Numerical Modeling of Mass-Transport
in Solid-Oxide Fuel Cells: an Open Source Library
Valerio Novaresioa,1 , Marı́a Garcı́a-Camprubı́b,1 , Salvador Izquierdoa,b ,
Pietro Asinaria,∗, Norberto Fueyob
a

Dipartimento di Energetica, Politecnico di Torino, Corso Duca degli Abruzzi 24, 1019,
Torino, Italy
b
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Abstract
The generation of direct current electricity using Solid Oxidize Fuel Cells
(SOFCs) involves several interplaying transport phenomena. Their simulation is crucial for the design and optimization of reliable and competitive
equipment, and for the eventual market deployment of this technology. An
open-source library for the computational modeling of mass-transport phenomena in SOFCs is presented in this article. It includes several multicomponent mass-transport models (ie Fickian, Stefan-Maxwell and Dusty
Gas Model), which can be applied both within porous media and in porosityfree domains, and several diffusivity models for gases. The library has been
developed for its use with OpenFOAM R , a widespread open-source code for
fluid and continuum mechanics. The library can be used to model any fluid
flow configuration involving multi-component transport phenomena and it
is validated in this paper against the analytical solution of one-dimensional
test cases. In addition, it is applied for the simulation of a real SOFC and
further validated using experimental data.
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1. Introduction
Overall energy use is closely linked to population and economic growth.
The latest projections imply that total world consumption of marketed energy will increase by 44% from 2006 to 2030 [1]. Environmental concerns
associated to the conventional (thermal) generating technologies, such as
global warming, underpin the need of finding cleaner energy sources. As a
result, some partial alternatives are emerging, including the use of fuel cells
[2].
Fuel cells offer the potential of reducing the environmental impact and,
to some extent, the energy dependency associated to the use of fossil fuels.
A fuel cell is an electrochemical device that converts the chemical energy of
a fuel directly into electrical energy and heat, offering higher efficiency, lower
emissions and lower noise pollution than conventional technologies. In the
last years, the research effort has mainly focused on two types of fuel cell: the
polymer electrolyte fuel cell (PEMFC) and the solid oxide fuel cell (SOFC)
[3]. The latter is the aim of the present work.
The term SOFC usually refers to a solid oxide fuel cell stack, a high temperature device composed of several single units or cells. A single unit of a
SOFC consists of: a solid electrolyte, two porous electrodes, a fuel channel,
an oxidant channel and the electrical interconnects. The operating principle
of a single cell, depicted in Figure 1, involves several intertwined phenomena. As shown in Figure 1, air flows along the air channel and through the
cathode until it reaches the cathode-electrolyte interface, where it is reduced
to oxygen anions by the electrons present in the cathode. The oxygen anions cross the electrolyte to the electrolyte-anode interface. On the other
side of the electrolyte, the fuel flows along the fuel channel and through the
anode until it reaches the anode-electrolyte interface, where it is oxidized.
At the same time, reaction products flow away from this region through the
porous anode to the channel, where they are convected to the outlet. The
electrons involved in the oxidation reaction flow into the anode, and then
move from the anode to the cathode producing direct-current electricity in
the external circuit. A deeper insight into the SOFC technology including
component requirements, material properties, cell geometries, stack configurations, fuel flexibility, mobile and stationary applications, limitations and
ongoing research goals can be found in several sources in the literature [2–6].
Although there are some pre-commercial SOFC prototypes [7–10], some
remaining challenges need to be overcome before their wider commercial
5

availability. In recent years, much of the SOFC development has been directed to the search for new materials, to improve the power density and to
reduce the operating temperature. However, most of the parameters that
affect the cell performance, such as the species, current density and temperature distributions, are difficult to acquire experimentally. Thus, SOFC
developers look for the help of modeling tools to gain a fuller understanding
of the experimental evidence [11].
Andersson et al (2010) [12] have recently conducted a thorough review
of the state of the art in SOFC modeling. Their report points out the multiphysics and multiscale nature of a SOFC, where mass, heat, momentum
and charge transport take place simultaneously due to a microcatalytic electrochemical reaction. Their work also shows a wide agreement about the
fundamental equations that describe momentum transport (Navier-Stokes,
Darcy’s Law) and charge transport (Ohm’s Law). However, the description
of the mass and heat transfer mechanisms is not straightforward.
Regarding mass transfer, three distinct mechanisms are present in a
SOFC: convection, molecular diffusion and Knudsen diffusion; the latter is
relevant only in the electrodes, where depending on the values of the porosity parameters (dp , τ , ε, B0 ), one of these mass-transfer mechanisms may
govern the overall mass-transfer process and the rest may become negligible.
Moreover, molecular diffusion in the cathode is usually binary (since the oxidant is air, made up of O2 and N2 ), while in the anode it may be binary
or multicomponent, depending on the fuel mixture (for pure H2 , the mixture is H2 + H2 O; for hydrocarbons, it is Cx Hy + H2 + H2 O + CO + CO2 ).
Thus, depending on the cell materials and operating conditions, different
mass-transfer models are applicable. As a consequence, there is a wide range
of models to describe the mass-transfer in a SOFC. Some authors consider
all three mechanism [13–17], while other authors neglect the convective mass
flow in the electrodes [18–21]. With regard to the diffusion constitutive equation, some authors use Fick’s for both binary and multicomponent molecular
diffusion, either in the channels or in the porous media, using an effective diffusion coefficient [22, 23]. On the other hand, Stefan-Maxwell equations for
multicomponent ordinary diffusion are used in [13, 16] for the channel; while
for the porous media a modified Stefan-Maxwell model, including Knudsen
effects, is employed in [19]. Moreover, the Dusty Gas Model [24] is preferred
in [13, 17] to model the global mass transfer in the electrodes, despite its
increased complexity, because its higher accuracy [20].
Much of the published studies featuring SOFC modeling use three com6

mercial codes: FLUENT R [25, 26], Star-CD R [23, 27, 28] and COMSOL
Multiphysics R [15, 16, 29]; there are also some academic and in-house codes
[13, 17, 22] only available to the corresponding developers. However, there
is not as yet an open-source code for SOFC modeling. For those SOFC researchers lacking advanced programming skills (or indeed time), the leeway
for numerical simulations is limited to the options provided in commercial
codes; and so is the choice of the mass-transfer models.
The aim of the present work is to contribute to build an open source
code for SOFC modeling. For this purpose, the authors have implemented a
comprehensive mass-transfer library. The results have been validated against
experimental data, gathered in the laboratory of some of the present authors.
The library is written in C++, and is compatible with the OpenFOAM R
CFD Toolbox. The OpenFOAM R (Open Field Operation and Manipulation)
CFD Toolbox is a free, open source CFD software package. It has a large
user base across many areas of Engineering and Science, in both commercial
and academic organisations [30, 31]. In this paper, the authors present the
models contained in the library, their implementation in a structured set of
efficient C++ modules and the corresponding validation.
2. Theoretical background: SOFC mass-transport modeling
The global mass-transfer process in a solid-oxide fuel-cell takes place in
three different media: (i) the channels; (ii) the electrodes; and (iii) the electrolyte. The molecular mass-transfer of the gases within the channel and
electrodes is studied in this work. The electrolyte mass-transfer mechanism
is out of the scope of the library; thus, the conservation of the anions is
imposed within the electrolyte.
The equations governing mass-transfer phenomena stem from the application, to the given gases, of two basic laws of Mechanics: (i) the second
law of Newton; and (ii) the mass-conservation principle. The corresponding equations are: the momentum-conservation equation and the continuity
equation, which for reacting mixtures is extended to the chemical-species
conservation equations.

