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ABSTRACT. Open-source fuel cell models outmatch commercial codes in many important aspects. By
providing the source code, reuse, modification and extension of the model and comparison with other
codes becomes possible. With this motivation, we present a three-dimensional, steady-state, non-
isothermal proton exchange membrane fuel cell model, implemented in the open-source finite volume
library OpenFOAM® . At every stage of implementation, special care was taken to ensure a well docu-
mented, organised, and modular structure of the software. The resulting model suite can, and should, be
extended with new sub-modules by the user. The main field of application, modelling of fuel cells from
an engineering perspective, is demonstrated by simulating two different conventional polymer electrolyte
fuel cells, operated at CIEMAT and Forschungszentrum Jiilich, respectively.

1. INTRODUCTION

Since the seminal articles by Springer [1] and Bernardi [2] 30 years ago, dozens of fuel cell models
have seen the light of day. While at the beginning these were typically one-dimensional and isothermal,
nowadays state-of-the-art models are three-dimensional, accounting for electrochemistry, heat and mass
transfer as well as phase change in different regions and on different scales [3]. Weber et al. give an
overview on the history and current state of fuel cell modelling [4, 5].

Although significant progress has been made during the last decade, phase change and two-phase
transport of liquid water in channels and gas diffusion layers (GDLs) still remain as challenging tasks in
these models; for an overview on this subject, see Andersson et al. [6]. One of the most popular two-phase
flow models, the multiphase mixture or M? model, was originally developed by Wang and Cheng [7]. By
writing one equation for momentum transfer and continuity for the two phases, the model determines
only a single averaged velocity and pressure for the mixture of gas and liquid water. Even though the
multiphase mixture model has been criticised for certain limitations in terms of modelling phase change
correctly [8-10], it is used by many researchers and has been extended several times [11, 12]. Comparison
of the M? model with experimental data showed acceptable deviations of up to 15mV in cell voltage and
up to 30% in local current density [13].
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An alternative approach for multiphase modelling is the unsaturated flow theory (UFT) for porous
media [14]. There, the Navier-Stokes equations are written for the gas phase, only, in order to obtain
the gas velocity and pressure. Thereafter, a diffusion-like transport equation for liquid water is solved,
as described by Wang [14]. As the UFT is derived from Darcy’s law, the water transport equation
can describe the porous electrodes well, while care needs to be taken in modelling the (non-porous) gas
channels [15]. Like the M? model, the UFT model has been used intensively [16-24]; a one-dimensional
MATLAB implementation is even available as open-source code [25]. A comparison between the UFT
and multiphase mixture model shows that the UFT generally predicts a lower liquid saturation in the
GDL as well as a lower oxygen concentration in the catalyst layer (CL) [26].

Finally, two-phase models using an Eulerian-Eulerian approach solve for a separate gas, and liquid
water velocity and pressure. Different drag terms are used to couple the velocities of both phases.
Although these models are more comprehensive than the aforementioned, they have to-date been used
to a lesser extent in fuel cell modelling [27-29] — possibly due to the larger numerical cost.

The majority of fuel cell models have been implemented in commercial packages, such as PHOENICS
[30], STAR-CD [31-33], Ansys Fluent [12, 13, 20, 34-36] or COMSOL [37, 38]. The precise numerical
implementation is seldom disclosed, moreover the possibility to reuse and extend such models is very
limited [25]. Following the argument of various authors [5, 25, 39, 40|, open-source fuel cell models share
many important advantages and few disadvantages compared to proprietary or commercial codes. These
include:

promotion of modelling: fuel cell modelling becomes accessible to everyone

transparency: validation, verification and comparison is highly simplified

parallelisation: code can be run on massively parallel architectures without any license cost
integration: models can be coupled to other software

collaboration: collaborative model development is greatly facilitated; sharing codes or submodels
becomes easy

e reusability and extendability

To date, only a few open-source models for fuel cells exist. As one of the first, the finite element code
OpenFCST [39] was implemented in C++, based on the open-source library deal.Il [41]. It includes
three-dimensional mass and heat transfer as well as electrochemistry, but lacks two-phase transport and
phase change. Based on the thermohydraulic platform “TRUST”, the TRUST_FC C++ package has
been developed for massively parallel computation of PEM fuel cells [42-44]. Finally, the recent finite-
difference model for PEMFC by Vetter & Schumacher [25] includes phase-change using unsaturated flow
theory, but is limited to one-dimensional membrane-electrode-assemblies.

Within the framework of the open-source finite-volume library OpenFOAM®][45], several fuel cell
models have been developed: for instance, Novaresio et al. presented a multicomponent mass-transport
library for solid-oxide fuel cells (SOFC) [46—48]. Shortly after, a complete three-dimensional, steady state
model for SOFC, openFuelCell, was published by Beale et al. [3, 49] — including excellent documentation
[50]. The latter has been used by other authors [51-53], and has been applied to high-temperature
PEMFC, also [40, 54, 55]. Currently, work is underway to extend these models to low-temperature
PEMFC [56, 57]. Already by 2015, the OpenFOAM®-based PEM fuel cell model FAST-FC was released
[58]. It features a complete membrane-electrode assembly model, but does not include a computational
fluid dynamics model for the flow field.

