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a b s t r a c t

We present a pore-scale model of a solid oxide fuel cell (SOFC) cathode. Volatile chromium species are
known to migrate from the current collector of the SOFC into the cathode where over time they decrease
the voltage output of the fuel cell. A pore-scale model is used to investigate the reactive transport of
chromium species in the cathode and to study the driving forces of chromium poisoning. A multi-scale
modeling approach is proposed which uses a cell level model of the cathode, air channel and current
eywords:
olid oxide fuel cell
omputational modeling
hromium poisoning
eactive transport
ompetitive adsorption

collector to determine the boundary conditions for a pore-scale model of a section of the cathode. The
pore-scale model uses a discrete representation of the cathode to explicitly model the surface reactions
of oxygen and chromium with the cathode material. The pore-scale model is used to study the reaction
mechanisms of chromium by considering the effects of reaction rates, diffusion coefficients, chromium
vaporization, and oxygen consumption on chromium’s deposition in the cathode. The study shows that
chromium poisoning is most significantly affected by the chromium reaction rates in the cathode and

e a fu
that the reaction rates ar

. Introduction

Solid oxide fuel cells (SOFCs) are currently being developed as an
lternative to traditional fossil fuel burning power plants and show
romise as a cleaner, more efficient alternative energy technology.
OFCs have been shown to have an electrical efficiency of 35–43%
nd are expected to reach 50–60% electrical efficiency [1].

In recent years the operating temperatures of SOFCs have been
educed to 600–1000 ◦C which allows for stainless steel current
ollectors to be used. Stainless steel is a less expensive alternative
o the ceramic current collectors used in earlier SOFC designs, and
s easy to machine, has a high electrical conductivity, and is able

o withstand the corrosive environment of the fuel cell. The stain-
ess steels typically used in SOFCs contain chromium which forms

protective chromia oxide scale on the current collector. These
tainless steels are chosen because of the low electrical resistance
f the chromia oxide scale, which does not significantly increase
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nction of the local current density in the cathode.
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the ohmic losses in the fuel cell. However, the chromia oxide scale
has been shown to react with the air in the air channel of the cath-
ode to form volatile chromium species [2]. Chromium poisoning
occurs when these volatile chromium species, typically CrO2(OH)2
and CrO2 [2], migrate into the porous cathode and react with the
surface of the cathode.

Chromium poisoning is predominately seen in lanthanum stron-
tium manganese oxide (LSM) cathodes, which have traditionally
been the cathode material of choice in SOFCs. Recent studies have
found that in the LSM cathode chromium species can drastically
decrease the performance of the fuel cell over relatively short peri-
ods of time. For an SOFC operated at 800 ◦C with a current density of
250 mA cm−2, a decrease in cell voltage of 5% per 1000 h has been
seen and at higher current densities decreases of 20% per 1000 h
have been seen [3].

Investigations of chromium deposition on the LSM cathode
have shown that in a poisoned cell chromium is predominately
deposited in the electrochemically active area of the cathode
directly next to the electrolyte interface [4–6]. Several different
mechanisms of chromium poisoning in LSM have been proposed
over the years based on different chemical and electrochemical

reactions [5]. Chemical reactions have been shown to be possible
between LSM and chromium at the SOFC operating temperatures
but do not show preferential chromium deposition in the electro-
chemically active area [6,7]. The more likely reaction mechanism
is related to the electrochemical reactions and voltage potential of
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he SOFC. Two different reaction mechanisms have been proposed
o explain how chromium reacts with the electrochemically active
athode. The first mechanism proposes that chromium reacts with
he free electrons and oxygen vacancies on the cathode surface via
eactions such as [2,4]

CrO2(OH)2(g) + 6e− + 3V
••
O → Cr2O3(s) + 3Ox

O + 2H2O (1)

CrO2(g) + 6e− + 3V
••
O → Cr2O3(s) + 3Ox

O (2)

In reactions (1) and (2) as the current density increases the avail-
ble electrons (e−) and oxygen vacancies (V

••
O ) will also increase

llowing for increased chromium deposition on the cathode sur-
ace due to increased available adsorption sites. The increased
hromium deposition in turn reduces the sites available for oxy-
en to adsorb and electrochemically react decreasing the output
oltage of the SOFC. The second electrochemically related reaction
echanism suggests a chemical reaction between chromium and
anganese ions formed under the voltage potential in the LSM,
hich act as nucleation sites for chromium to form Cr2O3 and a
anganese spinel [8],

n2+(s) + CrO3(g) → Cr–Mn–O(nuclei) (3)

r–Mn–O(nuclei) + CrO3(g) → Cr2O3(s) (4)

r2O3(s) + CrO3(g) + Mn2+(s) → (Cr, Mn)O4(s) (5)

The Cr2O3 and spinel formed on the LSM block the migration of
xygen to the triple phase boundaries reducing the oxygen avail-
ble for the electrochemical reactions.

Both electrochemically related reaction mechanisms involve the
dsorption of chromium species to the cathode surface, which
locks oxygen from adsorbing to the surface and/or diffusing to the
riple phase boundaries of the cathode. In this paper we present a
ore-scale reactive transport model of chromium and oxygen in an
OFC cathode to investigate the reaction mechanisms of chromium
oisoning. We consider the transport of oxygen and chromium
ithin the porous cathode structure and the surface reactions of

xygen and chromium with the surface. In our model we rep-
esent the surface reactions as a competitive adsorption process
etween oxygen and chromium. Although the exact mechanisms
f chromium poisoning are not known, it is clear that chromium
dsorbs to the surface of the cathode where it may then react fur-
her with manganese or other species in the cathode. Likewise, the
eaction steps of oxygen reduction in the cathode are an area of con-
inued research but oxygen also adsorbs to the LSM surface before
eing reduced [9–11].

Past research on chromium poisoning has focused on experi-
ental efforts to characterize chromium’s effects on the overall

erformance of the fuel cell [4,12–15] and different strategies to
ecrease the amount of chromium volatized in the air channel
16–18]. Research on the fundamental mechanisms of chromium
oisoning has been limited with only a handful of studies consid-
ring the transport and reaction mechanisms of chromium in the
athode [5,7,8,14,19,20]. Understanding the details of degradation
ssues such as chromium poisoning can help researchers to better
nderstand the physics of the problem and can aid in the design of
itigation strategies for chromium poisoning.
In this paper we present a multi-scale modeling approach to

nvestigate the reactive transport of oxygen and chromium in the
athode. The central part of this approach is a pore-scale smoothed
article hydrodynamics (SPH) model of chromium reactive trans-

ort in a small section of the cathode, which is modeled as a discrete
orous microstructure. The multi-scale approach also includes a
ell level (continuum-scale) model of the cathode, air channel and
urrent collector. The cell level model is used to determine the
oundary conditions for the pore-scale model based on typical
ources 196 (2011) 287–300

SOFC operating conditions. The cell level model, based on the com-
mercial computational fluid dynamics software Fluent, does not
consider the reactions of oxygen and chromium in the cathode, and
only includes the transport of species in the air channel and cath-
ode, and the vaporization of chromium from the current collector
walls.

