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Abstract

The solid oxide fuel cell is an electro-chemical device which converts chemical energy into electricity
and heat. To compete in today’s market, design improvements, in terms of performance and life
cycle, are required. Numerical prototypes can accelerate design and development progress. In
this programme of research, a three-dimensional solid oxide fuel cell prototype, openFuelCell,
based on open-source computational fluid dynamics software was developed and applied to a single
cell. Transport phenomena, combined with the solution to the local Nernst equation for the open-
circuit potential, as well as the Kirchhoff-Ohm relationship for the local current density, allow
local electro-chemistry, fluid flow, multi-component species transport, and multi-region thermal
analysis to be considered. The detailed physicochemical hydrodynamics included porous electrodes
and electro-chemical effects. The openFuelCell program is developed in an object-oriented open-
source C** library. The code is available at http://openfuelcell.sourceforge.net/. The
paper also describes domain decomposition techniques considered in the context of highly efficient
parallel programming.

Keywords: solid oxide fuel cell, computational fluid dynamics, physicochemical hydrodynamics,

electro-chemistry, heat and mass transfer.

1. Introduction

A solid oxide fuel cell (SOFC) is an electro-chemical device used for the conversion of the
chemical energy of hydrogen-rich or hydrocarbon fuels into electricity, with heat as a byproduct.

The SOFC exploits the oxygen-ion conducting property of a solid ceramic, Yttria-stabilised Zirconia
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or similar, as an electrolyte. It has gained attention as a candidate for efficient, clean, distributed
power generation [1]. SOFCs offer a number of advantages over existing power plants; high-power
density, electrical efficiency, no moving parts, low emission, and fuel flexibility. However, the cell
typically operates at 600—1000°C, and the high operating temperature imposes rigorous constraints
on the material properties of the cell components to obviate premature mechanical degradation
and failure. The development of suitable low-cost, durable materials is key to the adoption of the
technology. Because of the very high temperatures involved, and in spite of various efforts, there are
virtually no reliable experimental data available on e.g., local current density in operating SOFCs.
Under the circumstances, a good model is therefore invaluable.

The operation of a SOFC involves the simultaneous transport of mass, momentum, species, and
charge, coupled with electro-chemical reactions. The performance of a SOFC is directly related
to these coupled transport phenomena. To comprehend these processes and conduct parametric
studies on cell performance, numerical simulations based on computational fluid dynamics (CFD)
models [2-9] have been considered. CFD models reduce, but do not eliminate, the amount of
experimental data needed for cell development [3, 10].

Various commercial software programs, for example, PHOENICS [2, 11], Fluent [2, 8, 12-14],
Star-CD [15, 16] and COMSOL Multiphysics [17] have been adapted to simulate SOFC applications.
More recently, the development of open-source software such as OpenFOAM (Open Field Operation
and Manipulation) [18] has stimulated activities in SOFC application/development by the present
group [19-25]. and others [26-30]. However until now, there are no open source code repositories
in existence, capable of performing comprehensive performance calculations for SOFCs. Flexible,
well-written, open-source code can form a framework for research and development, which is not
possible with commercial ‘black-box’ software with associated license-fees, limited programmability
and extensibility by the scientist end-user.

The present writers are developing a multi-physics, multi-scale code suite for prototyping fuel
cell designs. At the heart of the activity is the cell-level SOFC model. In addition, micro-scale and
large-scale stack models are under development using similar program design techniques. The cell
model is multi-regional, encompassing all salient components of a SOFC cell: interconnects, gas
channels, actively-reacting and passively-supporting components of the porous anode and cathode

layers and also the solid electrolyte. The CFD model considers fluid flow, multi-component species
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transport, and conjugate heat transfer. The transport model is coupled with the solution of a Nernst
Equation for the ideal or maximum potential minus electrical losses computed by the application of
Kirchoff’s second law to ensure a conservative electric-field combined with Ohm’s law [20] based on a
user-selectable area specific resistance (ASR) [21] to obtain the local current density. The detailed
three-dimensional (3-D) CFD model is conservative, computationally efficient, fully parallelised,
and within the optimised open-source library, OpenFOAM [18]. Detailed computational physics,
thermo-chemical, and electro-chemical transport modules account for porous electrode effects and
electro-chemical reactions.

From the point of view of implementation and software organisation, SOFC modelling poses
several challenges. The root of the problem is the presence of multiple regions within the fuel
cell; each region being governed by a different set of physics equations. In the fuel channels,
the Navier-Stokes equations are solved with a set of species equations; the Navier-Stokes system
in the air channel will carry a similar but different species set. In the solid interconnect and
electrolyte components only the equation of energy requires to be solved, but this needs to be
coupled with the energy solutions in the corresponding air and fuel channels. An interesting problem
arises in the porous zones in the electrodes. For both heat transfer and electric charge transport,
these regions need to be handled as intermingling solid and fluid regions. They also act as a
resistance (drag) on fluid momentum. Depending on the level of approximation, the SOFC geometry
is decomposed into a number of component regions: fuel/air channels, electrolyte, interconnect,
porous layers, etc. Different levels of model complexity will decide whether the regions are abutting
or overlapping. The initial openFuelCell development was based on a simplified model prototype
for which calculations using two different commercial codes PHOENICS and Fluent [2, 11] had
already been obtained. Once satisfactory agreement was obtained with the previous results; the
present code was substantially extended in terms of capabilities, as described further below. A
detailed fuel cell or stack model will cover a significant volume in space and require resolution of
the flow and species concentration gradients, necessarily increasing the total computational-mesh
size to millions of mesh cells. For efficient simulations, use of high-performance parallel computers is
essential, further complicating the issues of software design. Two different implementation strategies
which were considered in the development are described below. Keuler and co-workers reported

on successfully running the code on 960 cores on the Jiilich Aachen Research Alliance (JARA)
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computing facility [31] with near linear performance.