The intention of this work is to extend the existing openFuelCell SOFC model to low-temperature
fuel cells. The implementation partially follows that of Jiao & Li [20, 21] which is based on Springer’s
model for membrane properties [1] as well as unsaturated flow theory for porous media concerning two-
phase transport [14]. Compared to Vetter & Schumacher [25], the present model is three-dimensional and
accounts for flow, phase change, local electrochemistry as well as heat and mass transfer [59]. At the stage
of implementation, special care was taken in a proper structuring of the source code, easy extendability,
efficient error handling and thorough documentation. Most sub-models for different physical or chemical
effects can be selected at runtime. In order to facilitate the accessibility to the software for new users,
perhaps not the most sophisticated, but rather the most popular models have been implemented. The
users are encouraged to add new sub-models according to their personal needs or wishes. All in all, the
software package aims to be a practical toolkit to support PEMFC design from an engineering perspective.

2. NUMERICAL MODEL

2.1. Assumptions. For modelling the multiphysical, multidimensional and multiregional effects in a
complete fuel cell [3], certain simplifications will be made. These include:
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(1) Time scale: the model is steady state.

(2) The volumetric reactions taking place in the catalyst layer (CL) are replaced by simplified bound-
ary conditions; the electric field calculation is performed therefore in only two dimensions [60].

) Flow model: laminar flow is assumed; the species are treated as ideal gases.

4) Transport modelling: Darcy’s law is assumed to be valid in the gas diffusion layer (GDL).

) Species: no crossover of other species through the membrane except water.

) Membrane model: an equilibrium model is used, i.e., water uptake is assumed to happen imme-
diately [23]; the membrane is only one computational cell thick, i.e., the ohmic overpotential and
water transfer through the membrane are modelled in two dimensions, only.

(7) Electrochemistry: activation overpotential described by a two-dimensional Tafel equation applied
only on cathode side (anode considered ideally non-polarisable); other models such as the Butler-
Volmer equation are implemented and can be used, as well [61].

(8) Water vapour: water is assumed to be produced as vapour.

(9) Liquid water transport: the transport equation for liquid water holds only for porous media —
the liquid water content in the channels is assumed to be zero; liquid water transport due to
convection and gravity is neglected.

(10) Phase change: gaseous and liquid phases are assumed to be in thermal equilibrium.

(11) Ohmic overpotential: while the membrane conductivity is modelled based on water content,
ohmic losses in the gas diffusion layer and bipolar plate (BPP) as well as contact resistances need
to be provided; all ohmic heating is presumed to occur in the electrolyte.

2.2. Governing equations.

2.2.1. Gas flow. The flow equations are written such that they hold for both the channels and the porous
electrodes. For clarity, the index “g” for the gas phase is omitted in the following. The steady state
continuity equation reads [11, 62]

V- (e(1 - s)pu) = —S\ 1, (1)
with u denoting the interstitial velocity, p the density, € the dry porosity and s the liquid water saturation,
which is defined as the ratio of liquid volume to pore volume. The source term of equation 1, denoted
as Sy_1 and explained by equation 9 accounts for the generation of liquid water from vapour due to
phase change. The injection and removal of gases due to the electrochemical reaction and water transfer
through the membrane are implemented as boundary conditions at the anode and cathode interfaces.
These are deduced from Faraday’s law of electrolysis and read

M\ .
u:rz<2iF>3-n+erMwn. (2)

P

Here, M; denotes the molar mass of species i, j the current density, z; the number of transferred electrons,
F the Faraday constant, n the face normal vector, Ny, the water transfer through the membrane and My,
the molar mass of water. The sign of the reaction is r = 1 for species, which are consumed and r = —1
for species, which are produced.

The volume-averaged momentum equation reads [63—66]

V- (e(1 = s)puu) = —&(1 = 5)Vpa + V- (e(1 = 5)pVu)

2 M

—e%(1—s) KU e(l1—s)g-xVp, ®)

where p is the dynamic viscosity, K the permeability, g gravity,  the coordinate vector and p4q a modified
pressure as explained in [67, 68]. Within the porous media, equation 3 reduces to Darcy’s law [69]; outside
of them, the Darcy term % wu reduces to zero. The properties of the gas mixture are obtained from the
single species values as shown in table 1.

TABLE 1. Properties of the gas mixture

property formula source / comment
viscosity = Yilki weighted by mass fraction y;
-1
density p=0p (RT > Ay/;L) [3]
permeability K = Ko(1 - s)* [20] (for alternatives, see [70, 71])
heat capacity Cp =y, YiCp,i [19]
thermal conductivity k=73, yik; [72]
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2.2.2. Mass transfer. The species transport equation reads [7, 65]

0

o EA = 8)pyi) + V- (e(1 = s)puy;) =
V- (5(1 — s)leVyz) — Sv—l,

with y; denoting the mass fraction of species i [7, 65] and D, the diffusion coefficient, which is obtained

using the model of Fuller, Schettler and Giddings [73] as described in detail by Beale et al. [3]. The
consumption and production of oxygen, hydrogen and water is accounted for by the boundary condition

1

= T W) 5
Q- Q) 5)
which is applied when solving the species transport equation. Here, Q = pu is the total injected mass
flux, and @Q; the mass flux of species i. For further details, please refer to [3, 74-78].

(4)

Vy;

2.2.3. Phase change and liquid water transport. Two-phase flow is modelled using “unsaturated flow
theory”. The liquid water transport equation is derived from Darcy’s law for porous media according to
Wang [14] as [19, 20]

0
&(pwss) =V - (pDywVs) + Sy_1, (6)
where Dy, is defined as [26, 72]
K, dp. IS 0-5 Ky dJ
Dy = —— = — — v
W o s ocosf (Ko) o s (7)

with the surface tension of liquid water o and the contact angle 8. The derivative of the capillary pressure
pe is determined from the Leverett function J as shown in table 3. As this diffusion-like equation holds
only for the porous electrodes, but not for the gas channels, the water content is set to zero in the latter
(for alternative options, see [79]). This means that liquid water evaporates when emerging from the
GDL, which is a reasonable approximation for small and medium current densities as well as for low
humidification. Liquid water properties are collected in table 2.

