particle with the
lowest z-coordinate is selected. By choosing the lowestigharat each iteration,
and manipulating it to find a stable fixed positidhe packing of stable particles
grows vertically from the bottom to the top of #hemain. Neighboring particles are
then identified (see Section 5.2.2 for further dgf@and considered as overlapping if
the degree of overlap with the current particlearger than desired, otherwise they
are labeled as contacting particles. Each oventgpparticle generates a force and a
moment which lead to translation and rotation & particles. On the other hand,
the contacting particles, which are the alreadyeaaneighboring particles with a
degree of overlap equal to or smaller than whaleisired, do not cause particle
movements. Contacting particles are considered tmlgheck the stability of the
current particle (see Section 5.2.5).
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Select the lowest particlé)(among
the yet to be placed particles

l

Exceeded maximum
number internal cycles?

Yes

!

No Exceeded maximum
number repositions?

Yes | No
k] v
Reallocation of Reposition of

A 4

Search neighboring particles:
overlapping particles and already
placed contacting particles

l

Any overlaps?

Yes ¥ + No
Compute forces and moments Stability check with contacting
fori and overlapping particles particles and floor
l Not stablt T l J'Stable
Move and rotaté and yet to b
placed overlapping particles Dropi downward i is placed

l |

Figure 5.2 — Flow chart of the algorithm.

If the current particle has at least one overlap, resultant forces and moments
between the current and the overlapping partictescalculated (see Section 5.2.3
for details). The current and the yet to be plaoedrlapping particles are then
translated and rotated according to the respentistgltant forces and moments (see
Section 5.2.4). The placed particles are neithevedonor rotated since they are
considered as fixed in their final (stable) confagion. After the movement of the
particles, the process is repeated.

If the current particle does not experience anylapeits stability is checked with
regard to contacting particles and the floor (seetiBn 5.2.5). If the current particle
is stable, it is considered as placed, that isdiin its final position, and a new
particle is selected, otherwise the particle ispgemi downward a bit and the
procedure is repeated. Note that fixing the patmbsition and orientation as soon
as a stable position for the current particle ached represents a simplification of
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the packing procedure. In fact, in reality the plaent of following particles may
destabilize the previously placed ones. This déstation phenomenon is not
considered in our method for the sake of simplieityl to save computational cost,
therefore each placed particle is fixed in its fiosi until the end of the

rearrangement process. Note that this simplificatis adopted also in well-
established packing algorithms, such as the drap+afi method for spherical

particles [9-12].

If after a predefined number of internal cycles.(i.several movements and
rotations) the current particle has not yet fourstable placement, it is considered
as stuck in an unstable configuration. For exantpke particle could be surrounded
by already placed particles, which generate foex@s moments that might cancel
each other. In such a case, the current partickepissitioned, which means that it is
slightly and randomly translated and rotated frota position. After this
repositioning, the overlapping and contacting pées are again identified and the
rearrangement process is repeated until eithepdhticle finds a stable position or
the maximum number of internal cycles is again edee, so that the particle will
be repositioned once again. If after a predefinechlver of repositioning attempts
the particle is still stuck, it is reallocated. Tieallocation consists of removing the
particle from the current position and randomly llogating it with a random
orientation in another point of the domain. Sinoe domain could be full of already
placed particles, the-coordinate of the particle is chosen between O2atiimhes the
domain height. However, the algorithm parametexsukhbe tailored in order to
minimize as much as possible the repositioningthadeallocation of particles.

It is worth noting that during the rearrangemertticgss both the particles and the
domain maintain their dimensions in contrast toeothollective rearrangement
algorithms, wherein the particles or the domainraspectively shrunk or increased
at each iteration [15,36,38,57]. In our algoriththe choice of not using this
operation depends on this consideration: when ticfgaexperiences overlaps and
contacts, the effects (i.e., the movements) shbaltimited to the neighborhood of
the current particle while the condition of othartcles should remain unchanged.
If the current particle is stuck somewhere, theeptparticles are unaffected (for
example, they are not shrunk) because of this umedesituation. The particle
shrinking or the container growing operations hbgen replaced in our algorithm
by the reposition and reallocation procedures.

5.2.2 Checking the overlaps and the contacts
The most time consuming step in the algorithm & tf checking if the current
particle has overlaps or contacts with other padicln order to obtain packings of

non—rigid particles, the distinction between ovepiag and contacting particles is
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made by using a kernel scale factor and a conliaetance. Basically, it is assumed
that each particle has a hard kernel which caneopénetrated by surrounding
particles, as in Figure 5.3a, which defines themiiged contact. The kernel scale
factor x; represents the volume fraction of the kernel t® plarticle volume, the

contact allowance is similarly defined. A partigiemarked as overlapping if its
kernel intersects the kernel of the current pat{ske Figure 5.3b, bottom left). On
the other hand, the neighboring particle, provideds placed, is defined as
contacting if there is an intersection of the contdlowance volumes (Figure 5.3b,
bottom right), otherwise it is considered as neitbeerlapping nor contacting

(Figure 5.3b, top), that is, there is no effecttos current particle.

; neither overlapping
R nor contacting
particle

~” “allowance
for contact

hard kernel ) \
contacting particte

overlapping particle

Figure 5.3 — a) Definition of hard kernel and allamce for contacts. b) Example of overlaps
and contacts (the current particle is in the middle

The check of overlaps and contacts is made byrgcalbwn each particle to its
hard kernel and its kernel plus the contact allaeanSince the particles are
represented by an assembly of component spheress thone by scaling the radius
and the center of each component sphere in théflacae. When the particle shape
is convex, such as for ellipsoids, cylinders andnfiany other geometries of interest
in engineering applications, the kernel is ideatfiby reducing the radius and the
distance of each component sphere from the parteleter. In this scaling
procedure, the kernel is just a smaller copy ofdhginal particle, with the same
center and orientation, as represented in Figusa. 3-or particles having a non—
convex shape, for example a hollow cylinder, sudinglified scaling law cannot
be used. However, the concept of hard kernel asdidéntification through
component spheres still hold, although not considi@n this study.

As the particles have been scaled down to theindter overlaps and contacts
between adjacent particles can easily be detecgedhbcking each component
sphere within one particle with every componentesglin the other particle. This
check may be very time consuming when a large nuwiggarticles and component
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spheres per particle are used, but it is sped upohyeniently dividing the domain
into cubical sectors and checking only the paridlelonging to sectors adjacent to
that occupied by the current particle. In additieach particle is characterized by a
bounding sphere [23], whose radius is equal tortheimum distance of the particle
external surface from the particle center of mi#fssvo bounding spheres do not
overlap, the two particles are not neighboringsttiere is no need to check in detail
component sphere by component sphere.

The result of this step is the list of indices atle neighboring particle, indicating
if they are overlapping or contacting the curremtigle.

5.2.3 Computing forces and moments

Each particle which overlaps the current partidledpces forces and moments
which are calculated by using the component sphéraeking into account two
component spheré® andk?, belonging to two different particles? to the current

particlei while k¥ to the overlapping onje the shared vqum\a’h(i)’km between the

two component spheres produces a repulsive fdfge ), as represented in
Figure 5.4. Such a force is oriented along the ctiva connecting the two
component sphere centers and proportional to theedtvolume as follows:

CS) _C(kj)
Froxm = pFVh(I)’k(J) mdhm’km (5.3)
Cho ~Cx

whereg: is a force factor and,

Lo« 1S the Kronecker delta, equal to 1 if the two

component spheres overlap, 0 otherwise. The fopmdieal on the overlapping
particle is merely equal in magnitude but oppasitdirection.

overlapping particle j

Figure 5.4 — Forces created by the overlap of twantiples calculated by using the
component spheres.
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The force produced by the overlap of componentgsth® andk? produces also
a momentM . ) , applied to the center of mass of particlasdj, equal to:

M o = (QE) -G )X F o i (5.4)

The resultant force) and momentN;) on the particle are obtained by summing
up the contributions of each component spherelfdthe N particles overlapping
the current particleas follows:

1] (I) I) r-I(J)

E, = E o ki and M, —ZZZM h® 4 (5.5)
j=1 h=1 k=1 j=1h=1k=1

Particle friction is not accounted for in this wptkough in principle it could be
considered, because friction is often associatetidageneration of loose packings
[58] while the study focuses on random close pakisimilarly, the gravity is not
considered in calculating the resultant forces amdments: in principle, it
corresponds to neglect the gravity force contriiuin comparison to the restoring
forces while particles are overlapping.

5.2.4 Moving and rotating the particles

Based on the calculated resultant force and mona¢rgach iteration the current
and its overlapping particles are translated andted, with the exception of the
already placed overlapping particles, which are smwred fixed in their
configuration.

The translation is made by applying a displacerdentF/V;, whereV, represents
the particle volume, to both the particle centernudiss and the centers of its
component spheres. The rotation, along the dinedigen by the momerti;, is
made by using the rotation matrix:

R= cosHI+sm8[MJ +(1-cosg )M, O M, (5.6)

where Mi =M; /|Mi| represents the axis of rotation atlij i Jx the cross product

matrix of Mi . The magnitude of the rotation angleis calculated a®} =|Mi|/Ji ,
whereJ; is the scalar moment of inertia of the particlegkated with respect to the
axis of rotationMi. Knowing the rotation matrix, the rotation of tbeentation
axesX; and z as well as of the coordinates of the center oh&amponent sphere

is performed as; =R[X;, 2 =R, andc!” =¢, +Rifc!’ —¢,).
For analytical shapes, such as ellipsoids and dgis) both the particle volumé

and the particle moment of inertiaare calculated by considering their analytical
120



Algorithm

expression. For non—analytical shapes, such asmgghtes of sphereg, andJ; are
calculated by using the component spheres (seendippB.A for details).

Note that linking the displacement to the forcetigh the particle volume and the
rotation angle to the moment through the momenineftia represents guasi-
physical approach to the particle movement. Howewethe proposed algorithm,
unlike DEM and MD approaches, the magnitude ofderand moments experienced
by particles does not have a real physical meaminky. the relationship between the
amount of overlap and the displacement and rotatiecessary to remove the
overlap matters. In addition, in order to get ciogackings, independently of the
magnitude of the resultant force and moment, thgnibtade of the displacemert||
and of the angléq are predefined. In particular, both| [and § are chosen to be
sufficiently small to produce a movement of the saonder of magnitude of the
contact allowance used for defining the contactoredsee Section 5.2.2). As an
additional consequence of assigning predefined matgs of displacement and
rotation angle, the specific value set to the fofaetor o= in Eq. (5.3) is not
important and it does not play any role in the pragkeneration. In other words, the
force factor o= influences the magnitude of forces and moments, nmi the
magnitude of displacement and rotation angle, whiehassigned priori, therefore
ok does not affect the simulation results.

5.2.5 The stability check
If the current particle does not make any overlagssstability with respect to
already placed contacting particles and the dotfibadm is checked.

The current particle is classified as stable ifs)kernel is placed on the floor or ii)
it has a supporting contacting particle and expege positive and negative
moments and forces in both horizontal directionsonmdnts and forces on the
current particle are calculated according to Sach®.3 by considering the already
placed contacting particles. Note that such formed moments are only used to
check the stability and do not produce any moveméparticles. In addition, their
magnitude is not important, only their sign anceotation matter, therefore also in
the stability check the specific value of the fofaetor o= does not play any role. A
contacting particle is considered supporting ipibvides a resultant force on the
current particle with a vertical component orienbgavard.

Note that the proposed stability check does notthxaatisfy the condition of
mechanical equilibrium against the gravity forcer (€xample, there is no check if
the weight of the particle can be really sustaibgdthe contacting particles), it
represents a simplified geometrical constrainthédigh generally, but not strictly
always, such a geometrical constraint ensuresahadrticle cannot move or roll
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downward, the gravitational stability is a strongendition than the implemented
one. However, although not rigorous, eventuallyatepted geometrical constraint
prevents a particle from being completely isolafed., suspended in the space
without any contact), which is one of the main immments introduced by the
algorithm. Note that this stability constraint ifigtly stronger than the one

implemented by Nolan and Kavanagh [36]. In pringjgrovided that the stability

constraint could be satisfied, the more restrictive stability check, the closer the
packing. In addition, in our algorithm each plagedticle in the packing is stable,
unlike in the Nolan and Kavanagh algorithm where gacking was considered
stable if more than 95% of its particles were €4B6]. This improvement is crucial

in some applications where the contact among tinkicless is important, such as in

fuel cell simulation for the identification of p@lation thresholds [59,60].

If after the stability check the particle is fouma be unstable, it is dropped
downward of a small distance equal to the conthatvance used for defining the
contact region.

5.2.6 Getting the outputs

Once the structure generation has been complétegatcking occupies more than
the initial domain volume. The particles which a@mpletely outside from the
domain are removed, so that the final packing as$f an assembly of particles
within the predefined domain. For each particle the domain the center
coordinates, the orientation, the type and siz&kaosvn. The packing properties are
then determined in a central portion of the packiag from both the domain floor
and the top in order to avoid wall effects.

The coordination number of each particle is catedaby using the same
procedure described to check the overlaps and d¢inéacts during the packing
generation (see Section 5.2.2). All the neighbopagicles are considered at this
stage. Then, the mean coordination numbers for @heise and for the whole
packing ) can be easily calculated as the algebraic aveofdbe coordination
numbers of the relative particles.

The nematic order parameter is calculated as destm Section 5.2.1 in order to
check if the final packing is disordered or if pelds show a preferential orientation
and long—range ordering as a result of the reaemaegt process. The alignment
matrix in Eq. (5.2) can be calculated by considgail the particles, irrespective of
their type, as well as considering only the pagsdbelonging to individual phases,
providing in this way the nematic order paramefeahe individual phases.

The porositygis estimated by using a Monte Carlo method: a@afft number of
test points are randomly selected in the centretigroof the packing. The porosity
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is then equal to the ratio between the number sf p@ints not belonging to a
particle and the total number of test points. Thekpg density is the complement
to 1 of the porosity.

For non—analytical shapes, component spheres atktascheck if a test point is
within a particle: it is sufficient that the tespipt belongs to at least a component
sphere. It is clear that the particle volume muestehtirely filled with component
spheres, even in overlapping configuration, in ptdeavoid fictitious empty regions
within the patrticle. Hence, two different fillingathods can be used: one during the
packing generation, usually with a smaller numbércomponent spheres in
overlap—free configuration, and another one tonest the packing density,
consisting in even a larger number of componentergsh in overlapping
configuration. On the other hand, for analyticahss the check can be performed
by using the analytical particle equation (see Ayipe5.B).

5.3 Results and discussion

5.3.1 Exploring the algorithm

In this Section the effects of the main internalapaeters of the algorithm (such as
the number of iterations before reposition and nlenber of repositions before
reallocation) and of the constraints (i.e., théistg check) are assessed.

Random packings of monodisperse rigid cylindersywdiameter to height ratio
equal to 1 were simulated. Rigid means that thedtescale factor approached 1,
with a contact allowance of 1.5% as a maximum. Stheting porosity used was 0.1,
which was found to be small enough to allow, atehd of the rearrangement, the
filling of the whole domain volume. A cubic domawlume with a side equal to
about 16 times the particle diameter was used, epassing approximately 5000
particles. The cylinders were represented by 3rtagé 7 component spheres each
with a radiusry = R/3. Each layer was composed of a central sphereadjatent
component spheres in the same plane, forming agbexalhe middle layer was
rotated of 30° with respect to the cylinder axise(Figure 5.5a). A similar approach
is later used to represent ellipsoids (see Figuie)5
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Figure 5.5 — Representation of a) a cylinder (ditando height ratio equal to 1) and b) a
prolate ellipsoid (aspect ratio equal to 1.5) byans of a layer of 7 component spheres each
arranged in hexagon configuration.

5.3.1.1 The effect of the stability check

The effect of the constraint given by the stabilitheck was assessed by
simulating packings of 5000 rigid cylinders, withdeameter to height ratio of 1,
with and without using the stability check in tHgaithm. The internal parameters
were chosen in order to get the closest packingl@rithm could produce. When
the stability check was not used, a particle wassickered stable if it did not
experience any overlaps. This situation is theagmls of the CR methods in which
the stability check is not applied [38,57], thoughour method the reposition and
reallocation procedures substitute for the partitlecontainer shrinking.

When the stability check was used, the final pagkiensity was 0.693 while the
mean coordination number was 5.43. On the othed,heamoving the stability
check, the resulting packing density was 0.664 thedmean coordination number
4.71. The decrease in both packing density and roeardination number means
that the resulting packing was looser than thatiobtd when the constraint on
stability was taken into account. Thus, in our rfiedialgorithm the stability check,
apart from ensuring that all the particles (andceethe packing) are stable and
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contacting each other, is also a necessary comst@ibe applied to get random
close packings, therefore it will be used in thmirgler of this study. However,

some limitations introduced by the stability coastt will be presented and

discussed in Section 5.3.3. It is noteworthy tmaboth cases the nematic order
parameter of the final configurations was smallant 0.025 in absolute value,
revealing that the packings were disordered.

5.3.1.2 The effect of the internal parameters

The main internal parameters which affect the fipatking properties are the
maximum number of internal cycles before repositfdf),™) and the maximum
number of repositions before reallocatiol ). Reasonably, these numbers

should be large enough to minimize spurious reatloos, while not unreasonably
increasing the computational time.

Figure 5.6 shows the effect of the maximum numbeintrnal cycles and the
maximum number of repositions before reallocatiorifee packing porosity.
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Figure 5.6 — Porosity of a packing of 5000 cylinglerith diameter to height ratio equal to
1, as a function of the maximum number of inteayales for different maximum numbers of
repositions before reallocation.

Although the randomness of the generation did nodyce smooth results, Figure
5.6 shows that givemlN"2*, as N"® increased, the packing porosity decreased. It is

rep ! int
noteworthy that the curves seem to approach asyimgtmits for large N,

indicating that after an optimal number of interegtles there is no significant
improvement in the packing properties, that is,rthmber of internal cycles allowed

are enough to find a stable position. Similarlyjrerease inN* led to a decrease
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in the porosity. The percentage of particles realled decreased from 2.26 to 0.52
and 0.24% for, respectivelyN 2 equal to 10, 30 and 60. Thus, increasig™

rep
and N,”;gx leads to closer packings until asymptotic limits seached. It is important

to note that the nematic order parameter was srith 0.05 in absolute value in
all the conditions, attesting the randomness op#récle distribution.

Another adjustable internal parameter is the cantaltime allowance defined in
Section 5.2.2: it should be small enough to prégiskefine the desired overlap
(which should be zero in the case of rigid parsigléut large enough to allow the
numerical detection of contacting particles. Byrdasing it from 1.5% to 1.0% and
0.5%, the packing density decreased from 0.693.6890and 0.687, respectively.
The computational time, however, increased by appraiely a factor 2 and 6 as

the degree of overlap decreased, as a consequérnbe arger N and N1

int rep
required by the decrease in the magnitude of momgmédich is proportional to the
contact allowance as described in Section 5.2.4réffbre, a contact allowance of
1.5% was used in this work as a compromise betweenputational time and
accuracy of the desired amount of overlap.

Other internal parameters, such as the initial giorpas well as the relaxation of
some constraints, such as a looser stability cbeckmoving the fixed rotation and
displacement, affect the final packing propertiesparticular, looser packings can
be obtained by increasing the initial porosity aad without assigning fixed
displacements and rotations. Even though randoselpackings can be generated
by the algorithm, they are outside of the scopthisfstudy.

5.3.2 Methods of filling a shape

In a sphere—assembly model, the approximation ef ghrticle shape using
component spheres is crucial to obtain good resiech component sphere
represents a portion of the particle volume, tweswthole particle volume should be
filled with component spheres to the largest degressible. This results in a large
number of small component spheres with the drawbétikgh computational costs.
A compromise should be reached: the number anchgeraent of component
spheres within the particle shape should be chtzsge enough to ensure a good
resolution but small enough to reduce the compnati cost. Hence, the
optimization of the particle representation is endading task.

Component spheres can be positioned either allofang@verlaps or not within
the particle shape and their size distribution eary. Significantly overlapping
configurations should be avoided during the packjegeration, although they could
provide a larger particle coverage. The reasohdsfbrces and moments generated
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by the overlapping regions are applied twice, dislis not physical and may distort
the particle movement. Thus, overlap—free configona should be preferred during
the packing generation. However, as already statefection 5.2.6, after that the
packing has been generated, the particle reprégentean be switched to an
overlapping configuration in order to correctlyigstte the packing properties.

The filling method used in this study for both oglers and ellipsoids has already
been presented in Figure 5.5. While ellipsoids araracterized by a round and
smooth external surface, which can be well reptesemy the filling method
adopted, cylinders present very sharp edges athiie bases, which cannot be
exactly approximated with component spheres evasmviticreasing their number or
varying their size (Figure 5.7). This approximatioay affect the resulting packing
properties, in particular the packing density, whig calculated by the Monte Carlo
method described in Section 5.2.6 by considerirgg ahalytical particle equation
rather than its representation through componehergs. In such a case, it is
reasonable that particles overlap more than whsirate therefore increasing the
packing density.

N

Figure 5.7 — Filling a cylinder with component spb® leaves regions close to the bases
which are not accurately represented: even if senapheres are introduced (in the middle)
or the number of component spheres is increasedh@night), these regions (highlighted in
light grey) are reduced but not completely filled.

The effect of the approximation is evaluated byngshe Monte Carlo method in
order to determine the fraction of volume sharednioye particles, calculated as the
number of test points belonging to two or more késrover the number of test
points belonging to the solid phase. The calcutatias performed for a packing of
5000 cylinders, with diameter to height ratio eqwal, and a packing of about 2500
rigid prolate ellipsoids, with a aspect ratio eqgteall.5. In both cases, the particles
were nominally rigid, although a contact allowardel.5% was used to define a
contact (see Section 5.3.1.2).
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In the case of ellipsoids, only 1.6% of total pae$s volume was found to be
shared by two or more ellipsoids: considering tha contact tolerance was
specified as 1.5%, the particle representation isedlequate to avoid significant
undetected overlaps. On the other hand, in the o&s®linders, 3.5% of total
particle volume was shared by more than one paytichich is significantly higher
than the assigned allowance. This difference ighated to the rough approximation
of the sharp edges, which may be somewhat imprbyddcreasing the number of
component spheres, even though the exact shapetchenperfectly captured.
Indeed, even when adopting improved component spbenfigurations, as those
illustrated in Figure 5.7, the fraction of partiab¥erlap decreased to 2.7% as a
minimum, while the computational cost increaseagn an order of magnitude.

In conclusion, while ellipsoids and, in general, ostih particles are well
represented by component spheres, cylinders anidlesrwith sharp edges cannot
be well approximated. More importantly, in the éattase the resulting degree of
overlap (i.e., the resulting kernel scale factogyrbe different than desired. As an
additional consequence, fully rigid sharp partidaenot be directly simulated. Note
that the problem of the accurate representatigradicle shape is also shared by the
digitizing method [32] while undesired penetratioh particles can affect even
methods in which the analytical shape of the partic employed [31]. However,
this is not a significant limitation for our methothe effective kernel factor can
always be calculated on the generated packing angbared with the desired one,
while results for rigid particles can be extrapethas shown in Section 5.3.4.1.

5.3.3 Comparison with other algorithms

In order to check the consistency of the algoritipackings of nominally rigid
spheres, ellipsoids and cylinders are compared siitlulation results obtained by
other authors as a function of, respectively, themosition for binary mixtures of
spheres and the aspect ratiin monodisperse packings of ellipsoids and cylinde
In each case, the internal parameters were chasamdér to get the closest packing.
For spherical particles the algorithm was run irsimplified version: particle
rotation, associated to the resultant moment in(k4g), was ignored and, instead of
applying the stability condition described in Senti5.2.5, each sphere was
considered stable if it was in contact with theofl@r supported by three other
placed contacting spheres [61]. Note that, sineatialysis focuses on random close
packings, friction was ignored in all the simulasoin this study as well as in those
performed by other authors and used for comparison.

Figure 5.8 shows the packing porosity of about 18@@ spheres in binary
mixtures with a size ratio of 2 as a function oé tholume fraction of smaller
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particles ¢ Our results (circles) are compared with experimierdata [62]
(triangles) and computational results (squaresyigea by the drop—and-roll
algorithm [57]. Even though the porosity of simelhtpackings produced by our
algorithm does not match experimental values, ttepgsed algorithm provided
closer packings than the drop—and—roll methoddtiteon, the coordination number
of smaller particles calculated in the simulatedkags with our algorithm (bullets)
was in good agreement with percolation theory edtis [63] (solid line). These
results suggest that our modified CR algorithm es random close packings
affected by a certain degree of angular separdtl®h due to the preferential
direction created by the combination of the stbitionstraint (see Section 5.2.5)
and the procedure of selecting the lowest partitleeach iteration (see Section
5.2.1). In other words, the packings produced ey algorithm are slightly looser
along the vertical direction if compared with tharihontal ones. On the other hand,
bridging of particles, which contributes to deceetise packing density and, mainly,
the coordination number [15], is excluded sincdiglas are placed one by one.
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Figure 5.8 — Packing porosity and mean coordinatimmmber of smaller particles in a
binary mixture of hard spheres with size ratio Z2gRrding packing porosity, results
obtained in this study are represented with circlegiile results from drop—and-roll
algorithm [57] and experimental data [62] are repented with squares and triangles,
respectively. The mean coordination number of smalarticles calculated in this study is
represented with bullets and compared with perdofatheory estimates [63] in solid line.

Figure 5.9 shows the packing density of about 2%@id prolate ellipsoids as a
function of the aspect rati@, defined as the ratio between the larger andriadier
semiaxis. Our results (circles) are compared withdY et al. [25] results (squares),
who used a molecular dynamics algorithm to get maky jammed packings. The
dependence of the packing density as a functidgheofispect ratio is similar in both

the series of results: the packing density increasaching a maximum at an aspect
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ratio of 1.5, after which it decreases almost liheddowever, for each aspect ratio,
the packing density obtained by Donev et al. waghdri than ours, which is in
agreement with the results obtained with spherdgrevour algorithm provided
looser packings than those experimentally obserVhib is reasonable because the
molecular dynamics algorithm proposed by Donevletvas developed to obtain
jammed packings while our algorithm implements akeg stability constraint (see
Section 5.2.5). In a jammed packing, each partislevell as any subset of particles
are trapped by their neighbors so that they cabaohoved [41]. On the other hand,
in our algorithm, even if a particle is marked asbke, it may be free to move
upward, therefore generally it is not jammed. Sitieejamming constraint is more
strict than the simplified geometrical stabilitynstraint described in Section 5.2.5,
it is reasonable that Donev et al. obtained clpsekings.
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Figure 5.9 — Packing density of rigid prolate eflggds as a function of the aspect ratio as
obtained by our modified CR algorithm (circles) amyl MD algorithm (squares) developed
by Donev et al. [25].

In Figure 5.10, the packing density of about 50@@ircylinders as a function of
the aspect ratio is compared with the results nbthby Zhao et al. [38], who used a
sphere—assembly CR algorithm to simulate 200 pestiwithout stability check and
using a particle—to—container shrinking procedtiree aspect ratiar is here defined
as height to diameter ratio. Our simulated res{dicles) are in good agreement
with Zhao et al. results (squares): the relativeorers smaller than 1.5%. It is
important to note that the packing density cal@dain our study is for nominally
rigid cylinders, which were found to be affectedthg 3.5% of overlap in Section
5.3.2. Zhao et al. [38] used the sphere—assembiliadehence their results could
also be affected by a certain degree of overlaghvwvas not declared in their study.
Therefore, the present results are not correcteddount for the degree of overlap.
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Figure 5.10 — Packing density of rigid cylindersaafunction of the aspect ratio as obtained
by our modified CR algorithm (circles) and by theneentional CR algorithm (squares)
developed by Zhao et al. [38].

In conclusion, our modified CR algorithm providemnsistent results with other
algorithms, although jammed packings of spheresediipsoids cannot be obtained.
This is due to the sequential selection of the kivparticle at each iteration and by
the imposed stability condition, which produce aferential direction during the
packing generation along which the packing is sljglooser.