Validation and verification of mathematical models are important subjects. The International
Energy Agency SOFC benchmark [32] was developed by teams of researchers from 5 European
countries as a reference for performance calculations. Le at el. [33] undertook a comprehensive
comparison of results obtained with openFuelCell, with the original IEA benchmark, as well as
with similar more recent performance calculations [34-37]. Beale et al. [21] contains a comparison
between openFuelCell calculations and experimental work for the Jiilich Mark F geometry, for
which extensive experimental data [38-40] have been gathered, and is one of the only SOFC stacks
which have operated for more than 60,000 hours. Figure 1 illustrates the plates, manifold and
channel assembly of this geometry. The primary focus of this paper is on computational methods
and techniques and the underlying logic of the openFuelCell code suite, rather than detailed
presentation of the results of such calculations for any specific SOFC design, which the reader will
find in the above references.

Figure 2 is a schematic illustration of the ‘core’ region of a planar SOFC. For convenience
the manifolds have been removed. The unit is composed of a positive-electrolyte-negative (PEN)
electrode assembly, interconnects, and gas channels. The PEN assembly consists of five distinct
layers: (1) anode substrate layer (ASL), (2) anode functional layer (AFL), (3) electrolyte, (4)
cathode functional layer (CFL), and (5) cathode current collector layer (CCCL). The gas channels
provide fuel and oxidant, necessary for the reaction, and are embedded within the rectangular cross-
section of the metallic interconnects. The fuel and air channels are connected to inlet and exhaust
manifolds (not shown). It can be seen that the domain has been tessellated with a rectilinear

computational grid which is uniform in the plane of the PEN.

2. Governing Equations

2.1. Fluid flow and mass transfer in gas channels and porous transport layers

The physicochemical hydrodynamic phenomena are presumed to be governed by the following
set of coupled equations. The fuel cell was considered to be in steady-state, though transience can

be added to the model equations with ease. In the gas channels and porous electrodes, the so-called
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primitive or divergence form of the transport equations are solved within volumetric region 2;

div (pu) =0, (1)

div (puu) = —grad p + div (pgrad u) — ’u—u, (2)
KD

where u denotes local velocity (m/s) (superficial or filter velocity in the porous transport layers), p
is pressure (Pa), and p the mixture viscosity (Pa-s) is computed according to Wilke [41] from the

individual species viscosities [42]. xp is permeability (m?), and p is mixture density (kgm?),

p P Y
= iM; = -, 3
P~ R,T 2.t R,T 2 M, ®)

The molecular weight of species i is given as M; (kg/kmol), the molar and mass fractions of species
i are denoted by x; and y;, respectively, and the universal gas constant, Ry = 8.3124 J/K-mol. The

set of scalar species equations

div (puy;) = div (pD?ﬁ grad yz') 7 (4)

is solved for i = 1,2,..,n — 1, the n'" species, being considered a ‘shadow’ species, is obtained
algebraically, y, =1 — nil y;. The effective diffusivity, DS (m?/s), may be computed according to
a number of run-time sleTéctable options, as discussed further below.

At the boundaries, 012, of the electrodes, which are treated as surfaces, the normal mass flux,

m” = pu is just the sum of the individual reactant/product species fluxes,

=Y "] (5)

These are computed by Faraday’s law,

(6)

where F' = 96 485 C/mol is Faraday’s constant, n; is the charge number, and by convention the

sign of Eq.(6) is positive for products and negative for reactants. A no slip velocity condition is
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applied at the air and fuel channel walls for the tangential velocities.
The boundary fluxes for the individual species diffusion equations on 02 are obtained from the
identity

i — ;n (prﬁyi) = 1y, (7)

which is easily re-arranged to obtain an expression for the normal gradient dy;/dn or a transferred

substance state boundary value, y; = m/ /m” on 0S.

2.1.1. Diffusion coefficients
Depending on the desired level of complexity and the zone of interest, various closure schemes

are possible for mass transfer. The binary gas diffusion coefficient (D;;) is calculated by means of

the correlation of Fuller, Schettler and Giddings [42-45]:

b 10TV (1M 1/ M)
ij = 2
P (Vi1/3 4 ‘/}1/3)

: (8)

where T is absolute temperature (K), p is pressure (atm), and V; and V; are diffusion volumes
(cm?) for species i and j, respectively.