The phase change source term is deduced from the difference between the partial pressure of vapour
and the saturation pressure (pzy — psat) and from the ideal gas law

m
pV = MRTa (8)
which yields [20, 80]

PTy — Dsat ) M.
rYCondE(l - S)( = =2 ) = for pxy Z DPsat»
_ RT

Syl = (9)

o Py~ Psat) My
’yevap RT Py Dsat-
Here, v denotes the condensation or evaporation rate constant, z, the molar fraction of vapour, T
temperature and R the universal gas constant. For details on the capillary and saturation pressure etc.,

please refer to table 3.

TABLE 2. Properties of liquid water

property unit formula / value source / comment

20] (fit of data in [81])

viscosity Pas fw = 2.414-1075 - 10?478/ (T'—140)

[20]
density kg/m?  p, =992 [81]
permeability m? Ky = Kos* [20] (for alternatives, see [70, 71])
surface tension N/m o = —0.0001676T + 0.1218 [20] (fit of data in [81])

TABLE 3. Phase change properties

property formula / value source

IS

0.5
capillary pressure pec = o cos B (K—O) J(s) 12, 26, 72, 82]

J(s) = 1.417(1 — s) — 2.12(1 — s)2 +1.263(1 — s)®> for 6 < 90°

[

L tt functi
everett tunction J(s) = 1.417s — 2.12s% 4+ 1.263s° for 6 > 90° [
[
[

83)

1

saturation pressure  logiq (wpiigt%) = —2.1794 4 0.029539 — 9.1837 - 10~ %92 + 1.4454 - 10~ 793 ]
20] (fit of data in [81])

heat of condensation  h.onq = —2438.57 + 3170700
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2.2.4. Membrane model. The membrane model accounts for water transfer due to osmotic transport (from
anode to cathode) and back-diffusion (from cathode to anode) [1]. It is assumed that the water in the
catalyst layer and in the membrane are in equilibrium — for a discussion, see [23].
The water transfer through the membrane is modelled using Springer’s approach as [1]

J g payp dA
zF 22 M, dz
where the first term describes electroosmotic transport and the second water diffusion through the mem-
brane. Here, z denotes the number of electrons, pgry the (dry) membrane density, M,, the equivalent
weight of the membrane, z the normal coordinate and A the water content. The membrane water diffusion
coefficient is given by [84]

Ny=2- (10)

3.1-1077A (228 — 1)e ™7 for 0 < A < 3,

Dy = 11
{ 4.2-1078)\(161e* + 1)e 7 for 3 < A < 17. (1)

For other expressions for the diffusion coefficient, see [1, 84].

The membrane is assumed to be only one cell thick, i.e. water transfer is modelled in two dimensions
only. The membrane water content A is computed as the mean of the two values at both interfaces using
the formula [1]

y o 0043+ 17.81a — 39.85a% + 36a® for 0 <a <1, (12)
Tl 4414(a—1) forl<a<3,
with the water activity a in air and fuel given as [1]
a=2P 4o (13)
Psat

As s cannot exceed a value of 1, the activity can reach maximal a value of 3 as outlined by Springer et
al. [1].

2.2.5. Electrochemical reactions and cell voltage. Cell voltage and current density are both computed as
a two-dimensional distribution over the electrolyte surface. First, the current density is obtained as [3]

. U - V - Z nact

J= R
with U denoting the open circuit potential, R the area specific resistance and 7 the activation overpoten-
tials — as further explained in section 2.2.6. The cell potential V is either a predefined scalar value — in
potentiostatic operation — or is taken from the previous iteration. The two-dimensional current density
is then averaged to obtain its mean value. In galvanostatic operation, this averaged current density is
compared with the desired value, and the cell potential V' adjusted depending on the deviation of both
current densities. This iteration procedure is illustrated in the flow chart in figure 1.

In order to find the open circuit potential U, the chemical reaction is written as [3]

ZaiRi = ijpj, (15)
i J

with a; denoting the stoichiometric coefficients of the reactants R; and b; the same for the products P;.
The open circuit cell potential is defined as the difference of both Nernst potentials as [3]

(14)

RT . Nz’
U=AF——1In—2% 16
ZF Mz’ (16)
or more specifically as
RT TH20
U=AE———In 222 (17)

2P zmaxgsys

with z the number of electrons exchanged, and assuming that only water vapour is produced by the
electrochemical reaction. The difference in standard potential is computed as

AG
AB=-—2, (18)

where the Gibbs energy G is obtained from the enthalpy H and entropy S as
AG = AH —TAS. (19)
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The necessary values of AH and AS at working temperature are determined by
T

AH = AH, + / epdT, (20)
To
T C

AS = AS, +/ ar. (21)
7 T

Compute open circuit potential U (equation 17)

v

Compute current density j from cell potential V' at old time step (equation 14)

v

Compute mean current density by averaging over electrolyte surface

{

Galvanostatic
run

C =

Update cell potential V' by difference between observed and targeted current density

FIGURE 1. Iteration procedure of the electrochemical model.

2.2.6. QOwverpotentials and losses.

Ohmic overpotential

The area specific resistance can either be provided as a measured value or calculated (in two dimensions)
as [85]

R= = (22)
where § denotes the thickness of the membrane. The membrane conductivity may be presumed to be
given by [1]

1 1
k = (0.5139\ — 0.326) exp <1268 (303 T)) . (23)
At a membrane water content of A < 1, the conductivity is assumed to be constant. As different formulae
may be necessary for different membranes [86], it has been assured that new ohmic overpotential models
can be implemented easily.