5.3.4 Overview on the applicability of the algorithm

In the previous Sections, we considered packingaaosized rigid particles, but
the main advantages of our modified sphere—asse@Bly method consist in
accommodating soft (i.e., not rigid) particles, yolidperse phases, mixtures of
particles and agglomerates. These features makeldgoeithm very attractive for
engineering applications: the simulated microstmes can be easily implemented
in CFD or similar tools for evaluating packing effige properties [50]. In the
following Sections some examples will be given asogerview of the capabilities
of the algorithm, without the purpose of being exdtave: studies on specific
particle shapes and conditions will be subjecutidife investigations.

5.3.4.1 Overlapped particles

As described in Section 5.2.2, the kernel scalawjdr 4 represents the portion of
the volume of the kernel of the particle which aainbe overlapped by other
particles in the final configuration. A kernel facbof 1 is used to get rigid particles,
otherwise as the kernel factor decreases, theclgsrgexperience larger overlaps and
behave as if they were softer. It is expected $naall kernel factors will lead to
closer packings.
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In Figure 5.11, the effects of the kernel scalddiag; on porosity@ and mean
coordination numbeZ are shown in packings of prolate ellipsoids wisipect ratio
of 1.15 (Figure 5.11a) and of cylinders with aspatio of 1 (Figure 5.11b). Each
packing encompassed about 2000 particles for praldipsoids and 4500 particles
for cylinders. The predicted kernel factors wererected with the Monte Carlo
method in order to account for both the effectghaf filling method and of the
contact allowance as discussed in Section 5.3c2efthre the effective kernel scale
factors are used in the plot.
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Figure 5.11 — Effect of the kernel scale factorgatking porosity and mean coordination
number in a packing of a) prolate ellipsoids (agpextio equal to 1.15) and b) cylinders
(aspect ratio equal to 1).

In both the figures, as the kernel facipdecreased, the porosiggdecreased and
the mean coordination numbgrincreased. This means that decreasing the kernel
factor leads to closer packings, as expected.dPartf the packings of cylinders are
represented in Figure 5.12. Figure 5.12a showsdke of hominally rigid particles
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(kernel factor approaching 1, equal to 0.965) whigure 5.12b is representative of
a kernel factor of 0.668: in the latter case, phs are packed in a closer
configuration than in the former.

Note that the one—to—one correspondance betweesipoand kernel scale factor
reported in Figure 5.11 can be applied to find awpiecal correlation between
kernel scale factor, particle shape, material pitogse and sintering conditions by
comparing simulation results with measurementsarbgity in sintered packings.
The assessment of quantitative criteria toasetiori the value of the kernel scale
factor in specific situations was not analyzed beeaout of the scope of this study.

These results are also useful to assess the effeepresenting cylinders with
component spheres, which was discussed in SectBo?. 3 he porosity of a packing
of effectively rigid cylinders, corresponding torkel scale factor equal to 1, can be
extrapolated from Figure 5.11b assuming lineantypé conservative (in reality, the
dependence of porosity on the kernel factor appedrs parabolic with downwards
concavity). The porosity of a packing of rigid eydiers would approach a value of
0.327, which means a packing density of 0.673. dfee, the packing density of
0.693, which was used in the previous sections iangrticular, in Section 5.3.3 as
representative of rigid cylinders, is about 3% kigthan the extrapolated value,
which is a reasonable error for many engineeringiegtions and the algorithm is
reasonably fast due to the small number of compmpreres.

Hence, the kernel scale factor is a parameter wéachbe varied in the algorithm
in order to obtain packings of overlapped particleghis way, sintering effects can
be simulated, which are important in several ergjing applications such as
powder metallurgy and sintering of ceramics andnets [48,64—66].

a)

Figure 5.12 — Portion of the packings of cylindéspect ratio equal to 1) at different kernel
factors: a) kernel factor = 0.965 (440 particles)dah) kernel factor = 0.668 (603 particles).
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5.3.4.2 Combination of particles

The algorithm can accommodate particles of differgmpes and sizes. As an
example, binary mixtures of about 1000 rigid prelallipsoids with the same aspect
ratio, equal to 1.15, and size ratio equal to 2 ewgenerated at different
compositions.

In Figure 5.13 the porosity of the mixture as action of the volume fraction of
smaller particlesys is shown. The porosity decreased reaching a mmirfor a
composition between 0.4 and 0.5, similar to whabbserved experimentally and
numerically in the case of packings of spheres {Sgare 5.8), because smaller
particles fill the voids left by bigger particleé. precise minimum could not be
numerically determined since the standard deviatibthe results, created by the
randomness of the packing generation, was of thee sader of magnitude of the
gap between the porosities corresponding to a velinaction of smaller particles of
0.4 and 0.5. Figure 5.14 shows the representafienpmrtion of the packing for a
volume fraction of smaller particles equal to 0.6.

The algorithm can be applied to more than two phaselifferent shapes, making
it amenable for use in many diverse applicatiospeeially in modeling granular
and composite materials where mixtures of partialescommon.
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Figure 5.13 — Porosity as a function of the voluinaetion of smaller particles in a binary
mixture of prolate ellipsoids with same aspectaaéiqual to 1.15, and size ratio equal to 2.

5.3.4.3 Simulations for fuel cell applications

Fuel cells, especially polymer electrolyte [46] asulid oxide [47—-49] fuel cells,
offer a research field to explore all the capab#itsupported by the proposed
algorithm. As an example, a polymer electrolytel el electrode is simulated in
this Section.
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Figure 5.14 — Representation of a mixture of rigidlate ellipsoids with aspect ratio 1.15
and size ratio 2. The solid volume fraction of dergbarticles is 0.6.

A porous polymer electrolyte fuel cell electrodenmde of a catalyst layer,
composed by sintered agglomerates of catalystcpestiand a porous transport
layer, typically made of carbon fibers [67]. Thenef the electrode can be
schematically represented as a bi-layer structareandom packing of sintered
agglomerates of spherical particles (i.e., the lgsttdayer) plus a loose random
packing of long cylinders.

Figure 5.15 shows an example of microstructure ig¢eé with our algorithm: the
lower layer is composed by about 600 monosizedoageates of spheres while the
upper layer consists of about 1500 monosized rahdgacked long cylinders
(aspect ratio equal to 5). The bi-layer structuas Wuilt first by generating the layer
of agglomerates and then by adding the packinglofders. Note that in the whole
structures there are not isolated particles, thateach particle makes at least 2
contacts.

A single simulation is not enough to confirm thae talgorithm be able to
quantitatively reproduce all the microstructuraduccteristics of fuel cell electrodes,
however Figure 5.15 suggests that the proposed odiebias the capability to
accommodate these needs. The use of the algoutismecific fuel cell applications
will be subject of future investigations.
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Figure 5.15 — Representation of a polymer electeoffpel cell electrode, consisting of a
layer of agglomerates of spheres (the catalystrlaged a layer of long cylindrical particles
(the porous transport layer), simulated with theposed packing algorithm. The picture
looks similar to the schematic representation obaymer electrolyte fuel cell electrode
reported in [67].

5.4 Conclusions

A modified collective rearrangement algorithm fensglating random packings of
nonspherical particles, represented as an asseafblyomponent spheres, was
presented and discussed in this study.

Unlike previous CR methods, a stability constrawvds introduced while the
particle—to—container shrinking procedure was regdoun this way, during the
packing generation the rearrangement process awet@&nly the neighborhood of
the particle taken in consideration. More impotanthis ensured that in the final
packing all the particles were stable and contgotiach other, overcoming one of
the limits of conventional CR algorithms. This makiis method attractive for
engineering applications because many effectivpgt@s of practical interest, such
as conduction properties, strictly depend on thtureaof contacts among the
particles.

A study regarding the internal parameters of tlgor@thm showed that packings
ranging from random loose to random close can bimdd. In particular,
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simulation results showed that the stability camstris necessary in this algorithm
to obtain closer packings.

The packing density of random packings of rigidirayérs and prolate ellipsoids
as a function of the aspect ratio was calculatetlcampared with results obtained
by other packing algorithms. The good agreemenmtpdi out in the comparison
suggests that our algorithm provides results ctergiswith other consolidated
packing algorithms, although the implemented gedmetability constraint cannot
produce jammed configurations as showed for paskiriggpheres and ellipsoids.

The algorithm was generalized to be used in sewmgiheering applications. By
using a kernel scale factor, non-rigid particles loa simulated, leading to packings
where the particles experience overlaps of the relbsdegree, enabling the
simulation of structural changes due to sinteringneelting. Simulations with
cylinders and ellipsoids showed that as the kefawbr decreased (i.e., the particles
become softer), the packing became closer as pigklil by the increase in both the
packing density and the mean coordination number.

The algorithm enabled the simulation of packingthvore polydisperse phases
of different particle shapes and sizes, as shovendimulation of binary mixtures of
rigid prolate ellipsoids. In addition, since paggare represented by an assembly of
component spheres, packings of agglomerates ofeploe nonspherical and non—
analytical particles can in principle be generated.

The applications of the algorithm are wide, in jgafar for simulating granular,
sintered and composite materials for engineeringpqres. The generated packing
structures can be used in CFD computations to m@iereffective properties such
as the thermal conductivity and the gas phase pdilitg of composite
polydisperse nonspherical particles and aggregates.

Simulations showed that the resolution of the shtps is, the representation of
the particle with component spheres, is cruciajgbreliable and consistent results.
This feature is shared by all the methods whictpadaphere—assembly or a digital
approach. Future work will be dedicated to the roation of the particle
representation and to the evaluation of effectikgperties in random packings of
nonspherical particles, especially for specifid fuedl applications.

Nomenclature

Glossary
G coordinates of the-th particle center of mass

(_:(k” center of thé-th component sphere on tke¢h particle in the global frame
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QS) center of thé—th component sphere on tir¢h particle in the local frame
d displacement of thie-th particle due to the fordg
Fno o force created by thie-th component sphere of theh particle on thé—th

component sphere of theth particle
F resultant force on theth particle
[ particle indexit-th particle), usually considered as the currerigie
1 identity matrix
] particle index jth particle)
J scalar moment of inertia of tleth particle
K  k—th component sphere of theh particle

M, axis of rotation of the-th particle due to the momeldt
Mo «» moment created by tHe-th component sphere of theth particle on the

h—th component sphere of theh patrticle
M; resultant moment on theth particle

n®)  number of component spheres representing-theparticle
N maximum number of internal cycles before reposition

N®  number of particles overlapping theh particle
Npart total number of particles
N/ maximum number repositions before reallocation

Q alignment matrix

) radius of thék-th component sphere of theh particle
R rotation matrix

Y/

L& «» sShared volume between tketh component sphere of theth particle and

theh—th component sphere of theh particle
\V/ volume of thé—th patrticle

X, vector used to define the orientation of ithth particle (locak—axis)
i/i vector used to define the orientation of ithtl particle (local—axis)
Z,  vector used to define the orientation of ithth particle (locafz—axis)
4 coordination number

a  aspectratio

8  rotation angle applied to theth particle
K kernel scale factor
o= force factor
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@  porosity
s solid volume fraction of smaller particle

Mathematical notation

T transpose

0 tensor product

[\_/] cross product matrix of vecter

Abbreviations

CFD computational fluid dynamics

CR collective rearrangement algorithm
DEM discrete element method

MD molecular dynamics method
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Appendix

5.A Calculus of the scalar moment of inertia

5.A.1 Analytical shapes

For particles which have an analytical expressibthe shape (e.g., ellipsoids,
cylinders), the calculus of the scalar moment @frtia J; is made by using the
analytical expression. Taken the local particletesys of reference, that is, the

system of referencé?@ V,'z”) oriented along the particle axes, i/i and z and

centered in the particle center of mass, the temfsiuertiaii is calculated as:

3 =[], @) -FOT)v (5.A.1)
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where 7 =(% V,Z)". In particular, it is convenient to choose a lofralme whose
axes are the principal axes of inertia for theiplari{for example, for ellipsoids the
local axes are oriented along the particle semjaxesuch a casé;i is a diagonal

matrix.

Given the axis of rotatioﬂ\_?li in the global system of reference, it can be reduc
to the local frame by projecting its componentstba particle orientation axes

similarly to what done in Eq. (5.1), that isf, = (Mi XM, .M, 2, )T . Then, the

scalar moment of inertia is calculated as:
3,=(Z o, )ou (5.A.2)

5.A.2 Non-analytical shapes

When the particle shape cannot be represented byalptical expression, e.g., an
agglomerate of spheres, the scalar moment of &nesrttalculated by considering the
component spheres. The particle moment of indrtia calculated by summing the
moments of inertia of its component spheres, catedl with respect to the axis of

rotation Mi using the Huygens—Steiner theorem, as:

(i)
(8 5,403 (i)zj
__z 2 oa® 2 g%y 5.A.3
! kzl[lS k 37k ( )

whereh"’ represents the distance of the center of the coemispher&” from the
axis of rotation, calculated as:

1 (i)
M; Oey” —-¢

(i) = |~ () N7 i (i) = ¢
b =lc!" —¢c. =t M .| with t\) = -
“k o _" “ M, M,

(5.A.4)

It is worth noting that Eq. (5.A.4) provides a goagproximation of the particle
moment of inertia if the shape is well represertgdhe component spheres in a
non—overlapping configuration, in order to avoiditmuble count the volume shared
by two overlapping component spheres.

5.B Check a point within a particle

5.B.1 Check a point within an ellipsoid
In order to check if a test poiRtis contained within the-th ellipsoid, centered in
G, its coordinates are reported to the particlellegatem of reference by using Eq.
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(5.1), obtainingE:((E—gi)@(i,(E—gi)[yi,(E—gi)Ezi)T. For convenience, let us

call the local coordinates @ , X,, Y, and 7.

Be s, s’ and s’ the semiaxes of the ellipsoid, the check of thintp®

consists in:

5(_ 2 S’- 2 5 2
5% (%)= o0

If Eg. (5.B.1) is satisfied, the test pointis within thei—th ellipsoid, otherwise it is
outside.

5.B.2 Check a point within a cylinder
Be P the test point to be checked in ikéh cylinder, which has a radie® and a

heightH”. The axis of the cylinder is oriented along iteotation axisX; . The test
point is within the cylinder if: i) its distancedim the cylinder axis is smaller than
the cylinder radius and ii) its projection on thdireder axis is smaller than one half
of the cylinder height.

The distanceb!’ of the test point from the cylinder axis is cated as in Eq.
(5.A.4) by substitutingM, with % andc’ with P. Thus, the first condition to be
satisfied isb{’ < R". The projection ofP on the cylinder axis is calculated as
(P-c)i%, hence the second condition is satisfied if theeqirality

(P-c)X|<H® /2 is verified.
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Chapter 6

Microstructural Modeling of
Infiltrated Electrodes

This Chapter presents a packing algorithm for theomstruction of infiltrated
electrodes, which are an alternative type of micuosure for intermediate
temperature SOFCs. To date, this framework reptesame of the first studies of
detailed microstructural modeling of infiltratecketrodes.

The model consists in: i) generation of the matfixnicrometer—sized particles,
called backbone, through the drop—and—roll algorifeee Chapter 4), ii) infiltration
of nanoparticles onto the surface of backbone @astiusing a Monte Carlo method.
The effective properties required by electrocheimuadels are evaluated.

The study shows that:
i. percolation thresholds can be predicted as a fumcti nanoparticle size;

il. the TPB density in infiltrated electrodes may irms@ by 2 orders of magnitude
if compared with conventional composite electrodes;

iii. percolation properties are highly sensitive to tkelume fraction of
nanoparticles.

This Chapter was adapted from the paper "Microstrat modeling and effective
properties of infiltrated SOFC electrodes" by A.riee J.G. Pharoah, D.A.W.
Gawel and C. Nicolella, published in ECS Trans(B¥13) 2527-2536.
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Abstract

A modeling framework for the microstructural modgli of infiltrated SOFC
electrodes is presented. The model numerically ngirocts infiltrated electrodes
through a sedimentation algorithm for the backbgeeeration and a novel Monte
Carlo packing algorithm for the random infiltrationEffective properties are
evaluated by means of Monte Carlo geometric amnalgsd finite volume method as
a function of the loading and of the particle sifdnfiltrated particles. Infiltration
into ion—conducting and composite backbones isyaeal in this study. Simulations
show that the infiltration can lead to an increaselPB density of about two orders
of magnitude if compared with conventional compgostectrodes. In addition,
infiltration into monocomponent backbones can leaé TPB density about twice
the TPB achievable when infiltrating composite lemies. On the other hand, a
critical loading of nanoparticles must be reached monocomponent backbones
while in a composite backbone the infiltration izvays beneficial.

6.1 Introduction

One of the main goals for solid oxide fuel cell©fEs) consists in the reduction
of operating temperature to a range of 500-8001Clflthe last decade the use of
nano—structured electrodes produced by infiltrdimopregnation techniques has
been suggested as one of the possible ways [2].

The infiltration technique involves the depositioh nanoparticles into a pre—
sintered backbone. Infiltrated electrodes show iagmt advantages if compared
with conventional electrodes: a wide choice of lyatamaterials as a result of a
lower firing temperature, a good adhesion with #iectrolyte, a high catalytic
activity coupled with an enhanced electric conduisti [2]. Infiltration of
nanoparticles into ion—conducting, mix—conductimgl @omposite backbones have
been experimentally studied revealing significactéases in power density [3-5].

The advantages of infiltrated electrodes are 8triefated to their microstructural
characteristics. So far, the optimization of iméited electrode microstructure has
been done mainly empirically. Only a couple of stachave attempted to model the
microstructural characteristics of infiltrated dledes [6,7], even if relying on
simplified percolation models. However, nowadaysenadvanced microstructural
models, based on packing algorithms or on tomogcapblconstruction, are
available. So far, such advanced microstructuralet®have been applied to study
mainly conventional electrodes [8,9].

In this study, a microstructural model for the nuice reconstruction of
infiltrated electrodes is presented. The model ased on the combination of a

conventional packing algorithm for the backboneorstruction plus a novel Monte
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Carlo algorithm to simulate the infiltration of ragrarticles. The study focuses on
the evaluation of the effective properties of bath—conducting and composite
backbones infiltrated with electron—conducting naarticles as a function of the
loading and the size of nanoparticles. Model patareeand working conditions are
chosen in order to maximize the three—phase bowrdimsity (TPB), in order to

assess the maximum performance achievable byratéll electrodes.

6.2 Modeling

The modeling approach consists in three sequestegbs: generation of the
backbone structure (Section 6.2.1), infiltrationtieé backbone with nanoparticles
(Section 6.2.2), evaluation of the effective prdigsr of the resulting packing
(Section 6.2.3).

6.2.1 Backbone generation

The backbone represents the pre—sintered electtodebe infiltrated by
nanoparticles. It can be modeled as a random pgcfimicrometer—sized spherical
particles [8].

The backbone generation is performed through actiolased packing algorithm,
the drop—and-roll algorithm [10]. One particle dinae is added into a cubic domain
of specified dimensions with periodic boundary dtiads in the horizontal
directions. Each particle is dropped from a rangmimt at the top of the domain,
then it falls and rolls over previously placed mdes until a stable position is
reached. As the particle comes into rest, its joosits fixed and a new particle is
dropped. When simulating composite backbones, #w@ratl volume fraction is
enforced by assigning a weighted probability to pheticle selection. The sintering
is simulated by assigning a desired particle—gartontact angle, which eventually
defines the backbone porosity.

Eventually the algorithm provides a virtual sampfethe pre—sintered electrode
used as backbone for the random infiltration.

6.2.2 Random infiltration

The novelty of this study is represented by theomillgm used to infiltrate
nanoparticles into the backbone. The random igfitin follows a sequential Monte
Carlo algorithm, which places nanoparticles on® shrface of backbone patrticles.
Both the size of nanoparticles and the loadingt(ikathe volume fraction of
nanoparticles) can be set in the algorithm.

The center of a nanoparticle is randomly placedttan surface of a backbone
particle (see magnification in Figure 6.1). Thehg toverlaps made by the
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nanoparticle are evaluated with respect to backbmenticles and nanoparticles
previously placed. A contacting particle is marked overlapping if the
corresponding contact angle exceeds a prescribkoe,vavhich is different for
backbone and nanoparticles. If the number of operia smaller than three, the
nanoparticle is moved over the backbone surfacerder to remove the overlaps,
then overlaps are checked again. If the numbereflaps is equal or larger than
three, the selected position is discarded sina@naparticle cannot be placed in such
a location without violating the contact angle doaists.

The procedure is repeated until the desired loaidingached. The procedure stops
if, after a predefined large number of trials, eefposition to place a nanoparticle is
not found, meaning that the maximum loading hasmbreached. The maximum
loading has to be intended as the loading corralipgrto cover the backbone with
a monolayer of nanoparticles. The algorithm dodsatiow the growth of multiple
layers of nanopatrticles. In fact, a second layey regluce the TPB length [6], and
this phenomenon is out of the scope of this study.

An example of an infiltrated electrode made on blasis of a monocomponent
ion—conducting backbone is reported in Figure 6.1.

Maximum contact angle
among nanoparticles

“ ™ Contact angle between nanoparticles
and b%kbone particl

Figure 6.1 — Infiltrated electrode generated by #igorithm using a size ratio equal to 1/10
between nanoparticles and backbone particles. B niagnification, contact angles of a
nanoparticle with backbone particles and other naawticles are defined.

6.2.3 Effective properties

The effective properties of the resulting packimg avaluated through Monte
Carlo geometrical analysis as well as throughdintlume simulations.

The percolation properties of backbone particled manoparticles are evaluated
through the knowledge of the contact information eafch particle within the
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packing. In this way, clusters of particles of #ane type connected each other can
be identified [11]. A cluster is percolating ifspans from the top to the bottom of
the domain. The percolation fraction of a condgtihase is defined as the number
fraction of particles belonging to percolating ¢irs over the total number of
particles of such a phase.

The surface area of backbone particles beforaratiibn is evaluated by randomly
generating thousands of test points on the suidé@ach sphere. The test point is
then checked against other backbone particledieifdistance from the center of
another sphere is smaller than the sphere radiesteist point is internal to the
packing. In the other case, the test point is exgd® the pore space, thus it is
accounted for in the calculation of the exposed.afesimilar approach is used to
evaluate the fraction of backbone surface covergdnénoparticles after the
infiltration. The surface coverage fraction is defi as the fraction of backbone
surface area covered by nanoparticles.

The packing porosity and the loading are evaludigdrandomly generating
thousands of test points within the domain. Testtpdfalling within nanoparticles
are accounted for the loading while points fallimgthin the pore space are
accounted for the porosity calculation.

The mean pore size is evaluated by using the deagth method [12]. According
to Zalc et al. [13], the mean pore size is equahtéonumber—averaged chord length
corrected by a factor which takes into accountiduere of the redirecting collisions
of the diffusion of a tracer in Knudsen regime.

The effective electric conductivity is evaluatedhwiicroFOAM [14], which uses
the finite volume method to solve for the normaliZieoundary flux within the
discretized structure. Choi et al. [14] validatedddFOAM against a random walk
simulation and found good agreement between thatisnt when an appropriate
discretization procedure was used to mesh thefitumes.

The TPB length is computed through the knowledgepaifticle radius and
position, following a technique similar to that dser surface area determination.
A test point is generated on the perimeter of taagof intersection connecting two
different conducting particles. The test point, ethirepresents a portion of the
perimeter, is accounted for the TPB length calouteif it does not belong to a third
particle. The procedure is repeated by moving éisé point along the perimeter for
all the planes of intersection. The procedure dumstake into account the pore
percolation because the gas phase is entirely ctethen the range of porosity
investigated in this study [8,13].
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6.3 Results and discussion

The methods described in Section 6.2 were useded¢onstruct and analyze
infiltrated electrodes in the range of conditioaparted in Table 6.1.

Two types of backbones were considered in this ystiad monocomponent
backbone, composed by ion—conducting particles, andomposite backbone,
composed by a binary mixture of electron—conducéing ion—conducting particles
50-50% in volume. In both the cases, the backbonespgy was set to 40% and all
the particles had the same size.

The infiltration considered electron—conducting oparticles with a size equal to
1/10, 1/15 and 1/20 the diameter of backbone pestid’he contact angle between
nanoparticles and backbone particles was tailonedrier to place the center of
nanoparticles exactly on the surface of backbonéicfes (see magnification in
Figure 6.1). This constraint corresponds to set tumtact angle between
nanoparticles and backbone particles to 87.1° °8&fd 88.5° for the three
nanoparticle sizes considered. The maximum coatagie among nanoparticles was
set equal to 30°. These contact angles were chbseause they allowed the
maximization of the TPB density.

A cubic domain with a side length equal to 8 tirttess backbone particle diameter
was used. A sensitivity analysis revealed that dois)ain was big enough to make
the results independent of the sample size. Results averaged on three structures
per setting. Dimensional results, such as the mpeam size and the TPB density, are
reported in dimensionless form assuming a unitackbone particle diameter.

Table 6.1 — Microstructural parameters used in shedy.

Parameter Value
Backbone porosity 0.40

Volume fraction of ion—conducting phase in the lmmie 05,1.0
Diameter ratio between nanoparticles and backbarticfes  1/10, 1/15, 1/20
Maximum contact angle among nanoparticles 30°

6.3.1 Surface coverage

The fraction of external surface of backbone plsicovered by nanoparticles is
the main variable for determining the percolatior affective properties of the
electrode.

As shown in Figure 6.2, given the nanoparticle ,se=ethe loading increases, the
surface coverage fraction increases. Independentiiie size of nanoparticles, the
maximum surface coverage fraction is about 0.6& Whole surface of backbone
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particles cannot be covered because the infilinaBoa random process and due to
the geometrical constraint given by the maximunovedld contact angle among
nanoparticles.

As reported in Figure 6.2, the maximum surface wagye fraction corresponds to
the maximum loading, which is larger as the sizenafoparticles increases. It is
noteworthy that in reality it would be possiblectintinue the infiltration beyond the
maximum loading, but it would correspond to creatdti—layers of nanopatrticles,
with potential reduction in the TPB length [6].

In the remainder of this study, all the results amported as a function of the
surface coverage fraction. Figure 6.2 can be usembirelate the surface coverage
fraction to the corresponding loading of nanophesic

0.7

Size of nanoparticles
|l o 1/10

x 1/15
o 1/20

e o o o 9o
N w M o

Surface coverage fraction

o
[

o
o

0.00 0.02 0.04 0.06 0.08
Loading

Figure 6.2 — Surface coverage fraction as a functidthe loading of nanoparticles.

6.3.2 Percolating properties
Figure 6.3 shows the percolation fraction of indited particles as a function of
the surface coverage fraction for three sizes nbparticles.

In a monocomponent backbone (solid lines), nanimbest have to overcome a
critical threshold, called percolation thresholdorder to create a percolating path.
The percolation threshold lies in the range 0.5&7®f surface coverage fraction
depending on the size of nanoparticles. Beyond geecolation threshold, the
percolation fraction of nanoparticles increasethasurface coverage increases until
the maximum loading is reached.

On the other hand, in a composite backbone (dditied) the percolation fraction
of nanoparticles is always bigger than 0.47, wid4g is the product of the solid
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volume fraction of electron—conducting particlegua to 0.50, and the percolation
fraction of electron—conducting backbone partidlefore infiltration, equal to 0.94

as resulting from simulations. In fact, nanopagtclare equally distributed on
backbone particles, therefore at least the 47%hemt are in contact with a

percolating electron—conducting backbone partistea consequence of the positive
percolating effect due to the electron—conductimgkbone particles, given the
surface coverage fraction, the percolation fractddmanoparticles is larger in a
composite backbone than in a monocomponent backlseed-igure 6.3).

For both monocomponent and composite backbonesndive surface coverage
fraction, the percolation fraction of nanoparticléscreases as the size of
nanoparticles increases. This phenomenon is diretfact that bigger nanopatrticles
tend to percolate better than smaller nanopartimkes the surface of a sphere, as it
can be demonstrated by percolation theory condidasa[15].
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Figure 6.3 — Percolation fraction of nanoparticles a function of the surface coverage
fraction. Solid lines refer to a monocomponent lmacle, dotted lines to a composite
backbone.

6.3.3 Gas phase properties

Figure 6.4 shows the main geometric propertiesachiarizing the gas phase as a
function of the surface coverage fraction. Both ploeosity and the mean pore size
decrease as the surface coverage fraction andzhefshanoparticles increase. This
behavior is reasonable since pores are filled bgoparticles as the loading
increases, which leads to a reduction in porosityrmean pore size.