In porous transport layers, diffusion is reduced relative to an open channel by the ratio of
the porosity, €, and tortuosity factors, 7 [46], with the binary and Knudsen diffusion coefficients

combined harmonically [47, 48],

per_ (L, LY 9)
Y 7 \Dij Din)

The Knudsen diffusion coefficient D;k,, is defined by

1
DiKn = gdcl <VT>Z' ) (10)
8R,T
= 11
)i =\ 2 (1)

where dg denotes the characteristic length of the pore domain (m), (v7); represents the mean

thermal molecular velocity of gas species (m/s).
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The determination of d.; for porous media is a matter of importance when the Knudsen number,
Kn > 0.1. For example, d.; may be associated with a pore diameter, dpore [49, 50], which in turn
may be expressed in terms of particle diameter. Similarly a constant tortuosity factor may be
selected [51, 52] or this may be considered to vary as 7 = ¢~ '/2 from the Bruggeman relation [53],
namely, DT/ Dref = ¢/7 = €15,

For multi-component diffusion, the mixture diffusion coefficient may be estimated from the
individual binary coefficient or the effective binary coefficients by means of, say, Wilke’s approach

[41]

-1

Dz‘ = (1 - l’l) Z ggﬁ ) (12)

gL

eff

in the open channels, with the effective diffusion coefficent, D7,

supplanting the binary coefficient,
D;j, in porous media in Eq. (12). The various diffusivity models are defined as instances of an
abstract base class selected from a virtual base class heirachy (family) at run-time and parameterised
with a dictionary of tagged values in the user’s case directory, which allows the user to select

appropriate diffusion coefficient models, according to region and level-of-complexity.

2.2. Electro-chemical reactions

The PEN structure is electro-chemically active and includes the thickness of the electrolyte and
the two adjacent active layers. Although the reactions are distributed throughout the active layers
of the electrodes, these are tacitly assumed to take place at a single interface between the given
electrode and electrolyte. The local open circuit, or ideal potential, is presumed to be given by the

Nernst equation [54]. For the reaction

ZaiRi — ijpj, (13)
@ J

having reactants R; with stoichiometric coefficients a; and products P; with stoichiometric coeffi-

cients b;, the ideal or Nernst potential, E (V), is calculated as,

R,T
E=E"+—91 14
+—F e, (14)
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where Ey (V) is a standard electrode potential and,

[P

@ = R (15)

i
is the equilibrium constant, and [P;], [R;] denotes the molar concentration of P;, R;. The form of
Eq. (14) is quite general. The air mixture of oxygen and nitrogen is illustrated in a speciesList
dictionary shown in Table 1, with reactants, products, and inert substances ‘tagged’ as -1, 1, 0,
with thermodynamic properties as shown in the figure.
The cell voltage, V, is equal to the theoretical open circuit voltage, reduced by the anode and
cathode overpotentials and the product of the ohmic resistance and local current density in the

electrolyte, as follows:

V=FE-n.—n.—jR (16)

Equation (16) is obtained by simply combining Kirchhoff’s second law for the circuit (including
the load), with Ohm’s law for the electrolyte, and is henceforth referred to here as the ‘Kirchhoff-
Ohm relationship’. Equation (16) provides an explicit expression for the local current density, j
(A/m?), as a function of the prescribed external voltage, V', and local Nernst potential, E. In a high-
temperature SOFC, activation losses are typically quite small, and these may simply be lumped as
an overall area specific resistance, see for example, [11]. The user may easily code implementations
for the resistance as a function of temperature [55] via a run-time selection library. If it is desired
to explicitly compute the local activation terms, Butler-Volmer type equations [54] may be solved
iteratively to obtain 7, and 7. as a function of j, based for example on the experimental data of
Leonide et al. [56] using a numerical root-solver.

The heat of reaction, which is not delivered as energy to the load, generates a volumetric heat

source within the PEN assembly. This is computed as:

o (_ 1 _v)
g _< S A (T) V> o (17)

where the enthalpy of formation, AH (J/mol), is by convention positive for an exothermic reaction.

This is obtained from expressions for the heat capacity [42, 57]. Outside the electrolyte, heat sources
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are presumed Zero.

2.8. Heat transfer

The energy equation is solved for temperature, T, in all solid and fluid regions, in the convective

form,

pepu - grad T = div (kgrad T) + ¢", (18)

where k is thermal conductivity (W/m-K) computed according to [58], and ¢, specific heat (J/kg-K).
The term ¢" is due to electro-chemical and Joule heating. The continuity boundary condition for
the two electrode walls is obtained from the mass flux divided by the mixture density, the former
being computed according to Eq. (5). Adiabatic conditions are applied at the outer walls of the

entire cell. Radiation heat transfer [59] is not considered in the present study.