Past models of reactive transport within the SOFC electrodes
have focused on cell level, continuum-scale models, such as
the Dusty Gas Model [21–23]. In these models the electrode
microstructure is not explicitly resolved and instead it is accounted
for via effective parameters. The effective parameters, such as the
effective diffusion coefficient and permeability, are based on the
average structural properties of the electrodes and the assumption
of a homogeneous microstructure. In pore-scale models the elec-
trode microstructure is discretely resolved negating the need for
effective parameters and allowing for heterogeneous microstruc-
tures to be modeled.

The remaining of the paper is divided into six sections which
discuss the reactive transport model of the cathode and parametric
studies of chromium poisoning in the cathode: Section 2 describes
the pore-scale reactive transport equations, Section 3 outlines the
numerical implementation of the pore-scale model, Section 4 dis-
cusses the cell level model and results which are used as boundary
conditions in the pore-scale model, Section 5 presents parametric
studies of chromium in the cathode via the pore-scale model of the
cathode and Section 6 discusses the conclusions drawn from this
work.

2. Pore-scale reactive transport equations

In reactive transport problems a porous medium can be treated
explicitly as a combination of grains and voids (pores) or as a con-
tinuum. The continuum (Darcy) description of reactive transport
is computationally more efficient but relies heavily on phe-
nomenological descriptions of the reaction processes and requires
knowledge of effective parameters describing continuum struc-
tural and transport properties of the porous media, such as porosity,
tortuosity, average grain radii, effective diffusion coefficient, effec-
tive surface area and effective reaction rates. As a result, the
accuracy of continuum models cannot be assessed a priori.

In our model we use a discrete representation of the SOFC cath-
ode to model the system on the pore-scale. In a discrete (pore-scale)
model, the computational domain ˝ representing the cathode con-
sists of two non-overlapping sub-domains: ˝ ∈ ˝P ∪ ˝S, where ˝S
is the solid sub-domain occupied by the cathode material (assumed
here to be impermeable for the oxygen and chromium) and ˝P is
the pore sub-domain. At the surface of the cathode � , � ∈ ˝P ∩ ˝S,
oxygen and chromium competitively adsorb as discussed in Section
1.

The section of the cathode which is included in the pore-scale
model is shown in Fig. 1. A schematic of the full SOFC cell, including
the pore-scale domain, is shown in Fig. 2. The pore-scale simula-
tion domain is a 2D representation of a porous cathode where the
domain consists of solid circular grains representing the cathode
(˝S) surrounded by the pore space (˝P). Although an idealized
porous microstructure is modeled, the macroscopic properties of
the microstructure are consistent with the macroscopic properties
of a typical SOFC cathode. Namely, the average grain radii (1 �m),
porosity (0.42) and thickness (45 �m) are within the accepted
ranges of the cathode [4,24,25].
The simulation domain is bounded by the electrolyte at BEL,
the current collector at BCC and the air channel at BAC. The cath-
ode domain is divided into two regions, the non-electrochemically
active cathode, RCA, and the electrochemically active cathode, REC.
In REC oxygen is removed from the system due to the electrochem-
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Fig. 1. The 2D pore-scale cathode domain, where the cathode material is repre-
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the Chapman–Enskog Theory [33],

F

ented by the circular grains (white) and is surrounded by the gas (grey). The
xternal boundaries of the pore-scale domain are labeled as well as the non-
lectrochemically active region (RCA) and the electrochemically active region (REC).

cal reactions of the SOFC. REC is assumed to be the region within
10 �m of the electrolyte. In the cathode the electrochemical

eactions are assumed to occur within 5–10 �m of the cathode-
lectrolyte interface [26].

The pore-scale model of the cathode is used to investigate
hromium poisoning by considering the transport and reactions of
hromium in the cathode. In general, transport of chemical species
n porous media is a result of both advection and molecular diffu-
ion and both these mechanisms are considered in the pore-scale

odel. In Appendix A we study the air flow in the cathode and show

hat the air velocity in the cathode is very small and the advection
f gaseous species is negligible when compared to gas diffusion.
ecause of this, advection is neglected in our parametric studies of

ig. 2. SOFC schematic (not to scale) showing the pore-scale simulation domain and the c
ources 196 (2011) 287–300 289

chromium poisoning in the cathode (Section 5). Since advection is
not a significant transport mechanism, only the diffusion and reac-
tions of oxygen and chromium are modeled in our pore-scale model
and are laid out in this section. Additionally, the different diffusion
mechanisms possible in the cathode are discussed in Section 2.1.
Due to the average pore size in the cathode, both molecular and
Knudsen diffusion are included in the pore-scale model.

2.1. Diffusion

In the SOFC cathode, diffusion of species can take place in both
the gas (˝P) and on the surface of the cathode (� ). Since gas dif-
fusion is much faster than surface diffusion [10] only gas diffusion
is considered in the pore-scale model and is described by Fick’s
law of diffusion, J(�x) = −D(�x)∇ca(�x), where J is the diffusive flux, ca

is the concentration of species a (a = O, Cr) and D is the diffusion
coefficient.

In the pore sub-domain the diffusion of species is described by:

∂ca(�x, t)
∂t

= ∇ · (D(�x)∇ca(�x, t)) �x ∈ ˝P (6)

In the cathode, both molecular and Knudsen diffusion of gaseous
species can be important [27]. SOFC cathodes typically have an
average pore radii of ∼ 1 �m [24,25], which places diffusion in
the transition region between the molecular and Knudsen diffusion
regimes. Molecular diffusion is the diffusion of species due to the
molecule–molecule interactions; while Knudsen diffusion is due
to molecule–wall interactions [28]. The transition region applies to
conditions where the Knudsen number is between 0.01 and 1 [29].
Based on the average pore radii of the cathode and a typical SOFC
operating temperature of 1073 K, the average Knudsen number in
the cathode is 0.13 which falls in the transition region.

Continuum-scale models of diffusion in the cathode use an effec-
tive diffusion coefficient to account for both molecular and Knudsen
diffusion. The effective coefficient is usually given by the Bosanquet
formula [30–32]. In a pore-scale model, the molecular diffusion
coefficient can be used to describe diffusion in larger pores while
the Knudsen diffusion coefficient should be used to model diffu-
sion in smaller pores. This could be accomplished by dividing the
domain into zones depending on pore radii and applying the appro-
priate diffusion coefficients to the different regions.

The molecular diffusion coefficient, Dij, can be calculated from
Dij =
1.86 · 10−3T2/3

(
1

Mi
+ 1

Mj

)1/2

P�2
ij

˝
(7)

ell level simulation domain. The pore-scale simulation domain is detailed in Fig. 1.
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Table 1
Species transport and reaction parameters.