7

2.1. Momentum-conservation equation
The momentum-conservation equation of the gas flowing in the channel
is, in vector form:
~′
∂ (ρ~v )
+ ∇ · (ρ~v~v ) − ∇ · τ~ = −∇p
∂t

(1)

~
where ρ is the fluid density, ~v is the fluid mass-averaged velocity, τ~′ is the
viscous stress tensor and p is the pressure.
In the electrode domain,
considering a porous medium with non-constant porosity (ε), the momentum conservation equation of the gas is obtained after volume averaging of
Equation (1):

 

~~′
v i)
−1 ∂ (ρ h~
−1
−1
−1
ε
+ ε ∇ · ε ρ h~v i h~vi − ∇ · ε
τ
=
∂t

~~ −1
~~ −1 ~~
−∇p − µε−1 ∇ε · ∇ ε−1 h~v i − µB
v i − µB
vi
(2)
0 · h~
0 · F · h~
~~
~~
where µ is fluid viscosity, B
0 is the porous-medium permeability-tensor, F
is the porous inertia tensor, and h~v i = ε~v represents the superficial permeation velocity of the fluid through the porous media. Equation (2) can be
reduced, assuming steady state, Stokes flow, constant and isotropic porosity
and negligible viscous effects, to Darcy’s Law:
h~v i = −

B0
∇p
µ

(3)

where B0 is a constant porous-medium permeability-coefficient.
2.2. Mass-conservation equation
The continuity equation for a gas with non-constant density is:
∂ρ
+ ∇ · (ρ~v ) = Sy
∂t

(4)

where ~v is given by Equation (1) and Sy stands for the volumetric mass
sources or sinks. In a porous medium with constant porosity, Equation (4)
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is slightly modified as follows:
∂ (ερ)
+ ∇ · (ρ h~vi) = Sy
∂t

(5)

where ε is the porosity of the porous matrix and h~v i stands for the permeation
velocity, Equation (3).
2.3. Chemical-species equation
The equation for the conservation of the chemical species α in the channels
is written as:
∂ (ρyα )
+ ∇ · (ρyα~v ) + ∇ · ~jα = Syα
(6)
∂t
where ρ is the fluid density (Equation (4)), ~v is the fluid velocity (Equation
(1)), yα is the mass fraction of species α, ~jα is the mass diffusion-flux of
species α relative to the mass-average velocity, and Syα stands for the volumetric sources or sinks of the species α. For the gas flowing through the
electrodes, considering constant porosity, the chemical-species conservation
equation is rewritten as follows:
∂ (ερyα )
+ ∇ · (ρyα h~v i) + ∇ · ~jα = Syα
∂t

(7)

The modeling of the diffusion flux (~jα ), either in Equation (6) or in Equation (7), depends on the medium where the diffusion is taking place (ie channel or porous medium), the nature of the gas (ie binary or multicomponent
mixture) and the diffusion mechanisms taken into account (ie binary diffusion, Knudsen diffusion or both). In Subsection 2.4 the most common
constitutive equations to model the diffusion fluxes in a SOFC are presented.
2.4. Diffusion-flux modeling
Diffusion plays an important role in the SOFC global mass-transfer because convection is hindered in the electrodes, and hence mass transfer becomes the limiting mass-transfer mechanism for the cell performance. Hence,
to improve the overall accuracy of the SOFC model, the diffusion model must
be carefully chosen. The mass-transport library presented in this work provides a survey of the diffusion models applicable to a SOFC: Fick and StefanMaxwell models for the gas diffusion in the porosity-free domains (channels);
9

and Fick and dusty-gas models for the gas diffusion in porous media (electrodes).
2.4.1. Fick’s model
In 1855, Fick postulated the fundamental law of ordinary diffusion by
means of analogies with Fourier’s work on thermal conduction [32–34]. He
defined the 1-D diffusion flow of a species α in a species β in an isothermal
and isobaric system as:
∂cα
Jα = −Dαβ
(8)
∂x
where Jα is the molar ordinary diffusion flux of species α relative a molaraverage velocity, Dαβ is the diffusion coefficient and cα is the molar density
of the species α. A more general flux relation which is not restricted to
isothermal, isobaric systems was proposed by Groot [35]:
J~α = −cDαβ ∇xα

(9)

where c is the molar density of the gas mixture and xα is the molar fraction
of species α. Equation (8) is a special form of Equation (9), since for an ideal
gas (c = p/RT ) the total concentration is constant under isothermal and
isobaric conditions. A further equivalent expression, for the mass-diffusion
flux relative to the mass average velocity, is [34, 36]:
j~α = −ρDαβ ∇yα

(10)

Equations (8), (9) and (10) involve the same phenomenological binary diffusion coefficient, for which empirical correlations are given in Subsection 2.5.
Substituting Equation (10) into Equation (6), we have:
∂ (ρyα )
+ ∇ · (ρyα~v) − ∇ · (ρDαβ ∇yα ) = Syα
∂t

(11)

which is the mass-conservation equation of a species α in a binary mixture.
The mass-transfer of a binary mixture flowing through a channel is described
by the set of equations given by Equation (11) applied to all the species of
the mixture but one, together with the momentum and continuity equations,
Equations (1) and (4).
Partly because its simplicity makes it an attractive option, Fick’s law has
been extended in the SOFC literature to model also ordinary diffusion of mul10

ticomponent mixtures in the channels, and to model simultaneously ordinary
and Knudsen diffusion in the electrodes [22, 23, 37]. Both approximations
are detailed below.
The diffusion coefficient of a species α in a multicomponent gas system
(Dαm ) is given by:
1 − xα


Dαm = P
(12)
xβ
β6=α

Dαβ

Equation (12) stems from the Stefan-Maxwell equations [38] and was experimentally verified by Fairbanks and Wilke [39]. From Equations (10) and
(12), the Fickian law for the ordinary diffusion flux of the species α in a
multicomponent mixture is:
j~α = −ρDαm ∇yα

(13)

Replacing Equation (13) into Equation (6), the mass-conservation equation
of the species α in a multicomponent mixture, according to a Fickian law of
diffusion, is given by:
∂ (ρyα )
+ ∇ · (ρyα~v ) − ∇ · (ρDαm ∇yα ) = Syα
∂t

(14)

Similarly,an effective global-diffusion coefficient of species α in a porous
medium, Dα ef f , may be derived [33] as:
1
Dαef f

=

1 − Υxα
ef f
Dαm

+

1
ef f
DKα

(15)

In previous SOFCs simulation works [22, 23, 37, 38, 40] Υ is assumed to
be zero, despite this being only strictly true for self-diffusion or equimolar
counter transfer [33]; then Equation (15) becomes:
1
Dαef f

=

1
ef f
Dαm

+

1
ef f
DKα

(16)

ef f
Here, Dαm
is the effective binary diffusion coefficient of species α in the
mixture in the porous medium:
ef f
Dαm
=

ε
Dαm
τ
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(17)

where ε and τ are the porosity and the tortuosity factor of the porous
medium, and Dαm is given by Equation (12). Likewise, in Equation (16)
ef f
DKα
= (ε/τ )DKα, where DKα represents the Knudsen diffusion coefficient
of species α (see Subsection 2.5). From Equations (10) and (16), the Fickian law for the ordinary and Knudsen diffusion flux of the species α in a
multicomponent mixture within a porous media is:
j~α = −ρDαef f ∇yα

(18)

Replacing Equation (18) into Equation (7), the mass-conservation equation of
the species α in a multicomponent mixture flowing through a porous medium,
according to a Fickian diffusion, is given by:

∂ (ερyα )
+ ∇ · (ρyα h~v i) − ∇ · ρDαef f ∇yα = Syα
∂t

(19)

2.4.2. Stefan-Maxwell model
The Stefan-Maxwell model for diffusion is the most general approach for
describing multicomponent mass transport. In contrast to Fick’s model, it
allows to reproduce typical diffusive effects of ternary mixtures, which are not
present in binary diffusion, such as counter diffusion. In the limit of binary
mixtures the Stefan-Maxwell model reduces to the Fick’s model. In addition,
the derivation of the Stefan-Maxwell model is thermodynamically sound, in
comparison to the phenomenological formulation of Fick’s equation. The
Stefan-Maxwell equation can be moreover formulated to take into account
the effect of external body forces, as well as to consider the effect of nonequilibrium behaviors of the fluid, such as rarefaction.
Based on the previous work of Garcı́a-Camprubı́ et al. [41], a new method
to handle the solution of the Stefan-Maxwell equations has been developed.
The model is derived by considering the generic driving force of a gas, which
is obtained from the differential definition of the internal energy (U) in mechanical and thermal equilibrium:
X
dU = T dS − pdV +
µα dNα
(20)
α

where T is the temperature, S is the entropy, V is the volume, µα the chemical
potential and Nα stands for the number of molecules of species α. From
12