3. Numerical Implementation

The open source software suite OpenFOAM version 1.6-ext was selected as the development plat-
form for the multi-physics and multi-scale calculation. The open source implementation of the
SOFC model is in a form which allows non-expert programmers to inspect, modify and extend the
code. This is achieved by re-using mesh handling, numerical discretisation and high performance
computing support of the underlying OpenFOAM library. The SOFC model implementation itself
consists of approximately 10,000 lines of code, as opposed to the 1.3 million lines of the base libraries
in OpenFOAM. OpenFOAM provides run time selection of boundary conditions, operator discretization
schemes, and linear system solvers. Users are free to modify or extend the code, as desired. De-
velopers are not hampered by inaccessible proprietary source code. The set of governing equations
is solved by a finite-volume method written in the object-oriented C++ programming language.
The implementation is modular; individual components of the cell model (eg. electro-chemistry
or thermodynamics) can be replaced while preserving overall structure of the solver. The code
provides for modern automatic meshing techniques, often necessary in order to properly capture
solution features in real SOFC design. This is achieved via unstructured polyhedral mesh support
of underlying OpenFOAM discretisation components. A useful feature of OpenFOAM is the provision

of a full set of implicit finite volume discretisation operators and associated linear system solver
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classes, allowing transparent representation of partial differential equations in the code. An over-
riding principle in OpenF0OAM design is to group families of objects performing the same function (in
different ways) under a common interface. In this manner, the consuming class does not need to
know about specific options on performing the function. In C+4++, this is achieved via pure virtual
functions which define the interface and concrete derived classes which implement the functional-
ity, via virtual functions. This design pattern is used in all places where multiple choice of models
and user-defined extensions exist, in place of if-then-else model selection of procedural program-
ming. Examples of such families are numerous; from boundary conditions, gradient discretisation
schemes, linear equations solvers, to turbulence models or thermophysical property libraries. Dif-
fusivity models in the openFuelCell are a good example of such a family and a class hierarchy
encoding it. The selection of linear solvers and their parameters are also chosen at run time. For
the calculations reported here, symmetric linear systems were solved using conjugate gradient with
incomplete Cholesky pre-conditioning (ICCG) [60] and asymmetric systems using bi-conjugate gra-
dient solver Bi-CGStab [61]. The openFuelCell code was first validated by comparison with results
previously-obtained with two commercial codes, PHOENICS and Fluent, using the same geome-
try and operating conditions as in [2, 62], for which a number of engineering assumptions; single
cell, constant properties, negligible activation overpotential, idealised boundary conditions (i.e., no
manifolds), were presumed corresponding to the original work. Once satisfactory agreement was
obtained with the earlier results, the code was subsequently refined so as to include more advanced
physics, multiple fuel cells (stack geometry with manifolds), variable properties, kinetics. The user
is not required to write any code (as with commercial codes) to activate these features, but is free

to do so, if desired.

3.1. Global domain decomposition

Volumetric equations in all regions are solved using a cell-centred second order accurate Finite
Volume Method (FVM) with polyhedral cell support. OpenFOAM introduces the concept of a mesh,
as a set of consecutively numbered cells covering a region of space, bounded by patches. The mesh
supports scalar and vector fields and, via discretisation operators, allows a single set of equations to
be solved over that region. Boundary patches may be either reqular, representing standard FVM
boundary conditions, or coupled, where regions of space are implicitly coupled to other regions.

Both types are encoded via the concept of a patchField. Examples of regular patchFields are
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fixed value (Dirichlet), fixed gradient (Neumann), combined (Robin), symmetry or wedge patch
fields (all decoupled), while coupled patch fields include concepts such as periodic, jump, and
conjugate coupled boundaries. The mesh may be further composed of a number of subregions,
for example the air mesh contains 3 regions: channel, CCL and CFL regions. The reader will note
that in openFuelCell the mesh can contain regions or parts which need not be connected; e.g., the
the interconnect mesh includes (two) unconnected solid regions, see Figure 2.

Parallel execution in OpenF0AM is facilitated by splitting a given mesh into processor meshes, each
of which is assigned to a separate processor and which communicate with each other using a coupled
processorPatchField field concept. This can be further extended to multi-region coupling, where
a mesh can be implicitly coupled to another mesh via a region coupling patch field. For cases where
a SOFC is handled as a set of non-overlapping regions, the SOFC model can be implemented in

several ways, for example:

1. A single global mesh, where a single, physically continuous, mesh is tessellated through
all the different component regions, and the full set of finite-volume equations are solved
throughout, with terms being disabled as necessary within appropriate regions. This approach
is simple, aids in parallelisation, and is consistent with earlier CFD code designs. It is however
wasteful, in terms of memory and speed, and was not therefore considered in this programme
of work.

2. A set of coupled meshes, where individual parts are tessellated with their own individual
meshes, and these in turn support different solution sets. Boundaries between different com-
ponents may be coupled, if necessary. Thus when, say, the air-channel species equations are
being solved, the boundaries of the air mesh will remain decoupled; but when heat transfer is
considered, the boundaries between fuel, electrolyte, air and inter-connect will, of necessity,
be coupled, to yield a global solution for temperature. This method is efficient for decoupled
components but not when coupling dominates, nor does it readily facilitate parallelisation.

3. An integrated cell concept, where a single global mesh is created and then split up into
individual component ‘child’ meshes for air and fuel channels, electrolyte, inter-connect etc.
The global mesh provides a framework for the solution of the heat transfer problem, while
the individual meshes support solution for additional fields based on the governing transport

equations. Fields and properties may be passed back and forth between global and compo-

11
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nent meshes by mapping functions. Boundaries between regions are incorporated as internal

surfaces during mesh generation, such that the integrated mesh may be split into components.