Species Diffusion coefficients Molecular radii [40] Adsorption coefficient [41] Desorption coefficient [41]
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Molecular Knudsen

Oxygen 9.35E−05 m2 s−1 5.6E−04 m2 s−1 1.4E−4
Chromium 9.35E−05 m2 s−1 5.9E−04 m2 s−1 1.3E−4

here T is temperature, P is pressure, Mi is the molecular mass
f species i, and �ij and ˝ are molecular properties of the species
hich can be found in [33] for common gaseous species.

The Knudsen diffusion coefficient can be defined by, [28]

K
i = d

3

(
8RT

�Mi

)1/2
(8)

here d is the mean pore diameter and R is the universal gas con-
tant.

Based on the typical operating conditions of an SOFC cathode
1073 K, 1 atm) and the molecular masses of oxygen and chromium,
he molecular and Knudsen diffusion coefficients in the cathode
ill be of roughly the same order of magnitude, as summarized

n Table 1. For simplicity, in the model presented here we use a
ingle diffusion coefficient assumed to be equal to the molecular
iffusion coefficient to model pore-scale diffusion. The Knudsen
nd molecular diffusion coefficient calculations contain a number
f estimated parameters (such as �ij and ˝) and assume some ide-
lizations, such as cylindrical pores in the Knudsen equation (8),
hich cause uncertainty in the calculations. Since the main focus

f this paper is to study the distribution of chromium in the cath-
de we chose not to model the two different diffusion mechanisms
n detail. Additionally in Section 5 we show that the reaction rates
ave a greater effect on chromium poisoning and the distribution
f chromium in the cathode than the diffusion coefficient.

.2. Competitive adsorption

The reactions of oxygen and chromium on the cathode surface
re described by a competitive adsorption process, where both oxy-
en and chromium species are competing for the same adsorption
ites on the cathode surface.

Competitive adsorption is described in the pore-scale model by
he boundary condition of the diffusion equation (6) at the solid
rains,

(�xs)∇ca(�xs) · �n = Ra
S(�xs, t) �xs ∈ � (9)

here �xs is a point on the cathode surface � , �n is the normal to �
nd Ra

S is the surface reaction describing a competitive adsorption
eaction according to the Langmuir model [34],

Ra
S(�xs, t) = k+

a ca(�xs, t)[1 − �a(�xs, t) − �b(�xs, t)]
g − k−

a (�a(�xs, t))
g

�xs ∈ � (10)

here �a is the normalized surface concentration of species a (a = O,
r), k+

a and k−
a are the adsorption and desorption rate coefficients,

espectively, and g is the number of adsorption sites needed by
ach species. The Langmuir adsorption model assumes monolayer
dsorption on the surface of the cathode and constant reaction rates
ith coverage. The model is commonly used in reactive transport
odels [35–37] and has been used in previous models of reactive

ransport in SOFCs [38,39].

In our model we consider the competitive adsorption of oxygen

o be dissociative where diatomic oxygen in the gas adsorbs to two
dsorption sites on the cathode surface; while chromium adsorp-
ion is described by Eqs. (1) and (2) which require three adsorption
ites (oxygen vacancies) to adsorb to the cathode. From Eq. (10),
3.95E−1 m s−1 1.44E−3 kg m−2 s−1

– –

the reaction terms for oxygen and chromium can be written as,

RO
S (�xs, t) = k+

OcO(�xs, t)
[
1 − �O(�xs, t) − �Cr(�xs, t)

]2 − k−
O(�O(�xs, t))

2

�xs ∈ � (11)

RCr
S (�xs, t) = k+

Crc
Cr(�xs, t)[1 − �Cr(�xs, t) − �O(�xs, t)]

3 − k−
Cr(�

Cr(�xs, t))
3

�xs ∈ � (12)

In the model the normalized surface concentrations of oxy-
gen and chromium are both normalized by the same maximum
surface concentration, �a = sa/smax. The maximum surface concen-
tration, smax, can be approximated by the inverse of the square of
the molecular diameter of the adsorbed species [34,40]. Based on
the molecular radii of oxygen and CrO2(OH)2, which we consider
the form of chromium in the model, both species have the same
radii, Table 1.

The adsorption (k+
a ) and desorption (k−

a ) coefficients, Table 1,
for oxygen are taken from [41], which investigated the adsorp-
tion of oxygen on an LSM cathode. The adsorption and desorption
coefficients for chromium on LSM are unknown and to the best of
the authors’ knowledge have not been studied. In Section 5, the
chromium reaction rates are considered in the parametric studies
to investigate their effect on chromium poisoning.

Since the cathode is assumed to be an impermeable solid, from
mass conservation considerations the change in surface concentra-
tion (sa) is,

dsa

dt
= Ra

S(�xs, t) �xs ∈ � (13)

An accurate numerical treatment of the reactive boundary con-
dition, Eq. (9), in domains with complex geometries (such as
the cathode’s pore domain) presents a significant challenge for
any numerical method. A smoothed particle hydrodynamics (SPH)
solution of this diffusion-reaction problem can be significantly sim-
plified by using the continuum surface reaction (CSR) model [42]
that replaces the boundary � with a diffuse interface. The CSR
model replaces the original diffusion equation subject to the non-
homogeneous boundary condition (9) with the diffusion-reaction
equation

∂ca(�x, t)
∂t

= ∇ · (D(�x)∇ca(�x, t)) − Ra
V (�x, t) �x ∈ ˝P (14)

subject to the homogeneous Neumann boundary condition

�n · D∇ca(�xs, t) = 0 �xs ∈ � (15)

where Ra
V is the volumetric source term due to competitive adsorp-

tion.
The CSR model accomplishes the transformation to Eqs. (14) and
(15) by employing a characteristic function (ϕ), which has a unique
value on either side of the surface. The details of the CSR model
are discussed in [42,43], and the pore-scale transport model with
competitive adsorption reactions in porous media is validated and
compared to a Darcy-scale model in [43]. Using the CSR model, the
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iffusion-reaction equation (14) can be defined as [43],

∂ca(�x, t)
∂t

= ∇ · (D(�x)∇ca(�x, t)) −
∫

˝S

R̃a
S(�x, �x′, t)

(
�n(�x) + �n(�x′)

)

×
(

ϕ(�x′) − ϕ(�x)
)∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝P, (16)

here ϕ is the characteristic function, W is the smoothed particle
ydrodynamics (SPH) smoothing function, which is discussed in
ection 3, and R̃a

S is given by [43],

R̃a
S(�x, �x′, t) = k+

a ca(�x, t)
[
1 − �̃a(�x′, t) − �̃b(�x′, t)

]g − k−
a (�̃a(�x′, t))

g

�x ∈ ˝P, �x′ ∈ ˝S. (17)

In Eq. (17), �a, which is defined on � , has been replaced with �̃a

hich is defined throughout the solid side of the diffuse interface
s

˜a(�x, t) = s̃a(�x, t)
s̃a

max(�x)
�x ∈ ˝S (18)

here the rate of change of the surface concentration, s̃a, due to the
urface reactions is written in CSR form as [43],

ds̃a(�x, t)
dt

=
∫

˝P

R̃a
S(�x, �x′, t)(�n(�x) + �n(�x′))(ϕ(�x′)