Equation (20) we can express the variation of entropy as:
 
p
X  µα 
1
dS =
dU +
dV +
−
dNα
T
T
T
α

(21)

where (1/T ), (p/T ) and (−µα /T ) are the thermal, mechanical and chemical
drivers respectively. Considering an ideal gas, a single component and the
Euler’s homogeneous function theorem applied to the extensive thermodynamic variables, Equation (21) yields:
d

µ 
α

T

=−

Cv,α
R
dT + dnα
T
nα

(22)

where nα = Nα /V , Cv,α is the heat capacity at constant volume of species α,
and R is the ideal-gas law constant. The integration of Equation (22) yields:
 
 
T
nα
µα
−
= Cv,α ln
− Rln
(23)
T
T0
n0
being n0 and T0 arbitrary constants. The thermodynamic definition of the
diffusion driver, for the isothermal case with T0 = T , considering n0 = 1 and
linearizing the solution around T0 , is given by: µα /T = Rpα , where pα is the
partial pressure of the species α. Therefore, we obtain:
µ 
α
∇
= R∇pα
(24)
T T
Notice that this is strictly valid for the isothermal case and for those nonisothermal cases where thermodiffusion is negligible. From an asymptotic
expansion as a function of the Knudsen number [42], the partial-pressure
gradient can be expressed as the sum of the pressure gradients due to diffusive
and viscous effects:
∇pα = ∇pdα + ∇pvα
(25)
An expression for the diffusive effects is obtained from the balance between
the driving force and the friction between molecules of different species [43]:
X xα xβ
∇pdα = p
(~vβ − ~vα )
(26)
D
αβ
β6=α
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which is the Stefan-Maxwell equation for the diffusive flux of a multicomponent mixture, where xα is the molar fraction of species α, ~vα is the velocity
of the species α, and α and β stands for all the gaseous components of the
mixture. On the other hand, the viscous component of the partial-pressure
gradient appears in the momentum equation for the species:


D~vα
2
ρα
− ν∇ ~vα + ∇pvα = ρα~aα
(27)
Dt
where ρα = ρyα , D/Dt is the substantial derivative, ν is the kinematic viscosity of the fluid and ~aα is the acceleration of the species α due to the
presence of external forces. The sum, extended to all the species in the fluid,
of Equation (27) yields:


X
D~v
2
− ν∇ ~v + ∇p =
ρα~aα
(28)
ρ
Dt
α
In the diffusive limit we have:
D~vα
D~v
1
− ν∇2~vα ≈
− ν∇2~v =
Dt
Dt
ρ

X
α

ρα~aα − ∇p

!

(29)

From Equations (27) and (29), the viscous part of the partial-pressure gradient can be thus expressed as:
!
X
∇pvα = yα ∇p + ρα ~aα −
yα~aα
(30)
α

From
Equation

 (25), recasting Equation (26) in terms of the molar fluxes
~
Nα = cα~vα and considering Equation (30) for an inertial system (~aα = 0),
we obtain:
X xα N
~ β − xβ N
~α
1
1
∇pα =
+
yα ∇p
(31)
RT
D
RT
αβ
β6=α
which is the Stefan-Maxwell equation consistent with the momentum equation, Equation (1). From Equation (31):
SM
SM
SM
N~α = −Γα ∇pα + ~υαp pα + ~υαN pα
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(32)

SM

SM

where Γα , ~υαp

, ~υαN

SM

are given by
1

SM

Γα =

RT

P

β6=α



xβ
Dαβ



(33)

SM

SM
~υαp

SM
~υαN

Γ Wα
= α
∇p
Wm p

SM
~β
Γα RT X N
=
p
Dαβ
β6=α

(34)

(35)

Note that the Stefan-Maxwell equation is expressed in terms of molar fluxes
and molar fractions, instead of mass flux and mass fractions as required in
Equation (6). For convenience, the chemical species conservation equation is
here rearranged in order to cast it in a molar basis. Dividing Equation (6)
by the molecular weight of the species α, the chemical-species conservation
equation becomes:
∂cα
+ ∇ · (cα~v ) + ∇ · J~α = Sxα
∂t

(36)

which in terms of total molar fluxes is:
∂cα
~ α = Sx α
+∇·N
∂t

(37)

From Equations (37) and (32), the conservation equation of the species α
according to the Stefan-Maxwell model is given by:
 SM

 SM 
 SM 
∂cα
− ∇ · Γα ∇pα + ∇ · ~υαp pα + ∇ · ~υαN pα = Sxα
∂t

(38)

The set of Equations given by Equation (32) applied to all the species in
the fluid but one, together with the momentum and continuity equations
given by Equations (1) and (4), is the set of equation required to solve the
multicomponent mass transfer in a fluid flowing through a channel. Notice
that for gases the Stefan-Maxwell diffusion coefficient is equal to the binary
diffusion coefficient used for Fick’s law, given in Section 2.5. For liquids and
15

dense gases the binary coefficient diffusion should be corrected [43].
2.4.3. Dusty gas model
The dusty-gas model (DGM) describes the global transport of gases through
porous media. A full Chapman-Enskog kinetic theory treatment is given for
a gas mixture in which the porous medium is considered as one component
of the mixture; the pressure variation is then formally equivalent to variation
of the solid mole fraction. The DGM states that the gas transport through
porous media is due to three independent mechanisms: Knudsen flow, viscous flow and continuum diffusion. The general form of the DGM, neglecting
the effects of external forces and thermodiffusion [24], is as follows:
−

X xβ N
~ α − xα N
~β
~α
1
N
1 pα B0
+
+ ef f
∇pα =
∇p
ef
f
ef
f
RT
Dαβ
DKα
DKα RT µ
β6=α

(39)

Equation (39) is recast in the form shown by by Garcı́a-Camprubı́ et al. [41]
as:
DGM
DGM
DGM
N~α = −Γα ∇pα + ~υαp
pα + ~υαN
pα

where:
DGM

Γα

1

=
RT


P

β6=α



DGM

DGM
~υαp

N DGM

~υα

(40)

=

Γα

ef f
DKα

DGM

= Γα

RT

pβ
ef f
pDαβ





+

B0
− ∇p
µ

X
β6=α

1
ef f
DKα

(41)





N~β
ef f
pDαβ

(42)
!
DGM

(43)
DGM

DGM

The physical meaning and relative importance of Γα , ~υαp
and ~υαN
were investigated in [17]. Finally, replacing Equation (40) into Equation (7)
expressed in terms of molar fluxes, we have:
 DGM

 DGM 
 DGM 
∂ (εcα )
− ∇ · Γα ∇pα + ∇ · ~υαp
pα + ∇ · ~υαN
pα = Sxα (44)
∂t
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which is the chemical-species conservation-equation in the porous media according to the dusty gas model. Equation (44) applied to all the components
of the gas mixture represents the complete set of equations for steady-state
mass transport, and does not need to be supplemented by any additional
equations of motion [24].
The DGM is considered to be the most convenient approach to model the
gas transport through porous media [43] and within the SOFC electrodes
[20]. Therefore, it is increasingly used for SOFC modeling [13, 17]. However,
it is worth noting that the theoretical basis of the DGM [24] was criticized
by Kerkhof in [44, 45], who as an alternative proposed the binary-friction
model (BFM). The experimental data of Evans et al. [46, 47] were used to
validate the BFM and the DGM; both models showed similar agreement and
discrepancies with the measured data [44]. Moreover, Vural et al. [48] have
recently reported similar predictions of both models for the concentration
overpotential of a SOFC.
2.5. Diffusion-coefficient modeling
Experimental data for diffusivities is scarce and the diffusion coefficients
must be often calculated using the theoretical or empirical correlations introduced in this Subsection. Nevertheless, experimental diffusivity values must
be used, when possible, because measurement errors are typically less than
those associated with the predictions of empirical or even semi-theoretical
equations [49]. In the present work, the measured data for Dαβ and DKα
may be directly taken as a constant.
2.5.1. Champan-Enskog model
The Chapman-Enskog correlation, based on the Kinetic Theory of Gases,
is the most common method for theoretically estimating the binary diffusivity
[34, 50]. It has been widely used for SOFC simulation [21, 51, 52]. The
original expression of the Chapman-Enskog correlation is:

0.5
0.001858T 1.5 W1α + W1β
Dαβ =
(45)
2
pσαβ
ΩD
where Dαβ is given in square centimeters per second, the temperature in
Kelvin, the molecular weight of species α in kilogram per kilomole and the
total pressure in atmospheres; the average collision diameter in angstroms,
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calculated as:

σα + σβ
(46)
2
where the value of σα is tabulated for the most common species in [53]; and
ΩD is the dimensionless collision integral in the Lennard-Jones 12-6 potential
model:
σαβ =

ΩD =

1.06036
0.19300
1.03587
1.76474
+
+
(47)
0.15610 +
exp(0.47635TN ) exp(1.52996TN ) exp(3.89411TN )
TN

Here:
TN =

T
Eαβ

(48)

with T the temperature and Eαβ = εαβ /kB ; kB is the Boltzmannn constant,
√
εαβ = ( εα εβ ); and εα is the characteristic Lennard-Jones energy. For the
most common gases the value of Eαβ is tabulated in [53].
For convenience we define a new variable Wαβ , which represents an equivalent
molecular weight of the species α and β:

−1
1
1
Wα Wβ
Wαβ =
+
(49)
=
Wα Wβ
Wα + Wβ
Replacing Equation (49) into Equation (45) we have:
Dαβ =

0.001858T 1.5 (Wαβ )−0.5
2
pσαβ
ΩD

(50)

Because of unit consistency, Equation (50) is modified as follows:
Dαβ

0.001858T 1.5 (Wαβ )−0.5
= 10.1325
2
pσαβ
ΩD

(51)

Equation (51) differs from Equation (45) in the units of the total pressure
and the binary diffusion coefficient; here, SI units apply (P a, m2 s−1 ).
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2.5.2. Wilke-Lee model
The Wilke-Lee correlation for the binary diffusion model is given by [54]:


0.5 

0.5
Wα +Wβ
W +W
0.0027 − 0.0005 Wα Wβ
T 1.5 WααWββ
Dαβ =
(52)
2
pσαβ
ΩD
where Dαβ is expressed in square centimeters per second, the molecular
weight is expressed in kilogram per kilomole, the temperature is in Kelvin,
and the pressure is in atmospheres; σαβ is defined in Equation (46) where
the collision diameters must be introduced in angstroms; and the collision
integral (dimensionless) is defined by Equation (47).
Introducing Equation (49) into Equation (52) we have:
 1.5 −0.5
−0.5
0.0027 − 0.0005Wαβ
T Wαβ
(53)
Dαβ =
2
pσαβ
ΩD
To convert the units of the binary ordinary-diffusion coefficient and the pressure into the SI system (m2 s−1 , P a) Equation (53) is modified as follows:
 1.5 −0.5
−0.5
0.0027 − 0.0005Wαβ
T Wαβ
Dαβ = 10.1325
(54)
2
pσαβ
ΩD
where σαβ is the only parameter that is not expressed in SI system units, as
it remains in angstroms.
2.5.3. Fuller-Schettler-Giddings model
The Fuller-Schettler-Giddings empirical correlation is the simplest correlation to use and it is reported to be more accurate for the prevailing
SOFC operating conditions [55]; it is thus widely used for SOFCs simulation [14, 16, 37]. The Fuller-Schettler-Giddings empirical correlation for the
binary diffusivity (Dαβ ) of non-polar gases at low pressures is [34, 56]:

Dαβ


0.5
0.001T 1.75 W1α + W1β
= h
i2
1/3
1/3
p (Σv)α + (Σv)β
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(55)

where Σv is the diffusion volume, Dαβ is given in square centimeters per
second, the temperature in Kelvin, the molecular weight of the species-α in
kilogram per kilomole and the total
P pressure in atmospheres; the value of the
diffusion volume of species α ( vα ) is tabulated in [33, 34].
Substituting Equation (49) into Equation (55) we have:
Dαβ =

−0.5
0.001T 1.75 Wαβ

h
i2
p (Σv)α 1/3 + (Σv)β 1/3

(56)

To convert Equation (56) to use consistent units, it is modified as follows:
−0.5
0.001T 1.75 Wαβ
Dαβ = 10.1325 h P
i2
P
1/3
1/3
p ( v)α + ( v)β

(57)