At first sight, the coupled mesh approach might seem most suitable, as it allows the user to
individually create non-matching component meshes, and connect them as required. However, this
is only practicable when the mesh is decomposed in a non-overlapping manner. For consistency
in code design at multiple scales the integrated cell model was ultimately adopted in preference
to the coupled sub-component design after both were considered in detail: In massively parallel
simulations often required for CFD problems, it is essential to achieve good load balancing in
order to preserve efficiency of execution. For cases where hundreds or thousands of processors are
employed, it is optimistic to expect the user to achieve load balancing by individually decomposing
each disparate component. Also, the coupled model needs to deal with a complex data transfer
involving multiple processors in various combinations on either side of the coupled patch interfaces.
While this is efficient and reliable on a small parallel decomposition, e.g. up to 64 processors, a
thousand or more processor decompositions will not scale. The integrated cell concept, on the other
hand requires the entire domain (parent mesh) to be decomposed into processor chunks; this being
followed by identifying SOFC components locally on each processor. In this framework it is easier
to achieve good load balance, and the problem of global data matching on coupled surfaces for
thousands of processors is avoided. Combining better parallel efficiency and allowing support for
multiple overlapping regions gave the present authors sufficient reason to choose the integrated cell
concept as our primary model of implementation. Both the coupled and integrated cell concepts

are fully implemented and tested.

3.2. Integrated Cell Algorithm

The model is solved on two sets of computational meshes: a single global or parent mesh for the
entire SOFC, and on a set of child meshes for the air, fuel, electrolyte, and interconnect regions.
Figure 3 illustrates the concept schematically. Each mesh supports its own particular field of
state-variables, though the field set associated with the interconnect mesh is empty. Continuity,
momentum, and species mass fractions, Eqs. (1)-(4) are solved-for on the two fluid (fuel and air)
meshes, and electro-chemical heating is calculated within the electrolyte. The energy equation, Eq.

(18), is solved exclusively on the global mesh, using heat source terms, Eq. (17), mapped from the
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electrolyte and velocity values mapped from the fuel and air meshes. Cell mappings between child
mesh cells and parent mesh cells are established during mesh generation (pre-processing) phase. The
porous anode and cathode zones are implemented within the fuel and air meshes, respectively, by
introducing suitable values for the permeability, xp, in the Darcy-modified Navier Stokes equation,
Eq. (4). Electro-chemical reactions are assumed to occur at the electrode-electrolyte interface, as
a surface phenomena on 9€). The choice of the patch location is somewhat arbitrary, and surface
values of j, F etc. are subsequently ‘smeared’ into the volume, €2, of the electrolyte. The resulting
mass fluxes are used to derive Dirichlet-velocity and Neumann-species boundary conditions on the
fuel and air boundaries adjacent to the electrolyte. Either the desired mean current density, jo
(galvanostatic problem), or the electric potential, V' (potentiostatic problem), may be prescribed.

The solution algorithm proceeds as follows:

i. Initialise meshes, constants, and other parameters. Specify initial fields and boundary

conditions, physical properties, cell voltage or prescribed average current density.
ii. Map temperature from ‘parent’ mesh to fluid ‘child’ meshes.

iii. Compute air and fuel density and viscosity and solve Eqgs. (1) and (2) for pressure and

momentum according to the SIMPLE algorithm [63].

iv. Calculate diffusion coefficients and solve Eq. (4) for species mass fractions in fluid (fuel

and air) ‘child” meshes.

v. Calculate Nernst potential, Eq. (14), lumped internal resistance, current density, Eq.
(16), on surface patch 9.

vi. Calculate heat source term within the volume, €2, of the electrolyte according to Eq.
(17).

vii. Calculate electro-chemical mass fluxes, hence fluid region boundary condition for mo-
mentum and species at boundaries adjacent to electrolyte.
viii. Map ‘child’ mesh fields to global mesh.

ix. Solve Eq. (18) for global temperature.

x. Repeat from step ii until convergence is obtained.. For the potentiostatic problem the

voltage is fixed, whereas for the galvanostatic formlation, the cell voltage must be adjusted
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until the computed mean current density, j, is identical to the set point, jo,

V= R(j — jo) (19)

where R is just a relaxation constant.

4. Library, solvers and tutorial cases
The reader may obtain the code by issuing the command

git clonegit : //git.code.sf.net/p/openfuelcell/git openfuelcell and subsegently following
the instructions given at http://openfuelcell.sourceforge.net/. This will build an openFuelCell
directory locally, containing all the files needed. Figure 4 illustrates salient features of the file struc-
ture which is adapted from the typical OpenFOAM directory hierarchy. Together with a src directory
composed of compilable files apprsrc and class libraries 1ibsrc, the code delivery includes a run
directory with 5 demonstration cases, which allow the user to further refine, not only the run
time inputs, but also the source code to his/her own future research or application needs. At
present, these are for a planar anode-supported geometry, operating under conditions of coFlow,
counterFlow, and crossFlow. In view of the processor requirements for these cases a simplified
quickTest case which consists of only 3 channels, Figure 3, of a cell operating under co-flow is also
provided. This will be used to further illustrate the file structure, below. In addition, another case,
quickTestStack, which consists of a stack of 3 cells, is provided to demonstrate the application of
the model, under galvanostatic conditions, to a stack of cells connected electrically in series, but
hydraulically in parallel. In order to minimise computer resources each cell is composed of (only)
6 air and fuel channels: in reality fuel cell stacks are typically much larger. Additional run cases
will be provided in the future.