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝S, (19)

nd s̃a
max is written as,

a
max(�x) = sa

max

∫
˝P

(�n(�x) + �n(�x′))(ϕ(�x′)

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝S (20)

here sa and sa
max, which were defined on the surface, have

een replaced with volumetric surface concentrations s̃a and s̃a
max

efined over the diffuse interface.
Now the complete set of governing equations for the diffusion

nd reactions of oxygen and chromium in the cathode is given by,

∂cO(�x, t)
∂t

= ∇ · (D(�x)∇cO(�x, t)) −
∫

˝S

R̃O
S (�x, �x′, t)(�n(�x) + �n(�x′))(ϕ(�x′)

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝P (21)

∂cCr(�x, t)
∂t

= ∇ · (D(�x)∇cCr(�x, t)) −
∫

˝S

R̃Cr
S (�x, �x′, t)(�n(�x) + �n(�x′))(ϕ(�x′

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝P (22)

ds̃O(�x, t)
dt

=
∫

˝P

R̃O
S (�x, �x′, t)(�n(�x) + �n(�x′))(ϕ(�x′)

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝S (23)

ds̃Cr(�x, t)
dt

=
∫

˝P

R̃Cr
S (�x, �x′, t)(�n(�x) + �n(�x′))(ϕ(�x′)

− ϕ(�x))∇ �xW(�x′ − �x, hr)d�x′ �x ∈ ˝S (24)

here R̃O
S and R̃Cr

S are defined by
˜O
S (�x, �x′, t) = k+

OcO(�x, t)
[
1 − �̃O(�x′, t) − �̃Cr(�x′, t)

]2

− k−
O(�̃O(�x′, t))

2
�x ∈ ˝P, �x′ ∈ ˝S (25)
ources 196 (2011) 287–300 291

R̃Cr
S (�x, �x′, t) = k+

Crc
Cr(�x, t)

[
1 − �̃Cr(�x′, t) − �̃O(�x′, t)

]3

− k−
Cr(�̃

Cr(�x′, t))
3

�x ∈ ˝P, �x′ ∈ ˝S (26)

Eqs. (21)–(26) constitute the complete set of governing equa-
tions for the pore-scale cathode model presented in Section 5.

3. Pore-scale numerical implementation

The smoothed particle hydrodynamics (SPH) method is used
to discretize the pore-scale reactive transport equations, given in
Section 2. SPH is a grid free method for solving partial differential
equations in a Lagrangian framework. SPH discretizes the system
with a set of particles used as interpolation points to solve the
governing equations of the system. The method was originally
developed to model astronomical systems [44,45], and in recent
years has been applied to the diffusion, advection and reactions
of chemical and biological species in porous and fractured media
[46–49].

SPH is based on the concept that a continuous field, A, can be
approximated by an integral interpolant [50],

As(�x) =
∫

˝P∪˝S

A(�x′)W(�x′ − �x, h)d�x′ �x ∈ ˝P ∪ ˝S (27)

where As is the approximation of A, W is the SPH smoothing function
with a support length of h and the integration is performed over
the entire domain of A. In SPH the smoothing function is chosen
such that it is n-times differentiable, normalized over the volume,
has a compact support h (W(|x| > h) = 0) and tends towards the delta
function as h → 0. When W is the delta function Eq. (27) reproduces
A exactly [50].

In the SPH method all domains (pore and solid sub-domains in
our model) are discretized with a set of particles and the integral,
Eq. (27), is approximated as the summation over a discrete number
of particles where the value of A is know at each point,

As(�x) =
∑

i

Ai

di
W(�x − �xi, h) �x ∈ ˝P ∪ ˝S (28)

where �xi is the position of particle i, Ai = A(�xi), di = �i/mi is the par-
ticle number density, �i is the fluid density and mi is the mass of
particle i [50]. Due to the compact support of W only particles within
distance h of x need to be included in (28) which greatly reduces
the computational cost of the SPH method.

The SPH discretization scheme is used to discretize the pore-
scale governing equations, Eqs. (21)–(24) [43]. In the pore-scale
model of the cathode, the domain is discretized with two sets of
particles: ˝S is discretized with “solid” particles and the gas phase
occupying ˝P is discretized with “gas” particles. The equations for
the gaseous species can be discretized as:

∂cO
i

∂t
= 1

mi

∑
j ∈ gas

Di(midi + mjdj)
didj

(cO
i − cO

j )
�xij

�x2
ij

∇ iW(�xij, h)

−
∑

k ∈ solid

[
k+

OcO
i

[
1 − �̃O

k − �̃Cr
k

]2 − k−
O(�̃O

k )
2
]

× 2(ϕi − ϕk)(�ni + �nk)
dk + di

∇ iW(�xik, hr) i ∈ gas particles (29)

∂cCr
i

∂t
= 1

mi

∑
j ∈ gas

Di(midi + mjdj)
didj

(
cCr

i − cCr
j

) �xij

�x2
ij

∇ iW(�xij, h)
−
∑

k ∈ solid

[
k+

Crc
Cr
i

[
1 − �̃Cr

k − �̃O
k

]3 − k−
Cr

(
�̃Cr

k

)3
]
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air channel to the cathode. Although the reactions of oxygen and
chromium are not included in the cell level model, the consumption
of oxygen due to the electrochemical reactions is included as a pre-
scribed flux of oxygen out of the cathode at the cathode-electrolyte

Table 2
Cell level model parameters.

Cathode thickness 50 �m
Air channel 1.6 × 1.6 × 16 mm3

Current collector ribs thickness 0.85 mm
Air flow 160 sccm
Fig. 3. Cell level 3D Geometry of the cath

×
2 (ϕi − ϕk)

(
�ni + �nk

)
dk + di

∇ iW(�xik, hr) i ∈ gas particles (30)

here Di is the gas diffusion coefficient, ca
i

is the gas concentration
f species a, ϕi is the characteristic function of particle i, which is
sed in the CSR model, and �̃a

k
is the normalized surface concentra-

ion of species a of particle k.
The equations for the concentration of surface species take the

orm:

ds̃O
k

dt
=

∑
i ∈ gas

[
k+

OcO
i

[
1 − �̃O

k − �̃Cr
k

]2 − k−
O

(
�̃O

k

)2
]

× 2(ϕk − ϕi)(�ni + �nk)
di + dk

∇kW(�xki, hr) k ∈ solid particles (31)

ds̃Cr
k

dt
=

∑
i ∈ gas

[
k+

Crc
Cr
i

[
1 − �̃Cr

k − �̃O
k

]3 − k−
Cr

(
�̃Cr

k

)3
]

× 2(ϕk − ϕi)(�ni + �nk)
di + dk

∇kW(�xki, hr) k ∈ solid particles

(32)

here s̃a
k

is the volumetric surface concentration of species a of
article k.