where the SI units are now used for all the variables involved. Hence, in
Equation (57) the binary diffusion coefficient is expressed in square meters
per second, the temperature in Kelvin; the molecular weight in kilogram per
kilomole, and the total pressure in Pascal.
2.5.4. Knudsen model
The Kinetic Theory of Gases defines the Knudsen diffusion coefficient as
[33, 50]:
r
dp 8RT
(58)
DK α =
3 π Wα
where DKα is given in SI units if the temperature is expressed in Kelvin, the
molecular weight in kilograms per kilomole, the mean pore diameter (dp ) in
meters and the ideal gas law constant in Joule per kilomole per Kelvin. Equation (58) is unanimously used for the calculation of the Knudsen diffusivity
in the SOFC related literature.
3. Overview of the software structure
In the modeling and simulation of phenomena of scientific and technological relevance, open source codes offer a collaborative platform for the
dissemination of new ideas and methodologies and, simultaneously, foster
the optimal evolution of state-of-the-art algorithms due to the peer review
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and control of the source code itself. These benefits speed up the development of design tools and boost the collaboration between code developers
and equipment designers, and their mutual feedback.
The work presented in this paper is based on the OpenFOAM R toolbox,
an open-source platform for the solution of partial differential equations usually encountered in the mathematical description of continuum mechanics of
solids and fluids. This toolbox is an implementation of fast, robust and accurate numerical solvers designed for managing complex geometries using the
finite-volume method. It uses the natural language of continuum mechanics,
representing the equations in a straightforward way, as shown in Algorithm 1.
OpenFOAM R has an object-oriented design and is written in C++, which
provides one of its most useful features: the extension of the modeling capabilities in the form of libraries, such as the one introduced in this paper
and intended to address the simulation of SOFCs. It encompasses two separate items. These are: a library (Section 4.1) embodying the mass-transfer
models; and a solver (Section 4.2), which handles the definition of the SOFC
domains, the SOFC models and their coupling.
4. Description of the individual software components
4.1. Multispecies mass-transfer library
Multispecies mass-transport is not only a key submodel in a SOFC simulation but it is also required for the numerical solution of a wide range of industrial processes (eg catalytic converters, or chemical-vapor deposition). However, OpenFOAM R does not include a general multispecies mass-transport
code (as of version 1.6-ext or 1.7.x). To fill this gap, the authors have developed a multispecies mass-transfer library following the OpenFOAM R conventions and philosophy. The library contains the most widely used multispecies
mass-transport models in the literature, which were introduced in Section 2.
A graphical description of the library contents and structure is shown in
Figure 2; it is is divided in four major blocks described below.
4.1.1. Thermophysical models
The thermoPhysicalModels is the library database, and consists of the
following classes: (i) multiComponentMixtureMassBases; and (ii)
multiComponentMixtureMolarBases.
Both classes store all the required variables to characterize a mixture of
species α (yα , xα , nα , Nα and Wm ) as well as the functions correct and the
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functions to update the fluxes (correctMolarFluxes and correctMassFluxes
respectively). As it is shown in Section 2.4, the species mass conservation
equation changes depending on the chosen diffusion model, as it also does
the dependent variable to be solved (yα for fickian models and pα for StefanMaxwell and dusty-gas models). Therefore, each diffusion model recalls the
proper mixture class (models that use pα are based on multiComponentMixtureMolarBases).
The function correct contains the correlations needed to calculate the mixture molar weight and the remain composition variables (from mass fractions
to molar fractions for multiComponentMixtureMassBases and from molar
fractions to mass fractions for multiComponentMixtureMolarBases). Both
classes work like a base for a standard OpenFOAM R thermodynamic model
in witch all mixture properties are defined (cp , α, etc...).
4.1.2. Momentum-continuity models
This block is based on the class momentumTransport, which includes the
structure to account for momentum and mass conservation. The derived
classes are: (i) SIMPLE; (ii) porousSIMPLE; and (iii) Darcy.
SIMPLE contains the code to solve Equations (1) and (4) using the SIMPLE velocity-pressure algorithm implemented in rhoSimpleFoam, an standard solver of OpenFOAM R .
porousSIMPLE solves Equations (2) and (5) as it is done in the standard
OpenFOAM R solver rhoPorousSimpleFoam.
Darcy solves Equations (3) that is the common form of the Darcy Law.
4.1.3. Mass-transfer models
In Algorithm 2, the structure of the class multiSpeciesTransportModel
is shown. This handles the solution of the chemical species conservation
equation for a given diffusion model (see Section 2.4) either in a channel or
in a porous media. The derived classes from multiSpeciesTransportModel,
named after the mass-diffusion model, are: (i) Fick ; (ii) MaxwellStefan;
and (iii) dustyGas.
The Fick class allows the user to specify which of the three possible Fickian species-conservation equations must be considered: Equation (11) for binary mixtures; Equation (14) for multicomponent mixtures; or Equation (19)
for multicomponent mixtures in a porous medium. As shown in Algorithm 2,
the procedure of this subroutine is as follows: (a) it solves the momentum
and continuity equations, calling the class momentumTransport::SIMPLE or
momentumTransport::porousSIMPLE depending on the medium; (b) it solves
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the selected mass-conservation equation for (N − 1) species; (c) it calculates
the total mass fluxes, ~nα ; (d) it calculates the value of the non-solved-for
species ensuring continuity; (e) it updates the the molar bases fields, calling the update functions of multiComponentMixtureMassBases; and (f) it
updates the diffusion coefficients with the class diffusivityModel.
The MaxwellStefan class allows the solution of the multicomponent masstransfer in a porosity-free domain. The algorithm, also shown in Algorithm 2,
is: (a) the class momentumTransport::SIMPLE is called to solve the momentum and continuity equations; (b) Equation (38) is solved for (N −1) species;
~ α , are calculated; (d) the value of the non-solved(c) the total molar fluxes, N
for species is calculated ensuring continuity; (e) molar fractions are calculated from partial pressures; (f) multiComponentMixtureMolarBases update
functions are called to update the mass fields; (g) class diffusivityModel
is called to update the diffusion coefficients; and (h) the parameters of the
SM
SM
SM
species conservation equation (Γα , ~υαp , ~υαN ) are recalculated.
The dustyGas class contains the algorithm to solve the mass transport
through a porous media according to the dusty-gas model. It differs from
the ones used in the Fick and MaxwellStefan classes in that it admits only
momentumTransport::Darcy. The procedure, shown in Algorithm 2 is: (a)
Equation (44) is solved for all the species of the gas mixture; (b) the total mo~ α , are calculated; (c) the total pressure of the fluid is calculated
lar fluxes,P
N
as: p =
α pα ; (d) molar fractions are calculated from partial pressures;
(e) multiComponentMixtureMolarBases update functions are called to update the mass fields; (f) the diffusivities are recalculated calling the class
DGM
DGM
DGM
diffusivityModel; (g) Γα , ~υαp
, ~υαN
are updated; and blue(h) the
fluid permeation velocity is calculated from Equation (44).
For the proper performance of the library, a new boundary condition,
called fixedFlux, is required. fixedFlux is derived from the OpenFOAM R
basic boundary-condition fixedGradientFvPatchField and its implementation follows the standard OpenFOAM R conventions in order to obtain a
generic boundary condition applicable for all mass-transport models. Given a
generic mass-flux of a species α normal to a boundary surface (ψα ), fixedFlux
calculates the normal gradient of the species (snGradφα ) at that boundary
according to the chosen diffusion model:
snGradφα =

(υαN + υαp ) φα − ψα
.
Γα
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(59)

where φα , ψα , υαN , υαp and Γα for the different diffusion models are given in
Table 1.
4.1.4. Diffusion-coefficient models
The diffusivityModel is the generic class to compute the diffusivity coefficients. The theoretical or semi-empirical correlations described in Section
2.5 have been implemented in the derived classes: (i) constant to introduce experimental diffusivity values; (ii) Champan-Enskog to calculate Dαβ
according to Equation (51); (iii) Wilke-Lee to calculate Dαβ according to
Equation (54); (iv) Fuller-Schettler-Giddings to calculate Dαβ according to Equation (57); and (v) Knudsen to calculate DKα , given by Equation
(58). The user may select at run time which model to use.
4.2. SOFC solver
The SOFC solver is a CFD tool to simulate the performance of a solid
oxide fuel cell. The solver has been also written in C++, taking into account
the OpenFOAM R code style and fully ensuring its compatibility. The SOFC
solver represents an example of the capability of the previously described
multi-species mass-transport library and it can be further extended by linking
it to other libraries (eg an eventual thermal sub-model).
The main feature of the SOFC solver is that it divides the SOFC in five
adjacent subdomains, according to its different components: (i) fuel channel;
(ii) anode; (iii) electrolyte; (iv) cathode; and (v) air channel. The solver
requires one mesh for each of those subdomains to solve the physical phenomena taking place in each component; and thus it also requires a coupling
algorithm to transfer information from each mesh to its neighbouring ones.
The SOFC solver structure is based on a virtual class called component,
from which two classes are derived: (i) solidComponent to store the properties of a solid material in a class material; and (ii) fluidComponent which
contains the functions to exchange fluid fields between regions. Since a
SOFC component may be a fluid, a solid or a mixture of both (eg fluid
flowing through a porous medium), the following classes have been further
derived to model each of the cell components: (a) channel derived from
fluidComponent to model the gas channels (either air or fuel channel); (b)
electrode to model the porous media of the cell (anode or cathode), it is
thus derived from both fluidComponent and solidComponent; and (c) a
class electrolyte derived from solidComponent to model the impervious
solid in the cell (the electrolyte).
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Classes channel and electrode inherit the mass and momentum conservation algorithms from classes multiSpeciesTransportModel and momentumTransport
(see Section 4.1). Since the electrochemical reaction in a SOFC takes place
in a very thin region in the vicinity of the electrode-electrolyte interfaces
[57], it is considered to take place on a surface and it is thus modeled as a
boundary condition, where the gradient of each component of the mixture is
calculated applying the fixedFlux boundary condition to the molar fluxes
given by Faraday’s Law:
~ α,r · ~nr = I
N
(60)
nF
where I is the current density, ~nr is the unit vector normal to the reaction
boundary, n is the number of electrons required to convert a single molecule
of species α and F is Faraday’s constant. Since no volumetric reactions
are considered, the following relationships
P are valid at every cell component:
Sxα = 0, Syα = (Sxα Wα ) = 0, Sy = ( α Syα ) = 0. However, when using the
boundary condition fixedFlux special care must be taken at the reaction
boundaries (electrode-electrolyte interfaces), where the velocity is fixed to
~ α,r = J~α,r . It should be
zero (electrolyte is an impervious solid) and then N
P
P
~
noted that α (Wα J~α,r ) 6= 0, ie
α (jα,r ) 6= 0. The reaction boundaries are
mass-diffusion inlet-outlets of the cell. This diffusivity-boundary mass source
is therefore taken into account when solving the continuity equation in the
momentumTransport (surfMassSource).
On the other hand, mass transport is not solved in the electrolyte, where
the conservation of anions is imposed. Therefore, the class electrolyte does
not contain any multiSpeciesTransportModel or momentumTransport as
the other components do. However, electrolyte stores the electrochemical
algorithm to solve the electrochemistry of the cell; it is based on the one described in [58]. The electrolyte is modeled like a thin plate, where the current
density path is normal to the electrolyte-electrode interface. Either the cell
current density or the cell voltage is required as an input in the electrolyte
class. If the cell voltage is given, the function updateCurrentDensity()
solves the Butler-Volmer equation and the Ohm law for each element of the
mesh to find the current density value that satisfies the imposed voltage. If,
on the contrary, the average current density is fixed, then a similar subroutine
updateVoltage() calculates the cell voltage.
All the above mentioned classes are combined in a top level solver, named
sofcFoam, that defines the procedure for the solution of the SOFC solver.
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Figure 3 shows the flow chart of the SOFC solver algorithm and coupling; and
Table 2 gathers the boundary conditions required by the solver. Essentially,
sofcFoam reads from a file the regions names and creates the respective objects. All these objects are independent and can be independently controlled
both in terms of the selection of submodels and of solution parameters. The
solution algorithm is segregated and the most convenient order to solve regions is starting from the inner of the cell. Thus, the electrolyte is solved first,
then the electrodes, and finally the gas channels; the process is repeated until
convergence. Every time a region is solved, the corresponding elements in
the neighbouring mesh are updated using the OpenFOAM R autoMap class.
5. Validation and Results
5.1. Validation of the multi-species mass-transfer library
The performance of the mass-transfer library presented in Section (4.1)
is here assessed by comparison with analytical solutions of the mass-transfer
models presented in Section 2.4. For this purpose, the well-known Stefan
Tube test case (1D, steady-state, multicomponent mass-transfer at constant
pressure) is used. Note that in this section the mass or molar fluxes (either
~ α ) are one-dimensional vectors, in the direction of the tube axis;
~nα or N
therefore only the magnitude of the vector is used in the derivation of the
analytical solutions (nα or Nα ).
5.1.1. Validation of Fick
The analytical solution of Equation (11) for a non-reacting binary mixture
is:

yα (x) =

nα W α
nα Wβ +nβ Wα

1−

yα (0)Wα
+ { yα (0)(W
−
β −Wα )+Wα

nα (Wβ −Wα )
nα Wβ +nβ Wα

y (0)(W −W )

(
nα W α
}e
nα Wβ +nβ Wα

α
α
β
− { yα (0)(W
−
β −Wα )+Wα

(nα Wβ +nβ Wα )RT x
)
Wβ Wα pDαβ

(
nα (Wβ −Wα )
}e
nα Wβ +nβ Wα

(nα Wβ +nβ Wα )RT x
)
Wβ Wα pDαβ

(61)
where the following relationships have been used: nα = yα ρv − ρDαβ ∇yα ,
yα + yβ = 1, ρ = pWm /(RT ) and Wm = Wα Wβ /(yα (Wβ − Wα ) + Wα ). Figure
4 shows the comparison between the numerical results obtained with the
library and the analytical results calculated with Equation (61), under the
conditions given in Table 3.
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5.1.2. Validation of MaxwellStefan
From Equation (31) the Stefan-Maxwell equations for the steady-state
multicomponent diffusion under constant pressure are:
∇pα = RT

XN
~ β pα − N
~ α pβ
pDα,β
β

(62)

For the Stefan Tube test (1D), we can write Equation (62) in matrix form
as follows:
dpα
= Dα,β pα + Mα
(63)
dx
−1
Defining Λα,β = Sα,β Dα,β Sα,β
, where Λα,β is a diagonal matrix containing the
eigenvalues (λα ) of the matrix Dα,β , and Sα,β is the corresponding eigenvectors matrix, and using the auxiliary variables qα = Sα,β pα and Gα = Sα,β Mα ,
the system of Equations (63) can be written in the form:
dqα
= λα qα (x) + Gα
dx

(64)



(65)

the solution of which is:

Gα
Gα
qα (x) = qα (0) +
exp(λα x) −
λα
λα

In the case of a ternary mixture (species: α, β, γ) in 1D, the system of Equations (62) may be expressed as:





dpα
RT
Nα + Nγ
Nβ
Nα
Nα
Nα
=
+
pα +
−
pβ −
p (66)
dx
p
Dαγ
Dαβ
Dαγ
Dαβ
Dαγ





dpβ
RT
Nβ
Nβ
Nβ + Nγ
Nα
Nβ
=
−
pα +
+
pβ −
p (67)
dx
p
Dβγ Dαβ
Dβγ
Dαβ
Dβγ
pγ = p − pα − pβ
(68)
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the analytical solution of which is given by Equation (65) and the following
parameters:


RT Nα + Nγ
Nβ
Dα,α =
+
(69)
p
Dαγ
Dαβ


RT Nα
Nα
Dα,β =
−
(70)
p
Dαγ
Dαβ


RT Nβ
Nβ
Dβ,α =
−
(71)
p
Dβγ
Dαβ


RT Nβ + Nγ
Nα
Dβ,β =
+
(72)
p
Dβγ
Dαβ


Nα
Mα = −RT
(73)
Dαγ


Nβ
(74)
Mβ = −RT
Dβγ
q
(Dα,α + Dβ,β ) + (Dα,α − Dβ,β )β + 4 Dα,β Dβ,α
λα =
(75)
β
q
(Dα,α + Dβ,β ) − (Dα,α − Dβ,β )β + 4 Dα,β Dβ,α
λβ =
(76)
β
For the conditions given in Table 4, the analytical solution of the Stefan
Tube test and the numerical results given by the library using the class
MaxwellStefan are plotted in Figure 4.
5.1.3. Validation of dustyGas
The dusty-gas model describes the global mass transfer of a multicomponent gas mixture flowing though a porous media under non-constant pressure. A binary mixture is considered for this test case (species: α, β). From
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Equation (39) the following system of equations is obtained:


Nβ
Nα
RT
+
DKα
DKβ
dp
h 

i
= −
p
B0
1
1
dx
1 + µ pα D K − D K + D K
α

β

(77)

β

dpα
RT
RT
B0
=
[pα (Nα + Nβ ) − pNα ] −
Nα − pα
∇p
dx
pD12
pDKα
µDKα
dp dpα
dpβ
=
−
dx
dx
dx

(78)
(79)

This system is solved numerically by scripting the solution procedure in Octave [59, 60]. Figure 4 also shows the comparison between the analytical
curves and the numerical results for the dustyGas for the conditions given
in Table 5.
Figure 5 shows the relative errors (ζ) between the reference solutions
(analytical or numerical) and the results calculated in this work for all the
test cases presented in this section and their dependency with the mesh size.
The error is calculated as:
ζ=

φref − φOpenF OAM
φref

(80)