Initial and boundary conditions are prescribed in quickTest/0; for example the boundary condi-
tions to the Navier-Stokes and individual species in quickTest/0/fuel/U and quickTest/0/fuel/YH2
etc. with similar files in a quickTest/0/air directory. Overall properties such as current density or
voltage are set in quickTest/constant/cellProperties. Similarly, region-specific properties such
as diffusivity, are specified in quickTest/constant/fuel/fuelProperties,
quickTest/constant/air/airProperties, quickTest/constant/electrolyte/electrolyteProperties,

quickTest/constant/interconnect/interConnectProperties and so forth. Consistent with
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OpenFOAM conventions, system parameters related to the overall solution scheme are located in
quickTest/system/controlDict whereas parameters related to the solutions on the child meshes
may be found in files located in quickTest/system/fuel, quickTest/system/air etc. Files which
perform the decomposition of the parent to the child meshes, patches definitions etc. are located
in quickTest/config.

The directory src/appSrc contains compilable applications code including the main program
sofc.C which is written in a modular fashion, and made up of a series of include files which
perform the construction, implementation, solution and output of the hydrodynamic, electro-
chemical and thermal equations sets on the multiple meshes, as described in this paper. For exam-
ple src/appSrc/solveElectrochemistry.H contains the C++ code to solve the electro-chemical
models described above, whereas src/appSrc/SolveFuel . H solves the Navier-Stokes equations on
the region tesselated with the fuel mesh. src/appSrc/solveElectrochemistry.H includes more
files, such as src/appSrc/NernstEqn.H which contains the C++ code to enumerate the Nernst
equation, Eq. (14), for a scalarField of values for the List of nodes corresponding to the elec-
trode/electrolyte boundary mesh 0f2. src/1libSrc contains run-time selectable models such as the
various models of effective diffusivity (constant value, Fuller-Schettler-Giddings etc.)

In the cases provided, a mixture of hydrogen and water is prescribed as fuel with default inlet
fractions of hydrogen (Hz) and water (H20) of 78.2% vol. and 21.8% vol, respectively, given as mass
fractions in dictionary files run/case/0/fuel/YH2 and run/case/0/fuel/YH20. Similarly the ox-
idiser is prescribed as atmospheric air composed of 23.3% vol. oxygen (O2) and 76.7% vol. nitrogen
(Ng2), respectively. Inlet velocities are in files and case/0/air/U. The user is free to prescribe his or
her own material composition, initial and boundary values, as described above. In electro-chemistry,
it is common practice to fix the fuel and air utilisations, defined as the ratios of fuel and air con-
sumed to that provided, and a galvanostatic problem formulation is appropriate. Physicists may
prefer to prescribe a potential, V. Galvanostatic/potentiostatic boundary conditions, and values
for reference voltage/mean current are set by the user in run/case/constant/cellProperties.

The effects of the various flow configurations on current density and temperature uniformity
have been considered by the present authors [33] and others in the electro-chemical literature, and
will therefore be discussed only briefly here. A high temperature is expected at the outlet for co-

flow, at the cell centre for counter-flow, and at the outlet corner for cross-flow. Generally speaking
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performance is best for counter-flow and poorest for co-flow; the counter-flow configuration generally
results in the highest average cell temperature, and the cross-flow configuration the lowest.

An item of interest to electro-chemists is the voltage-current density or polarisation curve.
Reference [21] compares results obtained from this code with experimental data gathered for the
Jilich Mark-F design, in terms of the V — j curve. In computational fluid dynamics, convergence
history and grid independence studies are undertaken, and such studies were made within the
present context [64]. In this regard, the polarisation curve is perhaps not a particularly good
measure of grid independence, due to the dominance of the area specific resistance on the slope,
but rather local spot values of temperature, species mass fraction, and current density values and
their extrema, should be scrutinised.

In planar SOFCs local Reynolds/Péclet numbers are often small, particularly on the fuel side,
and utilisations based simply on integrating the convective flux, puy;, may be distorted by diffusive
transport, prﬂ grady; at the inlet and outlet boundaries. Under these circumstances there is a
disparity in utilisation calculated from the outlet and inlet values compared to reaction rate and
inlet values. At high current densities and utilisations, the mass fraction of fuel and oxidant will
deplete, and both actual fuel cells and the model prototype here will fail, due to starvation, as y; — 0
at the electrode, the latter due to the Nernst formulation. This typically occurs at a point midway
between gas channels corresponding to the solid rib of the interconnect and is unavoidable, due to
the distribution/difference of mass fraction in the cross-plane to the main flow being proportional
to the magnitude of the current density; as the mean current density is increased the global minima
proportionally decreases up to the point of starvation.

One alternative to the present Nernst-equation based formulation, is to solve for the local
electronic and ionic electric field potentials in the electrodes, electrolyte and interconnects, using
an additional Laplace-Poisson system of equations, whole-field. An advantage of the integrated cell
approach is that it will readily admit to a second ‘family’ of ‘child’ meshes corresponding to solid
electronic (electrodes+interconnects) and ionic (electrodes+electrolyte) conducting regions to be
synthesised in addition to the existing children.