For the set of conditions investigated in this gfutie reduction in porosity does
not lead to completely close the pores: the meaa piae is reduced by 14% in the
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worst case. Such a reduction should not comprortiee effective transport
properties, in particular the normalized effectidigfusivity, which is the ratio
between porosity and tortuosity [13]. Assuming ttieg effective diffusivity in the
infiltrated electrode corresponds to the diffugivaf a backbone with equal porosity,
using the correlation suggested by Berson et &), [the normalized effective
diffusivity is 0.17 in the worst case (porosity@82, corresponding to the maximum
loading of the biggest nanoparticles consideredhjjenit is 0.26 for the backbone
before infiltration. Obviously, increasing the laagl beyond the maximum loading
would further reduce the porosity, leading to asgae significant reduction in gas
phase effective properties.
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Figure 6.4 — Porosity and mean pore size as a fanaif the surface coverage fraction.

6.3.4 Effective electric conductivity

It is worth comparing the effective conductivity aflectron—conducting
nanoparticles with the effective conductivity ohieonducting particles. In order to
make the results comparable and independent adpeeific material conductivity,
the effective conductivities are normalized withe tlhhulk conductivity of the
considered phase.

In a monocomponent backbone, at the maximum loatliegratio between the
normalized effective conductivity of nanoparticlead the normalized effective
conductivity of the backbone is 0.143, 0.091 ari6b.for a diameter ratio of 1/10,
1/15 and 1/20, respectively. Therefore, the condanawithin the infiltrated phase is
about an order of magnitude smaller than in thekibame, which is reasonable
because the charges have to flow in surface—likie. pe& the size of nanoparticles
increases, the normalized effective conductivitythed infiltrated phase increases:
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this is attributed to the larger cross—section reffeby bigger nanoparticles. It is
noteworthy that the normalized effective condutyivef the electron—conducting
phase for the biggest nanoparticle size considierdkis study is comparable with
the normalized effective conductivity of electroonducting particles in a
conventional composite electrode [14].

Since the specific conductivity of typical electr@onducting materials used in
SOFC electrodes is usually orders of magnitudestattgan the specific conductivity
of the ion conductor, the electron conduction ifiitrated electrode should not be a
limiting factor.

6.3.5 TPB length
Figure 6.5 shows the dimensionless TPB length p@rwlume as a function of
the surface coverage fraction for three sizes pnbpatrticles.

For a composite backbone, when nanoparticles arenfitirated (i.e., loading
equal to 0), the dimensionless TPB density is Oti& is the contribution of
backbone particles, equal to the TPB density afraventional composite electrode.
Increasing the loading leads to a slow increas@RB until a surface coverage
fraction of about 0.5, over which the TPB densitgreases more rapidly. On the
other hand, in a monocomponent backbone a criticakhold must be overcome in
order to develop a connected TPB length. Thesdtseare in agreement with the
percolating properties shown in Figure 6.3.
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Figure 6.5 — TPB density as a function of the stefaoverage fraction. Solid lines refer to a
monocomponent backbone, dotted lines to a compuesitebone.
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Interesting information can be obtained lookinghe maximum loading, where
the percolation fraction of nanoparticles approachgsee Figure 6.3). Figure 6.5
shows that at the maximum loading the TPB densifijes with the inverse of the
nanoparticle diameter for both composite and mompmment backbones. In
addition, the TPB density in a monocomponent backbis more than twice the
TPB density of a composite backbone. The factorises because in a composite
backbone the percolating ion—conducting partictesadout one half than in a fully
ion—conducting backbone.

6.4 Conclusions

A modeling framework for the estimation of effeetiyproperties of infiltrated
electrodes, based on the numerical reconstructimugh packing algorithms, was
presented in this study. Infiltration of nanopdesc into monocomponent and
composite backbones was analyzed as a functionhefldading and size of
nanoparticles. Simulation parameters were setdardo maximize the TPB density.

Simulation results showed that in a monocomponexkiione a critical loading
must be reached in order to create a percolatitly @ananoparticles. The critical
loading corresponds to a surface coverage fractidn52—-0.57, that means volume
fraction of nanoparticles equal to 0.06 and 0.Q85sfze of nanoparticles equal to,
respectively, 1/10 and 1/20 the diameter of backbparticles. On the other hand,
more than half of nanopatrticles are percolatingmé@eomposite backbone is used.

Simulations showed that the infiltration of a lapémanoparticles does not lead to
a significant reduction in porosity and gas tramspooperties. As a maximum, the
mean pore size decreased by 14% while the effediffesivity was halved in the
worst case.

The infiltration led to increase the TPB densitydwen two orders of magnitude if
compared with a conventional composite electrodmutations showed that the
infiltration of nanoparticles into a monocompondaickbone can lead to a TPB
density that is about twice the TPB density reacimethe same conditions when
infiltrating a composite backbone. However, whileai monocomponent backbone a
critical loading must be reached, infiltration o&noparticles into a composite
backbone increased the TPB length for every loading

Although the model allows the prediction of effgetiproperties of infiltrated
electrode, simulations revealed a strong sensitdfitthe results on the size and the
loading of nanopatrticles. Furthermore, this highs#tévity is confined in a narrow
range of loading. These conditions may make impraiste the prediction and the
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optimization of the microstructure of infiltratedleetrodes, especially for
monocomponent backbones.
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Chapter 7

Integrated Microstructural-
Electrochemical Modeling of
Composite Electrodes

This Chapter presents an integrated microstructaelattrochemical model for
SOFC composite electrodes. The microstructure efdlectrodes is numerically
reconstructed and analyzed through a Monte Canldam—walk method to evaluate
the effective properties, which are used in thetinanm transport and reaction
model. The study focuses on the cathode.

The study shows that:

I. the integration between microstructural and elettemical models avoids the
use of empirical or adjustable parameters, ovenegnthe limits of typical
macro—modeling studies;

il. the microstructural model accurately predicts difecproperties in gas and
solid phase in agreement with experimental dataviide range of conditions;

ili. the lower bounds of particle size and porosity émmposite cathodes are
identified and related to the transition of gagudifon to Knudsen regime.

This Chapter was adapted from the paper "Microsirat modeling for prediction
of transport properties and electrochemical peréoroe in SOFC composite
electrodes" by A. Bertei, B. Nucci and C. Nicolelfublished in Chem. Eng. Sci.
101 (2013) 175-190.
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Abstract

A model for the description of transport and electremical processes in solid
oxide fuel cell (SOFC) electrodes is presentedis study. Effective transport and
reaction properties are evaluated using a Monte I€aandom-walk method on
electrodes numerically reconstructed with a packeigorithm. This approach
overcomes limitations of typical micro—-modeling ds#s on SOFCs, wherein
effective microstructural properties are estimatgging empirical correlations or
fitted on experimental data. Throughout the enmtir@deling framewaork in this study,
no fitted or empirical parameters are used. Effectproperties as a function of
porosity and particle size are calculated and reépdrin dimensionless form to
provide generality in their application. A good agment with independent
experimental data for both gas and solid phasexciseved. The model predictions
can be used to improve the design of compositéretkxs for solid oxide fuel cells.
In particular, simulation results show that porgsibwer than 0.20 and particle size
smaller than 0.2m should be avoided in the design of SOFC compoatteodes
because, under these conditions, Knudsen effaunis thhe mass transport with a
significant reduction in the electrode performance.

7.1 Introduction

Solid oxide fuel cells (SOFCs) have attracted neteattention due to their
expected high efficiency of energy conversion [&jy emission of pollutants [2],
broad fuel flexibility [3,4] and capability to prade both heat and power [5]. A
solid oxide fuel cell is an electrochemical devielich converts the chemical
energy of a fossil or renewable fuel into eleceigergy [6]. It consists of two
electrodes, the anode for fuel and the cathodeiforseparated by the electrolyte
and connected into an electrical circuit. The etdgte is a dense ion—conducting
layer, which operates at relatively high tempeegu(600—-1000°C) [1]. At the
cathode molecular oxygen is reduced by the elestcyming from the external
circuit, forming oxygen ions. These are transpottgdhe electrolyte towards the
anode, where the fuel is oxidized.

In the last two decades modeling and simulatiomrtiEpies have assisted the
development of SOFC technology [7,8]. The modelpgns over a wide range of
length scales, from the material and microstruttdedails [9], up to the electrode
and cell levels [10-12] and to the system level 3,

A typical electrode is a porous layer wherein chaapd chemical species are
transported and react [14]. Figure 7.1 shows amehef a composite cathode,
where molecular oxygen permeates through the thigkno react with electrons.
The transport and electrochemical processes arallysmodeled using micro—
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models based on mass and energy balances [15,8@¢rdb aspects have been
investigated and discussed: thermodynamics [17,A8iss transport phenomena
[19,20], detailed reaction mechanisms [21,22].

Experimental studies have recognized that the miarctural characteristics
significantly influence transport and reaction pbmena, affecting the electrode
performance [23-25]. For example, reducing theigarsize significantly enhances
the number of reaction sites [26], which can beimied by tailoring the electrode
composition [24,25]. The porosity is another kegtdéa: while a decrease in porosity
initially leads to an increase in electrode efingg [25], closure of pores and gas
diffusion limitations can reduce the electrochemigarformance below a critical
limit [24,27].

a) Lz,
gas channel
i’ “/ W current collector
Ox
X
\ ’ cathode
electrolyte

b)

Figure 7.1 — a) Schematic view of a porous compositthode. b) contact between two
different conducting particle€?is the contact angle.

In modeling studies, very often effective transpantd reaction properties are
estimated by using empirical correlations. In samases, morphological parameters
such as tortuosity, contact area between neighlp@anticles or mean pore diameter
are taken as adjustable parameters to fit on expatial data [8]. In this way, the
estimated or fitted transport properties may beesaimstic and not representative of
the microstructure corresponding to the sample adtaristics (i.e., composition,
particle size, porosity). This may nullify the eff® made to describe very complex
phenomena and reaction mechanisms.
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Apart from the pioneering studies made by Sund28]9pnly in the last few years
the modeling of the electrode microstructure by mseaf particle—based packing
algorithms has been adopted for SOFCs [29-32]. @utdchnique is expected to
improve the estimation of effective properties, ugdg, if not eliminating, the
number of adjustable parameters. In addition, ifmpared with empirical
correlations, the microstructural simulation allowpecific features of SOFC
electrodes to be taken into account, such as thersig effects and the patrticle size
distribution [30]. Although the actual electrode cnaistructure is not exactly
represented, the microstructural modeling provelgaluable tool for predicting the
performance of conventional and alternative archites [31].

It must be mentioned that an alternative methoddiimate the microstructural
properties consists in reconstructing the micrastme of actual samples through
focused—-ion—beam scanning—electron—microscope snageX—ray tomography
[33-36]. These techniques provide a closer reptagen of the electrode
microstructure, although they are not predictive(tis, real samples are required)
and rely on the image resolution and post—procgsairalysis, which may cause
possible uncertainties.

In this study, transport and reaction effective pgmies in SOFC composite
electrodes are evaluated on microstructures nuaibrigenerated through a packing
algorithm. A Monte Carlo random-walk method is aédpto calculate the effective
transport properties in both gas and solid phaBkase percolation and pore size
characterization are also analyzed. The effectparbsity and particle size on
effective properties are particularly investigatead compared with independent
experimental data. Microstructural results are wgivim dimensionless form,
providing generality in their application.

The evaluated effective properties are used in aeinéor the description of
transport and electrochemical processes within ositg electrodes, with special
focus on the cathode. The sub—models describing arad charge transport as well
as the electrochemical reaction are presentedtaildEhe model is used to study
the performance of the cathode as a function ofphmogical characteristics, in
particular porosity and particle size. This enabthe derivation of practical
indications about conditions to be avoided whernigiésg an SOFC cathode.

It is important to emphasize that, apart from tlssumption of modeling the
electrode microstructure as a random packing oésgdl particles, throughout the
entire modeling approach there are no empiricaldjusted parameters.

The Chapter is organized as follows. Section 7deidicated to the description of
the microstructural models, from the numerical gatien of the microstructure to
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the calculation of morphological and effective sport properties. In Section 7.3
the model of transport and reaction is presentedsdction 7.4 the results of the
microstructural modeling are presented and compaviéd experimental data.

Section 7.5 reports the results of the transpod esaction model applied to
composite cathodes, where the connection betweerostiuctural properties and
electrode performance is analyzed. General comeigsand future research are
summarized in Section 7.6.

7.2 Microstructural modeling

7.2.1 Packing generation

Binary random packings of spherical particles avenerically constructed by
using a sedimentation algorithm also known as dmop—roll [37-39]. In this
section, only a brief description of the algoritisrsummarized, more details can be
found in a previous chapter of this thesis [40].

The packings are numerically generated by addipgracle at a time into a box
domain of specified dimensions. Periodic boundamyditions are implemented in
the horizontal directions to build an effectivelyfinite packing in the horizontal
plane and avoiding wall effects [38]. Particles aexjuentially dropped from a
random point from the top of the domain. The delstemposition is enforced by
assigning a weighted probability to the particléesgon according to the relative
solid volume fractions of the binary mixture. Ttadlihg particle rolls over one or
two already packed particles without friction, asibe or inertia until either it
touches the floor or it is stably supported by ¢hather particles [41]. As the
particle comes into rest, its position is fixed andew particle is dropped into the
domain. As the box is entirely filled, a portiontlia thickness of six particle
diameters is removed from both the top and theobotif the domain to ensure the
extinction of floor and wall effects [42]. The paoy procedure produces a random
loose packing with a weak anisotropy in the vetltidmection imposed by the
gravity force [43,44].

The degree of densification is determined by agsigthe desired particle—
particle contact angle (see Figure 7.1b), whiclndsfthe amount of particle overlap
in each pair of contacts. The contact angle is kepstant throughout the structure
during the packing generation. There is a one—te—oorrespondence between
porosity and contact angle, as discussed in Se¢tia.

The packing algorithm provides the center coordisathe radius and the type of
each packed sphere. These data enable the detkomioBthe neighboring particles
for each sphere in the packing and, consequehtyglusters of homologue particles
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connected to each other [45]. Clusters which p®vid connected network of
particles from the top to the bottom of the domaie marked as percolating [10].
The percolation fraction of each solid phase isndef as the number fraction of
particles belonging to percolating networks oves thtal number of particles of
such a phase [45,46].

The packing porosity and the solid volume fractiame determined through a
Monte Carlo method, since the analytical computat@f particle volumes is
demanding when particles experience multiple operlpt7]. A fixed number of
points (200 per particle) are randomly and unifgriistributed within the domain.
The porosity and the solid volume fractions arauassd to be equal to the number
fraction of points falling, respectively, withinéhgas phase and within the solid
phases.

7.2.2 Calculation of effective properties

Both gas diffusion and electric conduction in pa&romedia are diffusive
phenomena, obeying a Fick—-type law. As a conse@ethe calculation of the
effective diffusivity in gas phase, as well as #féective electric conductivity in
solid phases, can be performed by simulating tleevBian movements of tracers in
their corresponding phases [48]. This study adeptandom-walk Monte Carlo
simulation based on the mean—square displacemehbchpl9-51].

7.2.2.1 Effective diffusivity in gas phase

A tracer (e.g., a molecule of a gaseous specigghdomly placed within the gas
phase. The free path, that is the step lengthtiieatracer has to cover, is randomly
chosen from an exponential probability distributi{2] centered on the mean free
pathd. Then, a random trajectory is selected [53]. Thedr moves of the free path,
unless it collides with a solid particle. In suchase, the tracer is reflected according
to the Knudsen cosine law [54], otherwise a nevdoamtrajectory and free path are
chosen. Independent random number generators [B5] employed to pick
uniformly distributed numbers used to select thgaintracer position, the random
trajectory, the free path and the reflected trajgci56].

The mean free pathis calculated according to the definition of Knedsiwumber
Kn [57]:

o)
Kn= 7.1
n=- (7.1)

pore

whered,e is the mean pore size, whose calculation is dssmlisn Section 7.2.3.
The Knudsen numbégn is imposed in the method: a small value (&g.< 107 is
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set to simulate a bulk diffusion regime, higheruesl (e.g.Kn > 10) to simulate
diffusion in Knudsen regime.

The effective diffusivity is calculated from the amesquare displacemen<t§22>

of thousands of tracers as follows [48]:

D" = (Ra, (7.2)
6t

wheret is the tracer travel timeg represents the packing porosity agdhe pore
percolation fraction. The calculation of the poergolation fraction is discussed in
Section 7.2.4. The produ@ty in Eqg. (7.2) accounts for the volume excluded by
packed spheres and closed pores. The travel tiiseproportional to the total
traveled distance covered by the tracer as= vt, wherev is the mean molecular
velocity. The total traveled distance is imposethsmethod.

Eq. (7.2) is not directly applied in this studythex a normalized effective
diffusivity is calculated. The normalization acctairfor the bulk diffusivityDy,
which, according to the gas kinetic theory [58%ulés as follows:

D, =3 & (7.3)

By dividing Eq. (7.2) by Eq. (7.3) and substitutitige relationship betweenandt
(s=vt), as well as betweein andd (Eq. (7.1)), the normalized effective diffusivity

D*" is obtained:

Deﬁ _ <R2>¢gyg

Deff = =
D, 2Knld,,s

(7.4)

The normalization make®®" independent of the gas species. On the other hand,

the normalized effective diffusivity depends on teudsen number.D®"
approaches the effective bulk diffusivity or thdeefive Knudsen diffusivity, both
normalized byDy, for Kn approaching, respectively, 0 ®r[51].

As a final remark, tracers are generated in théraeportion of the packing, far
from both the top and the bottom of the domairfaltt, the collision of tracers with
upper and lower domain boundaries may affect theulzion of the mean—square
displacement. In order to further reduce this plhsgrmon, domains with a square
base and a height to side length ratio equal &ethre used in this study.
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7.2.2.2 Tortuosity factor

When dealing with porous media, the tortuosity dact is typically used to
characterize the diffusion process within the pord®e tortuosity factor is defined
as the square of the tortuosity [59].

Zalc et al. [50] demonstrated that, if properlyccddited, the tortuosity factor is a
purely geometric parameter, function of the porecrostructure only. As a
consequence, the tortuosity factor depends neithethe diffusion regime (i.e.,
independent of Knudsen number) nor on the gasgoesies. This happens if the
proper mean pore sizh,. is used to calculate the Knudsen number, as diedus
Section 7.2.3.

According to Zalc et al. [50], in this study thettmsity factor is calculated as
follows:

1 &by

= 9 7.5
1+Kn D°f (7.5)

where the normalized effective diffusivity defin&a). (7.4) is used. It is worth

noting that while D°f depends on the Knudsen number, Eq. (7.5) allows be
independent of the Knudsen regime.

The tortuosity factor characterizes both ordinang &nudsen diffusion. The
tortuosity factor rules also the pressure—drivescous flow through the porous
media [59], taking part in the calculation of thermeability as discussed in Section
7.3.3.

7.2.2.3 Effective electric conductivity in solid phases
The random walk approach described in Section .A.2s?also used to determine
the effective electric conductivity of the solidgses.

A tracer (e.g., an electron or an ion) is generatéldin a percolating particle of
the considered solid phask The tracer is randomly moved within the phase,
following an elastic reflection law when it collislavith the external surface of a
particle or with the plane separating the particden another particle belonging to a
different solid phase. The collision of tracers hwitipper and lower domain
boundaries are avoided by generating them in timéradeportion of the domain,
which has a height to side length ratio equal teeh

An equivalent Knudsen numbkn®®is used to calculate the free path, similarly to
what described in Section 7.2.2.1 for the gas phese equivalent Knudsen number
is defined as the ratio between the mean free gaththe mean particle diameter

d, . The equivalent Knudsen number is an input paramtetbe set. To simulate a
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bulk diffusion regime a small value &M (e.g.,Kn®® < 10 must be used, since
Knudsen diffusion of charged species in solid phas®t physically realistic.

The normalized effective conductivit§eff , Which is the ratio of the effective and

the bulk conductivity of the considered solid phdses calculated similarly to Eq.
(7.4) as follows:

R2
gt = (R)ayy (7.6)

2Kn®d,s

where g and )5 represent, respectively, the volume fraction #mel percolation
fraction of phaseJ. The normalized effective conductivity charactesizthe
conduction of charged species within the considerexse and it is a function of the
microstructure only.

7.2.3 Pore size characterization

The mean pore sizgéh, ., required for the estimation of the Knudsen nunded
the effective diffusivity (see Section 7.2.2.1)noat be directly derived from the
packing algorithm.

Several methods have been employed to determinpafeecharacteristic length,
such as the sphere growth [30,60] and the chogthemethod [61]. The mean pore
size must capture the statistics of the lengtlridigion between particle external
surfaces and the nature of the redirecting cofisiomm Knudsen regime, while be
independent of the gas diffusion regime [50]. Dguja [62] proposed an approach,
later extended by Levitz [63], to determine the mpare size as:

dpore =<D[%—ﬁ} (7.7)

where (1) and <I2> represent, respectively, the number—averaged deogth and

the mean—square chord length. In this study, tlmedshare numerically computed
selecting a random point on the surface of a partchoosing a random trajectory
and evaluating the distance required to touch amggarticle.

The S factor captures the nature of redirecting collisiand is defined as [50]:

0

B ==Y (cosd,) (7.8)

m=1
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where (cosz9m> is the average cosine of the angles betwe@ttoey segments

separated bynm collisions with particles. In this study, the sum Eq. (7.8) is
computed using the first 12 terms according tostiggestion of Zalc et al. [50].

In isotropic random packings of spheres, the chendth distribution is expected
to be exponential [51,61,63], therefore the ra(ﬂi6>/2<l>2 becomes unity in Eq.

(7.7). Theg factor, which depends on the model of reflectionparticle surface, is
expected to approach 0 or 0.3077 for, respectivelgstic reflection or diffuse
reflection (i.e., obeying the Knudsen cosine 1as0,51].

In this study, Eq. (7.7) is used to calculate treampore size. Eq. (7.7) has been
shown to be the proper way to determine the poegacheristic length in random
packings of spheres for porosity higher than Orh@king the tortuosity factor
independent of the diffusion transport regime [3(,5

7.2.4 Pore percolation

The pore percolation fraction is the ratio betwepan porosity and total porosity.
The open porosity provides a continuous path far malecules moving from the
top to the bottom of the domain within the gas phd%e pore percolation fraction
is thus related to the transport properties ingiesse (see Egs. (7.4) and (7.5)).

The pore percolation is determined by using a based technique [30]. The box
domain is overlaid with a cartesian grid composgdchbbic cells. Each cell is
assigned to belong to the gas phase if more thiohizs volume resides in a pore.
The cell void fraction is calculated by uniformlystitibuting test points within the
cell and calculating the number fraction of themahitbelong to the gas phase.

The process produces a three—dimensional lattigeidfcells representing the gas
phase. The lattice is analyzed to identify the teltssof neighboring cells connected
to each other through their faces, as similarlyedfor site percolation in simple
cubic lattices [64—66]. The Hoshen—Kopelman lalgetechnique [67] is used in this
study to identify the clusters of cells. Only thiasters spanning throughout the
whole vertical direction of the packing are markad percolating. The pore
percolation fractiony is defined as the number fraction of cells beloggto
percolating clusters over the total number of \eatls.

7.2.5 TPB length

The three—phase boundary (TPB) is the contact paimeetween two solid
particles, belonging to different conducting phaies., electron—conducting and
ion—conducting), exposed to the gas phase. In SQfaredes, the TPB is the place
where reaction occurs [14].

172



Transport and reaction modeling

The generation algorithm (see Section 7.2.1), uhtach to particle information,
also provides the center coordinates, radius anentation of the planes of
intersection which separate each pair of overlapmarticles. Since particles are
spherical, these planes of intersection are cireidgch may be crossed by other
planes of intersection, especially for low por@stiThe analytical calculation of the
contact perimeter is possible provided that theneoi more than a triple intersection
of spheres in the same point [30,47]. Since anrgatdion of more than three
particles cannot be excludedpriori, the TPB length calculation is performed by
means of the technique described below.

A test point is generated on the perimeter of tla@e of intersection connecting
two conducting particles. The test point is accedrfbr the TPB length calculation
if it does not belong to a third particle. The prdare is repeated by moving the test
point along the perimeter of the plane of interieecthrough a rotation around the
normal axis of the plane. The effective perimetgosed to the gas phase is equal
to the number fraction of accepted test points girttee perimeter length of the
circle. The total TPB length is evaluated by rejmggthe procedure for all the planes
of intersection. The connected TPB length is sirlyilaalculated, by considering the
planes of intersection connecting percolating pkasionly.

It is noteworthy that the procedure described alomes not take into account the
pore percolation because, as discussed in Sec#b8.T, the gas phase is entirely
connected in the range of porosity investigatetthis study.

7.3 Transport and reaction modeling

7.3.1 General aspects and model assumptions

Within an SOFC porous composite electrode, the treleleemical reaction
between a gaseous species (e.g., oxygen in thedegathydrogen in the anode) and
charged species in solid phase (i.e., electrons axygien ions) takes place in
conjunction with transport of mass and charge. his study, the transport and
reaction modeling focuses on the cathode, althdhglsame approach can be used
for the anode.

A schematic representation of the cathode is redart Figure 7.1a for a planar
cell configuration. The cathode is the composiieiabetween the electrolyte and
the current collector. The electrolyte is a dermme-tonducting layer while the
current collector is a porous layer which colleatsl uniformly distributes electrons
coming from the external circuit [68]. The currextilector is exposed to the gas
channel, which supplies air to the electrode. Mallcoxygen permeates along the
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x—coordinate to reach the cathode, wherein it isgored. As a result, the oxygen
partial pressure in the channel decreases alorg-tio®rdinate.

The reaction taking place within the cathode is ghectrochemical reduction of
molecular oxygen into oxygen ions by means of ebest, according to the
following stoichiometry:

Oy(q) *+ 4 — 2000 (7.9)

The reaction, apart from describing the molecubargen consumption, represents
the conversion of the current from the electrowiorf into the ionic form. Charged
species are transported by different conductingsgfianamely by an electron—
conductor €l) and by an ion—conductoio]. Typical conducting materials are the
strontium—doped lanthanum manganite (LSM) as aaitr conductor and the
yttria—stabilized zirconia (YSZ) as ionic conducfb4]. The reaction may take place
at any TPB provided that all the three phases areofating.

The reacting system is described through mass p@igmn equations expressed
for the three reaction participants and for nitrmgélthough the microstructural
details are readily available from the microstruatunodeling (see Section 7.2.1),
the balance equations are not resolved in the steated electrode. While recently
different authors have incorporated transport agattion phenomena within the
reconstructed microstructure [69-72], in this sttiuly transport and reaction model
is developed by using the continuum approach, wiidebcribes the composite
structure as a homogeneous continuum of the thredvied phases [10,18,73]. The
homogenization requires the use of effective trartsand geometrical properties,
which are evaluated according to Section 7.2.

The following further assumptions are adopted:
I. steady—state conditions;

ii. heat effects associated to Joule dissipation arattiom are considered
negligible, resulting in uniform temperature in thibole electrode [12,74];

iii. the morphological effective properties are assuroedstant throughout the
electrode volume;

iv. only a cross section of the cathode along the kenfthe channel is modeled:
this results in a 1D model in the axial coordinat®ifferent degrees of oxygen
consumption along the gas channel are accountethyforarying the oxygen
partial pressure as boundary condition;
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V. no mixed ionic—electronic conduction in the eleotroonducting and ion—
conducting phases [12,18];

vi. the electrochemical reaction described in Eq. (E9ssumed to occur at the
three—phase boundary, that is at the contact parimeetween percolating
electron—conducting and ion—conducting particleposed to the gas phase
[12,75];

vii. surface diffusion is not accounted for in the ea&ibn of molar fluxes since it is
broadly accepted that surface transport phenomeealimited within the
proximity of the TPB region [18,75], so that thegndbe included in the reaction
mechanism [68,76].

7.3.2 Governing equations and boundary conditions

The transport and reaction model consists of afggartial—differential equations,
representing the conservation of the three reacpegies (i.e., molecular oxygen,
electrons and oxygen ions) and of the inert gas.

Considering steady-state conditions, the balanoatms, on a molar basis, for
electrons €), oxygen ions @), molecular oxygen@) and nitrogen I} result as
follows:

dN, S irpeATes (7.10)
dx F

AN, _ irpeAtes (7.11)
dx 2F

dNo — irpetee (7.12)
dx 4F
dx

whereN; represents the molar flux of the speciasdF the Faraday constant.