Moreover, an additional measured or fitted ohmic resistance can be provided, which may account, e.g.,
for losses in the porous electrodes and/or various contact resistances between membrane, GDL, microp-
orous layer (MPL) and bipolar plates. The latter are difficult to model, as they depend on the material
combination, surface treatment and roughness, as well as the clamping pressure [5, 87] and may change
during operation [88]. Nevertheless, they contribute considerably to the overall ohmic losses [5, 88-91]
sometimes even forming the largest single term [92].

Activation overpotential
The activation overpotential 7,.¢ can either be neglected, or computed in two dimensions over the
electrolyte surface area using the Tafel or Butler-Volmer equation. The latter reads [61, 93-95]

. anF (1 —a)nF
Jj=Jo- (exp (Mnact> — exp (—RTan ; (24)

with a the charge transfer coefficient and n the number of electrons exchanged. The exchange current
density is determined as [71, 96]

Yy
) ) Di Eact T
= rc' ].— - 1— ’ 25
Jo = Joret(1 = 5) (pref) exp< RT ( Tref)) .
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with jo rer denoting the reference exchange current density, E,c the activation energy and + the order
of the reaction, which accounts for the depletion of the reactant ¢ (oxygen for cathode, or hydrogen for
anode) [96, 97].

Alternatively, the activation overpotential might be computed by the Tafel equation as [93, 95, 96]

j
Nact = blOgl() () ) (26)
Jo
with b denoting the Tafel slope defined for the cathode as
2.303RT
b= ————. 27
(1 —a)nF (27)

Following the recommendation of Dickinson & Hinds [61], the Tafel equation is used for the simulations
presented in this work for the following reasons: the Tafel equation is valid except for extremely small
current densities, the Tafel slope b can easily be determined by fitting [98] and finally, the activation
losses can be computed analytically, while the Butler-Volmer equation needs to be solved by an iterative
procedure such as Ridder’s method! [99].

Influence of liquid water on the cell potential

Liquid water acts on the cell potential in two ways. Firstly, it increases the activation overpotential
(n in equation 14). Secondly, it reduces the standard potential U (equation 17) by gas starvation caused
by mass transport limitations. The presence of liquid water is accounted for in the following terms:

e the exchange current density scales linearly with 1 — s accounting for the blockage of the reaction
area by liquid water [20]

e the gas permeability reduces by (1 — s)*, and the water permeability increases by s* [20, 70, 71]

e the gas diffusivity is scaled with (1 — s)!:5+3 when employing the Bruggemann relation Deg =
el®D or other suitable relation [100]

e the water content changes the capillary pressure and thereby the liquid water transport

2.2.7. Heat transfer. Neglecting pressure work, species diffusion and viscous dissipation, the energy equa-
tion is presumed to be of the form [16, 20, 23, 71]

Ky
V- ((pcpa(l —s)u + pwcp’wlquc) T)

W

=V (kegVT) + St,

(28)

with the effective conductivity [20]
ket = e(8kw + (1 — 8)k) + (1 — €)ks, (29)
and ks denoting the thermal conductivity of the solid cell parts. The heat source term, accounting for
ohmic heating in the electrolyte and the latent heat in the GDLs, reads [3, 20]
AH j
St=(—%5 -V | <+ hconaSv—1, 30
T ( nF ) 5 =+ Ncond Ov—1 (30)

with hcona denoting the heat of condensation (table 3). The enthalpy of the reaction is computed as
[4, 5, 49]
T

AH =AHy, + / CpwdT (31)
70
T T
—/ Cpu,dT — 0.5/ p,0,dT, (32)
70 70

where the standard enthalpy of formation AHy ,, is associated with the reference temperature Tp.

3. IMPLEMENTATION

3.1. Multi-mesh approach and domain decomposition. The system of equations is implemented
in the open-source CFD library OpenFOAM®v2112 using a parent-child mesh approach [3, 101, 102].
For this purpose, the complete fuel cell is first meshed with a single global mesh. Then, separate child
meshes for the air and fuel as well as the electrolyte are constructed, illustrated in figure 2. The energy
equation is solved on the parent mesh, with fluid flow, pressure and species composition determined on

1The authors thank H. Jasak and H. Rusche for the suggestion to solve the Butler-Volmer equation by Ridder’s root.
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the air and fuel meshes only. Finally, all electrochemical reaction terms are computed on the boundary
of the electrolyte mesh.

electrolyte

FIGURE 2. Parent mesh (left) and child meshes for air, electrolyte and fuel (right).

Different fields, such as temperature or heat of condensation, need to be copied between the parent
and child meshes. This mapping is performed based on the existing mesh addressing functionality of
OpenFOAM® [3, 49]. Specifically, within each child mesh a file “cellRegionAddressing” is generated,
containing for each (child) cell the corresponding cell number of the parent mesh. Similarly, the file
“boundaryRegionAddressing” lists the boundaries of the parent mesh, which belong to each child-patch.
Finally, “faceRegionAddressing” contains the same information for all faces of the mesh, but here includ-
ing their orientation. If the latter is the same between child and parent mesh, the face addressing number
is positive, otherwise negative. Fluxes, such as the current density or the normal velocity need therefore
to be multiplied with this faceMask in order to invert their direction, if necessary. As the number 0 cannot
have a sign, the cell numbering in “faceRegionAddressing” starts with one. This means, for obtaining
the correct face addressing (or faceMap), all values in “faceRegionAddressing” need to be reduced by 1
first.