The 2D pore-scale model of the cathode presented in this paper
imulates the reactive transport by solving Eqs. (29)–(32). In Sec-
ion 5, the pore-scale equations are simulated for a 2D porous
omain, Fig. 1. The 2D domain consists of the pore space and the
olid cathode which is made up of randomly placed circular grains
aving a porosity of 0.42, which is similar to that of SOFC cathodes
∼0.3–0.4). The solid grains in the domain have an average radius of
�m and the domain is roughly 45 �m thick. Modeling gas trans-
ort in the 2D domain requires connectivity of the pore space in the
athode. By necessity this requires the cathode solid sub-domain
o be discontinuous making it impossible to model the transport of
pecies through the cathode due to surface diffusion. However, as
entioned earlier, the surface diffusion coefficient of oxygen in the

athode is much smaller than the gas diffusion coefficient and so
urface diffusion should not be a significant transport mechanism
n the cathode [10]. Work is currently being done to expand the

odel to 3D to investigate the effects of surface diffusion and real

athode microstructures on reactive transport.

In Section 5, Eqs. (29)–(32) are solved to investigate the effects
f reaction rate, current density and the vaporization rate of
hromium from the current collector on chromium adsorption and
istribution in the cathode.
r channel, current collector and cathode.

4. 3D cell level model of a SOFC

The commercial computational fluid dynamics software Fluent
is used to model the 3D air flow and chromium transport in the
air channel and cathode in a SOFC at the cell level. In this model
the porous material of the cathode is treated as a continuum and
transport in the cathode is described by the Darcy-scale diffusion
equation. The results of the cell level model are used as boundary
and initial conditions for the pore sub-domain in the pore-scale
model. Due to the computational expense of a detailed pore-scale
reactive transport model only a small section of the cathode can
be modeled at the pore-scale and a cell level model of the SOFC
is required to establish the boundary conditions at the external
boundaries of the pore-scale model. The cell level model of the SOFC
provides the species boundary conditions along the boundaries BAC,
BL and BR, Fig. 1. The cell level model includes the advection and
diffusion of air and chromium in the air channel, vaporization of
chromium from the current collector walls and species transport in
the cathode. The cell level model does not resolve the detailed cath-
ode microstructure nor does it include the reactions of chromium
and oxygen in the cathode.

The geometry of the cell level model consists of a symmetric
section of the cathode and air channel as shown in Fig. 3. The dimen-
sions and operating conditions of the cell level model are typical of
SOFCs [4] and are shown in Table 2. The microstructural parame-
ters of the cathode which are necessary for the Darcy-scale model
are taken from literature and are shown in Table 2 [21,25,51].

The vaporization of chromium from the current collector is mod-
eled as a source term in the cell level model. The vaporization rate
of chromium from the current collector is taken from experimen-
tal vaporization rates of chromium collected at Pacific Northwest
National Laboratory (PNNL) which are in line with published rates
[18,52]. Once chromium is introduced to the air channel it is trans-
ported by advection and multi-component diffusion through the
Temperature 1073 K
Pressure 1 atm
Current density 0.4 A cm−2

Porosity 0.4
Permeability 1E−14 m2
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Table 3
Average molar concentration [kmol m−3] of oxygen
E.M. Ryan et al. / Journal of P

oundary. The oxygen flux is calculated from the current density of
he SOFC as,

˙ O2 = MO2 j

4F
(33)

here F is Faraday’s constant (96,400 C mol−1), MO2 is the molecu-
ar weight of oxygen and j is the current density [53].

Simulations were performed with the cell level model to sim-
late species transport in the SOFC for various air channel flow
ates and chromium vaporization rates. As shown in Fig. 4a the
oncentration of chromium at the air channel–cathode interface
ecreases with increasing air channel flow rate as the advection of
hromium, in the direction of flow, becomes the dominant trans-
ort mechanism. As the vaporization of chromium at the current

ollector walls is increased the chromium concentration at the air
hannel–cathode interface increases, Fig. 4b. The molar concentra-
ions of chromium species predicted by the cell level model in the
ir channel are comparable with the partial pressures found in the

ig. 4. Results of cell level parametric study of air channel velocity (a) and chromium
aporization (b) effects on the concentration of chromium at the air channel-cathode
nterface. The chromium concentration is normalized by the baseline cell level con-
itions.
and chromium at the air channel-cathode interface.

Cr 4.39E−12
O2 2.12E−03

thermodynamic studies of chromium in the air channel by Hilpert
et al. [2]. They found the partial pressure of chromium in air to be in
the range of 10−2 to 10−4 Pa (10−9 to 10−12 kmol m−3) depending
on the operating temperature and humidity of the air in the model.

For the pore-scale model of the cathode, the species concentra-
tions shown in Table 3 are used as baseline boundary conditions
at BAC. For the boundary conditions along BL and BR in the pore-
scale model a no flux boundary condition is applied. The flux of
species along BL and BR were investigated in the cell level model
and were found to be uniform throughout the cathode and on the
order of 10−11 kg m−2 which is insignificant when compared to the
gas diffusion and surface reactions in the pore-scale model.

5. Pore-scale model of chromium poisoning in the cathode

5.1. Simulation setup and boundary conditions

The 2D section of the cathode shown in Fig. 1 was modeled using
the SPH pore-scale reactive transport model outlined in Section
3 to investigate the reaction mechanisms of chromium poisoning
and the effect of different parameters on chromium poisoning. Five
parameters were investigated: the magnitude of the chromium
reaction rates, the oxygen consumption due to the electrochemical
reactions, the chromium reaction rate as a function of current den-
sity, the vaporization rate of chromium from the current collector,
and the magnitude of the gas diffusion coefficient. In the following
subsections the reaction mechanisms and deposition of chromium
in the cathode are discussed in terms of these parameters.

The goal of these simulations is to investigate the transport and
reaction mechanisms of chromium in the cathode to gain a better
understanding of chromium poisoning in the SOFC cathode. As dis-
cussed in Section 1, chromium is known to decrease the voltage
output of the fuel cell and the effects of chromium are enhanced
with current density and time. The distribution of chromium in the
cathode has been seen to be concentrated in the electrochemically
active region of the fuel cell near the electrolyte boundary with
higher concentrations of chromium in the electrochemically active
area under the current collector ribs [4]. The parametric simula-
tions in this section are discussed in terms of these characteristics
to consider the factors effecting chromium poisoning.

The simulation domain, Fig. 1, for all cases consists of a section of
the cathode bounded by: the electrolyte at BEL, the current collector
at BCC and the air channel at BAC. The cathode domain is divided into
two regions, the electrochemically non-active cathode, RCA, and the
electrochemically active cathode, REC. The boundary conditions for
the system at the external boundaries of the cathode domain are,

cO(�x) = CO
o

�x ∈ BAC (34)

cCr(�x) = CCr
o

�x ∈ BAC (35)

∂cCr(�x)
∂�x

= ṁCr �x ∈ BCC (36)

∂co(�x)
∂�x

= 0 �x ∈ BR ∪ BL (37)
∂cCr(�x)
∂�x

= 0 �x ∈ BR ∪ BL (38)

where CO
o and CCr

o are the average concentrations of oxygen and
chromium at the air channel–cathode interface provided by the



294 E.M. Ryan et al. / Journal of Power Sources 196 (2011) 287–300

Table 4
Baseline modeling conditions for the pore-scale cathode model.