The source terms in Eqgs. (7.10-7.12) account ®iptieduction and consumption
of the species as a consequence of the electrochlersaction (Eq. (7.9)) at the
TPBs. The termiypglipg represents the current exchanged per unit of reldet
volume, which is positive when molecular oxygerasisumed in the reaction. This
term is the product of the current density per wiitTPB lengthitpg and the
connected TPB length per unit volumi,;. While the latter is a morphological
parameter, function of the microstructure only @wdluated according to Section
7.2.5,itpg represents the reaction rate, as discussed iin86&c8.5.
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The set of balance equations Egs. (7.10-7.13) upled with the following
boundary conditions (refer also to Figure 7.1a):

N, =

x=0 (current collector interface) JN, =0 (7.14a)
Yo = Y&
P=p
N, =0
N = I,

x=L. (electrolyte interface) o~ 2_|: andV, =0 (7.14b)
Ng =0
N, =0

At the current collector interface, the oxygen iitux is set to O because the
current collector is a purely electron—conductingtenial. The inlet electron flux
corresponds to the total current dendity Both pressuré® and oxygen molar
fractionyg are set equal to the gas stream conditions witl@rgas channel. In fact,
due to its high porosity, the current collector sloet offer significant resistance to
mass transport and can be neglected [77].

At the electrolyte interface_ is the cathode thickness), gaseous fluxes areaaull
well as the electron flux, since the electrolyteaislense ion—conducting layer. On
the other hand, the outlet oxygen ion flux accountsthe total current density.
Since the absolute electric potential of a phasdekermined up to an additive
constant [18], the electric potential of the ionrdocting phas®/, is set at 0 V at
the electrolyte interface as reference point [Egr consistency, for every applied
current density, the electric potential of the elmt—conducting phasé, atx = 0
equals the absolute value of overall cathode ovenpial 77.. Note that the cathode
overpotential is the main performance index siricencompasses the resistances
involved in all the processes occurring within #lectrode, such as reaction (i.e.,
charge transfer at the TPB), mass transport angjeleansport.

According to the sign convention used in Eq. (7,.B4positive current density
corresponds to molecular oxygen consumption, thatoi conversion of electrons
into oxygen ions.

It is noteworthy that the transport and reactiondeichere presented has been
extensively validated with experimental data irrevjpus chapter of this thesis [77].
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7.3.3 Gas transport

In this study, mass transport within the poresasctbed according to the dusty—
gas model [78,79]. Such a model comprises convecdtiod both ordinary and
Knudsen diffusion. Suwanwarangkul et al. [20] fouhdt the dusty—gas model is
more accurate to predict mass transport in SOF@relies than the extended Fick
model and the Stefan—Maxwell model.

Due to the high temperature and relatively low gues used in SOFC
applications, ideal gas behavior is assumed. Adagrdb the dusty—gas model,
molar fluxes of gaseous species are calculatedfasciion of pressure and oxygen
molar fraction as follows:

1 1-yo |- Yo P dyo _ Yo P B |dP
N + = N, -———=9 29 11+— — 7.15a
O(Dﬁffo D J D&, ' OT dx OT(  w D )dx ( )
1 Yo |_1-Yo P dy, 1-y, P B |dP
N + = No + ———=2-—29 | 1+— — 7.15b
'LDET. Dgﬁ.} D&, % OT dx OT 1 D | dx ( )

whereO is the ideal gas constant ahthe absolute temperature.

Effective diffusion coefficients in Eq. (7.15) azalculated by correcting for open
porosity and tortuosity factor as follows [51]:

D&M, = %—Ty@’ Do, (7.16)

¢y 1 8uT
D =299 p .~ where D, ==d — (=01 7.17
K T K K, 3 ﬂMi ( ) ( )

pore

whereM,; is the molecular weight of speciesig", and D,iffi represent the effective

diffusivity in the limit of, respectively, bulk ondary diffusion (i.e.,Kn - 0) and
Knudsen diffusion (i.e.Kn - o). According to Section 7.2.2.2, the same tortyosit
factor is used to correct both ordinary and Knudsdfective diffusivities,
differently from what suggested by other author8—f3]. The binary diffusion
coefficientDo_, in EqQ. (7.16) is calculated by using the Fullerrefation [84] while
the dynamic viscosity in Eq. (7.15) according to the Herning and Zippenethod
[84].

The permeability coefficier® in Eq. (7.15) is calculated as [78,79]:

2
g = % dooe” (7.18)
r 32
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In this study, the mean pore sidg. is proposed to be used as the characteristic
length to describe also the permeability of the imedote that,.. was defined in
Section 7.2.3 to make the tortuosity factor indejeenh of the Knudsen number.
Even though in principle the use df,. to calculate the permeability cannot be
theoretically justified, comparison of simulatioesults with experimental data in
Section 7.4.3.3 suggests that Eq. (7.18) providegoad estimation of the
permeability.

7.3.4 Charge transport
The transport of charged species, that is, elest@md oxygen ions, in their
respective conducting phases is assumed to fohevohm's law [10,18,85]:

o dv

Ne=—2-—7 (7.19)
eff

In Egs. (7.19) and (7.20)¢S" and o represent, respectively, the effective

electric conductivity of the electron—conducting damon—conducting phases.
Effective conductivities are calculated by multiply the bulk conductivity of the
pure material by the normalized effective conduttjwhich is evaluated according
to Eqg. (7.6).

The flux of oxygen ions should be more realisticalepicted as the flux of
oxygen vacancies [14], which depends on the gradrboth electric potential
(migration) and oxygen vacancy concentration (diffn). However, the oxygen
vacancy concentration is high in ion—conducting ariats used in SOFCs. The
oxygen vacancy concentration can be considereccassdant during charge transfer
processes, making negligible the diffusive comporanthe flux of oxygen ions
[12,18].

7.3.5 Electrochemical Kinetics

The reaction given in Eqg. (7.9) represents the ajlaktoichiometry of the
molecular oxygen electrochemical reduction. A caxrgtinetic scheme, involving
several elementary reaction steps and intermedigétesxpected. Several efforts
have been made to elucidate the reaction pathwayxydgen reduction in SOFC
composite cathodes [76,86—88]. A comprehensiveevewian be found in Adler
[14], who, however, concludes that there is notegalhagreement about the reaction
mechanism.
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A detailed reaction mechanism of Eq. (7.9) is mofuired for the purposes of this
study, a global macro—kinetics is enough. In ttexditure, several global expressions
for the electrochemical oxygen reduction have beeposed [21,85,89,90]. Such
kinetic expressions are tailored for the matenisisd in this study, that is, LSM and
YSZ. In this study, two expressions are selecigonted by Kenney and Karan [68]
and by Nam and Jeon [11], and summarized in TallleThese kinetic expressions
were experimentally obtained by, respectively, #auveln and Bouwmeester [76]
and Radhakrishnan et al. [88], who performed messents in model electrode
configurations over a wide range of temperaturerpetential and oxygen partial
pressure.

Table 7.1 — Global kinetic expressions for molecabaygen reduction (Eq. (7.9)). The first
expression is taken from Kenney and Karan [68],dbeond one from Nam and Jeon [11].

EXpression Parameters
a,=1.5

irpg = io[exF{aa if?] —eX[(— a, L”H a:=0.5

0T oT P = 021bar

T = 945°C

i =icr)ef( P JC ex[{—g(i_iﬂ e = 2.5.10% m*

pLef o1 Tref E. = 1.40- 18- mot*

7=0.375

ee = io{exi{z_':”) _exﬁ{_z_':”ﬂ E.=1.45-180-mof*

aT aT a= 1. mo
o :% o.o%élseex{_%] =025

In Table 7.1,Po represents the oxygen partial pressure (Pe.= YoP), 7 the
overpotential { the apparent oxygen reaction ordesthe activation energy, and
a, the transfer coefficients. The expressions aréewin the direction of molecular
oxygen consumption (i.ezpg > 0) for positive overpotential.

For both the expressions, the activation overp@tentaccounts for the potential
drop between electron—conducting and ion—condugtivases as follows [18]:

oC
n :_Em[ Fo J_Ve' +V, (7.21)
4F y
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The leftmost term in the right side of Eq. (7.2&presents the equilibrium potential
step, which depends on gas phase concentra@gn.represents the oxygen partial
pressure in the channel corresponding to the ojrentitaconditions.

The dependence of the current density on oxygertiapapressure and
overpotential is formally different for the two ewgsions in Table 7.1. However,
they predict similar results, which are fairly igraement with our previous studies
[77,91]. Further details on the equivalence oftihie kinetic expressions are given
in Section 7.5.1.

7.4 Microstructural modeling results

7.4.1 Verification of the mean-square displacement method

on periodic structures

The random walk simulation method (RW) describe8éwetion 7.2.2 was applied
to evaluate the effective diffusivity and conduitjivin a periodic lattice in order to
assess its numerical verification. As a comparisofinite element method (FEM)
was used, solving the Fick law equation within tmeresponding computational
domain (i.e., gas phase or solid phase). In FEMiksitions, the effective properties
(diffusivity and conductivity) were evaluated as tfatio between the flux calculated
in the lattice of the conducting phase (i.e., ghase for diffusivity calculations,
solid phase for conductivity calculations) and fhe calculated in an equivalent
continuum domain constituted by the conducting plaagy.

A unit cell of a body—centered cubic lattice (BC®as used as reference. The
lattice porosity was reduced fromg, =1~ m/3/8= 032, corresponding to rigid

particles, by increasing the contact angle amoegptirticles, that is, by uniformly
increasing their radius. FEM results were obtaibgdefining the grid until mesh—
independent results were reached. In RW simulati®0 tracers were used,
traveling for a total distance equal to 20000 times the domain length, which
corresponded in average to an effective displacesguml to 2—4 times the particle
diameter. In order to be consistent with the FEMicl simulated a bulk diffusion,
an imposed Knudsen number of 4@as used in RW simulations for both gas and
solid phases.

Numerical results are shown in Figure 7.2 as atfoncof porosity. As the
porosity decreases, the effective gas diffusivitggréases while the effective solid
conductivity increases. The latter behavior is &aat with the results obtained by
Siu and Lee [92].
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Figure 7.2 — Effective gas diffusivity and solichdactivity in a BCC lattice as a function of
porosity: lines represent FEM results while markemerical results of the mean-square
displacement method.

The good agreement between the two series of segaihts out that the mean—
square displacement method accurately evaluatesfféntive properties in both gas
and solid phases.

7.4.2 Random packings investigated

Random packings of particles were numerically aoiese¢d by using the packing
algorithm described in Section 7.2.1. Although &hgorithm can simulate packings
with the desired size distribution, in this studypmosized particles were used to
obtain general behaviors rather than distributipeesfic results and because
experimental data for validation are availableha literature for monosized random
packings of spheres. Binary mixtures of electromdcwting and ion—conducting
particles were simulated with equal solid volumacfion, that isg = ¢, = 0.50.
This composition, used experimentally by severataech groups [25,27,93], was
chosen because it maximizes the TPB length wheticlesr of the same size are
used [30,94].

The desired packing porosity was reached by taipthe contact angle. Figure
7.3 shows the relationship between the porositythadontact angle: as the contact
angle increases, the porosity decreases. The mingerosity investigated in this
study falls between 0.10 and 0.40, except for 8ecti4.3.1, where porosities below
0.10 are also analyzed.
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Figure 7.3 — Relationship between porosity and aonhtangle for simulated random
packings of monosized spherical particles.

Regarding the computational domain, unless otherwfgecified, a box domain
with a square base and a height to side lengtb eatual to three was used (see
Section 7.2.2.1). The base side length was equi tones the particle diameter, so
that the generated packings were representativeplsamof the electrode
microstructure [26,30,51,95].

Due to the randomness of the structure generatiomerical results were
averaged on 5 structures. Different authors [30&8&(d a larger number of samples
(e.g., 20). However, in this study the relativengerd deviations obtained by
averaging results on 5 structures were generalbpb2%, which was accepted as a
reasonable precision if compared with possible rerrimtroduced by model
assumptions and simplifications. Due to the smalhdard deviation of numerical
results, error bars are not displayed in the figusported in Section 7.4, because
smaller than the size of the markers.

7.4.3 Gas phase effective properties

7.4.3.1 Gas phase connectivity

The pore percolation was evaluated by using the logised method described in
Section 7.2.4. The domain was overlaid with culetiscwith a side length in the
order of 0.02-0.10 times the mean pore size. Thid gesolution enabled the
accurate calculation of the pore percolation in thikole range of porosity
investigated. In fact, as a comparison, the porasiiculated by summing up the
volumes of the void cells differed from the packipgrosity, estimated with the
Monte Carlo method (see Section 7.2.1), by lese thd%. In order to limit the
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computational time and the memory requirements,llsmpackings of particles
were used in this section, corresponding to cubimmalns with side length equal to
10 times the particle diameter.

Figure 7.4 shows the pore percolation fractigras a function of porosity in
packings of monosized spherical particles. In twege of porosity 0.10-0.40 the
percolation fraction is constantly equal to 1, whimeans that the gas phase is
entirely connected. Belowg = 0.10 the pore percolation fraction sharply dases
and the gas phase becomes not percolating for ipesobelow 0.04:¢ = 0.04
corresponds to the gas phase percolation threshallge consistent with Zalc et al.
[50] results.

The fact that the pore percolation fractignis equal to 1 within the range of
porosity investigated in this study, i.ey,= 0.10-0.40, simplified the calculation of
effective properties. The random walk simulatioplegal to the gas phase could be
performed by placing tracers in any point withie tfas phase, due to the absence of
closed pores. Similarly, the calculation of the TRRBgth was performed without
accounting for the pore percolation, as describeSeiction 7.2.5.
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Figure 7.4 — Pore percolation fraction as a functiof porosity in monosized random
packings of spherical particles.

7.4.3.2 Effective diffusivity and tortuosity factor

The effective diffusivity and tortuosity factor gas phase were determined by
applying the mean-square displacement method 8escim Sections 7.2.2.1 and
7.2.2.2. In the random walk simulations, 20000draavere used, traveling for an
effective displacement equal in average to 6 gartiameters, which corresponded
to 19-43 times the mean pore size for, respectivgly 0.40 andg = 0.10. As
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discussed in Section 7.2.2.2, the tortuosity facsomdependent of the Knudsen
number. Therefore, in simulations the Knudsen numizes arbitrarily set to 19
representing a bulk diffusion regime.

The tortuosity factor as a function of porositysisown in Figure 7.5 with solid
marks. Numerical results obtained by Zalc et &0] f@&re also reported, who used a
mean—square displacement method applied to nuritgriganerated packings
similar to those simulated in this study. Figur® @lso reports experimental data
obtained by Currie [96], who measured the effectifusivity in random packings
of monosized rigid glass spheres.
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Figure 7.5 — Tortuosity factor as a function of psity in monosized random packings of
spheres. Numerical results obtained in this studpugh the random walk simulation are
reported with solid marks. Circles represent theneuical results obtained by Zalc et al.
[50] on generated random packings of spheres. Brpental data of packings of rigid glass
spheres by Currie [96] are marked with squares.

The tortuosity factor increases monotonically as {borosity decreases, in
particular more sharply forg < 0.20. The increase in the tortuosity factor
contributes to reduce the fact@yy/7, which appears as a correction term for both
effective diffusivity and permeability in Eqgs. (617.18). Whileg /T = 0.27 for
porosity equal to 0.40, the ratio falls down to 1D for ¢ = 0.10, which
approximately corresponds to a second order poewerHehavior, in agreement
with Berson et al. [51] results.

Figure 7.5 shows that the results obtained in ghisly are consistent with those
produced by Zalc et al. [50]. The comparison wikperimental values [96] is
satisfactory as well, even though limited to a $rmehge of porosity close to the
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rigid packing limit. A broader comparison with exipeental data is given in Section
7.4.3.3 regarding the permeability coefficient.

7.4.3.3 Mean pore size and permeability

The mean pore size was evaluated according to ddecti2.3. It is the
characteristic length used to calculate the Knuasenber (see Eq. (7.1)) and takes
part in the determination of the permeability adong to Eq. (7.18).

In this study, BLO° chords were used to calculate the number—avermuygdean—
square chord length in Eq. (7.7). Tigefactor in Eq. (7.8) was averaged on a
minimum of 310’ particle collisions, according to Zalc et al. [SQiggestion.

Since the mean pore size scales with the partickenater [94] and the
permeability with the square of particle diame®#][ d,..e andB are normalized as
follows:

= S (7.22)
dpart

~ B

5=—2, (7.23)

part

The normalization makes the two variables independéthe particle size, giving
more generality to the results.

Figure 7.6 reports the normalized mean pore sidettam normalized permeability
as a function of porosityd,,. and B can be extracted for any specific case by
multiplying the normalized values by the specifartitle size. Experimental data of
normalized permeability, measured by Bosl et &] [@ beds of sintered glass beads
with negligible Knudsen effects, are also reported.

According to Figure 7.6, the mean pore size in@eass the porosity increases.
The permeability increases with porosity as wellt the dependence is stronger,

corresponding to a power la = ¢*.

Experimental data of normalized permeability eveddaby Bosl et al. [97] are in
very good agreement with numerical results obtainetthis study. This means that
the mean pore size, calculated according to Ed@),(i& also the characteristic pore
dimension to describe the pressure—driven visctms, fas proposed in Section
7.3.3. Secondarily, this gives sound indicatiore #woth the tortuosity factor and
mean pore size were correctly predicted by the astanctural models, since the
permeability is a function of bott. and 7 according to Eq. (7.18).
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Figure 7.6 — Normalized mean pore size (void matkffmost axis) and normalized
permeability (solid marks, rightmost axis) as adiion of porosity in monosized random
packings of spheres. Experimental values of nomzedlpermeability of sintered glass beads
obtained by Bosl et al. [97] are reported with sgem

7.4.4 Solid phase effective properties

7.4.4.1 Solid phase connectivity

The percolation fraction of electron—conducting @-conducting phases were
evaluated through the knowledge of the nearesthbeirs of each particle, which
made possible to identify the percolating clustésse Section 7.2.1). Since
monosized binary mixtures with equal compositiorrevgvestigated (see Section
7.4.2), the percolation fraction of the electromabacting phase was equal to that of
the ion—conducting phase, i.¢,= Jo.

Simulations showed that as the porosity decreasas 10.40 to 0.10, the
percolation fraction of conducting patrticles inges from 0.972 to 0.997. This is a
conseqguence of the larger number of contacts péclpgprovided by the increase in
the contact angle as shown previously in this thgd]. Even in the limit of rigid
spheres (i.e.g approaching 0.42), the percolation fraction ishhigven though not
as high as that of the gas phase (see Section1j.4.3

7.4.4.2 Effective conductivity

The normalized effective conductivity of the sofitiases were determined by
applying the mean-square displacement method 8escrin Section 7.2.2.3,
calculated according to Eq. (7.6). The number atdrs used in the simulations was
20000, traveling for an effective displacement é¢gunaaverage to 10 particle
diameters. An equivalent Knudsen number of Was set, corresponding to a bulk

diffusion regime.
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Figure 7.7 shows the normalized effective conditgtievaluated in mono—
component and binary random packings as a funafoporosity. In the second
case, since both particle size and composition le¢t®n—conducting and ion—
conducting phases were identical, the normalizéstefe conductivities of both the
phases are equal. Figure 7.7 also reports the tirnedaeffective electric
conductivity of mono—component packings of sintesptierical powders, made of
stainless steel or copper, measured by Koh anéhF@8].
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Figure 7.7 — Normalized effective conductivity afsiaction of porosity in mono—component
and binary packings of spheres. Experimental datammno—component random packings
obtained by Koh and Fortini [98] are representediwéquares.

For both ¢y = 1.00 andy; = 0.50, the normalized effective electric conduitti
decreases as the porosity increases. This beh@&vionainly attributed to the
decrease in the contact angle among the partiategirding to Figure 7.3. In fact,
the normalized effective conductivity for bogly = 1.00 andy; = 0.50 falls down to
zero as the porosity approaches the value corrdgmpprio rigid particles. This
behavior is analogous of that reported in Figu&f@r the BCC lattice, where the
decrease in conductivity with porosity is esselytidle to the smaller contact angle
[92,99]. Obviously, in random packings also thauosity of conducting paths may
vary with the porosity, as well as multiple parbflaths can be activated as particles
make more contacts each other, as highlighted byirtbrease in the percolation
fraction described in Section 7.4.4.1.

As recently pointed out by Sanyal et al. [31], tetact angle must be taken into
account in the evaluation of the effective conduigtiin random packings. As a
consequence, semi—empirical correlations, in whibh contact angle is not
explicitly taken into account, usually do not preriaccurate predictions [31,73].
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The considerations exposed above are supportedebgdod agreement between
simulation results and experimental data [98] foobnm-component sintered
packings presented in Figure 7.7. In addition, &tmon results are fairly in
agreement with numerical results obtained by Choale [100] for monosized
packings of sintered spheres at different solidine fractions.

The satisfactory agreement with experimental dedighved for effective properties
in both gas and solid phases (see Figures 7.6 @y@adints out that the structures
generated in this study were representative ofrezmlom packings of particles.

7.4.5 TPB length

The total and connected TPB lengths in numericgyerated packings were
evaluated according to the technique describedecti® 7.2.5. Both total and
connected TPB lengths were referred per unit volumd normalized with the
particle diameter. The normalization considers thatTPB length per unit volume
scales with the inverse of the square of the parsize [26,94,101]. The normalized
lengths result as follows:

/TTXPB = Arpg [ partz x=c, 1) (7.24)

In Figure 7.8, normalized total and connected TEBgths are reported as a
function of porosity. Note that/TTCPB</T}PB since the former accounts for the

percolation fractions of electron—conducting anadHmonducting phases, which are
both smaller than 1 as discussed in Section 7.4dblvever, the gap between total
and connected TPB lengths decreases as the patlesityases.
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Figure 7.8 — Normalized TPB length per unit voluasea function of porosity in binary
mixtures of monosized spheres with same volumeasitiop.
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As the porosity decreases, the TPB length increddes behavior is reasonable
because the TPB length per unit volume is propaatito: i) the number of particles
per unit volume, ii) the number of contacts betwetttron—conducting and ion—
conducting particles, and iii) the sine of the emttangle [94]. Simulations revealed
that all these quantities increase as the poradgigreases. While the first two
variables were found to increase almost linearlthagorosity decreases, the sine of

the contact angle behaves differently. The relatim betweensin(H) and porosity
can be extracted from Figure 7.3. The dependenem(ﬂ) on porosity was found

to be responsible of the decrease in the slopal@olute value) of the TPB length
for g < 0.15, as reported in Figure 7.8.

7.5 Transport and reaction model results

7.5.1 Model input parameters
The transport and reaction model described in &eati3 was applied to simulate
porous composite cathodes in a broad range of o particle size.

The conducting materials used in the simulationsrewstrontium—doped
lanthanum manganite (LSM) as electronic conducthat wtria—stabilized zirconia
(YSZ) as ion—conducting phase. These materialscaremonly used in SOFC
composite cathodes, their transport and catalytpgrties have been extensively
studied [14,88,93].

Table 7.2 summarizes the main model parameterspacting conditions used in
this study, which are typical for SOFC compositéhodes. For example, the
composition used in the study is the same adopgeBaobucci et al. [93], that is
similar to that used at Forschungszentrum Julid] gnd at the Risg National
Laboratory [27]. The ranges of particle size andopity investigated comprise the
design parameters used in several studies, for @ransai and Barnett [24] used
particle size equal to 0.28—-0}8% and porosity equal to 0.22—-0.40, Haanappel et al.
[25] used particle size equal to abouty®rbwhile Barbucci et al. [93] used particle
size equal to Oj8n and porosity equal to about 0.4. Simulations vpendormed at
800°C and with an applied current density of 4066A&: These values were chosen
in the range of typical working conditions in therrent state—of-the—art SOFCs
[102-106]. Different oxygen molar fractions in gasannel were tested to simulate
different degrees of oxygen consumption along eeeahannel. However, the open—

circuit conditions were kept fixed witRS© = 021 bar.

189



Chapter 7 - Integrated Microstructural—Electrocheali Modeling of Composite Electrodes

Table 7.2 — Model parameters and operating cond#io

Parameter Value
Working conditions

Temperaturd 800°C
Channel pressur@™ 1.0bar
Channel oxygen molar fractiop<" 0.10-0.21
Applied current density; 4000A- m?
Materials

Electron—conducting phasd LSM

Bulk electric conductivity at 800°@; 3.01-16S-m™*[11]
lon—conducting phase YSZ

Bulk ionic conductivity at 800°@, 2.26S-m' [11]
Microstructural parameters

Particle diametetpar 0.05-1.um

Porosityg 0.10-0.40
Solid volume fraction of electron—conducting phgse 0.50

The electric properties of LSM and YSZ were takesmf Nam and Jeon [11],
physical properties of the gas phase from Todd Yodng [84]. Microstructural
parameters, such as the mean pore size or theatedriEPB length, were calculated
from the results obtained in Section 7.4.

Two global kinetic expressions (see Table 7.1) weresidered in the simulations.
In the full range of conditions investigated, thedative difference between the
predicted values of cathode overpotential, evathagecording to the two
expressions, was less than 10% as a maximum. Thgveedifference was in
average smaller than 5%, even less for conditiom&emed by mass transport
limitations, which are of primary interest in thsudy. Therefore, both the
expressions are equivalent, since they predictlainiesults in the range of
conditions investigated. In the remainder of thisrky only numerical results
obtained by using the Kenney and Karan [68] kinexipression are presented.

7.5.2 Cathode overpotential versus thickness

The thickness is one of the key geometrical pararaethich affect the electrode
performance [10,23,107]. As the thickness increases number of reaction sites
increases. On the other hand, molecular oxygentreles and oxygen ions have to
cover a longer distance to reach/leave the reaciies. While a larger number of
reaction sites lead to a reduction in cathode wtergial, the ohmic drops and the
concentration gradients in gas phase increaseidkethelectrodes. A minimum of
cathode overpotential is expected, correspondinghéo optimal thickness. This
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feature has already been analyzed in the literaguen though without an accurate
microstructural modeling [10,90].

Figure 7.9 shows the cathode overpotential as eitimof thickness, for different
porosities, as a result of simulations. In Figur@ay the particle size is equal to
1.0um, in Figure 7.9b to OJm. In both cases, the oxygen partial pressuredrgts
channel was set to 0.21bar.
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Figure 7.9 — Cathode overpotential as a functiontti€kness for different porosities: a)
particle size equal to 1/n, b) particle size equal to Q. In both the simulations,
cathodes with equal volume fractions of LSM and W& considered, the temperature was
set to 800°C, the applied current density to 4060A-the oxygen partial pressure in the
channel to 0.21bar.
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Figure 7.9 shows that, given the porosity and theige size, the electrode
overpotential exhibits a minimum as a functionlotkness as expected. Taking as
an example Figure 7.9a, the increase in cathodeotential with thickness beyond
the minimum condition is rather small. Such an éase is mainly due to the
additional resistance to gas transport offered byekectrode thicker than the
optimum one. Indeed, the slope of the curves is&ess the porosity decreases, as
highlighted in Figure 7.9b.

This behavior is confirmed in Figure 7.10, whiclpags the current exchanged
per unit volume as a function of the normalizecabgbordinatex = x/ L, for three
electrode thicknesses. The current exchanged fevalnme is equal to the product
irppdtpg @nd is related to the reaction rate per unit veluFigure 7.10 shows that
the reaction does not take place uniformly withie thickness but mainly occurs
near the electrode—electrolyte interface (i¥e51), especially for thick electrodes.
Therefore, molecular oxygen must permeate throughbe whole electrode

thickness to reach the reaction zone. This phenomk=d to the increase in cathode
overpotential for thick electrodes as described/abo
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Figure 7.10 — Distribution of the current exchangeer unit volume as a function of the
normalized axial coordinate for three electrodecifriesses. The conditions used in the
simulation are reported in Table 7.2 with partigize equal to 0/4m, porosity equal to 0.20
and oxygen partial pressure in the channel equél.&dbar.

7.5.3 Effect of porosity and particle size
According to Figure 7.9, as the porosity decreaies, minimum of cathode
overpotentialy. decreases. On the other hand, for electrodesethibkn the optimal
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thickness, the decrease in porosity may lead tagpsncrease in overpotential (see
especially Figure 7.9b).