3.2. Cell algorithm and libraries. The system of equations is solved as illustrated in figure 3. (i) flow,
species transfer and phase change are computed on the air and fuel mesh, before (ii) the performance of
electrochemical calculations on the electrolyte mesh. Finally, (iii) the results are mapped to the parent
mesh in order to solve the energy equation.

Large parts of the program code are outsourced to separate classes or libraries in order to improve
code structure, understanding and extensibility. These will be explained shortly.

3.2.1. Material libraries. The material and transport properties are provided by the following classes:

e The class solidModel saves the properties of the various solid parts of the fuel cell, such as the
bipolar plates.

e the liquid WaterModel collects all properties of liquid water.

e The library materialDatabase provides all properties of the fuel and air (gases).

o The fuelCellSpecies class saves the electrochemical properties of each gas species such as molecular
weight or enthalpy of formation.

e The polyToddYoung class provides material properties for each single gas species.

e The diffusivityModel computes the runtime selectable diffusivity for each gas species.

e The porosityModel provides the transport terms and material properties for the porous electrodes;
currently, only the Darcy-Forchheimer model is implemented, but others can be added [69, 103].

3.2.2. FElectrochemistry. All electrochemical calculations are outsourced into the following three libraries:

e The ohmicOverpotentialModel provides different runtime selectable options for computing the
ohmic cell losses, such as a constant area specific resistance or Springer’s model.

e The activationOverpotentialModel contains the following runtime selectable models: Tafel equa-
tion, Butler-Volmer and none; others such as an agglomerate model can readily be added [104].

e The electrochemistryModel bundles the calculation of the current density, cell potential, Nernst
equation and similar.
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( Create meshes and read data )

Update material properties

!}

Solve gas flow

'

Solve species transport

!}

Solve liquid water flow

'

Compute phase change

'

Solve electrochemistry

!}

Map fields from child to global mesh

'

Solve energy equation

Y

Solution
converged?

( e )

FIGURE 3. Flow chart of the numerical model.

3.2.3. Water transport and phase change. Water transport over the membrane as well as phase change
and liquid water transport are embedded into:

e The electrolyteModel which currently offers only Springer’s model to compute osmotic drag and
water diffusion over the membrane as well as its humidification.

e The phaseChange library computes the evaporation and condensation terms.

e The liqguid WaterModel solves the transport equation for liquid water.

3.2.4. Addressing. Mapping between the parent and child meshes as well as all addressing functionality
is contained in:

e The patchDatabase which contains the names and IDs of all important patches of the cell as well
as interpolation functions for the anode and cathode patch.

e The mappingModel which collects all mapping functions for an interpolation between parent mesh
and the electrolyte, air and fuel meshes.

e The mapMesh library which contains the addressing information between the parent, and a single
child mesh.

3.3. Numerical stability, convergence and error handling. The strong coupling between the differ-
ent equations can sometimes lead to diverging solutions. This concerns especially the low-current regime
due to non-linearities of, e.g., the Butler-Volmer equation. Moreover, strong temperature changes due to
evaporation as well as fuel or oxygen starvation pose challenges within the mass-transport limited regime.
For a discussion of these and other convergence issues, please refer to Beale et al. [77].

As a simple measure to improve convergence, the equations for liquid water transport, mass fraction
and velocity as well as the pressure field are relaxed. Typical relaxation factors are in the order of 0.5-0.7.
In addition, the activation overpotential can be deactivated for the first n time steps. Defining the species
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boundary conditions in form of a “transferred substance state” value stabilises the solution algorithm
further [77].

As certain equations are not defined for zero or negative values, some variables will be limited. This
helps to avoid floating point exceptions during the process of convergence. The following scalars or fields
are limited to positive values:

e the Nernst potential [77],
o the material properties u, k, cp, p, D
e the term j/jo used in the Tafel equation.

When a simulation diverges and fails, it is not always easy to find the quantity which diverged first.
In order to help the user to identify the cause of the error, the solver performs a large number of checks
and outputs the results to the log file. During the starting phase, the presence of all relaxation factors
is verified. Further, all input data is examined in terms of units. Finally, it is checked, if the mesh has
been decomposed properly, and if the patch interpolation works correctly. In case any of the checks fails,
a warning is written to the log file. During runtime of the solver, most of the variables are continuously
monitored. If they exceed a certain, predefined threshold, a warning is written to the log file. This
warning can later easily be extracted in order to find the first point where the solution diverges.

4. APPLICATION

To illustrate the application potential of the developed model, we present simulation results for an air
PEM fuel cell operated at Forschungszentrum Jiilich and an oxygen cell built at CIEMAT (Centro de
Investigaciones Energéticas, Medioambientales y Tecnoldgicas).

4.1. Jiilich fuel cell. The Jiilich fuel cells uses two monopolar plates with serpentine flow fields, featuring
three channels each [105]. The GORE catalyst-coated membrane is 42um thick, consisting of a SELECT®
membrane (18um) and two catalyst layers (CL) (12um each) [106, 107]. The Freudenberg H2315 Cx165
GDL (equivalent to Freudenberg H23C2) is made of non-woven carbon cloth with a PTFE loading of 0%
and an MPL with PTFE loading of 40%. The active area of the reacting zone is 17.64 cm?, i.e., the side
length is 4.2cm. Table 4 gives the dimensions and table 5 provides the material properties of the cell
components.