An advantage of the present Nernst formulation is that the code may readily be employed to
perform calculations for stacks of fuel cells. Because of the flexible nature of the code, Keuler et al.

[31, 65] modified the openFuelCell code to perform calculations on a high temperature polymer
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electrolyte fuel cell, operating at 160 — 180°C, where hydrogen protons are transported across the
membrane to the cathode (as opposed to oxygen ions going to the anode), demonstrating the flexi-
bility of the code suite. Choi et al. [66] applied the code to the problem of a solid oxide electrolysis
cell, where hydrogen and oxygen are produced from water, electricity, and heat. In an earlier work
Choi et al. [23] conducted cell-level calculations as described here, with effective diffusivity includ-
ing Knudsen diffusion, tortuosity factor, and permeability computed using volume-averaging from
micro-scale calculations. The authors maintain that heuristic methods such as the Bruggeman re-
lation [53] may readily be supplanted by numerical reconstruction techniques [23, 67, 68] based on
random walk or Monte-Carlo simulations [22] to obtain effective micro-structural properties such
as the tortuosity factor, 7, and characteristic length, d.). Various approaches have been adopted for
evaluating d [22, 47, 69-72]. The present authors estimate heuristic methodologies overestimate
dq by 10-38 % and underestimate the tortuosity factor, 7, by up to 57 % compared to numerical
evaluation. Because of this, the effective diffusion coefficient can be out (too large) by up to 5-
63 %. Micro-scale and nano-scale calculations can and should be used, in preference to traditional
semi-empirical methods, to parameterise continuum-scale models.

It is believed that the present cell code is the first fully comprehensive SOFC code. Although
there are other open source fuel cell codes [73], these are primarily for polymer electrolyte mem-
brane fuel cells. The SOFC code referred to in [30] appears to be primarily a mass-transport library;
moreover constant temperature is presumed. The local temperature strongly impacts the solution,
e.g., through the electrolyte resistance. The present code architecture is capable of performance
calculations for stacks as well as single cells, and is fully-parallelised. This is among the very few ef-
ficient implementations of coupled overlapping multi-region flow /heat/mass transfer infrastructure
which support high performance computing without a significant loss of efficiency;

Figures 5 and 6 illustrate the results of performance calculations conducted for two of the
run library cases. Figure 5 shows the hydrogen mass fraction together with fuel velocity profiles
along the channels for the coFlow case. It can be seen that the hydrogen is consumed by the
reaction as indicated by the reduction in mass fraction, and that the velocity profiles correspond
to those associated with laminar fully-developed flow. Figure 6 shows local values of the Nernst
potential, i.e., the theoretical maximum thermodynamic potential that can be obtained, and it

can be seen that performance degrades from the fuel/air inlet to the fuel/air outlet. The current
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density under the ribs is lower, due to reduced mass transfer [49], and this results in a non-uniform
temperature distribution (due to Joule and other heating effects being reduced here). Observed
values of temperatures underneath the ribs are therefore lower than those beneath the channels. The
reader may readily download the cases from http://openfuelcell.sourceforge.net/. Following
execution, figures similar to Figs. 5 and 6 may readily be generated using the open source package
ParaView [74] or equivalent post-processing and visualisation tools. An illustrative example of code
application, this time for the Jiilich Mark F geometry is displayed in Fig. 7. Typical outputs include
(a) air-side pressure, (b) plate temperature, (c) air-side stream-lines, (d) hydrogen mass fraction, (e)
local current density, and (f) Nernst potential. It can be seen that the reaction rate (local current
density) drops off towards the sides of the cell where there is no active surface. The Nernst potential,
Eq. (14), is seen to decrease going from inlet to outlet, as the fuel is depleted due to the combined
effects of hydrogen consumption and water production decreasing the equilibium constant, ), Eq.
(15). This results in a decrease in the observed local current density, j. A reduced current density
means less heating in the PEN. The temperature is an important parameter as it affects a number of
other parameters, especially the ohmic resistance, R, which decreases with increasing temperature.
An important goal in SOFC design is structural integrity: Failure can occur at the glass-metal
seals when temperature gradients become excessive. Metallic interconnects will distribute heat by
conduction more uniformly than ceramic ones. Flow maldistributions also can lead to ‘hotspots’,
and while this is not the case here, pressure non-uniformities due, e.g. to manifold design, are to
be avoided for similar reasons. This figure illustrates how the design and development of practical
fuel cells may be enhanced as a result of virtual prototypes, which themselves are based on sound

physics and chemistry, and software best practices.

5. Conclusion and future work

A computer code was developed to obtain performance calculations for planar-type SOFCs using
the object-oriented continuum mechanics platform, OpenFOAM. The code was initially validated by
conducting performance calculations for a simplified model for which previous calculations had been
obtained using two independent commercial CED packages. In all cases near identical results were
obtained. The present code accounts for all significant electro-chemical and transport phenomena at

the cell level, being based on the solution of the Nernst and Kirchhoff-Ohm equations coupled with
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the equations for concentration, heat, and momentum. Activation overpotential may be accounted-
for, by default, with the solution of one or two Butler-Volmer type equations, or else with other
user-prescribed kinetics. The openFuelCell code was designed to be general purpose, to allow
for future developments/application to other situations such as non-planar (tubular) architectures;
different fuel cell types, for example low and high temperature polymer electrolyte membrane fuel
cells; and other devices such as electrolysers; and also employ other fuels other than hydrogen, for
example methane. Many of these developments are ongoing.