This behavior is explained by considering the deubffect of a reduction in
porosity on microstructural properties: i) effeeticonductivities and TPB length
increase (see Sections 7.4.4.2 and 7.4.5), bthai)effective diffusivity, the mean

pore size and the permeability decrease (see 8ecii@t.3.2 and 7.4.3.3). The

increase iNAS.;, oS and o contributes to reduce the cathode overpotential,

because a larger density of reaction sites areladl@i and charge transport
properties are enhanced. On the other hand, theetrted of transport properties in

gas phase limits the supply of molecular oxygeadileg to an increase in cathode
overpotential. The first phenomenon is dominant nvtiee thickness is small and
close to the optimal condition, the second one imeso significant when the

thickness is larger.

The reduction in particle size has a similar eff@etthe cathode overpotential of
that described for porosity. However, both effestiglectric conductivities and
tortuosity factor do not depend on particle size.

These considerations explain why the optimal thédsngenerally decreases as the
porosity and the particle size decrease (see thteddines in Figure 7.9). In the
optimal conditions there are no significant massgfer limitations, therefore the
optimal thickness is ruled by the density of TPB=l &y the effective electric
conductivities. Since they increase with decreagagmpsity and particle size, the
optimal thickness decreases@sindd,,: decrease.

According to Section 7.4.3.3, as the porosity amel particle size decrease, the
mean pore size decreases. dys. decreases, the diffusion regime passes from the
continuum to the Knudsen regime, where Knudsemsiidh dominates on ordinary
diffusion. The oxygen Knudsen diffusivity is smalthan the ordinary diffusivity:

for the conditions simulated in this study, théaabg', /DST, is equal to 0.405
whenKno = 1. SinceDg", /DS, O Kng'" and, according to Eq. (7.18l,,,, 0 Kng',

it results that the rati®g", /DS, Od As d,, decreases, as a consequence of a

pore *
reduction in porosity or in particle size, the dgion of molecular oxygen slows
down dramatically. Thus, the sharp increase inazhoverpotential fogg = 0.10
and 0.15 in the rightmost part of Figure 7.9b is thuthe reduction in the mean pore
size, leading to the transition of gas transpantificontinuum to Knudsen regime.
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7.5.4 Minimum cathode overpotential

In an SOFC electrode, the efficiency of energy essn is maximized when the
overpotential is reduced as low as possible. Thenmim overpotential corresponds
to the optimal electrode thickness, which depemiparosity and particle size as
discussed in the previous section.

According to Figure 7.9b, the optimal electrode t@nrather thin when small
particles are used. Depending on the fabricatichrtiggue adopted, thicknesses of
the order of 1-#m are difficult to realize. While very efficientegtrodes can be
theoretically predicted, technological limitatiomsust be considered for their
fabrication. According to the current state—of—tm¢,-considering the most common
fabrication techniques and the flatness requiremgri8], the minimum thickness
achievable is in the order ofib [109].

Figure 7.11 shows the minimum cathode overpoteasah function of particle
size for different porosities. The minimum overpuaial was calculated for the
optimal thickness if larger than pB, otherwise the overall overpotential
corresponding to aBn thick cathode was considered. Figure 7.11a repbe
simulation results assuming an oxygen partial pirest the gas channel of 0.21bar,
Figure 7.11b assuming 0.10bar.

Looking at the rightmost part of Figure 7.11a, thi@imum cathode overpotential
monotonically decreases as the particle size amgahosity decrease. This behavior
is consistent with the results described in Secildn3. On the other hand, the
leftmost region of the figure shows a different &abr: while forg = 0.20-0.40 the
cathode overpotential decreases as the partidedsiereases, fag = 0.10-0.15 an
opposite trend is highlighted. The increase innieimum cathode overpotential for
small porosities and particle sizes is due to thassmtransport limitations,
corresponding to the Knudsen transport regime sudsed in Section 7.5.3.

Similar conclusions can be drawn regarding FigurEllF, corresponding to a
lower oxygen partial pressure in the feed. Thedase in cathode overpotential for
small particle sizes whe@ = 0.10-0.15 is even larger. This behavior is reabte
since mass transfer limitations are expected thidpeer in this operating condition.
Furthermore, given the porosity and the particleesithe minimum cathode

overpotential is in average 0.03V larger than theresponding value fonPoCh =

0.21bar. Such a difference is in part due to thalibgum potential step in Eq.
(7.21), which arises when an oxygen partial pressonaller than the open—circuit
condition is fed to the electrode.
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Figure 7.11 — Minimum cathode overpotential as acfion of particle size for different
porosities. The minimum corresponds to the optimigkness if larger than &n, otherwise
the overall overpotential at/sn was considered. Cathodes with equal volume @rastf
LSM and YSZ were considered, the temperature wasos800°C, the applied current
density to 4000A-th The oxygen partial pressure in the channel was.2}bar, b) 0.10bar.

7.5.5 Final considerations and suggestions for design

The simulation results shown in the previous sestimmake possible to draw
conclusions about the optimal electrode desigpanticular about conditions which
should be avoided.

Figure 7.11 suggests to avoid particles smallen thhgum. In fact, according to
Section 7.5.3, Knudsen effects may arise, leadmgldtrimental mass transfer
limitations.
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The porosity should be reduced as low as posdibleact, according to Figures
7.4 and 7.9b, mass transfer limitations arise doiywery small porosities and for
thicknesses far beyond the optimal thickness. dhel porosity limit is in the order
of 0.20. Smaller porosities could not guarantemmificant increase in performance
and may even lead to a higher cathode overpotential

These recommendations hold also for electrodesi¢hithan fim. According to
Figure 7.9b, forg < 0.20 anddy,: < 0.2um, the cathode overpotential sharply
increases for thicknesses higher than the optioadiidon. This strong sensitivity to
geometrical and morphological parameters shouldvmeded. In case of adopting
bi-layer cathodes, with a functional layer composédsmaller particles at the
electrolyte interface [110], the thickness of swchayer should not exceequr?
according to Figure 7.9b.

Considering the lower limits of porosity and pdgicsize suggested by the
analysis, equal respectively to 0.20 anduéh? for an oxygen partial pressure of
0.21bar and a current density of 40004 the minimum cathode overpotential is
equal to about 0.03V (Figure 7.9a), which corresisoto a cathode resistance of
7.510°Q-nt. In the same operating conditions, the cathodepgped by Barbucci
et al. [93], our experimental benchmark, havingeopity of about 0.4 and a particle
size of 0.8im, showed a minimum cathode overpotential of 0.10BMerefore, the
optimization of the microstructure can allow theluetion of the overall electrode
overpotential by a factor 3.5. In addition, theimi#zed microstructure shows a
performance slightly better than the typical raofjeathode resistance considered
for SOFC applications, equal to-10°-40107°Q-m? [111].

The considerations expressed above are drawn Ipaltithe electrode efficiency
only. Other requirements are also important, suchtha life of the component, the
fabrication cost, the reproducibility. Technolodieasues, such as grain growth
during the sintering process or operation [112—1d¥y force to use a particle size
bigger than the lower limit suggested in this stully a consequence, provided the
validity of the models, the performance predictedhis study may be considered as
the best that a real electrode may reach.

7.6 Conclusions

This study presented a modeling framework for tlacudation of effective
transport and reaction properties for SOFC comeoslectrodes. The effective
properties were used in a transport and reactiodemto study the electrode
performance as a function of morphological and getdoal characteristics. No
fitted or empirical parameters were used in thisletiog framework.
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Conclusions

The effect of porosity and particle size on micrnestural properties was
addressed. Predicted results were compared withpemtent experimental data,
highlighting a satisfactory agreement for both ghase and solid phase properties.
Predicted values of tortuosity factor, permeahilitmean pore size, phase
connectivity, effective conductivity and TPB lengtbr unit volume were reported
in dimensionless form to be used in a broader ameigl context.

The transport and reaction model was used to eteatha performance of porous
composite SOFC cathodes. Typical operating condititemperature equal to
800°C, current density equal to 4000A%mand conducting materials (LSM and
YSZ) were chosen to perform the simulations. Theleh@redicted a minimum of
electrode overpotential as a function of thicknesgealing that, in the range of
porosity and particle size investigated, the insee&n overpotential beyond the
optimal thickness was due to gas transport linoteti Model results showed that
these limitations became more significant as botiogity and particle size
decreased. This behavior was related to the transibf gas diffusion from
continuum to Knudsen regime, which negatively a#dcthe electrode efficiency.
This result held also for different oxygen parpadssures.

From a numerical study on the optimal conditionsa&gsinction of porosity and
particle size, it was found that porosity lowerrtta20 and particle size smaller than
0.2um should be avoided in cathode design. Furthermbeefunctional layer was
inserted near the electrolyte interface, its thadehis proposed to be smaller than
2um. These design indications are tailored for thecHjg conducting materials
considered in the study, therefore appreciablergimcies may result when using
materials having different electrochemical prometi

The broad capability of the presented modeling @ggn makes it attractive for
the study of every reacting porous media. The nodein be used to support
experimental analyses, especially if coupled witheo reconstruction techniques
[33,34], or as a design tool. For SOFC applicatitins model could be extended to
study the functional degradation due to particlarsening and grain agglomeration
in both cathode and anode [114,115].

Future research will further investigate the catieh between microstructural
properties and electrochemical performance. Thectffof specific particle size
distributions on effective properties and electrediégciency will be addressed, as
well as novel and unconventional architectures saghfunctionally graded and
engineered electrodes.
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Nomenclature

Glossary

permeability []

normalized permeability

mean particle diameter of phakgl = el, io) [m]

ol o W

(&

Jpart particle diameter [m]
dpore  Mean pore size [M]

d normalized mean pore size

pore
Do bulk diffusivity [m?-s™]

D" effective diffusivity [nf-s7]

D" normalized effective diffusivity

Dk,  Knudsen diffusivity of specids(i = O, 1) [m?$7]

D" effective Knudsen diffusivity of specieg = O, 1) [m*s]

Do binary diffusion coefficient 00— gas mixture [hs”]

DE",  effective binary diffusion coefficient @1 gas mixture [ s7]
E. activation energy [J- md]

F Faraday constant [C-m{|

io exchange current per unit of TPB length [AYm
itps  current density per unit of TPB length [A-in

e current density per unit of electrode area [K]m

Kn Knudsen number (for gas phase)
Kn®®  equivalent Knudsen number (for solid phase)

() number—averaged chord length [m]

<I2> mean-square chord lengthym

L. electrode thickness [m]

M; molecular weight of speciégi = O, 1) [kg- mol™]
molar flux of species(i = ¢, 0, O, I) [mol-m?*s7]
P pressure [Pa]

Po oxygen partial pressure [Pa]

O ideal gas constant [J- mbK™]

Z

R2> mean-square displacement of tracerd [m

temperature [K]
mean molecular velocity [m"
V; electric potential of conducting phasé] =el, io) [V]
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S total traveled distance covered by a tracer [m]
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Nomenclature

X axial electrode coordinate [m]

X normalized axial electrode coordinate
Vi molar fraction of speciagi = O, I)

Qa transfer coefficient (anodic)

a. transfer coefficient (cathodic)

4 factor defined in Eq. (7.8)

¥ percolation fraction of phask(J =g, el, i0)
o mean free path [m]

{ reaction order of molecular oxygen

n overpotential [V]

Ne overall electrode overpotential [V]

n™  minimum overall electrode overpotential [V]
g contact angle [°]

A connected TPB length per unit volume{m
/TTCPB normalized connected TPB length per unit volume
Aog total TPB length per unit volume [fh

/T}PB normalized total TPB length per unit volume
U gas dynamic viscosity [kg-Ths™]
g; effective electric conductivity of phaddJ = el, io) [S-m]

o; normalized effective electric conductivity of peagJ = el, io)

T tortuosity factor
@ volume fraction of phas&(J =g, €l, i0)
7 solid volume fraction of phask(J = el, io)

Superscripts

ch gas conditions within gas channel
oC open—circuit conditions

ref reference conditions

Subscripts

e electrons

el electron—conducting phase
g gas phase

io ion—conducting phase

I inert gas (e.g., nitrogen)

0 oxygen ions
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@) molecular oxygen

Abbreviations

BCC body—centered cubic

FEM finite element method

LSM strontium—doped lanthanum manganite
RW  random walk

YSZ yttria—stabilized zirconia
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Chapter 8

Integrated Microstructural-
Electrochemical Modeling of SOFC
Cells

This Chapter presents an integrated microstructaelattrochemical model for
cells in a SOFC stack. The microstructure of tlextebdes (both functional layers
and current collectors) is numerically reconstrdct® evaluate the effective
properties. The electrochemical model, appliechenwhole cell and in the feeding
channels, allows the prediction of the current-agst behavior. The study focuses
on anode—supported SOFCs produced by the Forschamigsm Jilich.

The study shows that:

I. the integrated model allows feom—powder—to—poweapproach, validated by
the good agreement with experimental data withoutfiéted parameter;

ii. the model allows the physical interpretation of tedl behavior revealing the
contribution of each microscopic process in thenmseopic performance;

ili. practical design indications can be obtained byingthe model.

This Chapter was adapted from the paper "Electrogta simulation of planar
solid oxide fuel cells with detailed microstructuraodeling” by A. Bertei, J.
Mertens and C. Nicolella, submitted to Electrocluanicta in December 2013.
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Abstract

A gquasi—-two—dimensional physically-based modelttier description of transport
and reaction in planar solid oxide fuel cells (SGffQs presented in this study.
Electrochemistry and transport phenomena in thé ae locally described in 2D

using mass conservation equations and well-estalisglobal electrokinetics,

coupled with the 1D representation of gas channelsoth co—flow and counter—
flow configurations. The key feature of the modehsists in the numerical

reconstruction, through packing algorithms, of theéhree—dimensional

microstructure of each porous layer for an accuraealuation of the effective
properties. Coupling of a detailed microstructunalodeling into the cell-level

electrochemical model allows the prediction of pgmtarization behavior from the

knowledge of operating conditions and powder chemastics, thus eliminating the
need for empirical correlations and adjusted paréeng which is typically the weak
point of existing cell-level models. The framewsrkised for the simulation of a
short stack of anode—supported cells with LSM—basstiode and 1.5mm thick
anode support, developed and tested by Forschumgsee Jilich. The effective
properties of each layer are calculated and comgangth available experimental

data. A good agreement is also reached when comgpasimulated and

experimental polarization curves under differentigiing conditions without fitting

any parameter. Simulations show that at 800°C thgvation resistance in the

cathode functional layer is the main contribution the cell overpotential. In

addition, the model suggests that gas concentratibects at the anode play an
important role on the global electrochemical respen The study shows that
guantitative predictions can be obtained using ihiegrated approach, making it
an attractive tool to assist the SOFC development.

8.1 Introduction

Solid oxide fuel cells (SOFCs) are energy conversievices which offer clear
advantages if compared with conventional poweresgst such as low emission of
pollutants [1], high efficiency [2] and fuel flexlly [3], making them attractive for
use in both stationary and mobile applications [4Hecent advances in
manufacturing techniques and improvements in ciétime have led this
technology close to be launched on the market [5-7]

SOFC development is currently assisted by modedimgy simulation techniques
[8], which help researchers to understand the cexnphteractions between
electrochemical phenomena and material properties different length scales [9].
In particular, much efforts have been done to mttkelelectrochemical behavior of
cells within a stack [10,11]. Cell-level models cidse the chemical and
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electrochemical phenomena occurring within an SOK@) the goal to relate the

global cell response (e.g., the cell current—va@tabaracteristic) to the microscopic
processes occurring within the cell componentsh ag the transport of reactants
and products within the pores of the electrodesthadocal kinetic electrochemical

phenomena. This allows researchers to interpretefperimental results and to
predict the system performance.

Several cell-level models have been developed énptist. Aguiar et al. [12]
proposed a dynamic model for anode—supported SO&@wisting of mass and
energy balances applied on the fuel and air channghu et al. [11] and
Janardhanan and Deutschmann [13] adopted a contiproach based on local
balance equations in the membrane—electrode asgeimtilising on the elementary
kinetics of internal reforming. A similar approastas adopted by Bessler et al. [14],
who presented a physically-based modeling frameworkthe description of
kinetics and transport of species over differength scales. Specific studies were
performed by Pramuanjaroenkij et al. [15], who ®tigated the effect of the
electrolyte thickness on the cell current—voltabaracteristic, and by Andersson et
al. [16], who considered the electrochemical reastispread on the active three—
phase boundaries within the electrode volume ireotd identify the extension of
the reaction zones.

In all the models mentioned above, the microstmectaf porous electrodes was
represented with less detail than chemical andrelgwemical phenomena, so that
effective properties, such as the tortuosity of ghs phase or the effective electric
conductivity, were evaluated with simplified pemtddbn models or empirical
correlations [17,18] if not treated as fitting paeters to match experimental results
[8]. In this way, unrealistic values could be asednor the properties could be not
representative of the microstructure correspondmghe sample characteristics,
eventually nullifying the efforts made in the degtion of complex electrochemical
phenomena [19]. In fact, particle—based models E@] even simple percolation
models [17] suggest that the cell global electraubal performance is significantly
affected by microstructural characteristics [2H,as0 supported by experimental
evidences [22-24]. Therefore, an integrated approa&hich incorporates a detailed
microstructural description of electrodes, can@epnt an improvement in the cell-
level modeling, as shown for electrodes in buttelhanfiguration in Chapter 7.

In this context, models in which transport and teacequations are solved within
an electrode microstructure reconstructed with gnaphic techniques [25-27]
satisfy the need for a detailed morphological dpon. However, this method is
not predictive since existing samples are requirdtbreover, to date the
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computational effort is too high to implement swah approach for a whole cell
within a stack.

In this study, a mechanistic quasi—2D cell-leveldeidincorporating a detailed
microstructural description of porous compositecttiles is presented. The
microstructure of the electrodes is numericallyorestructed in three dimensions
with packing algorithms, providing the effective operties needed by the
electrochemical cell-level model with reduced or @djustable or fitted
morphological parameters. The framework, althoughegal in its description, is
applied to study the anode—supported planar cellodygced by the
Forschungszentrum Jilich in F—design, with LSM-Y&&hode and Ni-YSZ
anode, which are among the most efficient, reliadnid well-characterized cells
produced nowadays [28].

The study is organized as follows. In Section &2 tmodeling approach is
presented, describing both the microstructural hade the electrochemical model.
Results from the microstructural modeling are dised in Section 8.3 while in
Section 8.4 the electrochemical results are regort@eneral conclusions are
summarized in Section 8.5.

8.2 Modeling

Figure 8.1 represents a generic planar anode—degpeell, composed of an
anode supporting layer, an anode functional layer, electrolyte, a cathode
functional layer and a cathode current collectdgufe 8.1 also shows the gas
channels at both sides of the cell, which provigérbgen and oxygen to the anodic
and cathodic compartments, respectively.

During cell operation, hydrogen and oxygen are gore along the channel
length to take part to the electrochemical reastioccurring within the electrodes.
Perpendicularly to the gas flow in the channelgjrbgen and oxygen permeate
through the porous structures of the anode anddtiede, respectively, to react as
follows:

> _
Hog) + Ofoy = H2Og) + 26 (8.1)

— 2_
%02(9) * 2610y ~ Ofio) (8.2)

Note that in Egs. (8.1) and (8.2) composite elelgsoare assumed: mixed ionic—
electronic conductors are not considered in thidyst
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Figure 8.1 — Representation of the cell geometrgetexd in this study, with the cathodic side
represented at the top and the anodic side at tt®in. The dimensions of gas channels and
interconnect ribs are indicated. The thickness h## five cell layers is not to scale for
visualization purposes.

In composite electrodes, both the anodic and catheldctrochemical reactions
are supposed to occur in the proximity of the thpbase boundary (TPB) among
the porous phase, the electron—conducting phasett@don—conducting phase
[29,30]. The TPB sites are spread in the volumthefcathode and anode functional
layers. Oxygen ions are produced at the cathode temported, through the
electrolyte, towards the anode, wherein they arswmed. Electrons, flowing in the
external circuit from the anode to the cathodech#aave the TPB sites passing
through the interconnect ribs and the electronithgavithin the cathode current
collector and the anode supporting layer. In aglaell the current globally flows
perpendicularly to the gas flow in the channels.

Focusing on cell compartments, while the electmigt a dense layer of a ion—
conducting ceramic material such as yttria—stadilizirconia (YSZ) [31], the other
four layers are porous in order to allow the tramspf gas species. The cathode and
anode functional layers are composite layers, nadfi@de ion—conducting phase (the
same of the electrolyte) and an electron—conduqtimgse, typically nickel at the
anode [32,33] and strontium—doped lanthanum mategghiSM) at the cathode
[30,34]. The particles of the electron—conductimg @&n—conducting materials are
randomly mixed and sintered to extend the TPB le{§29,30].

In an anode-supported SOFC, the anode supportyay lsas the main aim to
mechanically support the cell while providing higkectric conductivity and gas

permeability [33,35]. The materials are the saméhefanode functional layer in
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order to ensure a small mismatch in the expansiefficient [36], although higher

porosity and coarser particles are typically adb8¥,38]. Similarly to the anode
supporting layer, the cathode current collectarhiaracterized by high permeability
and electric conductivity, serving as gas and curdistributor to the cathode
functional layer [24,39], but its thickness is sfgantly lower than that of the

anode supporting layer.

The cell configuration described above has beerstaedard design (F—design)
adopted by the Forschungszentrum Jilich as a bex&hior testing purposes and
stationary applications in the last ten years [4D,Zhe same design is considered in
the model presented in the following Sections.

8.2.1 Microstructural modeling

The goal of the microstructural model is the evadua of the morphological
properties of the electrodes starting from the pawaharacteristics. It consists of a
packing algorithm to numerically reconstruct therstructure of the electrodes in
three dimensions (Section 8.2.1.1) and a Monte ocCarkthod to evaluate the
effective properties (Section 8.2.1.2). The resglteffective properties are used as
input parameters in the electrochemical model.

8.2.1.1 Structure generation

According to the description provided in Sectiof,8he electrodes can be fairly
represented as random packings of overlapping shgarticles, as also assumed
by several modeling studies [17,20,42-45]. Virtusamples of electrode
microstructures are generated through a packingrigign known as drop—and—roll
algorithm [46,47]. Only a brief description of tmeethod is summarized in this
Section, as full details of the implementation ahgbrithm validation are reported
in previous Chapters [19,48].

The algorithm mimics the deposition of sphericaltiples within a box of
specified dimensions by sequentially dropping sphiétom a random location at the
top of the domain. Each falling particle rolls owere or two already placed particles
without inertia or friction until a stable positiam the top of three particles or on the
floor is reached. The procedure is repeated by mingpnew particles until the
domain is completely filled. For binary mixturekettype and size of each incoming
particle are selected before dropping the sphererding to a weighted probability
corresponding to the electrode composition. In otdeextinguish wall and floor
effects, periodic boundary conditions are appliethe horizontal directions while a
layer of six particle diameters is removed fromtitye and the bottom of the domain
[46,49].
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The densification introduced by the sintering pssces simulated by partly
overlapping the particles. The degree of partickerlap is tailored through the
definition of a maximum angle of contact among f{harticles, kept constant
throughout the structure during the packing gef@rdé8]. However, the sintering
process can also lead to produce electrodes wigje lporosity (say, greater than
40%, as in the cathode of the present study) wioee—ormers and other organic
additives are added to the powders before theretietdeposition [50,51]. Pore—
formers are represented in the algorithm as spddgparticles, dropped during the
packing generation, which eventually vanish leavirales in the final structure
[42,43,52]. After the disappearance of pore—forrparticles the algorithm also
checks if the structure is mechanically stablet ika if there are not unstable
particles [48]. In all the structures generatedhis study the stability criterion is
met. The angle of contact and the pore—former velunaction contribute to
determine the packing porosity: lowering the argfleontact while increasing the
amount of pore—formers lead to increase the eléetnporosity as discussed in
previous Chapters [19,48].

A particular characteristic of the anode microduie is represented by the
morphological modifications introduced by the rettiut of nickel oxide into nickel.
Ni—YSZ cermet anodes are usually prepared by mixiteg YSZ powder with a
precursor of nickel, such as nickel oxide, redutedickel upon exposure to fuel
gases [33,37,38]. The same procedure is mimickettidoyalgorithm: first the 'green’
anode microstructure is generated by sequentiatipping NiO and YSZ particles,
then NiO particles are shrunk, keeping fixed thminter coordinates, by a factor
which accounts for both the mass and density chaelg¢ed to the reduction to
nickel. The resulting structure is considered apresentative of the anode
microstructure.

Although the algorithm presents some features fpalty tailored for the
conducting materials considered in this study, gt sufficiently general to
numerically reconstruct the microstructure of tleeous layers, composite or not,
adopted in SOFCs, independently of the materiatigh@ size and porosity.

8.2.1.2 Structure analysis

The numerically reconstructed electrodes generaiéid the packing algorithm
described in Section 8.2.1.1 are analyzed to obtian effective transport and
geometrical properties of interest. Only a briefnsuary of the methods employed
are reported here, more details can be found ipringous Chapter of this thesis.

The effective transport properties, such as thepgase effective diffusivity and
the effective electric conductivity, are evaluateeach reconstructed layer through
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a Monte Carlo random-walk method [53,54]. For thkewalation of the effective gas
diffusivity, thousands of tracers are generatedhiwithe pores, wherein they move
following a Brownian motion. At each movement e&relter moves of the free path,
chosen from an exponential probability distributmentered on the mean free path.
When a tracer hits a particle, it is reflected ba particle surface according to the
Knudsen cosine law [55]. As soon as the tracercloasred a prescribed distance,
the displacement between the initial and final drapositions is measured. The
effective diffusivity is evaluated from the mearuace displacements of thousands
of tracers by applying the Einstein equation [$6]addition, the tortuosity factor of
the gas phase can be easily derived from the betiveen porosity and effective
diffusivity [53]. The same approach is adopted &dcualate the effective electric
conductivity of the electron—conducting and ion-eacting phases, but in such a
case tracers randomly move within percolating pigi of each conducting phase.
In addition, an elastic reflection law is used wheacers hit the particle external
surface or the boundary with particles of differghaise [19].

Other geometrical properties can be extracted fitoenreconstructed layers. The
pore size distribution is determined through therdhlength method, that is, by
randomly drawing chords in the pore space amond palticles [54]. According to
Zalc et al. [53], the mean pore size is calculdtech the humber—averaged chord
length corrected by the statistics of the chordrithistion and the nature of the tracer
redirecting collisions.

In composite layers, such as the anode and cathwa¢ional layers, the TPB
length is calculated as the contact perimeter batvedectron—conducting and ion—
conducting particles [20,52]. The computation isfgened by generating test points
on the perimeter of the plane of intersection cating two particles of different
type. The test point, representative of a fractbthe perimeter length, is accounted
for the TPB calculation if it does not belong tahérd particle. The procedure is
repeated for all the pairs of contacting parti@déslifferent type. In particular, only
the TPB length generated by percolating electronegoting and ion—conducting
particles is considered since only the connecteB Ppotentially active for the
electrochemical reactions [30,52].

The methods described above allow an accurate @merent prediction of all the
effective properties required by the electrochetmimadel, which is presented in the
following Section.

8.2.2 Electrochemical modeling
The electrochemical model describes the transpattraaction of species in the
cell and feeding channels through conservation tempsa Although some
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researchers solve mass and charge balances diiactllje three—dimensional
reconstructed electrodes [25-27], in this studyctireservation equations are written
adopting the continuum approach [57,58] in ordemiaimize the computational
cost. In the continuum approach the porous natiilecoelectrodes is described as a
homogeneous continuum, with particle—level detapresented through effective
properties, assumed uniform within each layer andiluated using the
microstructural model described in Section 8.2.1.