TABLE 4. Dimensions of the Jilich fuel cell.

membrane GDL monopolar plate

thickness / mm 0.042 0.25 3

TABLE 5. Material properties of the Jiilich fuel cell at 70°C.

material p My € Ky Cp k d 0 source
kg/m3  kg/mol 10~ "m? J/kg/K W/m/K pum °

membrane 1970 1 1000 0.22 [108, 109]

GDL 1800 0.5 0.25 709 100 0.1 130 [110-113]

graphite composite 2266 711 100 [114]

The cell operates under co-flow at 70°C with a gas humidification of 90%. Please refer to table 6 for
an overview of all operation parameters.

As the exchange current density decreases with cell ageing and the ohmic losses depend on surface
treatment and assembling, they are difficult to estimate or model. Therefore, the polarisation curve is
used to fit ohmic overpotential as well as the reference activation overpotential. The cell voltage V is
determined from the area specific resistance R, the Tafel slope b and the reference exchange current
density jo rer as [116, 117]

V =U—jR —blog,y ——, (33)
Jo,ref
with the Nernst potential

RT
U= E() + ﬁ In (1'00251'H2) y (34)
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TABLE 6. Operating conditions of the Jiilich fuel cell.

11

property  value source

9/ °C 70 [115]
Aa 1.2 [115]
Ac 2.5 [115]
gas air [105]
wa | % 90 [115]
vc | % 90 [115]
flow co-flow [105]
Yeond /s 1 assumed
Yevap/s ! 1 assumed

and the standard potential
159.6T — 284715
Ey = — : (35)

2F
As equation 33 does not account for mass transport overpotentials, only low and moderate current
densities are used when fitting the experimental polarisation curve. Table 7 gives an overview on the
resulting polarisation parameters.

TABLE 7. Overpotentials of the Jiilich fuel cell.

property value source
Tret | K 343 [115]
Joret / Am~2 0.054 fitted
b/ mV 84  fitted
R/ Qcm? 0.11 fitted
1.0
3 fit
0.9-. ® experiment
° e OpenFOAM
0.81°e
() ‘ '
> oo
£ 0.7 1 ° s
> * Y .
0.6 1 Iy
® o
[ ]
0.5 1 o °©
[ ]
0.4

00 02 04 06 08 10 12 14
j (averaged) in A/cm?

FIGURE 4. Polarisation curve of the Jilich fuel cell with the curve fitted according to
equation 33 [115].

Calculations are performed using a second order spatial discretisation for the Laplacian and gradient
terms. The geometry is meshed using 2 million hexahedral elements, with the GDL being strongly refined
— for a detailed grid study, see [59].

Figure 4 shows the measured and simulated polarisation curve. Although a certain deviation exists,
both curves match fairly well. The slightly overestimated cell voltage in the high-current regime can
be explained by different reasons. On the one hand, the model will most probably underestimate the
formation of liquid water. This underestimation is caused from the UFT model itself [26] as well as the
fact that the presence of liquid water is modelled only in the porous electrodes, but not in the channels. On
the other hand, the presence of liquid water changes the cell properties — based on empirical formulae (see
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U (V)
-1.2

1.15
1.14
1.14
1.13
1.1

j (A/em?)

-0.62
L 058
0.54
0.50

FIGURE 5. (a) Nernst potential, (b) membrane temperature, (c¢) water saturation in fuel
GDL, (d) current density, (e) air velocity and (f) oxygen mass fraction for the Jiilich fuel
cell at a (mean) current density of 0.6 A/cm?. The dashed lines indicate the position of
the curve, plotted in fig. 6 and the white arrows the oxygen and hydrogen inlets and
outlets.

section 2.2.6), for which different alternatives exist. Finally, the precise material properties are not always
completely known, and may need to be estimated. For example, the thermal conductivity of graphite
is anisotropic and depends on its crystal structure, and can therefore influence the cell temperature and
formation of liquid water — especially at higher currents.

At low current density, the cell voltage is slightly underestimated. While for the first point, the
limitation of the Tafel equation might be the reason, an imprecise exchange current density might cause
the deviation at j < 0.2A/cm?. Possibly, the comparably small number of experimental points for
performing the parameter fit is problematic here. Moreover, the simple fitting function (equation 33)
neglects certain effects which might lead to slightly inaccurate values for the exchange current density,
Tafel slope and ohmic loss.

Figure 5 illustrates the distribution of various state variables of the fuel cell — either in the electrolyte,
or at the interface towards the porous electrodes. It is clearly visible that the current density and Nernst
potential are highest in the channel regions, and lower under the ribs. This is consistent with the local
extrema in the oxygen mass fraction, shown in figure 5(f). Additionally, it can be observed that the
current density decreases along the channels — see figure 5(d). This effect could, for example, be caused
by the increasing formation of liquid water, as shown in figure 5(c). Finally, the temperature, as illustrated
in figure 5(b) follows qualitatively the current density decreasing along the main flow direction.

Figure 6 shows the current density and liquid water content along a line cutting the cell through the
middle. Also here, it is clear that the liquid water saturates pore space below of the ribs, as it is more
difficult to be removed there. While a local maximum in current density is observed under the channels,
the current density reduces (sligthly) where the liquid water content is higher.

4.2. CIEMAT cell. The CIEMAT fuel cell uses flow fields with two serpentine channels, as illustrated
in figure 7. The 2mm thick monopolar plates are supported by 15 mm thick steel end-plates in order to
avoid any deformation by clamping. The flow fields are oriented at 90° (cross flow configuration). Table
8 gives the dimensions of the various fuel cell components.