The results shown in Figure 5 further validate the performance of the library.
5.2. SOFC solver results and validation
The performance of the sofcFoam application introduced in Section 4.2
is shown now by comparison with the experimental data of a circular-shape,
planar SOFC; the experimental data have been collected in the authors’
(VN, PA) laboratory. The geometry and properties of the cell, as well as
the operating conditions, are reported in Table 6. Two approaches for the
representation of the cell will be considered: (i) 2D simulations assuming
axial symmetry; (iii) full 3D simulations. Figures. 6 and 7 show some details
of the meshes used for both approaches. The meshes were successively refined
until the numerical results indicated no dependence on the mesh, as shown
in Figure 8.
Figure 9 shows the experimental and numerical I-V curves for the cell
given in Table 6 at three different operating temperatures. The model fitting
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parameter is the pre-exponential factor of the cathode current exchange density, which is not kept constant from curve to curve because it is temperature
dependent. Good agreement is reached between numerical and experimental
data, for both the 2D and 3D simulations.
6. Practical issues
6.1. Installation instructions
The package multiSpeciesTransportModels consists in three folders, namely
lib, applications and run and requires a fully functionally installation of
OpenFOAM R (version 1.6-ext). In order to install the main software easily,
under Ubuntu Lucid 10.04 LTS it is sufficient to add the PPA repository
typing in a terminal (superuser privileges are required):
sudo add-apt-repository ppa:cae-team/ppa
and then
sudo apt-get update
sudo apt-get install openfoam-1.6-ext
sudo apt-get install openfoam-1.6-ext-dev
sudo apt-get install binutils-dev
sudo apt-get install g++
sudo apt-get install cmake
to install the package satisfying all the dependencies. Finally by typing
echo ". /usr/lib/OpenFOAM-1.6-ext/etc/bashrc"
>> ~/.bashrc
echo "export FOAM_USER_APPBIN=
$WM_PROJECT_USER_DIR/applications/bin/$WM_OPTIONS"
>> ~/.bashrc
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echo "export FOAM_USER_LIBBIN=
$WM_PROJECT_USER_DIR/lib/$WM_OPTIONS"
>> ~/.bashrc
echo "export PATH=$PATH:$FOAM_USER_APPBIN"
>> ~/.bashrc
echo "export LD_LIBRARY_PATH=
$LD_LIBRARY_PATH:$FOAM_USER_LIBBIN"
>> ~/.bashrc
source ~/.bashrc
the installation process will be completed. To install OpenFOAM R under
other operating system or to compile it from the source code one can refer the
instructions reported on the main web site (http://www.extend-project.de).
Now for install the multiSpeciesTransportModels create the OpenFOAM R
user home folder (if not present) and subfolders with the commands
mkdir ~/OpenFOAM
mkdir ~/OpenFOAM/$USER-1.6-ext
mkdir ~/OpenFOAM/$USER-1.6-ext/lib
mkdir ~/OpenFOAM/$USER-1.6-ext/applications
mkdir ~/OpenFOAM/$USER-1.6-ext/run
and extract the package in temporary directory (i.e. ˜/temp-install) with
tar -zxvf multiSpeciesTransportModels.tar.gz
Finally by typing
cp -r ~/temp-install/mstm/lib/*
~/OpenFOAM/$USER-1.6-ext/lib
cp -r ~/temp-install/mstm/applications/*
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~/OpenFOAM/$USER-1.6-ext/applications
cp -r ~/temp-install/mstm/run/*
~/OpenFOAM/$USER-1.6-ext/run
copy all the files in the right position. To complete the installation the code
has to be compiled. This can be done with the commands
~/OpenFOAM/$USER-1.6-ext/lib/Allwmake-mstm
~/OpenFOAM/$USER-1.6-ext/applications/Allwmake-mstm
6.2. Test run description
The package multiSpeciesTransportModels contains also a test case reproducing the first validation case reported in section 5.1 and figure 4. Initial
conditions are reported in Table 3. All data and parameters are already correctly set. Figure 10 shows the initial condition file for the hydrogen mass
fraction. To see it open the file with any text editor. Using nano text editor
type in a terminal
nano ~/OpenFOAM/$USER-1.6-ext/run/stefanTube/Fick/0/y_H2
(press ctrl+x to exit from the program). Figure 11 shows the main setting
of the multiSpeciesTransportModels library: the diffusion model (Fick), the
model for calculating the binary diffusion coefficients (Fuller), the algorithm
for the momentum equation (SIMPLE) and the name of the species indireclty
calculated (H2O). To run the simulation enter in the case folder with the
command
cd ~/OpenFOAM/$USER-1.6-ext/run/stefanTube/Fick
then generate the mesh with the command
blockMesh
and finally start the simulation with the command
stefanTube
Figure 12 shows the content of the results file for the hydrogen mass fraction.
To compare it with the own one type in a terminal
nano ~/OpenFOAM/$USER-1.6-ext/run/stefanTube/Fick/1/y_H2
or check it with any text editor.
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7. Conclusions
A new mass transport library has been developed to solve problems involving the multicomponent mass transport through porous media and nonporous domains. A new solver to simulate SOFC performance has also been
presented to illustrate the practical use of the the mass-transport library.
The library includes the following mass-transport models: (i) Fick, for
mass-transfer of binary mixtures in non-porous domains; (ii) Fick, for masstransfer of multicomponent mixtures either in non-porous domains or in
porous media; (iii) MaxwellStefan, for multicomponent mass-transfer in
open domains; and (iv) dustGas, for multicomponent mass-transfer in porous
media. The library also includes the velocity-pressure coupling-algorithms:
(a) SIMPLE to account for the momentum and mass conservation in nonporous domains; and porousSIMPLE to solve the continuity and momentum
equations in porous media.
Details of the code structure, both for the library and for the SOFC
application, have been provided, paving the way for finding new potential
uses and extensions of the library. The modules written in C++ following
the standards of OpenFOAM R , to ensure their compatibility.
The accuracy for the developed models has been checked by comparison
of the numerical results with analytical solutions (when possible) and with
experimental data for actual SOFCs. The satisfactory performance of the
library and the SOFC solver has been shown.
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Nomenclature
~aα

Acceleration of species α, m s−2

~~
B
0

Porous-medium permeability-tensor, m2

B0

Porous-medium permeability-coefficient, m2

c

Molar density of the mixture, kmol m−3

cα

Molar density of the species α, kmol m−3

Cv,α

Heat capacity at constant volume of species α, kg m2 s−2 kmol−1 K −1

Dα,β Auxiliary matrix defined in Equation (63)
Dα

Global diffusion coefficient of species α in a porous medium, m2 s−1

Dαβ

Ordinary diffusion coefficient of species α in species β, m2 s−1

Dαm

Ordinary diffusion coefficient of species α in a multicomponent mixture, m2 s−1

DKα Knudsen-diffusion coefficient of species α, m2 s−1
dp

Mean pore diameter, m

Eαβ

Parameter (εαβ /kB ), K

F

Faraday’s constant, A s kmol−1

~
F~

Porous inertia-tensor

Gα

Auxiliary variable (Sα,β Mβ ), see Equation(64)

I

Current density, A m−2

J~α

Molar-diffusion flux of species α relative a molar-average velocity,
kmol m−2 s−1

~jα

Mass diffusion-flux of species α relative to the mass-average velocity,
kg m2 s−1

kB

Boltzmann constant, kg m2 s−2 K −1
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Mα

Auxiliary variable defined in Equation (63)

n

Number of electrons required to convert a single species-α molecule, -

~n

Unitary normal vector, −

N

Number of species in the gas mixture (or fluid)

~α
N

Total molar flux of species α, kmol m−2 s−1

~nα

Total mass flux of species α, kg m−2 s−1

Nα

Number of molecules of species α, kmol

nα

Molecular density of species α, kmol m−3

p

Pressure, kg m−1 s−2

pα

Patial pressure of species α, kg m−1 s−2

qα

Auxiliary variable (Sα,β pα ), see Equation(64)

R

Ideal gas law constant, kg m2 s−2 kmol−1 K −1

Sx α

Molar source of sink of the species α, kmol m3 s−1

Sy α

Mass source or sink of the species α, kg m3 s−1

Sy

Global mass source or sink, kg m3 s−1

S

Entropy, kg m2 s−2 K −1

Sα,β

Matrix containing eigenvectors of Dα,β

T

Temperature, K

TN

Parameter (T /Eαβ ), -

t

Time, s

U

Internal energy, kg m2 s−2

h~vi

Superficial permeation velocity, m s−1

~v

Fluid mass-averaged velocity, m s−1
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~vα

Velocity of species α, m s−1

V

Volume, m3

Wα

Molecular weight of species α, kg kmol−1

Wm

Molecular weight of the mixture (fluid), kg kmol−1

Wαβ

Equivalent molecular weight of species α and β, kg kmol−1

xα

Molar fraction of species α, -

x

Distance, m

yα

Mass fraction of species α, -

Subscripts

α

Species index

β

Species index

γ

Species index

r

Reaction wall

Greek letters

ε

Porosity of the porous medium, -

εα

characteristic Lennard-Jones energy, kg m2 s−2

DGM

Dusty-gas model parameter in Equation (40), m2 s−1

Γα

SM

Stefan-Maxwell model parameter in Equation (32), m2 s−1

Λα,β

Diagonal matrix containing the eigenvalues of Dα,β

λα

Eigenvalue of matrix Dα,β

µ

Fluid viscosity, kg m−1 s−1

µα

Chemical potential of species α, kg m2 s−2 kmol−1

ν

Kinematic viscosity, kg m−1 s−1

Γα
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ΩD

Collision integral in Lennard-Jones 12-6 potential model, -

φ

Generic variable, several units

ψα

Mass/molar flux of species α normal to a boundary, see Equation (59)

ρ

Mass density of the fluid, kg m−3

σαβ

Average collision diameter in Lennard-Jones 12-6 potential model, Ȧ

Σvα

Diffusion volume for species α

τ

Tortuosity factor of the porous medium, -

~
τ~′

Viscous stress tensor, kg m−1 s−2

Υ

Parameter in Equation (15), -

~υαN

DGM

~υαN

SM

DGM

~υαp

SM

Dusty-gas model parameter in Equation (40), m s−1
Stefan-Maxwell model parameter in Equation (32), m s−1
Dusty-gas model parameter in Equation (40), m s−1