The whole three—dimensional structure of the staskdepicted in Figure 8.1, is
not represented in the electrochemical model: @anBD slice of a cell along the
length L, representative of the repeating unit of the SOfStem [15,16], is
considered. Furthermore, the gas flow in the chiansemodeled in one dimension
because, due to their small height and width, thiesiversal phenomena are usually
negligible if compared with the transport along thegitudinal direction [14,59].
The resulting computational domain of the electemsital model is schematized in
Figure 8.2. Although the reduction of the problemni a three—dimensional to a
quasi—-two—dimensional one does not allow the mamlebpture some details, such
as the uneven distribution of gases and currentewuride ribs [39,60], this
simplification represents a reasonable compromeesubstantially reduce the
computational cost while considering the main ctiréstic phenomena occurring
in the system.

fuel fuel
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Figure 8.2 — Schematic representation of the coatpral domain used in this study: 2D
for the cell, 1D for the gas channels (counter—flomnfiguration). The thickness of each
layer in the cell is indicated, as well as the clingp of boundary conditions at the cell-
channel interfaces.
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The electrochemical model consists of a set of raadscharge balance equations
describing the transport and reaction phenomenaroeg within the cell and the
channels. For the purposes of this study, steaatg-sbnditions are considered. In
addition, uniform temperature is assumed throughtmutell due to the small size of
the stack investigated, as experimentally verifigdBertoldi et al. [61], whose set
up is considered in this study as discussed inde8ét4.

The conservation equations for the reacting spewiigin the cell and the
channels are reported, respectively, in SectioB8. and 8.2.2.2, while Section
8.2.2.3 provides the boundary conditions neededtple the cell to the channels.

8.2.2.1 Transport and reaction in the cell

Within the cell, hydrogen is consumed at the anside according to Eq. (8.1)
while, at the cathode, molecular oxygen is congeiteéo oxygen ions as in Eq.
(8.2). Since composite electrodes are considem@ti, the reactions are assumed to
occur at the TPBs of electron—conducting and ionéaoting particles spread in the
functional layers [16,29,57]. In this Section, thalance equations for anode,
electrolyte and cathode are presented.

The set of equations Egs. (8.3a—8.6a) represeatsdiss and charge balances for
the species participating to hydrogen oxidation. ((8ql)) in the anode, which are
hydrogen H2), gaseous waterHRO), electrons €) and oxygen ions{). The
corresponding molar fluxes are reported in EQS0(83.6b).

- ia/ﬁLB
0, == (8.3a)

1 1-vy
J + H2 |[—
*{wm mmmJ

__ Yuo P Yh2 B P
=_JH2 3 o -_“apy,,-H2l1+ — "3 0p (8.3b)
e R T i
ia/]'?'LB
| DlHZO :T (84a)
1 Y2
J + =
_HZO(DEf,fHaéo Dsﬁz'%zo]
1-yu, 1-Yuo B* P
= Jy, +—20y,, - 1+ a 0P 8.4b
D 2 TRT e T R Mg R 4
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ioaf
nrg, = latree (8.5a)
- F
eff ,af
J,= OeiaKela Dvela (85b)
F
10, = - lates (8.6a)
- 2F
o K_eff,af
=0V, 8.6b
=0 2F io ( )

The equations are written for the anode functidengdr (superscripaf), although
the same equations hold also for anode supporéiper [(change the superscripts
with as).

The terms in the right side of Eqgs. (8.3a—8.6apaxnt for the consumption and
production of species at the TPB according to Bdl)( The term/ﬁfps represents

the TPB length per unit volume, evaluated as desdrin Section 8.2.1.2, whilgis
the current density per unit of TPB length, whosetic expression is discussed at
the end of this Section. A positive current densgtgonsidered when hydrogen is
consumed and water is produced.

The transport of charged species, Eqgs. (8.5b—8i6bassumed to follow the
Ohm's law [14,17,57]. Effective conductivities fboth electron—conducting and
ion—conducting phases are considered by multiplyfregbulk conductivity of pure
materials by the normalized conductivity factorsaleated according to Section
8.2.1.2. Note that no mixed ionic—electronic conglurcis considered, as commonly
accepted for the couple of materials (i.e., Ni afflZ) considered in this study
[17,29,57].

The molar fluxes of gas species within the poregs. £8.3b—8.4b), are calculated
using the dusty—gas model [62—64] as a functiopreSsure and hydrogen molar
fraction. The dusty—gas model takes into accouth Hdfusion (both ordinary and
Knudsen diffusion) and convection. Ideal gas betragi assumed for both hydrogen
and water according to the high temperature andtively low pressure [59].
Effective diffusion coefficients are calculated mamting for the porosity and
tortuosity factor of the gas phase as follows:

f
ff,af — ¢fl f
D:Z?HZO - Z_af DSZ/HZO (87)
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@' 1 4 |[8RT
Taf 3 PO M

with s = H2, H20 (8.8)

Def‘f,af —

K,s
where the binary diffusion coefficient is evaluatexing the Fuller correlation [65].
The permeability coefficierB* is calculated as [19]:

gt = O (] (8.9)

32
where the mean pore size is evaluated accordiBgt¢ton 8.2.1.2.

A similar approach is adopted at the cathode sidere balance equations for
molecular oxygen @2), nitrogen N2), electrons €) and oxygen ions() are
considered according to the stoichiometry of thggex reduction reaction in Eg.
(8.2). The set of balance equations, written foe #athode functional layer
(superscriptf), is reported in Egs. (8.10a—8.13a) as follows:

i ACf
O0dg, = —% (8.10a)
1 1- Yo, ]
Jo2 + =
( D'z Doaina
—_ Yoo P Yo2 B P,
=—F—J\,——Uu -2 1+———C¢ [OP 8.10b
piet, M2 T RT 72T RT ( D . | © (8.100)
Uldy, =0 (8.11a)
1 Yoz J
JNZ —_— + =
[ DIN2  DShine
1-y, P 1-vy, B p
= Deﬁ,é?2 Joo + o7 oo ~ = £1+ S, |°R (8.11b)
02/N2 kN2 He
- Ic/]'(l:'fF'B
O, === (8.12a)
eff cf
J.= a'elcll(:elc Ov,, (8.12b)
- ic/"T'fPB
Do =50 (8.13a)
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eff cf
- O-iOKiO m\Y/

. 8.13b
>0 2F io ( )

The terms on the right side of Egs. (8.10a—8.18@)easent the source terms,
which are positive when oxygen is consumed. Tlya sbnvention is coherent with
the one used at the anode: positive current foh dogdrogen and oxygen
consumption. Similarly to what done for the andtie, transport of charged species
(Egs. (8.12b—8.13b)) follows the Ohm's law and ¢ias transport (Egs. (8.10b—
8.11b)) is described by the dusty—gas model. Itiquaar, Egs. (8.7—8.9) are applied
to evaluate the diffusion coefficients for oxygendanitrogen as well as the
permeability considering the effective properti€the cathode functional layer.

The same set of balance and transport equations(&49-8.13) is considered
also for the cathode current collector layer (cleatiye superscripef with cc),
although with some simplifications. Indeed, therent collector is a porous layer of
electron—conducting phase only [24,39,66,67], floeeethe balance equation for
oxygen ions in the ion—conducting phase (Eq. (§.183)ot considered. In addition,
no TPB is present, therefore all the source temhe right sides of Egs. (8.10a—
8.12a) are set to 0.

The only phenomenon occurring in the electrolytéhes transport of oxygen ions
and no reaction occurs within this layer. Therefthe mass conservation equation
for oxygen ions results as follows:

00J,=0 (8.14a)

g.

Jo =20V, 8.14b

~Yo 2F io ( )
Note that, similarly to Egs. (8.6b) and (8.13b),. E8,14b) describes the charge
transport in a dense medium according to the Olaw's

The final considerations for the cell model regtre kinetic expressions for the
evaluation of the current densitigsandi. for both the anode and the cathode. For
the specific materials considered in this study, iNi and YSZ at the anode and
LSM and YSZ at the cathode, detailed reaction maishas have been proposed in
the past by several research groups, see for egampfs. [11,58,68—70] for
hydrogen oxidation reaction and Refs. [30,71,72] daygen reduction reaction.
However, for the purpose of this study, detaileeicbchemical kinetics are not
required. Instead, global reaction kinetics aredusehich often work remarkably
well in cell-level models [73].

The reaction rate of the hydrogen oxidation reactibthe cermet Ni-YSZ anode

is assumed to follow the global expression proposgdGoodwin et al. [73],
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reported in Eg. (8.15). Such an expression is #fieament of a reaction scheme
proposed by the same group in previous studie®T],lwhich is similar to the one
used by De Boer [74] according to the authors. fdsetion mechanism includes
five elementary reactions and it is simplified tglabal expression assuming the
hydrogen spillover as the rate—determining step/7R]1 The global expression was
satisfactorily validated with experimental dataaobéd in patterned electrodes by
Mizusaki et al. [75], showing a good agreement eiglig for typical conditions of
fuel cell operation [73].

i :iao{ex;{(1+a j ;{ B F”aj} (8.15a)
o ;{— Ex ( 11 H(P sz] (Pl 113%%25 ) (8.15b)

ia0 =la0 €X =T (P ]
l a*HZ
PZ

T T

_ RT Yaon 1- VY,

Mo =——In ) o ™ Vela (8.15c)
2F [ Yoz 1= Yuomw (V ! )

P = rV RTM,; ;{Edesj (8.15d)

Going into the details, Eq. (8.15a) represents adifiedl Butler—\VVolmer
expression, in which the current density depends tlom anodic activation
overpotential,. The activation overpotential, reported in Eq188), accounts for
the potential drop between ion—conducting and maetonducting phase as well as
the equilibrium potential step [14], which depermsthe local gas concentration in
comparison with the open—circuit conditions, edoahe inlet conditions in the fuel
channel [76]. The exchange current densitydepends on the local oxygen and

water partial pressures as in Eq. (8.15b), wH@rgrepresents a reference pressure
representative of the hydrogen adsorption/desormauilibrium [11]. Note that the

kinetic expression Eq. (8.15a) is written in theadiion of positive current density
(i.e., water production) for positive activationespotential.

A similar approach is used at the composite LSM-X&thode for the description
of the oxygen reduction reaction. The global kinetkpression proposed by Kenney
and Karan [39] is used in this work, as summarimedEq. (8.16). Such an
expression comes from the mechanism proposed bydeameln and Bouwmeester
[72], who performed measurements in patterned reldes in a wide range of
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experimental conditions. As discussed in the previGhapter of this thesis [19], the
kinetic expression in Eq. (8.16) generally agreé@h the global kinetics proposed
by Radhakrishnan et al. [71] as used by Nam and [1&).

o Fn Fn

i.=i.,iexp a € l-expg — £ 8.16a

c CO{ { c RT \J { ﬁc RT )} ( )

et EX(1 1 FYo2 ‘

IcO = IcO exg - = = ref = ref (816b)
R\T T, Py

0. = —Eln[ Pc,lN Yo2,n J _ (Velc _Vio) (8.16¢)

4F P.Yoz

Eq. (8.16a) represents a Butler—Volmer expressiberey the exchange current
density depends on the local oxygen partial presgig. (8.16b)) while the
activation overpotential (Eq. (8.16c)) comprisesthbahe potential difference
between conducting phases and the equilibrium patestep. The sign convention
used in Eg. (8.16a) is coherent with the one ueed. (8.15a), that is, a positive
activation overpotential leads to a positive curmdensity representative of oxygen
consumption.

Therefore, both the kinetic expressions adoptedhis study, Eqgs. (8.15) and
(8.16), come from the selection of reliable completaction schemes found in the
literature reduced to global kinetics, derived amatidated in patterned electrodes.
Note that while the electrochemical model propaselqgs. (8.3—-8.14) is generally
valid for SOFCs with porous composite electrodethwio mixed ionic/electronic
conduction, the kinetic expressions in Eqgs. (8élf) (8.16) are strictly valid for the
couples of materials considered in this study, ih&li-YSZ and LSM-YSZ.

8.2.2.2 Transport in channels

Within the fuel and air channels, gases are tratspalong the channel length
and permeate transversely into the electrodes tiicipate to the electrochemical
reactions. As already discussed in Section 8.2hanmels are represented in one
dimension because only the phenomena occurringyates longitudinal direction
(x) are relevant. In particular, channels with regtdar cross—section are considered
(see Figure 8.1).

The conservation equations related to the anodenethare represented by the set
of partial differential equations in Egs. (8.17-9,lcomprising the conservation of
mass, hydrogen and momentum as follows:
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A W+ (e -

= a(‘]l-ianv-lz"'Jp-igo'\/l»-izo) (8.17a)
dX aha
Jo = PaVa (8.17h)
dj a Wa + ra cel

de2, = w,h, JE2My (8.18a)
Jh2a = PaVaYu2 — Dy 2/H20(1+ Peg 210]pa% (8.18b)
d( o 4 dv,\__dR 2w, +h,) 8.19
ax (paVa 3ﬂa X ) i —Waha Twa (8.19)

Both the conservation equations of mass and hydrogeitten on mass basis
(note the ™ over the fluxes), account for the lamathange of hydrogen and water
with the cell on the right side of Eqgs. (8.17a) gBdl8a). As discussed later in

Section 8.2.2.3J%% and J5 represent the molar fluxes of hydrogen and water,

respectively, coming out from the anode supporiegger (i.e., positive flux if
oriented from the cell towards the channel). Thentéw,+r.)/(w,h,) plays as a
geometric correction term [14,59], which takes iat@ount that while the hydrogen

cell

oxidation (and therefore the generation of thedBid"S and J¢ ) occurs in the

whole cell width, anode channels occupy only atfomon,/(w,+r,) of the cell width,
as represented in Figure 8.1.

The mass flux of hydrogen in Eg. (8.18b) takes etoount both convection and
diffusion, the latter sometimes erroneously negléctin cell-level models
[11,12,77,78] as pointed out by Bessler and GeW8% In addition to the Fick
diffusion, Eq. (8.18b) accounts also for the Taykmis axial dispersion [79,80] in
rectangular ducts for laminar flow, where the Peclenber is calculated as follows
[81]:

pe, = Va min(w,, h, ) (8.20)

DH 2/H20

and the dimensionless factdy, under the dilute mixture assumption, depends only
on theh,/w, ratio as in Dutta et al. [81].

Eq. (8.19) represents the momentum equation famgoessible flow. Due to the
small Reynolds numbers during normal operationgteflow is in laminar regime,
as anticipated during the description of Eq. (8)18bthese conditions, the shear—
stress factor at the wat, , on the right side of Eq. (8.19) can be calculasb9]:
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2(w, +h,)
w,h (

a

r :é Ref), v, (8.21)

w,a
a

where the product between Reynolds number andoini¢actor Re), is calculated
as a function of the height over width ratigw, and local wall Reynolds number
according to Yuan et al. [82]. The wall Reynoldsmher Re, ., reported in Eq.
(8.22), represents the dimensionless injectioncigl@f water and hydrogen on the
channel wall at the interface with the anode sujppmpriayer. Note that the wall
Reynolds number is different from the Reynolds nent®e, which describes the
flow regime in the channel.

W, +r1 cel cel D a 1 w,h
:M(‘]HZIIMHZ-FJHZ”OMHZO) e with D, =4——22 - (8.22)

W, s ® 2w, +h,)

In EqQ. (8.22) Dy, o represents the channel hydraulic diameter. Thamjaviscosity
of the gas mixturegs in Egs. (8.19), (8.21) and (8.22) is calculatethwie Herning
and Zipperer method according to the local gas cmitipn [65].

Re

w,a

The same approach is used for the conservationagénoxygen and momentum
in the cathode channel. For the sake of completertbe full set of conservation
equations Egs. (8.23-8.25) is reported below. Tdye sonvention is for a co—flow
configuration while equations for a counter—flownfiguration can be obtained from
Egs. (8.23-8.25) by changing the sign of each terma spatial derivative. The
definitions of Peclet numbePe, shear—stress factor at the waj. and wall
Reynolds numbeRg, . are not reported because they can be easily defreen
Egs. (8.20-8.22) by substituting the subscriptd2 andH20 with ¢, O2 andN2.

dJC WC + rC ce cel

O 08 M+ M ) (8.232)
3. =P, (8.23b)
ﬁ :WJOZHMOZ (8.24a)
T ~ 0,

Joze = PcVeYoa ~ DOZ/N2(1+ Pe; zfo)pc % (8.24b)
i 2-& dVC —_%_Z(Wc*'hc) 825
dx (,OCVC gHe dxj dx w,h, Fue (8.25)

The set of equations Eqgs. (8.17-8.25) reported @xsgufficiently general to be
applied for the description of one—dimensional flasv in cathode and anode
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channels, provided that the flow regime be lamarad the channel cross—section be
rectangular as in Figure 8.1.

8.2.2.3 Boundary conditions and performance indexes

The transport and reaction models of cell (Sec8éh2.1) and channels (Section
8.2.2.2) are coupled through appropriate boundamyditions as schematically
represented in Figure 8.2.

The source terms in mass and species conservatimtiens in anode and cathode
channels (Egs. (8.17a-8.18a) and (8.23a—8.24a))n&exl to the gas molar fluxes
calculated in the cell using the dusty—gas modéblémswvs:

I8 =y, and J55 =J 50 (8.26a)
&' =do,m and I35 =3, (8.26b)

Eq. (8.26a) is applied at the interface betweerdarsupporting layer and anode
channel (boundary V1), while Eq. (8.26b) is appl&dhe interface between cathode
current collector and cathode channel (boundarynl)Eq. (8.26)n represents a
normal versor oriented outwards (i.e., from the twethe channel).

From a mathematical point of view, gas fluxes atlbbundary of the cell provide
the source terms to be implemented in mass cortgenveguations in the channels,
as represented by the arrows in Figure 8.2. Onother hand, at the electrode—
channel interfaces, the total pressure and théespewlar fractions calculated in the
channels provide the Dirichlet boundary conditidos the cell. In particular, the
hydrogen and oxygen molar fraction at boundariea™ | are required to match
those in the anode and cathode channels, resdgct@e that no boundary—layer
resistance to mass transfer between cell and chanoensidered, indeed it can be
proven that, due to the small height of the chanribe transversal diffusive flux of
gas species is fast enough to supply the cell witlwweating significant molar
fraction gradients along the channel height.

Additional boundary conditions for the channels e inlet conditions: pressure,
hydrogen or oxygen molar fraction and velocity apecified. Open boundary
conditions are implemented at the outlets. For ¢bl, no—flux conditions for
electrons and gas species are applied at the adeetelectrolyte interfaces
(boundaries 1l and IV) since the electrolyte isdanse ion—conducting layer.
Similarly, no—flux conditions for oxygen ions arppéied at boundaries VI and I
(remember that the cathode current collector islatg to ion transport).

Since the absolute electric potential of a phasgetermined up to an additive
constant, the electric potential of the electromezmting phase at boundary | is set
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at zero as reference point, that\fg, = 0V [14,57]. Note that model results are not
affected by this reference choice. The cell po&ii., is imposed as a boundary
condition at the anode side (boundary VI). In mailtr, the electric potential of the
electron—conducting phase at boundary VI is s&t.as e, Wheres. represents
the cell overpotential, defined as follows:

MNeen = OCV -V,

cell

1- 05 1/2
OCV=E°—¥IH[ sz,,N(lol3EL J } (8.27b)

YH2N Pein Yozun

(8.27a)

In Eq. (8.27), theDCV represents the open—circuit voltage, calculatembraing to
the Nernst law as in Eqg. (8.27b) considering treigket conditions and the standard
electromotive forc&® calculated at the operating temperature [2].

Note that, throughout the model, the electric padkn/,, represents the real
potential that could be measured with a voltmetes theOCV, which is consistent
with the boundary conditioNe, = /7.1 Therefore Ve, is a relative electric potential
conveniently defined for modeling purposes so that= 7. = OV at open circuit
conditions. Similarly, the electric potential ofethon—conducting phas¥, is a
relative potential that equals OV at open circlihese definitions of relative
potentials Ve, and Vi, are consistently applied throughout the modelmfrthe
boundary condition in Eq. (8.27a) to the definisoof activation overpotentials in
Egs. (8.15c) and (8.16c). The use of relative gatksnis particularly useful, if not
necessary, because the absolute potential of thecdémducting phase and the
standard electromotive forces of reactions Eq4) @nd (8.2) are inaccessible [14].
Mathematically, the use of reference potentialgesmponds to shifting them by a
constant reference [57], operation which has nahpn the model results [19,76].

The full set of Egs. (8.3-8.25) is mathematicallpsed by the boundary
conditions described above, therefore it can be emigally solved. Additional
expressions for the evaluation of physical andtelebemical properties for the
specific set of conducting materials and reactases! in this study are reported in
Table 8.1. From the model solution, some importantputs and performance
indexes can be easily calculated. The current tepsir unit of cell surface is

calculated from the integration &fA,,/Lin the cathode functional layer. The fuel

utilization factor can be calculated as the rafithe hydrogen consumed in the cell
over the hydrogen fed to the cell [2]. The oxygsditization factor is similarly
defined. Both these utilization factors can be walked from the inlet and outlet
fluxes in anode and cathode channels as follows:
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Table 8.1 — Physical and electrochemical properfasthe gas species (H2, H20, 02, N2)
and conducting materials (LSM, YSZ, Ni) used is $udy.

Parameter Value

Physical properties gas phase

05, (1_ 05
YaliaM s +(1 ysl),UszO'\S/I 2 kgt st [65]
yaMa® + (- ya M3

Hm (M=2,C)
H2,H20 form=a
%= 02,N2 form=c
0.0143T1 % UMy, +UMyso 2

Drz Hz0 ( s AT \/ 2000 m*- S~ [65]

P,(612Y3 +131 )

0.0143T 17 UMy +UMy, o>

Doz 2 ( " a2 J 2000 m>-s~ [65]

P.(163"3 +185
Physical properties solid phase
Oeia (N) 327M10° -10653T S-m*[18]
Oeic (LSM) 8855010" exp(~10825/T)/T S-m*[18]
o (YSZ) 334010" exp-10300/T) S-m*[18]
Thermochemistry
—4H° (800°C) 248.266kJ-mot [2]
E° (800°C) 0.978V [2]
Anode kinetics Eq. (8.15)
jof 4.09210°A-m*[73]
a.— B 0.3-0.7[73]
Eac 120kJ-mot* [57]
T/ 700°C [73]
Ades 5.5910%sm*mol™ [11]
Edes 88.12kJ-mof [11]
r 2.610°molm2[11]
¥ 0.01 [11]
Cathode kinetics Eq. (8.16)
jref 2.510°A-m™[39]
IOC
a.-f. 1.5 -0.5[39]
2ot 140kJ- mol* [39]
T 945°C [39]
péezf 0.21atm [39]
Ve 0.375 [39]
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Uy, = ‘]Hz,a,l\_]l\‘l_ ~ Jhz.a0ur (8.28a)
H2a,IN

Uy, = ‘-j-OZ,c,I?lj_ - joz,c,OUT (8.28b)
02¢,IN

The electrical efficiency is a measure of the electric energy produced &y
compared with the heat that would be produced byibg the fuel, calculated as

[2]:

¢ = YnaVear 2F (8.29)
~AH°

where-4H? is the lower heating value of hydrogen combustion
Another important parameter which characterizedubecell operation is the air—
to—fuel ratio, which reflects the amount of oxidizeipplied to the system in relation

to the amount stoichiometrically required [12]. this study, a molar oxygen—to—
hydrogen ratio o, is adopted, defined as follows:

_ FarYoaw _ Uy, (8.30)

lo2/H2 =
FueYaan o2

whereF,; andF represent, respectively, the molar flows of aid &mel (i.e., H—
H,O mixture) fed to the SOFC stack. Due to the sioivietry of the reactions
represented in Egs. (8.1) and (81212 > 0.5 represents a working condition with
excess of oxygen whiley,y, < 0.5 a condition with deficiency of oxygen.

8.2.3 Specific considerations on the cell investigated

The integrated microstructural—electrochemical rhqadesented in Sections 8.2.1
and 8.2.2 is sufficiently general to be applied $onulating planar SOFCs with
composite electrodes in both co—flow and countewtonfigurations. However, as
already anticipated in the previous Sections, tlhelehis specifically used in this
study to analyze anode—supported cells producetthdy-orschungszentrum Jilich
in F—design, with LSM-YSZ cathode and Ni—-YSZ anod#erefore, some
parameters as well as some model simplificatioadaitored for the specific system
under consideration.

The morphological and geometrical input paramedeestaken from the literature
and reported in Tables 8.2 and 8.3, respectivelye @ lack of specific data and in
order to simplify the analysis, only the mean ditere of the particle size
distribution for each phase in each layer were idened, although the packing
algorithm described in Section 8.2.1.1 can in ppigc simulate polydisperse
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powders. Similarly, mean values of the thicknesseath layer were considered,
although a small scattering, minimized through eppr quality assurance [83], is
normal. An additional simplification concerns theode channel, which is replaced
with a wire mesh in the Jilich F—design [40,84]. équivalent rectangular channel
is assumed by considering a channel heligregqual to the real height occupied by
the wire, a channel widtW, equal to the wire pitch and a rat/(w,+r,) equal to
the void fraction of the wire mesh. In this waye thet of Eqs. (8.17—-8.22), written
for rectangular ducts, still holds. However, asoasequence of this simplification,
the calculated dispersion factor coefficiép{Eqg. (8.18b)) and shear—stress factor at
the wall 7, , (Egs. (8.19) and (8.21)) might differ from thelreaes.

Table 8.2 — Microstructural information of the armeupported Jilich cell (F—design)
simulated in this study. n.a. means not available.

Cathode Cathode Anode Anode
current functional functional supporting
Parameter collector layer Electrolyte layer layer
(cc) (ch) (ey) (af) (as)
el material LSM[24] LSM [66] / Ni" [37] Ni" [37]
io material / 8YSZ [66] 8YSZ [24] 8YSZ [37] 8YSZ [37]
U 1.0 [24] 0.475[66] 0.0 [24] 0.397[37]  0.397 [37]
e [UM] 11.6 [24] 0.52 [66] / 0.9785] 1.5%[37]
dio [um] / 0.34 [66] / 1.164 [85] n.a.
@ 0.42 0.42 [86] 0.0 [24] 0.23585]  0.43 [37]
t [um] 60 [87] 10 [66] 10 [24] 12 [85] 1500 [24]
fabrication screen screen vacuum vacuum
method printing printing slip casting  slip casting  Coat—-miX
(87] [87] [24] [24] [37]

" LSM is La, ¢St sMNOs..

* Supposed equal i’ according to the experimental results of Merteire.§67].

8 Corresponding to LSM—YSZ 50-50% in weight.

" Values after reduction of NiO to Ni. The correspimg fraction of NiO—YSZ before
reduction is 56—44% in weight.

* Ni and YSZ particles are aggregated in elongatgglomerates with average diameter
equal to 6Qm and shape factor 0.7 [37].

Another specific feature of the cell investigatemhsists in the set of conducting
materials adopted by the Forschungszentrum Jidick-fdesign, which are LSM (in
particular Lg ¢Sl sMNOs_5 [24]) and Ni as electron—conducting phases andZB¥sS
ionic conductor. As a consequence, the proceduseritbed in Section 8.2.1.1 to
mimic reduction of NiO to Ni is specific for cermaodes prepared via nickel oxide
as a precursor of nickel. In addition, as alreadjcgpated in Section 8.2.2.1, the
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kinetic expressions reported in Eqgs. (8.15) and6)8.and related parameters
summarized in Table 8.1 are specific for the cotidgcmaterials used in the
functional layers, therefore they must be replatdde couples of materials differ
from LSM-YSZ and Ni-YSZ.

Table 8.3 — Geometric parameters of anode and cegtainannels for the anode—supported
Julich cell (F—design) simulated in this study.

Parameter  Cathode channel Anode channel
h [mm] 1.5 [40] 1.2 [84]

w [mm] 1.0 [40] 1.4

r [mm] 2.0 [40] 0.47

L [mm] 90" [61] 90" [61]

" Equivalent values evaluated according to the cemations reported in Section 8.2.3,
corresponding to the wire mesh geometry as in Pej&H.

* The cell is square with nominal dimensions 100b@8mm, the active area is
90mm90mm. In agreement with Bertoldi et al. [61], therent density is referred per unit
of active area.

8.3 Microstructural results

The microstructural model presented in Section18i8. used to numerically
reconstruct and evaluate the effective propertiebe porous layers of the anode—
supported Julich cell. The main microstructurabinfation of the cell analyzed,
used as input parameters for the numerical reaarigin, is reported in Table 8.2.

A box domain with a minimum side length equal to daiticle diameters was
used, which is fairly accepted as a representatioenain of the electrode
microstructure [19,54,88]. In the Monte Carlo ramdavalk method (see Section
8.2.1.2), 20000 tracers travelling for a distangeiwalent to at least 6 particle
diameters were used to evaluate the gas phasedibytdactor and the effective
conductivity factor of each phase [19]. A bulk ddfon regime was simulated by
adopting a Knudsen number of 4(Results were averaged on three microstructures
per layer.