Baseline conditions References

Temperature T 1073 K [4]
Current density j 0.4 A cm−2 [4]
Diffusion coefficient D 9.35E−5 m2 s−1 Calculated from Eq. (7)
Chromium mass flux ṁCr 3.3E−11 kg m−2 s−1 PNNL
Oxygen mass flux ṁO 3.32E−4 kg m−2 s−1 Calculated from Eq. (33)
Oxygen adsorption rate k+

O 3.95E−1 m s−1 [41]

S
o
w
c
t
B
a

R
e
d
a
l
c

p
a
c
r
t
i
o
t
t
b

T
p

5

o
c
T
c
t

m
t
c
i
t
d
t
t
r

K

w
o

Table 5
Chromium adsorption rates as a function of current density.

Case Chromium adsorption rate
Oxygen desorption rate k−
O 1.44E−3 kg m−2 s−1 [41]

Chromium adsorption rate k+
Cr 3.95E−1 m s−1 Assumed equal to k+

O

Chromium desorption rate k−
Cr 1.44E−5 kg m−2 s−1 Assumed equal to k−

O

OFC cell level model, Section 4, and ṁCr is the vaporization rate
f chromium from the current collector. At all the solid boundaries
ithin the cathode domain the competitive adsorption boundary

ondition, Eq. (9), is applied as discussed in Section 2, this includes
he solid grains in the cathode and the solid surfaces at BCC and
EL. At BCC the vaporization of chromium replaces the competitive
dsorption reaction of chromium on that surface.

In the electrochemically active region of the cathode domain,
EC, a source term is added to the oxygen surface concentration
quation (31) to account for the oxygen removed from the cathode
ue to the electrochemical reactions of the fuel cell. This is modeled
s a mass flux of oxygen out of the cathode as was done in the cell
evel model and is calculated from the current density of the fuel
ell by Eq. (33).

Initially all of the simulations contain oxygen both in the gas
hase and adsorbed on the internal surfaces of the cathode, and
t t = 0 chromium is introduced to the system through the current
ollector and air channel boundaries. These initial conditions cor-
espond to typical SOFC operation, where the cathode is exposed
o air before the fuel cell begins operating. Oxygen will be present
n the gas of the porous cathode and will be adsorbed to the cath-
de surface at some level. As the fuel cell begins operation and
he temperature of the fuel cell rises chromium is introduced to
he cathode via vaporization from the current collector walls and
egins to compete with oxygen for adsorption sites.

The baseline conditions for all of the simulations are given in
able 4. These conditions are used for each of the parametric studies
resented in the following subsections.

.2. Reaction mechanisms of chromium in the cathode

As discussed in Section 1, there are several different theories
f how chromium reacts with the cathode: chemical reactions,
hromium reduction reactions, chemical reactions with Mn ions.
o investigate these theories we considered the effects of the
hromium reaction rate and oxygen consumption on the adsorp-
ion of chromium in the cathode.

Experimental research has shown that chromium deposits pri-
arily in REC [4]. The greatest changes in local current density in

he cathode also occur in REC [54]. The local current density of the
athode is constant throughout most of the cathode and decreases
n REC [54]. Based on these experimental results we believe that
he chromium reaction rates should be a function of the current
ensity, KCr = KCr(j). In the pore-scale model, a step function is used
o model the chromium reaction rate where the chromium reac-
ion rate is constant throughout most of the cathode and in REC the
eaction rate increases,{ +

+
Cr(y) =

kCr y ∈ RCA

˛k+
Cr y ∈ REC

(39)

here ˛ > 1 and k+
Cr is assumed to be equal to k+

O, Table 4. The des-
rption rate of chromium is assumed to be 100 times less than that
Kx1 k+
Cr(REC ) = 10k+

Cr(RCA)

Kx2 k+
Cr(REC ) = 100k+

Cr(RCA)

Kx3 k+
Cr

(REC ) = 1000k+
Cr

(RCA)

of oxygen for all cases. Chromium adsorbs to the cathode surface
and is known to react with the cathode to form spinels and Cr2O3,
which will be strongly adsorbed to the surface; while oxygen is
more likely to be weakly adsorbed to the surface.

To investigate this form of the chromium reaction rate we per-
formed simulations with a uniform chromium reaction rate and
with a variable chromium reaction rate, Eq. (39). Three differ-
ent variable chromium reaction rates were considered, Table 5.
Fig. 5 shows the predicted oxygen and chromium surface con-
centrations in the cathode from the cathode-electrolyte interface
(at y = 0 �m) through the cathode thickness to the air channel
boundary (y = 45 �m). For all three cases an increase in chromium
deposition is seen in REC (Fig. 5b) with a corresponding decrease in
oxygen adsorbed in REC (Fig. 5a). There is also a high deposition of
chromium at the top of the cathode near the air channel bound-
ary. Experimental imaging of the cathode has found chromium
deposited near the top of the cathode in lower concentrations than
in the electrochemically active area [4,55].

The magnitude of the varying chromium reaction rate affects the
oxygen and chromium surface concentrations in REC. The surface
concentration of chromium increases and the surface concentration
of oxygen decreases with increasing chromium reaction rate. The
magnitude of the chromium reaction rate does not significantly
affect the gas concentrations of oxygen and chromium, which are
relatively constant through the cathode with a slight variation with
thickness, Fig. 6.

Modeling the chromium reaction rate as a function of the current
density produces deposition patterns which agree qualitatively
with those seen experimentally [4]. Chromium is deposited most
heavily in REC and more lightly at the top of the cathode. The results
suggest that the reaction mechanisms of chromium in the cathode
are related to the current density and electrons in the cathode and
that electron transport should be considered in the modeling of
chromium poisoning.

A uniform chromium reaction rate was also modeled and the
deposition patterns are compared to the variable chromium reac-
tion rate cases. If the reactions between chromium and the cathode
are purely chemical and not related to the current density than the
chromium reaction rate should be uniform throughout the cath-
ode. The effects of the magnitude of the chromium reaction rates
on the adsorption patterns of chromium in the cathode are investi-
gated by considering five different uniform chromium adsorption
reaction rates, Table 6.

The results for the five uniform chromium reaction rate cases
show that as the chromium reaction rate increases, the amount
of chromium adsorbed on the cathode surface increases while
the amount of oxygen decreases. The distributions of chromium
through the thickness of the cathode, Fig. 7b, show that at higher
chromium reaction rates chromium is more heavily deposited
near the air channel boundary (y = 45 �m) and decreases through
the thickness of the cathode; while oxygen displays the opposite
behavior where it has the lowest concentrations at the air channel
and increases through the thickness of the cathode (Fig. 7a).

These results show that chromium will displace oxygen on the

LSM surface and that the deposition pattern will mirror the gas con-
centrations in the cathode when a uniform reaction rate is assumed,
i.e. both chromium gas and surface concentrations are highest near
the air channel boundary (y = 45 �m).
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ig. 5. Contour plots of oxygen (a) and chromium (b) surface concentrations. For

hromium surface concentrations are normalized by smax and X and Y are in microns.