The membrane-electrode assembly (MEA) has the following configuration: Nafion 212NR (50 pm,
Ton Power Inc.) is employed as the proton exchange membrane. Three layer commercial gas diffusion
electrodes, i.e. with a catalyst layer, a microporous layer, and a gas diffusion layer, are used for both
electrodes, but with different catalyst loadings: 0.25 mgp; cm~2 (ELAT GDE LT250EWALTSI, BASF)
in the anode, and 0.3 mgp; cm~2 (W1S1009, FuelCellsEtc.) in the cathode. The characteristics of the
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FIGURE 6. Current density and water saturation in the air GDL along the line z =0 —
as illustrated in fig. 5.

TABLE 8. Dimensions of the CIEMAT fuel cell.

membrane  electrode  monopolar
(GDL+CL) plate

thickness / mm 0.05 0.3 10

GDL are the same for both electrodes (woven carbon cloth of 300 um thickness). Although for this work,
only GDL parameters which are the same in both electrodes are taken into account. In future modelling
work, catalyst layer parameters will be also considered, since they have been shown to influence the water
distribution in a PEMFC [119]. The properties of all cell components are summarised in table 9.

The cell is operated at 80°C with fully humidified oxygen and hydrogen and a stoichiometry of 1.5
(anode) or 3 (cathode), respectively. Please see table 10 for an overview, and Folgado et al. [121] for
further details on the experiments.

Using the same fitting procedure as was described above for the Jiilich cell, the electrochemical prop-
erties are obtained for the CIEMAT cell from the polarisation curve. Table 11 gives an overview of the
results.

As for the Jiilich cell, a second order discretisation in space is used for the Laplacian and gradient
terms. The geometry is meshed using 1.3 million hexahedral elements, with the GDL being strongly

39

anode GDL o @ ,))

membrane cathode GDL

flow field

28

() (b)

FIGURE 7. Setup of the CIEMAT fuel cell (left) and dimensions of the flow field (right).
The two flow fields are offset by 90° [118].



14 N. WEBER ET AL.

TABLE 9. Material properties of the CIEMAT fuel cell at 80°C. Due to missing data,
the GDL properties are taken for the very similar woven GDL E-TEK LT1200W.

material P My 5 Ko Cp k d 0 source
kg/m*®  kg/mol 107" m? J/kg/K W/m/K pm °

membrane 1970 1 1000 0.22 [108, 109]

GDL 1906 0.32 0.5 709 100 1 96 [113]

steel 7948 503 14 [114, 120]

TABLE 10. Operating conditions of the CIEMAT fuel cell [121].

property value

9/ °C 80

AA 1.5

Ac 3

gas (0D

wa | % 100

wc | % 100

flow cross flow

Yeond /S 1 assumed

Yevap/s ™t 1 assumed

TABLE 11. Overpotentials of the CIEMAT cell.

property value source
Tier /| K 353 [119]
Jower / Am™2 0.0153  [118]
b/ mV 56  fitted
R / Qcm? 0.22 fitted
1'01 fit
1% ® experiment
09 "o. OpenFOAM
0.8 Se,
> ®e -
E 07 7 ® @ °
> . .
0.6 °
°
e
0.5 <,
°. .
0.4 1 R

0.00 025 050 075 1.00 125 150 1.75
j (averaged) in A/cm?

FIGURE 8. Polarisation curve of the CIEMAT fuel cell with the fitted curve according
to equation 33 [121].

refined; for a detailed grid study, see [59]. Due to the small relaxation factors and the strong coupling
between the various fields, a converged solution is obtained after 6 days using 16 processors — to give a
rough estimate. Modelling the CIEMAT cell proved to be considerably more challenging than the Jiilich
fuel cell. Especially at high current density, oxygen and fuel starvation appear in the GDL outside of the
curved channels — as illustrated in figure 9(d). The low reactant content can lead to convergence issues
at current densities greater than 1.6 A /cm?. Nevertheless, the numerically reproduced polarisation curve
matches the experimental results very well — as shown in figure 8.
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FIGURE 9. (a) Current density, (b) membrane humidification, (c) liquid water saturation
and (d) oxygen mass fraction of the CIEMAT cell for an average current density of

1.2A/cm?.

Figure 9 illustrates current density, water saturation, membrane humidity and oxygen mass fraction.
Again, it is evident that the region beyond the channels does not contribute, significantly, to the elec-
trochemical reaction. Following the fuel channel in the streamwise direction, the water content of the
membrane increases continously, as shown in figure 9(b); at the intersections of the air and fuel channel
the liquid water saturation is the lowest due to improved water removal in these areas. This can be
especially seen in the left part of the cell, which suggests that water removal by the anode flow dominates
here. Finally, figure 9(d) emphasises again that the areas beyond the channels are passive, and that the
oxygen mass fraction decreases almost to zero there.

1.5 0.7
1.4+ -0.6
P~ e —— -]
1.3 0.5
S A~~~ —~——] O
_3 1.21 0.4

-
Distance to membrane (um)

— 1000
1.1 — 250 0.3

—— 150

0
1.0 T T T 0.2
10 15 20 25 30
X (mm)

FI1GURE 10. Current density and oxygen mass fraction along a section of the line A-A
shown in figure 9.

Figure 10 shows the current density as well as the oxygen mass fraction along a line (see figure 9(b) for
the location). The oxygen mass fraction is plotted at different distances from the electrolyte-air interface,
i.e. once in the channel, and at three different heights inside the GDL. It is readily apparent that the
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oxygen fraction oscillates when approaching the membrane. In areas where a fuel channel passes, the
current density increases, while the oxygen mass fraction is reduced at the same time.