Table 8.4 collects all the results of the microstinal modeling for the conditions
summarized in Table 8.2. In the following Secti@3.1-8.3.4, further details and
comments on the estimated effective propertiesegrerted.
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Table 8.4 — Effective properties calculated frone timicrostructural modeling for the
conditions summarized in Table 8.2 (only the eftdgte and the anode supporting layer
were not simulated). n.a. means not available.

Cathode Cathode Anode Anode

current functional functional supporting
Parameter collector layer Electrolyte layer layer

(cc) (cf) (ey) (af) (as)

7 0.422 0.421 / 0.237 0.430 [37]
T 1.520 1.516 / 2.225 3.225[38]
Opore [M] 4.647 0.172 / 0.225 1.480 [38]
B [um?] 1.874-10"  2.557-10" / 1.667-10°  1.2-10°[37]
K;ff 0.1944 0.0095 / 0.0282 0.0346 [37]
ol / 0.0382 / 0.1239 n.a.
Arpg [UM / 4.608 / 3.243 n.a.

8.3.1 Anode supporting layer

The anode supporting layer was not simulated irs thiudy because its
microstructure cannot be represented as a randokingaof spherical particles, as
assumed in Section 8.2.1.1. In fact, the dry posderepared through the Coat—
mix® fabrication process, consist of tiny rigid aggloates (about §dm in
diameter) in which both conducting phases areidigegd homogeneously [37]. All
the necessary effective properties used in thdysivere measured by Simwonis et
al. [37] and Haanappel et al. [38] and are repdriethble 8.4.

The porosity of the anode supporting layer is lahpan that of the functional
layer (0.430 compared with 0.237) because the stipgdayer must allow a fast
gas transport from the anode channel to the fumatitayer, wherein hydrogen
oxidation occurs. The tortuosity factaf®, equal to 3.225, is about twice the
tortuosity factor of a random packing of monosizsaatered spherical particles for
the same porosity [19,53,54]. Such a high value lwarattributed to the particle
agglomeration, indeed Bertei et al. [89] recenthinged out that the tortuosity factor
in simulated random packings of agglomerates ggelathan in random packings of
spheres. However, the permeability coeffici@ft is sufficiently high to allow a
rapid gas transport throughout the thickness oftimle supporting layer [37]. Note
that the measured permeability coefficient is dnB2 times larger than the one that
could be estimated using Eq. (8.9), result whiahwshthe wide applicability of such
an equation.
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eff,as

The effective conductivity factor for the electr@onducting phasex,,™ is

larger than that simulated in the anode functidengdr (see Section 8.3.2), although
the order of magnitude is the same for both thee&alThis result is unusual because
both the layers have the same solid volume fraaifonickel while the functional
layer has a smaller porosity, therefore a largedaootivity should be expected for
the functional layer. This effect may be due to tharticular morphological
characteristics resulting from the Coat—fhpreparation process, which indeed was
selected by the Forschungszentrum Julich also seaaprovides a larger electronic
conductivity if compared with the supporting lay@repared through tape—casting
technique [37].

The effective conductivity factor of the ion—conting phase and the TPB length
per unit volume were neither measured nor simuldfesvever, these properties are
not strictly required by the electrochemical model the specific conditions
simulated in this study. In fact, as discusseddati®n 8.4.2.1, no reaction and so no
ion transport take place in the anode supportiggrlatherefore model results are

independent of the specific values set4if** and A%,.

8.3.2 Anode functional layer

The properties of the anode functional layer westmated with the methods
described in Section 8.2.1 on numerically recomstai structures based on the input
parameters reported in Table 8.2. Note that, basedthe microstructural
information reported in Table 8.2, the functioreydr simulated in this study is the
same one reconstructed by Joos et al. [85] throkigte—dimensional tomographic
techniques, therefore a comparison with their teszdn be performed.

Among the input parameters, the diameters of Ni¥d®d particles after reduction
were taken from Joos et al. [85]. The ratif, /d% is equal to 0.833, close to 0.838,

which is the diameter ratio that should be expedietveen Ni particles after
reduction and NiO particles before reduction. Tfares in the simulation, the
‘green’ microstructure was generated considering &8l NiO particles of 1.1¢4n
(that is, equal to the diameter of YSZ particléisgn NiO particles were shrunk by a
factor 0.838 to account for NiO reduction (i.e.ange in both density and molecular
weight) as described in Section 8.2.1.1. The rieguliicrostructure was finally
analyzed according to the methods described indegt2.1.2.

No pore—formers were introduced in the structuraegagtion to the reach the
porosity of the functional layer. The correspondiaguosity factor is 2.225, which
is lower than in the supporting layer as discusse8lection 8.3.1, but it is fairly in
agreement with the tortuosity factor of a randorskpag of monosized spherical
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particles with the same porosity [19,53]. A simi@nsideration can be drawn for
the pore size, whose ratio with YSZ and Ni partidiameter is 0.193 and 0.230,

af

respectively. Howeverd . differs from the one reported by Joos et al. [85],

corresponding to 0.922n. The discrepancy may be attributed to the methad
they apply to calculate the pore diameter in theometructed electrode, which is
based on measuring the maximum distance betweenvpalis: while this method
can be fairly accurate to estimate the size ofphsicles, which show a convex
shape, it could overestimate the pore size, simzespare usually hon—convex in
SOFC electrodes. The value of the pore size reghantd able 8.4, i.e., obtained in
this study, was used in Eq. (8.9) to evaluate #renpability coefficient, which is 2
orders of magnitude smaller than in the anode stipgdayer.

Simulations show that the effective conductivitgtéa for the ion—conducting
phase is significantly larger than that of the ®tmt-conducting phase. This is a
reasonable consequence of the reduction of NiGcfat which leads to a reduction
in both connectivity and volume fraction of Ni pelés. The TPB length per unit
volume calculated in this study, equal to 34243, fairly agrees with the one
measured by Joos et al. [85], which falls betwe@&8 and 2.4@m ™ (note that the
range is due to the uncertainties related to th@awmn percolation state of particles
close to the domain boundaries in the tomograpdonstruction). Considering both
the simplifications introduced in the microstruelumodels described in Section
8.2.1 as well as the possible errors in the detectwf the TPB in the
tomographically reconstructed structure, the comspar suggests that the
microstructural model presented in this study pdesi reasonable predictions of
effective properties in cermet anodes.

8.3.3 Cathode functional layer
The microstructure of the cathode functional layemsisting of LSM and YSZ

particles, was numerically reconstructed accordiintpe methods described Section
8.2.1 to estimate its effective properties. Theutnparameters used in the
reconstruction are mainly taken from Mertens ef{@6], as summarized in Table
8.2. In particular, ground and not calcinated YS¥v@er was considered in this
study, because it represents a benchmark for thieodss fabricated by the
Forschungszentrum Jilich [24,67,90].

The porosity of the cathode functional layer wagreted by Ananyev et al. [86]
through the analysis of SEM images applying difiéreegmentation and filtering
methods. The estimated porosity, equal to 0.42l&ively high if compared with
the typical porosity of random close packings ohesjral particles [48,91,92],
suggesting that the specific preparation processltegl in an increase in porosity

234



Microstructural results

with respect to what might be expected. Althoughspecific pore—former particles

were added during the cathode preparation [66Hdysand other organic additives
introduced in the paste for screen printing mighteh contributed to affect the
resulting electrode porosity as they vanish dutimg sintering similarly to what

pore—formers do [36]. As described in Section 812.1he structure generation
algorithm does not directly simulate the preserfcgioh organic additives, however
the corresponding increase in porosity can be takemnaccount by assimilating

their effect through a corresponding amount of pfmamers.

When pore—formers are accounted for in the stractygneration, two input
parameters are required to specify the porositg: tiaximum angle of contact
among the patrticles, which takes into account #réige overlap introduced during
the sintering (see Section 8.2.1.1), and the voldmaetion of pore—formers.
Mathematically speaking, an infinite set of these tnput parameters can lead to a
final porosity of 0.42. Due to the lack of addittbnmorphological information
regarding the real particle overlap in the cath@ulectional layer, the maximum
angle of contact was set to 15°, as commonly aedejpt several modeling studies
[17,18,39,93]. As a consequence of this choice sthiel volume fraction of pore—
former particles had to be assigned to 0.093 irrotd meet the porosity value. In
Section 8.4.1 a sensitivity analysis on this cowdfl@arameters is performed and
discussed.

The effective properties calculated under the damti described above are
reported in Table 8.4. The tortuosity factor, eqoal.516, is slightly larger than the
value obtained in a random packing of monosizeaspdhl particles without pore—
formers [19,53]. In fact, given the porosity, pdarmers and other organic
additives introduce a few big pores in the medivesulting in a decrease in the
constriction factor [94,95], so in an increaseha tortuosity factor. The ratig"/ ",
corresponding to the effective diffusivity factoils equal to 0.278, which is
reasonably close to 0.32 measured by Mertens ¢6 4l The difference between
these two values is attributed in part to the sifiggkions introduced in the model
(e.g., particles are assumed to be spherical, ffexzteof binders and organic
additives is assimilated to a small amount of pfmeners), in part to the
uncertainties regarding the morphological char&sttes of the electrode, such as
possible errors in the estimation of the porosiontf SEM images as described by
Ananyev et al. [86].

The TPB length per unit volume and effective conitity factors x5 and

elc

k" are in the same order of magnitude of those inathade functional layer.

Model simulations predict thatS"*" is approximately 4 times smaller thaj™" .
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This result is reasonable because the volume draaf the electron—conducting
phase is smaller than that of the ion—conductingsph In addition, electron—
conducting particles are bigger than ion—conduciagticles and, typically, in a
random mixture bigger particles percolate worsa graaller ones [52,96].

8.3.4 Cathode current collector

The cathode current collector was numerically retmcted considering the input
parameters reported in Table 8.2. In the reconsbmuidche same maximum angle of
contact and volume fraction of pore—formers usedte simulation of the cathode
functional layer were used. Table 8.4 shows thec#ffe properties evaluated
according to the methods described in Section 22.1

The porosity and tortuosity factor of the cathoderent collector do not differ
significantly from those of the cathode functiotefer, therefore the ratigr/ 1*° is
almost equal to¢"r". This result is in agreement with the experimental
measurements performed by Mertens et al. [67]. Bothpermeability coefficient
and the effective electric conductivity factor areich larger than those in the
cathode functional layer. Such a result is reasenbbcause bigger particles are
used in the current collector and because no iorgtatiing particles are present.
High permeability and electric conductivity are ided features in the cathode
current collector, therefore model results justifye experimental efforts made by
Forschungszentrum Jiilich to optimize the cathogerta[24].

8.4 Electrochemical results

In this Section, the electrochemical model desdripeSection 8.2.2 is applied to
simulate the polarization behavior of an anode-stpd Jilich cell with LSM—
based cathode (F—design) considering the micrdstaland geometrical properties
evaluated in Section 8.3. In particular, in Sectoh.1 the model is first validated
against experimental data obtained in a short #-sick in counter—flow
configuration [61], then a sensitivity analysis e only uncertain parameter is
presented and discussed. In Section 8.4.2 the nwdskd to analyze the effect of
different operating conditions in order to inveatigthe electrochemical behavior of
anode—supported cells.

8.4.1 Model validation

The model validation is performed against the expemtal polarization curves
measured by Bertoldi et al. [61] in a 4—cell shatack, whose geometric properties
and operating conditions are reported in Tables &8 8.5, respectively. The
effective properties calculated in Section 8.3ortgrl in Table 8.4, are considered.
The effects of variation of both fuel and air floates as well as of the water content
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in the fuel stream are analyzed. Note that alréselts are referred to the voltage of
a single cellV,, therefore assuming that all the cells behavetidaty, as also
verified by Bertoldi et al. [61].

Table 8.5 — Reference operating conditions considien model validation (Section 8.4.1)
for the 4—cell stack as reported by Bertoldi et @1]. These reference conditions are
labeled as C1, following the same nomenclatureartddi et al.

Parameter Value

T 800°C

Pain 1.0atm
YH2,IN 0.965

Fruel 8NI- min ™’
PC,IN 1.0atm
Yoz,IN 0.210

Fair 10NI- min®’

" The corresponding inlet velocities in the anodd aathode channels are calculated as,
respectively, 1.617 and 3.639nt:s

Figure 8.3 shows the current-voltage characterddtithe cell at different flow
rates of air and fuel. The molar oxygen—to—hydrogatio ro,, is kept fixed at
0.272. Simulation results are reported with linekilev experimental data with
marks. For all the curves, as the current densityeases, the voltage decreases
monotonically as a consequence of the larger dmivaohmic and concentration
overpotentials. Given a current density, as the ftates decreas#/., decreases:
this is due to the reduced feed of reactants fleand Q), therefore at a giveh
i.e., at a given consumption rate, the molar fomdi of hydrogen and oxygen
decrease, leading to larger equilibrium potentiaps in Egs. (8.15c) and (8.16c),
that is, to larger concentration overpotentialsotder to compensate the reduced
chemical driving force, the electrochemical drivifogce /7. must increase to hold
the same current density, explaining why a smallgris obtained a&,; andFe
decrease.

Note that in the working conditions correspondimgRigure 8.3, the oxygen
supply is limiting, that is, hydrogen is fed in ess sinc&o,n2 < 0.5. However, the
limiting current is not observed in Figure 8.3 hemma experimentally the
polarization was stopped &t = 0.6V [61] in order to prevent the anode from
reoxidation [97,98].

Figure 8.3 shows that simulation results reprodyantitatively the polarization
behavior. The agreement is almost perfectFgg = 8NFmin™ while worsens for
smaller Fye.. The agreement is still satisfactory considerihg tnorphological
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simplifications adopted and the absence of fittachmeters (remember that just a
parameter, namely the angle of contact in the cithwas assigned, as anticipated
in Section 8.3.3 and further discussed at the éthiSection).

simulated experimental

Figure 8.3 — Polarization curves of the 4—cell $t@onsidered in this study at different flow
rates of fuel and air at a giverygi, = 0.272. Simulation results are reported with lines
experimental results measured by Bertoldi et all] [&re represented with marks. The
corresponding operating conditions are reported Tiable 8.5. The nomenclature of the
series is the same one used by Bertoldi et al.rapdrted as follows: C1 ¢k = 8NI-min™,
Far = 10NFmin™), C2 (Fuwe = 6NImMin™?, Fy = 7.5Nkmin™?), C3 (Fue = 4NImin?,
Fair = SNI'min™), C4 (Fue = 2NI'min™, Fy, = 2.5NFmin™).

Figure 8.4 shows the polarization curves at difiemolar fractions of water in
the fuel feed. According to the Nernst law in Eg.2fb), the OCV decreases as
Vuzun decreases: this behavior is quantitatively satisfooth experimentally and
numerically in Figure 8.4 dt= OA-cn. This thermodynamic effect holds also for
I > 0, as experimentally observed in Figure 8.4egithe current densit\. at
Yrzun = 0.915 is smaller than g,y = 0.965.

However, the Figure also shows that the gap betwbentwo experimental
polarization curves decreases lagicreases, as also reproduced by the simulated
curves: the ratio @V/dl is smaller foryy,y = 0.915 than fog, iy = 0.965. This
behavior can be explained by using the model, wpidvides a twofold reason. A
smaller y, v reduces the absolute value of the equilibrium e step in Eq.
(8.15c¢), which leads to reduce the cell overpo#mii,. Secondarily, considering
Eq. (8.15b) at a constant pressure (note that dehpredicts an almost constant
pressure, equal tB,n, in the whole anodic compartment), the exchangeent
densityi,g increases agy, decreases, which also contributes to lowgy at a given
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I. These results are in agreement with previousareseon Ni—-YSZ electrodes: the
catalytic effect of water on the kinetic rate ofdhygen oxidation has been
experimentally proven by several research group®8 while others have pointed
out the role of concentration effects [100,101hc8i the model is able to reproduce
such a behavior, there are sound indications thikt the selected kinetic expression
and the mathematical description of gas transpertrepresentative of the physics
and electrochemistry of the cell. It must be mergbthat-,; in E2 is larger than in
E1l: this also contributes to decrease the gap leetwlee two polarization curves,
although such a contribution is negligible. Runnihg model by imposing the
conditionsFe = 8NFmIn™, F,;, = 10Nkmin™ andy,, v = 0.915, so that there is only
a difference inyy,, v between E1 and such a working condition, prodacesrrent—
voltage characteristic almost coincident with th2 Epresented in Figure 8.4,
showing that the decrease in the gap between EZEand due to the kinetic and
concentration effects on the anode side as disduds®ve.

1.2

simulated experimental

1148
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Figure 8.4 — Polarization curves of the 4—cell $tat different molar fractions of water in
the fuel feed. Simulation results are reported wittes, experimental results [61] are
represented with marks. The corresponding operatiogditions are reported in Table 8.5
and as follows: E1 (. = 8NI'min™, F; = 10NFmMin™, yiz 1 = 0.965), E2 (e = 8NI-min ™,
Far = 16NImin? Vuzin = 0.915). For reference, the experimental data mead in
condition C1, nominally equal to E1, are also retgol

Looking at Figure 8.4, the agreement between simdlaand experimental
polarization curves is only qualitative because usated curves do not match
experimental ones, as occurred in Figure 8.3. Tifference may be due to the
degradation of the cells during the experiment$opered by Bertoldi et al. [61], as
clearly represented in Figure 8.4: the series C4 exgerimentally obtained before
the series E1. Although the working conditions #re same, experimentally the
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series E1 shows a worse performance than C1 sgieen V., a reduced is
produced. This evidence indicates a degradatiaheftcell, although the reason is
unknown and not reported in the experimental stulye modeling of such a
degradation phenomenon, though interesting, isabuthe scope of this study.
Therefore, although a quantitative comparison betws&mulated and experimental
polarization curves is not possible in Figure 8 qualitative agreement and the
discussion reported above on the nature of theedser in the gap between
polarization curves E1 and E2 support the validifythe model. In addition,
considering also the good agreement reached inrd-i@u3, there are sound
indications that the proposed model can quantégtipredict the stack performance
starting from the knowledge of the powder inforroati

As discussed in Section 8.3.3, the reconstructioboth the cathode functional
layer and cathode current collector was subjedhéassumption of a parameter,
that is, the maximum angle of contact among thdighes, arbitrarily set to 15°
following the suggestion of previous research as tibpic [17,18,39,93]. Figure 8.5
shows the sensitivity of the cell polarization babaon this uncertain parameter for
the operating condition C1. In particular, threexmmum angles of contacts are
considered, 8°, 15° (the reference one) and 306se/itorresponding solid volume
fractions of pore—formers, used to represent theease in porosity due to binders
and other organic additives, are 0.050, 0.093, ).26espectively. The
microstructures of the cathode functional layer aathode current collector were
simulated as described in Section 8.2.1, thenehslting effective properties were
used as input parameters in the electrochemicalemtm produce the results
reported in Figure 8.5.

Figure 8.5 shows that different angles of contaatllto different current—voltage
characteristics, in particular the performance eases as the angle of contact
increases. This is a consequence of the variatidhéd effective properties in the
cathodic layers. In particular, in the cathode fiomal layer the TPB length

increases from 2.006 to 9.050 2 as &' increases from 8° to 30°. A similar trend is

shown by the effective conductivity factors: foraexple, <2 increases from

0.0186 to 0.0535 whileS™from 0.0999 to 0.2999 as the angle of contact sarie

elc
from 8° to 30°. About the porous phag&and 7 increase as the maximum angle of
contact increases. In fact, increasiéy (and &°, which is equal tof") leads to
smaller pores among the particles as a consequent®e enhanced densification
[48] but, at the same time, the increase in thiel s@lume fraction of pore—formers,
necessary to keep the same porosity, introducgsrlgrores in the medium. This
results in a smaller constriction factor, proparibto the square of the ratio
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between smallest and largest pore diameters [94y9Bich eventually leads to
increase the tortuosity factors. In particular, théos ¢'/7*" and ¢/7*° pass from
about 0.292 af¥' = &° = 8° to about 0.235 &' = §° = 30°.

1.2

0.6

0.0 0.2 0.4 0.8 1.0 1.2
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Figure 8.5 — Sensitivity analysis on the uncertparameter¢’, the maximum angle of
contact among the particles in the cathode funetidayer and cathode current collector.
The operating conditions C1 are considered. Theasgirepresent experimental data [61]
while lines model predictions at different anglésantact.

According to Section 8.3.3, Mertens et al. [67] mwad a ratiogf/*" of 0.32.
Note that the model is not able to reproduce tRgeamental value, regardless of
the angle of contact used in the simulation, int @e&r a consequence of model
simplifications such as assimilating binders anghaic additives to pore—formers,
in part due to possible errors in the determinatibthe porosity by SEM analysis
by Ananyev et al. [86] as already pointed out irct®@ 8.3.3. It is interesting to
note that the larger the angle of contact, the lemgie ¢/ *" ratio. This behavior
can suggest that large angles of contacts, sudh°asre unlikely because tig/ 7"
ratio would scarcely agree with the measured valie.the other hand, smaller
angles of contact, as 8°, are representative oéakvgintering degree, resulting in
low TPB density and effective conductivity as shoatiove. Therefore, an angle of
contact of 8° or smaller is unlikely as well in @ptimized cathode such as the Jilich
one.

Although there are not direct proofs that the ch@t setting the maximum angle
of contact to 15° be correct, the indications josinted out reasonably justify the
assumptiord”’ = &° = 15°. Hence, the sensitivity analysis supporessthundness of
the model and of the choice of the only uncertaorphological parameter. The
results reported in Figures 8.3—8.5 suggest tleairihdeling framework presented in
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this study is able to fairly reproduce the steathtesbehavior of an SOFC stack
despite its morphological simplifications, in padiar the strongest one, that is, that
particles are spherical.

8.4.2 Model simulations

In this Section the model is used to gain a degyaght into the anode—supported
Jilich cell, simulating the steady-state behaviocanditions different from those
analyzed in Section 8.4.1. In particular, differapterating conditions (Sections
8.4.2.1-8.4.2.3) and cell geometry (Section 8.4.2ae discussed. The
microstructural characteristics of the anode anthodke layers are not varied,
therefore the effective properties evaluated inti8ed.3 and reported in Table 8.4
are used also in this Section.

8.4.2.1 Effect of air flow rate

In the model validation (Section 8.4.1) the effeich variation ofFe andFy, was
discussed. However, in such an analysis the molkggem—to—hydrogen ratio
remained fixed taoyne = 0.272. In this Section, the effect Qfyn, iIs examined
through a systematic variation of the air flow rate giverf,. In particular, larger
roamez than that used in Section 8.4.1 are simulatedoxaiyen—to—hydrogen ratio
smaller than 0.5, as the one adopted by Bertoldi.d61], is atypical, because in
such a condition oxygen is the limiting reactansublly air is fed in excess to the
cell [2,12] since there is no economic value t@wer unreacted oxygen, while there
is in unused hydrogen. For the same reason, inattisin the following Sections
Fue iS set to 4Nmin™ (i.e., condition C3 in Figure 8.3), differentlyofn the
reference flow rate of 8Mhhin™ adopted by Bertoldi et al. [61] as reported in[€ab
8.5. In fact, at 0.7V, for the operating conditiot the hydrogen utilization is equal
to 24.3%, which is too low for a real SOFC systesdidated to energy production.
On the other handly;, is equal to 40.8% for condition C3 at 0.7V, whisltloser to
a real plant condition while giving further grouoflimprovement.

Figure 8.6 shows the simulated polarization curatedifferent molar oxygen—to—
hydrogen ratios. The maximum oxygen—to—hydrogeio italyzed corresponds to
an air flow rate of 16Nmin~, that is, to an inlet air velocity in the air cimah of
5.823ms ™, which is the maximum velocity tested experimepthy Bertoldi et al.
[61].

The Figure shows that at a given current denSify,increases as,; increases.
This is a result of the smaller concentration owé&zptial at the cathode,
mathematically represented by the reduction, irolalts value, in the equilibrium
potential step in Eq. (8.16c). Note that the imgimoent in cell performance levels
off at high oxygen—to—hydrogen ratios because thgen molar fraction tends to
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become uniform in the cathode, resulting in neblaieffects of the equilibrium
potential step. Therefore, provided that a suffitiexygen feed be guaranteed in
order to minimize the effect of concentration owential on the cathode side, the
air flow rate can be used to control the tempeeawithout significantly affecting
the electrochemical performance [2,12,16]. On ttleerohand, the upper bound of
air flow rate is determined by the constraints dlibe pressure drops on the air
channel: as an example, fogy, = 0.870 the model predicts a cathodic pressure
drop of 0.46kPa, almost independent of the celbiptidl.

1.2
1l g — - — — —; f——————
anode
10 N\ e
S E N electrolyte -
3 .
>
0.8 cathode
I o2m2
0.7 | 0.870
0.544------ ST
0.272---~- ST
0.6
0.0 0.2 0.4 0.8 1.0 1.2

0.6,
I [Acm?]

Figure 8.6 — Effect of the oxygen—to—hydrogen ratiothe polarization curve.4f is kept
constant to 4Nmin™ while F,, is varied to 5, 10 and 16Min™~, corresponding toda, of
0.272, 0.544 and 0.870, respectively. The otheratjpegy conditions are the same reported
in Table 8.5, effective properties are kept eqadahbse summarized in Table 8.4.

The model also allows the identification of the ma&g of energy loss in the cell.
Figure 8.6 shows that the main energy loss is cureted at the cathode, which
contributes for the 56.6% of the cell overpotensiaD.7V forroyn, = 0.870. In the
same conditions, the anode contributes for the%84This predicted distribution of
overpotential is in agreement with several expentaleobservations, which indicate
the LSM-YSZ cathode as the main source of irrebéityi in anode—supported
SOFCs [2,24,30]. In particular, model simulatioh®w that, forro,y, = 0.870 at
Veer = 0.7V, the active thickness (that is, the thidswevherein the 99% of the
current is converted) is equal to @M in the cathode side while 2u® in the anode
side. It is noteworthy that the active thicknesglmcathode side extends for almost
the whole thickness of the cathode functional layeficating that the thickness and
microstructural characteristics experimentally iifeed by Haanappel et al. [24] as
the optimum ones are confirmed by the model. Orother hand, the smaller active

thickness identified on the anode side suggestdiirahydrogen oxidation reaction
243



Chapter 8 - Integrated Microstructural—Electrocheali Modeling of SOFC Cells

occurs completely within the anode functional lagiex., no reaction occurs in the
anode supporting layer, as anticipated in Secti8rigand it is not a limiting factor
for cell operation. In particular, simulations shakat the major contribution to
anode overpotential is related to the concentrati@rpotential, which is markedly
larger than kinetic and ohmic losses because thek #inode support yields a
significant gradient of hydrogen molar fractionrajdhe anode thickness.

The model allows the interpretation of other inttirey features of the cell
electrochemical behavior. Figure 8.6 shows thatlaat current density the
polarization curves exhibit a parabolic behaviohial is also present in all the
experimental curves in Figures 8.3 and 8.4. Sushage is often attributed to the
activation of electrochemical reactions, that i3,tlhe nonlinear Butler—Volmer
kinetic expression [2,15]. In reality, simulatiosisow that even if both cathodic and
anodic kinetics (Egs. (8.15a) and (8.16a)) werediized, the parabolic shape would
remain, although less pronounced. The model suggemstt such a parabolic
behavior is mainly due to the non-linearity introdd by gas concentration effects,
that is, due to the equilibrium potential step&qs. (8.15c) and (8.16c¢), rather then
to the exponential form of the Butler—Volmer kimstin Eqgs. (8.15a) and (8.16a).
This result was already pointed out by Bessler @adies [59], this study confirms
their findings, showing how a physically-based ntocden be useful to avoid
misinterpretation of experimental observations.

8.4.2.2 Effect of flow configuration

Julich cells are typically run in counter—flow [4Q,61], which is expected to be
more efficient than the co—flow configuration besaut provides, in average, a
higher driving force. However, often co—flow confrgtion is preferred for planar
SOFCs because it prevents from steep temperatadiegis and uneven thermal
stresses [2,12]. In this Section, the comparisdwédxen co—flow and counter—flow
arrangements is performed by using the electroatednmodel by conveniently
changing the flow direction in the air channel (Eq8.23-8.25)) and the
corresponding boundary conditions. The operatimgiton Fqe = 4NFmin™ with
roome = 0.870, identified as the best one in Sectior814is taken as reference.