Comparing the results of the variable chromium reaction rates
nd the uniform chromium reaction rates show that to produce

able 6
niform chromium reaction rates based on the oxygen reaction rates from Table 4.

Case Adsorption rate Desorption rate

K1 k+
Cr = k+

O/3 k−
Cr = k−

O/100
K2 k+

Cr = k+
O/1.7 k−

Cr = k−
O/100

K3 k+
Cr = k+

O k−
Cr = k−

O/100
K4 k+

Cr = 3k+
O k−

Cr = k−
O/100

K5 k+
Cr = 30k+

O k−
Cr = k−

O/100
species cases Kx1 (left), Kx2 (center) and Kx3 (right) are shown. The oxygen and

chromium depositions patterns which agree with experimental
data [4] the chromium reaction rate must be a function of the local
current density in the cathode. Although the results of the constant
chromium reaction rate show the potential for chromium to block
oxygen from adsorbing to the surface, they do not show the depo-
sition patterns seen experimentally in chromium poisoning [4] or
those seen with the variable chromium reaction rate.
It has also been theorized that chromium preferentially deposits
near the electrolyte via chemical reactions (uniform reaction rates)
due to the lower amounts of oxygen on the cathode surface in REC
[13,56,57]. To investigate this hypothesis, we simulated three dif-
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The operating conditions of the fuel cell can significantly affect
the rate and magnitude of chromium poisoning in the SOFC cath-
ode [4,12]. The vaporization rate and gas diffusion coefficients of
chromium in the cathode were studied to consider the effects of
operating temperature on chromium poisoning.

Table 7
Oxygen mass flux from the cathode surface in REC .
ig. 6. Gas concentrations of oxygen (a) and chromium (b) which are shown for Kx1
left) and Kx3 (right) for each species. The gas concentrations are normalized by the

aximum concentration and X and Y are in microns.

erent mass fluxes of oxygen out of REC with a uniform chromium
eaction rate. The values of the oxygen fluxes considered are shown
n Table 7 Case MO1 is calculated from the current density in Table 4
nd is typical of SOFC operation; the oxygen flux of Cases MO2 and
O3 correspond to much higher current densities.
For all three cases we find that the flux of oxygen out of the
athode does not have a significant effect on the surface concen-
rations in the cathode. There is no noticeable decrease of oxygen
n REC or increase of chromium in REC, Fig. 8, where the cathode-
lectrolyte interface is at y = 0 �m. These results suggest that it is
Fig. 7. Average surface concentration of oxygen (a) and chromium (b) for the five
different uniform chromium reaction rates. The oxygen and chromium surface con-
centrations are normalized by smax and Y is in microns.

not the decreased surface oxygen in REC that facilitates the pref-
erential adsorption of chromium via chemical reactions in REC but
the reaction rates and reaction mechanisms of chromium.

The results of the simulations investigating the chromium reac-
tion mechanism and the effects of the chromium reaction rate
suggest that the chromium reactions throughout the cathode are
not uniform and that the driving forces for chromium reactions are
related to the current density and electrochemistry of the fuel cell.

5.3. Effects of operating conditions on chromium adsorption
Case Oxygen flux

MO1 ṁO

MO2 10ṁO

MO3 100ṁO
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the amount of adsorbed chromium increases with increasing tem-
ig. 8. Average surface concentrations through the cathode thickness for Case MO3.
he oxygen and chromium surface concentrations are normalized by smax and Y is
n microns.

.3.1. Vaporization rate of chromium from the current collector
Chromium is introduced to the fuel cell through the vaporiza-

ion of volatile chromium species from the current collector walls.
he air channel walls are composed of the current collector and, this
xposes large areas of the current collector to the air flow allow-
ng for chromium vaporization. In the porous cathode, portions of
he current collector are also exposed to the air in the pore space
f the cathode where the current collector interfaces with the top
f the cathode, BCC in our model. The rate of chromium vaporiza-
ion from the current collector is a function of the humidity of the
ir, and the operating temperature and pressure of the fuel cell
2]. To investigate the significance of chromium vaporization at BCC
nd to consider the effects of temperature on the vaporization rate
e considered three different vaporization rates for boundary BCC,

able 8.
The three chromium vaporization rates considered here are

ithin the range of rates reported experimentally [18,52]. As the
perating temperature increases the vaporization rate of chromium
rom the current collector increases [2]. For the three vaporiza-
ion rates considered here we did not see a noticeable difference
n the pattern of chromium deposition or the gas concentrations of
hromium in the cathode, Fig. 9. The results suggest that chromium
aporization from the current collector at the point of contact with
he cathode may not be a significant factor in chromium poison-
ng. The surface area of the current collector exposed to the gas at
he interface with the cathode will be much smaller than the area
xposed in the air channel, where most of the chromium vaporiza-
ion will occur.

.3.2. Gas diffusion rate in the cathode

The effect of the gas diffusion coefficient and the temperature

the gas diffusion coefficient is a function of the temperature, Eqs.
7) and (8)), on chromium transport in the cathode is studied by
onsidering three different diffusion coefficients, Table 9.

Table 8
Chromium vaporization rates from BCC .

Case Vaporization Rate

MCr1 ṁCr

MCr2 10ṁCr

MCr3 100ṁCr
Fig. 9. Gas (a) and surface (b) concentrations of chromium for Cases MCr1 and
MCr3. The gas concentrations are normalized by the maximum concentration and
the surface concentrations are normalized by smax and X and Y are in microns.

As seen in Fig. 10, chromium is transported through the cath-
ode faster at higher temperatures (diffusion rates) and, as such
perature. The latter contradicts experimental observations that
show chromium poisoning increases with decreasing tempera-
ture [3]. These results suggest that the experimentally observed

Table 9
Diffusion coefficients where D is the baseline diffu-
sion coefficient, Table 4.

Case Diffusion coefficient

D1 D
D2 2D
D3 D/10
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State Energy Conversion Alliance Core Technology Program by the
ig. 10. Distribution of chromium in the gas (a) and on the surface (b) for cases D1
nd D3. The gas concentrations are normalized by the maximum concentration and
he surface concentrations are normalized by smax and X and Y are in microns.

ncrease in chromium poisoning with decreasing temperature is
ue to changes in the adsorption reactions. At lower temperatures
hromium may react at a much faster rate than oxygen and so be
ble to more efficiently block oxygen adsorption to the cathode.
ell controlled experiments are needed to quantify the depen-

ence of reaction rates on temperature.

. Conclusions

We have presented a novel reactive transport model of
hromium in an SOFC cathode. A pore-scale model was developed

nd used to investigate chromium poisoning. The pore-scale model
s able to resolve the microstructure and physics of the SOFC cath-
de at a level not attainable in continuum, Darcy-scale models, of
he cathode. A cell level Darcy-scale model is used to determine
ources 196 (2011) 287–300

the boundary conditions for the pore-scale model. The pore-scale
model was used to perform parametric studies of chromium poi-
soning including the effects of reaction rate, oxygen consumption,
vaporization of chromium and diffusion rates on the distribution of
chromium in the cathode, and to gain a better understanding of the
transport and reaction mechanisms of chromium in the cathode.