The model implements a new framework of multi-region modelling, to answer to the specific
challenges of the fuel cell problem. Here, multiple equation sets for fluid flow, species concentra-
tion, heat and mass transfer and chemical reactions need to interact within a general framework,
supported by the OpenFOAM structure. Of particular interest is multi-domain coupling and data
transfer which is capable of supporting mutiple overlapping and partially overlapping regions with
efficient region-to-region coupling (no search algorithms are needed). This is achieved without sac-
rificing the fully implicit solution of cell-wise equations such as heat transfer, which is needed for
efficiency and stability. The code is suitable for execution on large-scale parallel computers and has
been run on 960 cores and more. The authors’ aim is to freely share the code interface, source code
and underlying physics, without necessarily giving out details specific to any particular fuel cell de-
sign, as this may be commercially sensitive. Thus, by sharing the interface but not the application,
it is hoped the state-of-the-art of fuel cells technology in the market will be accelerated.

The Open Source SOFC model is envisaged as an open code base where multiple researchers
are in position to introduce improvements to individual components of the SOFC model, while
re-using parts of the code without changes. In this setup, contributions of individual alternative
formulations of the physics model can be individually judged on a fair basis, as they are executed
within a unified environment, eliminating issues such as code consistency, order of accuracy or
mesh-related discretisation errors, present in multi-code validation exercises.

Virtual prototypes enhance but do not replace experimental work. The authors plan to conduct
a detailed progamme of validation and verification in the future. The International Energy Agency
Advanced Fuel Cells Implementing agreement (IEA AFCIA) [75] recently created a modelling annex
which is dedicated to open-source computational modelling, which includes the benchmarking of

codes, and also development of experimental protocols for validation and verification. With this
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ongoing effort, it is anticipated that significantly more technical development and capabilities will be
generated in the years ahead in collaboration with participating IEA AFCIA member countries. The
cell-level model is the first of several multi-scale efforts being developed by the present group. Fuel
cells are normally operated in stacks, and the requirements of a stack-scale model are significantly
different from those for a single-cell model. A SOFC stack code, based on volume-averaging,
with similar architecture to the present code suite is currently under development. Moreover, as
discussed above, a number of effective properties and model equation coefficients may be amenable
to micro-scale models of both transport and chemical kinetics. These multiple scale solutions to
the physicochemical hydrodynamics associated with electro-chemical processes and devices such as
fuel cells and electrolysers, will be published both in the scientific literature and online as code

repositories, in the future.
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711 Tables

speciesList

(

02

N2

02

N2

//
//
/!
//
//
//
//

02

N2

name

319988 4 -1 0 205.152;

28.0134 0 O 0 191.609;

| I

| | | StandardEntropy [J/(mol K)]
| | enthalpy of Formation [J/mol]

| |  produced=1 | inert=0 | consumed=-1

| molecular charge for FaradaysLaw

molecularWeight [kg/kmol]

Table 1: Prescription of air species in a dictionary
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Figure Captions

Figure 1. Schematic illustrating geometry of the Jiilich Mark F solid oxide fuel cell case showing

details of the gas manifolds and channels.

Figure 2. Computational geometry and meshes for a typical planar anode supported SOFC. The

parts are tessellated with rectilinear meshes.

Figure 3. Schematic showing decomposition of parts using ‘parent’ and ‘child’ meshes for the

quickTest case.

Figure 4. Directory and file structure for the openFuelCell code.

Figure 5. Velocity profile and hydrogen mass fractions in the anode of the coFlow case.

Figure 6. Nernst potential for crossFlow case.

Figure 7. Results of performance calculations for the Jiilich Mark F solid oxide fuel cell showing
(a) air-side pressure, (b) plate temperature, (c) stream-lines, (d) hydrogen mass fraction, (e) local

current density, (f) Nernst potential.
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Figures

<— Air Channel

Middle Plate —>
Bottom Plate — & s

Figure 1: Schematic illustrating geometry of the Jiilich Mark F solid oxide fuel cell case showing details of the gas

manifolds and channels.
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E openFuelCell
—[__Dl libSre

4@ e

sofc.C
—— Allwclean

— Allwmake

run
quickTest

—1 1o
4L_j| fuel

—— U

air, — Yh2
electrolyte,
etc.
ﬂ constant
4|__D| polyMesh

4‘__2| polyMesh

rxnProperties
fuelProperties
sofcSpeciesProperties
—L—_D| system porousZones

controlDict

—— Allclean
—— make mesh, srun, view etc.
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Figure 4: Directory and file structure for the openFuelCell code.
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Figure 5: Velocity profile and hydrogen mass fractions in the anode of the coFlow case.
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Figure 6: Nernst potential for crossFlow case.
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Figure 7: Results of performance calculations for the Julich Mark F solid oxide fuel cell showing (a) air-side pressure,

(b) plate temperature, (c) stream-lines, (d) hydrogen mass fraction, (e) local current density, (f) Nernst potential.
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