Figure 8.7 shows the distribution of the currentgiy at the electrolyte—anode
functional layer interface along the cell lengthfor counter—flow and co—flow
configurations. The cell voltage is equal to 0.7We Figure shows that, in both
conditions, the current production is larger at itilet of the fuel feedx = 0) and
monotonically decreases along the channel axiatton. Such a trend is expected
because as hydrogen is consumed along the cethlésgmolar fraction decreases
in the gas phase, resulting in larger concentrabeerpotentials (i.e., larger
equilibrium potential step in Eq. (8.15c)) whiclowl down the current production.
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Note that a similar depletion of oxygen occurs he &ir channel, although less
pronounced since air is fed in excess to the stbay, > 0.5. The Figure shows
that atx = 0 the local current density is larger in co—flokan in counter—flow
configuration: this is due to the larger drivingde because both the fuel and the
oxidizer are fresh at the fuel inlet in co—flow &garation. Due to the simultaneous
depletion of hydrogen and oxygen, the local curdmntsity decreases more sharply
in co—flow than in counter—flow so that, in averagee mean current density
produced in counter—flow arrangement is slightlygés than in co—flow,
0.778Acmi? versus 0.7744&n?, respectively. These values of mean current densit
highlight that, in these operating conditions, twe flow configurations practically
show an almost coincident electrochemical perfogeahis is due to the small
fuel utilization, equal to 43.4% in counter—flowndiguration at 0.7V.

The counter—flow configuration is considered alsathe following Sections in
order to allow a direct comparison with resultsanied in Sections 8.4.1 and
8.4.2.1.
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Figure 8.7 — Local current density at the electtelyanode functional layer interface
simulated at VW, = 0.7V in counter—flow (solid line) and co-flow (ta line)
configurations. The operating conditions are thosported in Table 8.5 with the exception
of Fye = 4NI'mint and K, = 16NImin ™

8.4.2.3 Effect of temperature

As reported in Section 8.2.2, uniform temperatarassumed in the cell due to the
small size of the stack under consideration. Tlisumption is reasonable since
Bertoldi et al. [61] proved experimentally that tinerease in cell temperature with
increasing current density (up to tA&1?) was quite similar in all the test conditions
and restricted to 10-20°C with respect to the dpeyatemperature at OCV. In
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addition, they verified that no particular variation temperature between different
cells was evident and thus the effect of largernifa¢ gradients could be neglected.
In these conditions, it is worth analyzing the effef a small variation in operating
temperature with the model.

Figure 8.8a shows the polarization behavior at ethifferent operating
temperatures. The operating conditions are thgserted in Table 8.5 considering
Fruel = 4NFmin~t andF, = 16NFmin .
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Figure 8.8 — Effect of the operating temperature the polarization behavior of the
simulated stack. Three different operating tempees are considered, represented with
different lines. The operating conditions are thoseorted in Table 8.5 with the exception of
Frel = 4NI'min and Ry = 16NImin™. a) Polarization curves (also a magnification anou
OCV is reported); b) relative contribution of eacbmpartment (i.e., anode, electrolyte and
cathode) to the whole cell overpotential as a fiomcbf the current density.
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At | = 0, the higher the temperature, the smaller t@/Oas predicted by the
Nernst law Eq. (8.27b). However, for | > 0.08A&1, the higher the temperature, the
higher the current density at a giveg,. This behavior is mainly due to the larger
exchange currentsi,¢ and ice) and ionic conductivityg,, which are thermally
activated and increase as the temperature incréseseg&qs. (8.15b) and (8.16b) and
Table 8.1).

Figure 8.8b shows additional information to clattifie results described above. In
particular, increasing the temperature leads tecaase in the relative contribution
of the cathode to the whole cell overpotential l# €xpenses of the anode.
According to Section 8.4.2.1, the cathode resigtancnainly ruled by the activation
overpotential while the anode by gas concentragifects: an increase in operating
temperature speeds up the cathodic exchange cugenmuch more than the
diffusion coefficientDym20, Dk H2: Dk 2o (S€€ their weak temperature dependence

in Table 8.1 and Eq. (8.8)) and the anodic exchangeenti,o, as EX* > EX (see

Table 8.1). Interestingly, Figure 8.8b can also ibterpreted in the opposite
direction: as the temperature decreases, the aoti@sses in the cathode become
dominant. This observation justifies the adoptiémmaterials different from LSM
and YSZ for applications designed fbk 800°C [36,87,102].

Another interesting result shown in Figure 8.8bthe comparison of relative
contributions at = 0: the anodic contribution is largerlat O than at higher current
densities. This is attributed to the catalytic efffef water on the hydrogen oxidation
kinetics, topic already introduced in Section 8.44 the current density increases,
more water is produced within the anode, which dasesi,, speeding up the
oxidation reaction kinetics, so reducing the anoesstance with respect to OCV
condition. This interpretation is supported by thedel results: at 800°C, the active
thickness at OCV in the anode functional layetisost twice larger than at 0.7V.

Coming back to Figure 8.8a, there is a final remarke pointed out. Comparing
the polarization curves at 800°C and 825°C, in ltter operating condition the
current density is, in average, 15% larger tham pheduced at 800°C at the same
cell voltage. Even assuming that experimental datl in Section 8.4.1 could have
been affected by a maximum temperature gradier208C, as discussed at the
beginning of this Section, the error introduced simulation results by the
assumption of uniform temperature would have beeallsr than 15%. Note that
such an error would be fairly reasonable when niodeln SOFC at the stack level,
and it would be smaller than the error accepteithduhe sensitivity analysis on the
maximum angle of contact in Section 8.4.1. In otlerds, the comparison between
the sensitivity analysis reported in Section 8ahil the simulation performed in this
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Section shows that the global electrochemical behaf the cell is more sensitive
to errors in the estimation of microstructural deteather then on simplifications
related to operating conditions. This observationficms once again the importance
of a detailed microstructural modeling integratatbia cell-level electrochemical
model, which is the main point introduced in thisdy.

8.4.2.4 Effect of cell geometry

In this Section the model is used to analyze tfecebf modifications of the cell
geometry on the current—voltage characteristichef gystem. In particular, in the
first simulation the size of the cell is increagedhe nominal area 200m2@0mm
(the active area is 190mbt®0mm), which is the size expected for power stacks
[40,41,103]. A second independent analysis conctrasthickness of the anode
supporting layer, which is reduced to 580 as planned by the Forschungszentrum
Jilich in order to adapt the manufacturing lineniustrial necessities adopting the
tape—casting technique [41,87]. These simulatioesatso useful to highlight and
discuss about some limits of the proposed modeh as the assumption of uniform
temperature and the reduction of the three-dimeakigeometry to a two—
dimensional domain, both introduced in Section.2.

Figure 8.9 shows the polarization behavior of twlscdiffering in their size only.
The operating conditions for the shortest cellthose used in the previous Sections,
that is, those reported in Table 8.5 whify = ANImin~ androgm, = 0.870. For the
biggest cell, the inlet velocities of fuel and mrthe feeding channels are set equal
to those used in the shortest cell, that is, 0.869rand 5.823ns ", respectively.
Note that while this operating condition ensurest the gas flow in the channels is
the same in both the cells, a reduced feed ofaatecper unit of cell area is supplied
in the largest cell.

Figure 8.9 shows that the performance worsens esitle of the cell increases
while keeping the same inlet velocities: the pradlcurrent density is reduced of
about 15-20% at the same voltage. This effect éstduhe larger utilization of fuel
and oxygen as a consequence of a reduced feedathnés per unit of cell area. At
Veen = 0.7V, the fuel utilization is equal to 43.4% for= 0.09m while equal to
74.2% forL = 0.19m. The largddy, andUo, indicate thay, andyo, are in average
smaller within their respective functional layerthus resulting in larger
concentration overpotentials (see Egs. (8.15c)&ridc)) which are the responsible
of the decrease in the global cell performance.ti@@nother hand, the larger fuel
utilization has the beneficial effect to increase electrical efficiency, as deducible
from Eq. (8.29) and reported in Figure 8.9: the maxn efficiency rises from
29.7% to 45.4%. Note that at 800°C the thermodyonagfficiency limit, equal to
AG°/AH°®, corresponds to 76.0% based on the lower heasihgeyv
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Figure 8.9 — Effect of the cell length on the paation behavior of the simulated stack. On
the right axis, the electrical efficiency, basedtbe lower heating value, is reported. The
operating conditions are those summarized in Tabt with 4, = 0.870 and an inlet
velocity of fuel stream equal to 0.808rhfor both the cell lengths.

It is noteworthy that the polarization behavior tbé biggest cell substantially
matches that of the shortest cell if the inlet végles of fuel and air are
proportionally increased by a factor 0.19/0.09 idep to keep the same feed of
reactants per unit of cell area. In this operatiogdition, the fuel inlet velocity for
the biggest cell is raised to 1.70%m The velocity in the air channels increases
accordingly, leading to a maximum Reynolds nunf®erequal to about 100, which
is still below the critical Reynolds number of tukbnt transition in rectangular
ducts [104]. Therefore, this simulation (not repdrin Figure 8.9) shows that the
good performance reached by the shortest cell earedovered by the largest one
when supplying the same amount of reactants pero@icell area, obviously at the
expenses of a smaller fuel utilization.

It must be pointed out that the electrochemicalguarance for the bigger cell size
could be even slightly better than that predictgdie model in Figure 8.9. In fact,
as the size of the cell increases, the heat a$sdcim Joule heating and
electrochemical reactions may result in a potendeadperature increase along the
fuel flow direction, which can boost the currenbguction [60]. Obviously, while
this is beneficial from a performance point of vigemperature gradients should be
minimized to avoid thermo—mechanical stressesgkample tailoring the air flow
rate as discussed in Section 8.4.2.1. However, sugthenomenon cannot be
described by the model since uniform temperaturasgimed (see Section 8.2.2).
The analysis of thermal effects on the electrochahbehavior in big stacks, based
on the integration of the heat balance in modelagqgus, with effective thermal
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conductivities properly evaluated on numericallgamstructed microstructures, will
be subject of a future extension of the model.

Forschungszentrum Jilich plans to reduce the th&kof the anode supporting
layer to 50Qum, instead of 15Q0m as reported in Table 8.2, for a twofold reason:
the application of a manufactory technique scaléablandustrial level, such as the
tape—casting, and the saving of material [41,8%k &ffect of the reduction ¢F is
reported in Figure 8.10. Even though the anode atipg layer produced by tape—
casting shows some different microstructural chergtics [85], the same effective
properties reported in Table 8.4 are considerdtli;study in order to have, if not
guantitative information, at least preliminary iocaiions on the possible effects on
the electrochemical behavior. The simulated opsgatbnditions are the same used
above in this Section.

12

Figure 8.10 — Effect of the thickness of the anedpporting layer on the polarization
behavior of the cell. The operating conditions dénese reported in Table 8.5 with the
exception of e = 4NI'min and Ry, = 16NImin™.

Figure 8.10 shows that reducind® leads to a slight improvement in the
performance. This is due to the shorter diffusimgth for both hydrogen and water
to reach/leave the anode functional layer, redixgea factor 3. For a current density
of 0.8Acm™, y,, at the electrolyte—anode functional layer intezfatx = L/2 is
0.687 fort*® = 0.5mm while 0.624* = 1.5mm, indicating that in the former
condition the supply of hydrogen and the removalvatfer are facilitated, resulting
in a smaller concentration overpotential as theildgum potential step in Eq.
(8.15c) decreases in absolute value. The corregppndeduction in anode
overpotential is also visible in Figure 8.10.
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Hence, simulations suggest that such a geometridification should not
significantly affect the electrochemical respongetie cell. This conclusion is
correct provided that the thinner anode supportayger could still guarantee a
uniform gas and electron distribution on the whoddl area, which is realistic if
considering the characteristics of the wire mese (Section 8.2.3). However, the
model cannot catch this detail because the fudghdimensional geometry of the
system is not represented in the electrochemicalemdherefore, although at the
present simulations suggest to pursue in the remuof the thickness of the anode
supporting layer, saving material and so reduciogt @and weight of the stack, a
more detailed analysis is required, which will beject of future investigations.

Concluding, while in this Section some geometridifications to the Jilich cell
analyzed were investigated, some limits of the rhadge identified suggesting, as
an improvement, to include the heat balance imbdel equations and to consider
transversal phenomena occurring along the directieglected in the current
electrochemical model.

8.5 Conclusions

A quasi—two—dimensional model for the descriptioh the electrochemical
behavior of planar SOFCs in a stack was preseiiteglnovel feature introduced in
this study consists in integrating a detailed nstmactural modeling of the porous
layers for the estimation of the effective propstisuch as TPB length, tortuosity
factor, permeability, effective conductivity. Thismtegrated approach is fully
predictive and allows a coherent and rigorous situh of the cell polarization
behavior starting from the knowledge of powder ab#aristics and operating
conditions only, enabling a substantial reductidntlle number of uncertain
parameters.

The modeling framework was used to simulate thergstcucture and the
polarization behavior of a short stack of anodepsued planar cells produced by
the Forschungszentrum Jilich with LSM-based cath@delesign) without any
fitted or adjusted parameter. The comparison oflipted effective properties with
available experimental data, either measured duated on SEM images, revealed
discrepancies in the order of 30% as a maximumghvis a reasonable accuracy if
considering the complexity of the system. The gagokement between simulated
and experimental polarization curves pointed oat the model can quantitatively
reproduce the experimental data with good accunrgityout any fitting.

The model revealed that gas concentration effesjsecially on the anode side,
are responsible of both the parabolic shape ottimee near OCV and the reduced

polarization resistance as the water molar fradtiothe fuel stream increases. The
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main contribution to cell overpotential was ideietif in the activation losses in the
cathode functional layer. Simulations suggest that cell performance can be
improved by enhancing the catalytic activity of tlathode, especially for
intermediate temperature applications, while pdgsieducing the thickness of the
anode supporting layer.

The sensitivity analysis performed on the only utase morphological parameter,
that is, the angle of contact among the partiateshe cathode, showed that the
global electrochemical response of the system fc#yly more sensitive to
microstructural modifications rather then on vaoias in operating conditions. This
shows the importance of a detailed microstructumaldeling coupled with an
electrochemical cell-level model, which is the madint highlighted in this study.

Concluding, this study showed that quantitativeolinfation of the whole cell
electrochemical behavior can be predicted staftimg the knowledge of operating
conditions and powder characteristics when a detaihicrostructural model is
coupled with an electrochemical model. The integtatmodel can be used as a
physically—based interpretative tool of experimémtata and as a design tool to
optimize the system. Future research will be de€edcéo overcome the limits of the
present study, mainly related to the assumptionuoiform temperature (not
applicable for the simulation of big stacks), thgbuthe integration of the heat
balance in the set of model equations. In addittbe, electrochemistry of mixed
ionic—electronic conducting cathodes will be inigsted, in order to make the
model applicable for the current generation ofchililSCF-based anode—supported
cells.

Nomenclature

Glossary
Ass pre—exponential factor of hydrogen desorption kasdsm®mol™]
B? permeability in the layda (la = af, as cf, cc) [m?]

d'; mean particle size of phapdp = ela, elc, i0) in the layela (la = af, as, cf,
cq) [m]

d:;"‘me mean pore size in the layler(la = af, as cf, cc) [m]

Dh; channel hydraulic diametegr#£ a, ¢) [m]

Dy effective Knudsen diffusivity of species(s = H2, H20, 02, N2) in the

layerla (la = af, as cf, cc) [m*s]
Ds1s2  binary diffusivity of the pair of speciesl/s2 (s1/s2= H2/H20, O2/N2
[m?*s7]
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DeMa  effective binary diffusivity of the pair of spesigl/s2(s1/s2= H2/H20,
02/N2 in the layera (la = af, as cf, cc) [m*s™]

E° standard electromotive force [V]

Ews activation energy of hydrogen desorption kinefiesiol ]

EfC‘ activation energyj € a, ¢) [Jmol™]

j friction factor { =4, ¢)
F Faraday constant [@ol™]
Fai molar flow rate of air [moi;‘l]

Fuwe  molar flow rate of fuel [mes™]

hy channel heightj (= a, ¢) [m]

i current density per unit of TPB lengit=a, c) [A-m™]
io exchange current per unit of TPB lengtk &, ¢) [A-m ]

ilff)f exchange current per unit of TPB length at therezfce temperature £ a,
o) [A-m™]

I current density per unit of cell area [A9m

Js molar flux of species (s = H2, H20, 02, N2, e O) [mol-m#s™]

J.  mass flux of species(s = H2, H20, 02, N2, g O) [kg:-m >s ]

Jge” molar flux of species (s = H2, H20, 02, N2) at the cell-channel interface
[mol-m™2s™]

L cell length [m]

Ms molecular weight of speciags = H2, H20, 02, N2) [kg- mol ]

n normal versor oriented from cell to channel

OCV open—circuit voltage [V]

P; pressurej(= a, ) [Pa]

R,, reference pressure of hydrogen adsorption/desorptjuilibrium [Pa]

Pg‘zf reference oxygen partial pressure [Pa]
Pe Peclet numbej € a, ¢)

r interconnect rib widthj (= a, ¢) [m]
roamz Molar oxygen—to—hydrogen ratio
R ideal gas constant [J- mMbK™]

Re Reynolds numbel € a, €)

Re,; wall Reynolds numbej € a, c)

t thickness of the layda (la = af, as cf, cc, ey) [m]
T operating temperature [K]

T reference temperature for reaction kinetjcs 4, c) [K]
Us utilization factor § = H2, O2)
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Vi mass—averaged gas velocityg(@, ¢) [m-s7]

Veell cell potential [V]

Vo electric potential of phage(p = ela, elc, io) [V]

W, channel widthj(=a, ¢) [m]

X coordinate along the longitudinal direction [m]

Vs molar fraction of gas speciegs = H2, H20, 02, N2)
mass fraction of gas speciet = H2, H20, 02, N2)

i first transfer coefficientj (= a, €)

B second transfer coefficiert<£ a, c)

% sticking probability of hydrogen adsorption Kirosti

r surface site density [mol-fh

gq dimensionless factor of Taylor—Aris axial dispers{ = a, c)
-AG° standard Gibbs free energy of hydrogen combugdianol™]
—4H°  lower heating value of hydrogen combustion [J-fol

£ electrical efficiency

{ reaction order oxygen in cathode kinetics

Neen cell overpotential [V]

1 activation overpotential € a, ¢) [V]

¢ maximum angle of contact among the particles énlalyerla (la = af, as cf,
cc) [°]

k™2 effective conductivity factor of phage(p = ela, elc, io) in the layeda (la =
af, as cf, co

)I'TaPB TPB length per unit volume in the layar(la = af, as cf, cc) [m™]

7 gas dynamic viscosity € a, ¢) [kg-m™s7]

e, gas densityj(= a, ¢) [kg-mJ|

Oy conductivity of phase (p = ela, elg, io) [S-nT"]

2 tortuosity factor in the layda (la = af, as cf, cc)

Ty, shear—stress factor at the wak@, ¢) [N-m?]

s porosity of the layela (la = af, as cf, cc)

Yol solid volume fraction of electronic phasigel = ela, elc) after sintering

Superscripts

af anode functional layer
as anode supporting layer
cc cathode current collector
cf cathode functional layer
ey electrolyte

254



Acknowledgements

Subscripts

a anodic

o cathodic
e electron

ela electron—conducting phase in the anode (e.g., Ni)
elc electron—conducting phase in the cathode (e.dV)LS
H2 hydrogen

H20 water

[o] ion—conducting phase (e.g., YSZ)
IN inlet conditions

N2 nitrogen

@] oxygen ions

02 oxygen

Abbreviations

LSM strontium—doped lanthanum manganite
TPB three—phase boundary length

YSZ yttria—stabilized zirconia
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Chapter 9

Conclusions

This Chapter summarizes the main achievementseothésis and provides the
general conclusions of the study. Possible impremmand further applications of
the presented modeling framework are also discussed

The main points to be highlighted are:

I. the proposed integrated microstructural—electroate&inmodeling framework
allows afrom—powder—to—poweapproach, that is, the prediction of the system
performance from the same measurable and conti®llpdrameters used in
reality without the need for empirical, fitted afjasted parameters;

ii. the framework allows the physically-based inteigtieh of experimental
observations, such as the strong coupling betwksstrechemical behavior and
morphological characteristics, and can be usedtaslao optimize the SOFC
design;

iii. the models can be extended to take into accounbstiacture evolution (i.e.,
functional degradation of the electrodes), heatardz@ and mixed ionic—
electronic conducting materials at the electrodes.



Chapter 9 - Conclusions

9.1 Survey of main results

This thesis presented an integrated modeling fraorleto describe the interaction
between microstructure and electrochemical behafi®@OFCs. Several modeling
tools at the microstructural and electrochemicall ¢evels were developed,
combined and applied, showing that the models asmntifatively reproduce the
strong coupling between the morphological charasties of the electrodes and the
electrochemical behavior of the whole fuel cellteys.

At the microstructural level, several particle—tzhagorithms able to numerically
reconstruct the three—dimensional microstructure poffous electrodes were
presented and discussed. These algorithms werédogedeto take into account the
main morphological features of SOFC electrodesh sas the polydispersion of
particle size and, more importantly, the effectsiatering phenomena, which cause
the densification of the structure through partiokerlap and the formation of
additional pores when pore—former particles améhtced.

Packing algorithms were adopted in this thesisitmlate conventional porous
electrodes (Chapter 4) and nanostructured eledragd@hapter 6) under the
assumption that particles were spherical. A moreegd packing algorithm, able to
reconstruct random packings of nonspherical pagjalvas proposed in Chapter 5 in
order to take into account specific features whady arise in SOFC electrodes,
such as particle agglomeration and the distortigpadticle shape from the spherical
one. A Monte Carlo random—walk method (Chapter @} weveloped in order to
calculate the effective transport properties (effective conductivity, tortuosity
factor) and the specific geometric properties (etlgree—phase boundary length,
mean pore size) of the reconstructed electrodes.

Using this approach, all the main morphological tdess and electrode
architectures could be properly simulated. Quantéa information, such as
percolation thresholds, three—phase boundary lergtld effective transport
properties, could be accurately predicted. In aallitthe approach allowed the
substantial reduction, if not the elimination, tdd parameters, avoiding the need for
empirical correlations or the use of percolatiordeis, both of which were found to
provide limited information (Chapter 4) or inacdargpredictions (Chapter 3) if
compared with detailed particle—based models.

The microstructural models were specifically val@thin Chapter 7 against well—
characterized experimental data. Effective trartspooperties in both gas (i.e.,
permeability) and solid phase (i.e., effective amtvity) of random packings of
sintered spherical particles were predicted and pesed with experimental
measurements in a wide range of porosity. The Extehgreement found for both
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gas and solid phase properties without any fitteddjusted parameter attested the
soundness of the proposed particle—based models.

Electrochemical models were developed at both reldet level for button cell
configuration (Chapters 2, 3 and 7) and at ceklléw simulate the behavior of a cell
within a stack (Chapter 8). A physically—based apph was considered, consisting
of mass and charge balances applied within the mamebelectrode assembly and
the feeding channels. The transport of gaseouslaadied species in porous media
as well as the reaction at the contact points keswdifferent conducting phases
were considered through mechanistic models, asxamme the dusty—gas model to
describe convention and diffusion (both ordinarg dtudsen diffusion) of gas
species within the pores of the electrodes. Thehamstic approach was found to
be applicable for conventional materials commordgdifor high temperature fuel
cells and also for unconventional SOFC configuragiChapter 3).

The solution of model equations provided the steatye and the transient
electrochemical behavior of the electrode or tHe The steady—state response was
useful to evaluate the system efficiency and tessdow different phenomena
contributed to affect the SOFC performance, suclhaseffects of mass transfer
limitations discussed in Chapters 7 and 8. Dynasiiulations, performed to
reproduce impedance spectra, allowed a physicakpratation of experimental
results and the identification of basic processEsiming at microscopic scale as in
Chapter 2. In addition, the knowledge of the lodgtribution of field variables
(e.g., concentrations, electric potentials, pregsumwhich are not available
experimentally, made the model capable to providmser understanding of all the
microscopic processes occurring in the system, pinoging information regarding
kinetic aspects (Chapter 2), active thicknessesafj@ns 2 and 8) and limiting
factors (Chapter 7).

Microstructural and electrochemical models wereegnated at both electrode
(Chapter 7) and cell (Chapter 8) levels, providmgnodeling framework able to
describe the coupling between morphological charetics and electrochemical
behavior. The approach was validated in Chaptesh8wing that the integrated
model was capable to reproduce and predict theaseapic behavior of an SOFC
stack produced by the Forschungszentrum Jilichclwinowadays represents a
worldwide benchmark, in a wide range of operatingditions without the need for
fitted parameters.

9.2 General conclusions

The main goal of the thesis consisted in the iatiégn of the microstructural

modeling into the mechanistic description of reattand transport phenomena at
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electrode and cell level. This integration allowedto build a modeling framework
from—powder—to—powerthat is, capable to reproduce and predict the GOF
macroscopic response, such as the current—voleagonship, from the knowledge
of powder characteristics and operating conditiavtsich are the same measurable
and controllable parameters available in reality.

Within this framework, no empirical, fitted or adfable parameters are required,
feature which makes the modeling tool widely agghie in a broad range of
conditions. In particular, the microstructural amide electrochemical models
developed are sufficiently general to quantitativeproduce all the main electrode
configurations, morphological features and conchgcinaterials currently adopted
for SOFC applications.

The integrated microstructural—electrochemical migléully predictive and does
not require real samples. When specific measuresvaet available, the model can
be used as an interpretative tool of experimerdtd,dtherwise it can be applied as
a design tool to improve the cell performance btirnoging the geometrical and
microstructural parameters.

The thesis showed that there is a strong coupltgden electrode microstructure
and cell electrochemical behavior: morphologicabreleteristics may affect the
system performance more significantly than someeri@tproperties or operating
conditions. Only a model capable to reproduce suskrong coupling can provide
guantitative information and sound predictions. i3ing the proposed modeling
framework, the cell performance can be substantialproved by optimizing the
electrode microstructure and taking into accoustittiluence on the all processes
occurring at the microscopic scale.

9.3 Outlook

The integrated microstructural—electrochemical nedwoposed in this thesis
provide a sound and validated basis for the meshardescription of solid oxide
fuel cells, from the microstructural to the ceNéé and for the prediction of system
performance for a wide variety of operating comti and electrode architectures.
However, in the framework of multi-scale modelinglalue to inherent complexity
of SOFCs, further improvements and integrationsstiigpossible.

The most significant aspect to be added to the misdthe description of the
microstructural modifications of the electrode rm&ructure occurring during
operation, such as grain growth, coarsening antbamgation of particles. To date
these phenomena are supposed to be the main peceksiEh lead to performance
degradation and limit the lifetime of SOFCs. Thedeling of the electrode
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microstructural evolution can be included into geeticle—based models presented
in this thesis by applying discrete element methmdsnetic Monte Carlo methods.
Comparison of the numerically reconstructed micrastires with samples analyzed
through computer tomography will assess the validit the numerical models.
Then, coupling the electrochemical models will alline prediction of the temporal
evolution of the cell performance, providing a dhpiternative to long—term ageing
tests.

An important improvement concerns the introductifrthe heat balance in the
cell electrochemical model, with corresponding effee thermal conductivities
evaluated through the Monte Carlo random-walk nethm date, the effective
thermal properties of porous electrodes are eweduasing empirical correlations
which usually overestimate the effective thermahditivity. With the heat
balance, also the temperature distribution througltbe cell will be predictable.
This information be useful to assess the arisdn@fmal stresses and to investigate
the effects of temperature gradients on the elelsmistry. The solution of the heat
balance will also provide the outputs necessarintegrate the model in process
simulators in order to evaluate the thermal efficieof the fuel cell system.

Finally, the model can be extended to take intooaet mixed ionic—electronic
conductors instead of composite electrodes, malkingttractive for the next
generation of intermediate temperature SOFCs. kctipe, the extension will
concern only a modification of the reaction kingtignd of the charge transport
model, therefore it could be easily accommodated.
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