The pore-scale model was used to interpret experimental data
on the distribution of chromium in the cathode [4,55] which show
an increase in chromium adsorbed in REC. Parametric studies were
performed to investigate the reaction mechanisms of chromium
with the cathode. Simulations with uniform and spatially variable
reaction rates were conducted. The simulations with uniform reac-
tion rates produced uniform distributions of chromium throughout
the cathode, which contradicts the experimental data. Increas-
ing the consumption of oxygen in REC as suggested by [13,56,57]
does not increase the chromium adsorbed in REC with a uniform
chromium reaction rate.

A variable chromium reaction rate was modeled to simu-
late an electrochemical chromium reaction mechanism where the
chromium reaction rate was modeled as a function of the current
density. The variable reaction rate simulations show chromium
distributions which agree qualitatively with those seen experimen-
tally [4,55] where the highest amounts of chromium are found on
the surface of the cathode in the electrochemically active area and
lower amounts of chromium are found adsorbed near the top of the
cathode where chromium is introduced to the cathode.

Studies of the effects of temperature on chromium poisoning
were also conducted. The vaporization of chromium from the cur-
rent collector increases with increasing temperature. However,
simulations with increased vaporization rates from the BCC bound-
ary had no significant effects on chromium distributions in the
cathode, suggesting that the small surface area of the current col-
lector at BCC is not a significant source of chromium in the system.
The effects of temperature on the transport of chromium species in
the cathode (diffusion coefficient) show that at lower temperatures
the transport of chromium is slower than at high temperatures
which should delay chromium poisoning. Experimental results
have shown increased chromium poisoning at lower temperatures
which suggests that the reaction rates of oxygen and chromium are
a function of the temperature where chromium reacts at a faster
rate than oxygen at lower temperatures.

The results of the parametric studies presented here show that
the competitive adsorption of oxygen and chromium in the SOFC
cathode is a complex process which is influenced by both the reac-
tion and transport parameters of the system. The reaction rates of
oxygen and chromium have the greatest effect on chromium dis-
tributions in the system and suggest that chromium poisoning is
caused by electrochemically related reaction mechanisms which
depend on the local current density in the cathode.

The pore-scale model resolves details of chromium poisoning
that cannot be attained in coarser, cell level models and adds insight
into the mechanisms of chromium poisoning. More detailed mod-
eling of the cathode including the electrochemistry, and electron
transfer could provide more realistic predictions of chromium poi-
soning.
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ppendix A. Advection in the cathode

The physical mechanisms of transport in the SOFC electrodes
ffect the operation, performance and degradation of SOFCs. As
iscussed in Section 2, gas transport in the cathode can occur due
o either diffusion or advection or a combination of the two. The
riving forces for advection are typically pressure gradients and/or
xternal forces such as gravity. The design of SOFCs does not direct
ow through the cathode but instead supplies air to a channel that
irects flow over the top surface of the cathode creating a drag
n the gas in the cathode. Under typical SOFC operating condi-
ions, no significant pressure gradients were observed throughout
he cathode [58]. A pressure gradient could arise from oxygen par-
ial pressure changes due to the electrochemical reactions, but in
OFC operation the supply of oxygen to the cathode via the air flow
s in excess of that needed for the electrochemical reactions and
herefore, the partial pressure of oxygen throughout the cathode is
elatively constant [54].

Here we will investigate advection in the cathode due to the
ow of air over the top of the cathode. On the continuum (Darcy)
cale, the drag effect of flow over the top of the cathode on
he gas in the cathode can be described by the Beaver–Joseph

odel [59]. The flow outside a porous medium is described by the
avier–Stokes equation while the flow inside the porous medium
n the continuum-scale can be described by the Darcy equation. To
ouple these two equations Beaver and Joseph proposed a model
here the difference between the slip velocity of the free flow and

he tangential component of the average pore velocity at the inter-
ace is proportional to the shear of the free flow. They were able
o verify this model through experimental results and others have
ince theoretically proven their model [59]. The Beaver–Joseph
odel also allows for the calculation of the penetration depth of

dvection into a porous medium based on experimental parame-
ers of the porous medium such as permeability and average pore
adii [59]. Based on the typical cathode microstructural properties
nd the operating conditions of the SOFC [4,58], the Beaver–Joseph
odel predicts that the penetration depth for advection in the

athode should be ∼1 �m. In a 30–50 �m thick cathode, a 1 �m
dvection region should not have a significant impact on the trans-
ort of species in the cathode.

To numerically investigate the significance of advection in the
OFC cathode we modeled pore-scale flow in a two-dimensional
athode ∼45 �m thick with a porosity of 0.42. The pore-scale model
oes not necessitate any assumptions about the boundary condi-
ions at the interface between the free flow and the porous medium,
nd instead solves the Navier–Stokes equation over the whole
omain. The Navier–Stokes equation was solved using the SPH for-
ulation of Tartakovsky et al. [47]. A constant velocity along the

op of the simulation domain was assumed in the SPH solution.
wo different flow simulations were performed with two differ-
nt Reynolds numbers, 4 and 12, for the flow along the top of the
orous medium. The Reynolds number is defined as,

e = vL�
(40)
	

here L is the characteristic length of the system (air channel
ydraulic diameter), v is the velocity, � is the density and 	 is
he viscosity. The higher Reynolds number case considers a veloc-
ty equal to the inlet velocity of the air channel [4], while the
Fig. 11. Velocity contour plot for Reynolds number = 12 for the top of the cathode
near the air channel. The velocity is the normalized magnitude of the velocity. X and
Y are shown in microns.

lower Reynolds number case uses a velocity which is 1/3 the inlet
velocity.

As can be seen in the contour plot of Fig. 11 and the average
velocity through the porous medium, Fig. 12, the velocity in the
porous medium goes to zero within <1 �m from the top of the
porous medium for both the high and low Reynolds number cases.
The penetration depth of the pore-scale model agrees with the
prediction of the Beaver–Joseph model.

The pore-scale simulation presents a simple method to deter-
mine the significance of advection in the SOFC cathode. The simple
porous domain used in the pore-scale model has a higher perme-
ability than typical SOFC cathodes [58] and uses a velocity which
would be more likely to occur in the center of the air channel than at
the air channel walls. These two simplifications will likely overes-
timate the velocity in the porous medium when compared to a real
Fig. 12. Normalized average velocity through the thickness of the cathode for the
top portion of the cathode near the air channel. Y is shown in microns. A constant
velocity is applied at Y ≥ 43.
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he electrodes. Their studies agree with our pore-scale model by
redicting that advection may contribute to transport in the anode
ut is insignificant in the cathode. Hence advection in the porous
athode is not included in the pore-scale cathode model presented
n this paper.
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