4.3. Field of application and limitations of the model. Even though the model is complex, detailed
and three-dimensional, it is important to understand that it has two main limitations: very simplified
electrochemical and water transport models. Ignoring water transport in the flow channels and using
the unsaturated flow theory will probably underestimate liquid water formation [26]. Moreover, the
model requires certain input parameters for the electrochemical model, such as the exchange current
density, to be fitted from experiments. Predictions of the cell potential without any measurement data
might contain therefore non-negligible error. This limitation is caused on the one hand by the fact
that the overpotentials depend on the exact material, assembling and ageing. On the other hand, the
electrochemical model is strongly simplified by replacing the three-dimensional reactions in the tiny
catalyst layer by simple two-dimensional boundary conditions. The main field of application is therefore
not describing electrochemistry on the microscale, but rather providing support in fuel cell design from
an engineering perspective. The simplifications outlined above allow for comparably fast simulations to
predict important variables such as flow speed and pressure drop. The model allows as well to give an
impression of temperature, species and current distribution. It is therefore especially useful in designing
the overall setup, the bipolar plates and the flow fields of a fuel cell.

5. CONCLUSION AND FUTURE WORK

5.1. Summary. An open-source CFD model for PEM fuel cells has been developed with the motivation
to facilitate cooperation, model comparison, extension and validation. This original model is based on
the software openFuelCell for solid oxide fuel cells; the three-dimensional continum mechanical model
accounts for phase change and two-phase transport using unsaturated flow theory, while electrochemistry
is based on a Tafel equation and the membrane model on the Springer approach. The steady-state
model has been implemented in the open-source CFD library OpenFOAM®v2112. It includes all major
physical, chemical and hydrodynamic phenomena, such as flow, mass transfer, electrochemistry, two-phase
transport and phase change. In implementing the software, care was taken to structure the code logically
into different libraries according to the underlying physics. This not only improves understanding, but also
facilitates extensions of the model. User-friendliness, error handling, convergence control, and monitoring
at runtime have all been improved compared to the openFuelCell model.

The developed model successfully reproduces the polarisation curves of two different PEM fuel cells,
which have been operated at CIEMAT and the research centre Jiilich. The simulations clearly show
the interplay of temperature, liquid water formation and local current density under the ribs of the flow
channels. Furthermore, the Nernst potential, humidification and current density along the flow channels
illustrate the dependence of the membrane conductivity on water content. In this respect, the simulations
provide detailed qualitative and quantitative information about specific practical engineering designs.

The present model can easily be extended and applied to other PEM fuel cells with different geometry.
Developed as an engineering toolkit to support practical fuel cell design, the existing runtime selectable
sub-models can, and shall be extended by more sophisticated ones by the user. With this aim, the code
is released as open-source together with the geometric models of the two PEM fuel cells described above.

5.2. Outlook. Fuel cell modelling is an extremely complex process — especially due to the necessary
coupling of physical phenomena on different scales. Therefore, model development is a continous process.
In this respect, it is planned to improve user friendliness and error handling of the software continously.
Concerning the iterative procedure used to obtain the targeted cell voltage or current density, larger re-
laxation factors and speedup are expected to be possible by using the secant method [122] when updating
the current density. Alternatively, linearising strongly non-linear terms such as the Butler-Volmer equa-
tion using a Taylor series [123-125] and/or applying a pseudo-transient time-stepping could perhaps be
used to improve convergence, also. Moreover, the submodules for the activation, ohmic and concentration
overpotentials will be improved further. Concerning mass transport losses, the implementation of a com-
plete Euler-Euler model as alternative to unsaturated flow theory would be desirable — or alternatively
an extension of the UFT to water transport in the flow channels [79]. In addition to these modelling
tasks, a comprehensive material database for fuel cells would facilitate modelling considerably.
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NOMENCLATURE
Constants
R ideal gas constant (8.314 J/K/mol)
F Faraday constant (96 485 sA/mol)
Scalars
a activity
a stoichiometric coefficient reactant
b Tafel slope (V)
b stoichiometric coefficient product
cp specific heat capacity (J/kg/K)
D diffusion coefficient (m?/s)
E standard potential (V)
Eact activation energy (J/mol)
G Gibbs free energy (J)
H enthalpy (J)
h latent heat (J/kg)
J Leverett function
J current density (A/m?)
jo exchange current density (A/m?)
K permeability (m?)
k thermal conductivity (W/m/K)
M molar mass (kg/m3)
m mass (kg)
Mm equivalent weight of the membrane (kg/mol)
N molar flux (mol/m?/s)
n reaction order
p pressure (Pa)
Pe capillary pressure (Pa)
Q mass flux (kg/m?/s)
R area specific resistance (©2m?)
S entropy (J)
s liquid water saturation
Sv—1 phase change source term
T temperature (K)
U open circuit potential (V)
u interstitial velocity (m/s)
v cell potential (V)
x molar fraction
Yy mass fraction
z coordinate (m)
z number of electrons
Vectors
g gravity (m?/s)
u interstitial velocity (m/s)
x coordinate vector (m)
Greek
« charge transfer coefficient
AFE difference of standard potentials
A difference
8 membrane thickness (m)
n overpotential (V)
¥ condensation or evaporation rate (1/s)
K conductivity (S/m)
A membrane water content
A stoichiometric ratio of reactants
" dynamic viscosity (Pa s)
v kinematic viscosity (m?/s)
p density (kg/m?)
o surface tension (N/m)
0 contact angle (°)
€ dry porosity
© relative humidity (%)
9 temperature (°C)
Subscripts
0 reference value
A anode
act activation
C cathode
cond condensation
eff effective
evap evaporation
m membrane
sat saturation
T thermal
v vapour
v-1 vapour to liquid
w water
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