~υαp

Stefan-Maxwell model parameter in Equation (32), m s−1

ζ

Error in the numerical solution with respect to the analytical one, −

Superscripts

d

Diffusive effects

ef f

Effective

v

Viscous effects
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Figure 1: Schematic of a circularly-shaped planar solid oxide fuel cell.
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Figure 2: Structure of the mass-transport library for OpenFOAM R .
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Figure 3: SOFC solver structure for OpenFOAM R .
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Figure 6: Details of the 2D SOFC geometry.
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Figure 7: Details of the 3D SOFC geometry
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FoamFile
{
version
2.0;
format
ascii;
class
volScalarField;
location
"0";
object
yH2O;
}
// * * * * * * * * * * * * * * * * * * * * *
dimensions

[0 0 0 0 0 0 0];

internalField

uniform 0.7;

boundaryField
{
liquid
{
type
value
}
exit
{
type
gradient
value
}
TreD
{
type
}
wall
{
type
}
}

fixedValue;
uniform 0.7;

fixedFlux;
uniform 0;
uniform 0.7;

empty;

zeroGradient;

Figure 10: Initial conditions file for hydrogen mass fraction for Fick validation test case.
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FoamFile
{
version
2.0;
format
ascii;
class
dictionary;
object
transportProperties;
}
// * * * * * * * * * * * * * * * * * * * * *
multispeciesTransportModel Fick;
binaryDiffusivityModel

Fuller;

momentumTransport

SIMPLE;

inertSpecies

H2O;

// *****************************************
Figure 11: TransportProperties dictionary file for Fick validation test case.
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FoamFile
{
version
2.0;
format
ascii;
class
volScalarField;
location
"1";
object
y_H2;
}
// * * * * * * * * * * * * * * * * * * * * *
dimensions

[0 0 0 0 0 0 0];

internalField
100
(
0.697212
0.691569
0.685862
0.680091
0.674256
0.668358
0.662398
0.656378
0.650298
0.64416
0.637964
0.631711
0.625404
0.619043
0.61263
0.606165
0.599652
0.59309
0.586482
0.57983
0.573134
...

nonuniform List<scalar>

Figure 12: Results file (partial) for hydrogen mass fraction for Fick validation test case.
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Diffusion Model
Fick (binary)
Fick (multicomponent)
Fick (porous)
MaxwellStefan
dustyGas

φα
yα
yα
yα
pα
pα

ψα
υαp
(~jα · ~n)
0
(~jα · ~n)
0
~
(jα · ~n)
0
pSM
~
(Nα · ~n) (~υα · ~n)
~ α · ~n) (~υ pDGM · ~n)
(N
α

υαN
0
0
0
SM

(~υαN · ~n)
DGM
(~υαN
· ~n)

Γα
(ρDαβ )
(ρDαm )
(ρDαef f )
SM
Γα
DGM
Γα

Table 1: Values of the parameters of the fixedFlux boundary condition for the several
diffusion models
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Channel field
Velocity

Pressure

Species concentration

Electrode field
Velocity
Pressure
Species concentration
Electrolyte field
Species Concentration

patch
@inlet
@outlet
@electrode interface
@inlet
@outlet
@electrode interface
@inlet
@outlet
@electrode interface
patch
@channel interface
@electrolyte interface
@channel interface
@electrolyte interface
@channel interface
@electrolyte interface
patch
@electrode interface

type
fixedValue (mass flux)
zeroGradient
fixedValue (from electrode)
zeroGradient
fixedValue
zeroGradient
fixedValue (feeding composition)
zeroGradient
fixedFlux (from electrode)
type
zeroGradient
fixedValue (0 0 0)
fixedValue (from channel)
zeroGradient
fixedValue (from channel)
fixedFlux (Faraday’s Law)
type
fixedValue (from electrode)

Table 2: Boundary conditions required by the SOFC solver
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Variable
Species (α, β)
Tube length
Temperature
Pressure
yH2 (0)
yH2 O(0)
nH2 (0.1)
nH2 O (0.1)
Dαβ

Value
H2 , H2 O
0.1 m
1073 K
101325 P a
0.7
0.3
5e-4 kg m−2 s−1
0 kg m−2 s−1
Fuller-Schettler-Giddings

Table 3: Conditions for the validation of the FickModel for a binary mixture consisting
of H2 and H2 O
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Variable
Species (α, β, γ)
Tube length
Temperature
Pressure
xH2 (0)
xH2 O (0)
xN2 (0)
NH2 (0.1)
NH2 O (0.1)
NN2 (0.1)
Dαβ

Value
H2 , H2 O, N2
0.1 m
1073 K
101325 P a
0.5
0.3
0.2
6e-5 kmol m−2 s−1
2e-5 kmol m−2 s−1
0 kmol m−2 s−1
Fuller-Schettler-Giddings

Table 4: Conditions for the validation of the MaxwellStefanModel for a multicomponent
mixture consisting of H2 , H2 O and N2
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Variable
Species (α, β)
Tube length
Temperature
Pressure
xH2 (0)
xH2 O (0)
NH2 (0.1)
NH2 O (0.1)
Porosity
Tortuosity
Pore diameter
Dαβ
DKα

Value
H2 , H2 O
0.1 m
1073 K
101325 P a
0.7
0.3
5e-6 kmol m−2 s−1
-1e-6 kmol m−2 s−1
0.32
3
1e-6 m
Fuller-Schettler-Giddings
Knudsen

Table 5: Conditions for the validation of the DustyGasModel for a binary mixture consisting of H2 , H2 O
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Cell Geometry
Cell diameter
Anode
Anode thickness
Anode porosity
Anode tortuosity
Anode permeability
Cathode
Cathode thickness
Cathode porosity
Cathode tortuosity
Cathode permeability
Electrolyte
Electrolyte thickness
Active area
Operating conditions
Pressure
Temperature
Fuel flow
Fuel composition
Air flow
Air composition

78 mm
Ni/YSZ
520 µm
0.32
3
1e-14 520 m2
LSCF
34 µm
0.32
3
1e-14 m2
YSZ
6 µm
47 cm2
101325 P a
700, 750, 800 ◦ C
0.533 Nl min−1
77 % H2 + 4 % H2 O + 19 % N2
1.5 Nl min−1
21 % O2 + 79 % N2

Table 6: Cell parameters: geometry and operating conditions
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// Generic equation:
∂ρ~v
+ ∇ · (ρ~v~v ) − ∇ · µ (∇~v ) = −∇p
∂t
// OpenFOAM code:
solve
(
fvm::ddt(rho, U)
+ fvm::div(phi, U)
- fvm::laplacian(mu, U)
==
- fvc::grad(p)
)

Algorithm 1: Typical implementation of a partial differential equation in
OpenFOAM R
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multiSpeciesTransportModel::solve()
{
if (Fick or MaxwellStefan)
momentumTransport::momentumLoop()
{
if (porous)
momentumTransport::porousSIMPLE
else (channels)
momentumTransport::SIMPLE
endif
}
endif
massTransportLoop()
{
if (Fick or MaxwellStefan)
for ( α = 1; α < (N − 1); α + +)
speciesEquation.solve() → yα or pα
~α
speciesEquation.flux() → ~nα or N
endfor
if (Fick)
P
yN = 1 −
y
(α6
P= N ) α
~nN = ρ~v −
nα
(α6= N ) ~
else (MaxwellStefan)
P
pN = p −
(α6= N ) pα
~ N = ρ~v W −1 − P
~α
N
N
m

(α6= N )

xα = pα / p

endif
correct()
calcCoefficients()
else (dustyGas)
for ( α = 1; α < N ; α + +)
speciesEquation.solve() → pα
~α
speciesEquation.flux() → N
endfor P
p =
pα
xα = pα / p
correct()
calcCoefficients()
momentumTransport::Darcy
endif

}

}

Algorithm 2: Structure of the multiSpeciesTransportModel, the segregated solver to calculate the species mass-transport
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