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ABSTRACT

In this work a macroscopic, steady-state, three-dimensional, computational fluid dynamics model of
the anode of a high-pressure polymer electrolyte membrane electrolysis cell (PEMEC) is presented.
The developed model is used for studying the effect of employing an interdigitated, planar-circular
cell design on the distribution of water in the anode. In the electrolysis of water using PEMEC the
anode is fed by demineralized water. Throughout the anode, oxygen is produced and a two-phase
flow develops. Interdigitated channels assist in avoiding that gaseous oxygen obstructs the transport
of liquid water towards the catalytic layer of the electrode. As opposed to the more common
serpentine and parallel channels, interdigitated channels force liquid water through the porous gas
diffusion layer (GDL) of the electrode. This improves the supply of water, however it increases
pressure losses. While interdigitated channels have been examined for planar-square cells in detail,
less is known for planar-circular cells. To examine the extent of flow maldistribution, a base case is
defined and a parameter variation is conducted relative to it. In the study, the following parameters
are examined: water stoichiometry, temperature, GDL permeability and thickness. In conclusion,
it is found that the interdigitated flow field results in an uneven distribution across the cell and that
the extent depends strongly on the permeability and weaker on the remaining parameters.
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NOMENCLATURE F Faradays constant [C/mol]
U Velocity [m/s] Lr  Gas diffusion layer thickness [m]
K  Permeability [m] A Stoichiometric factor [-]
p  Pressure [Pa] u Mean [-]
N Number of channels [m] u Dynamic viscosity [Pa s]
A Area [m?] M Interfacial forces [kg/(m3 s)]
S Source term kg / (m? s)] n Normal vector [-]
L  Channel length [m] rp Fiber radius [m]
T Temperature K] £ Percolation threshold [m]
J  Current density [A/cm?] n,  Moles of reactant required [mol]
. Mass flow [kg/s] g Moles of reactant supplied [mol]
€  Volume porosity [-] o Directional dependent parameter  [-]
p  Density [kg/m?] My Molecular weight [kg/kmol]
o Standard deviation  [-] i Identity matrix [-]

*Corresponding author:  Phone: +45 2139 9153 E-
mail:aco@et .aau.dk

Proceedings from The 55th Conference on Simulation and Modelling (SIMS 55), 241
21-22 October, 2014. Aalborg, Denmark



INTRODUCTION

The production of hydrogen through water electrol-
ysis has received growing attention in recent years
[2, 1]. This interest has partially been sparked by
the growing demand for sustainable produced hy-
drogen in fuel cell applications and partially by the
demand for energy storage during peak production
periods especially associated with the increasing use
of sustainable power sources like wind turbines and
solar power [4, 6, 3]. As a technology water elec-
trolysis has been commercially available for nearly
a century. These systems have typically been alka-
line based, very bulky, inefficient and suffered from
poor dynamic response to load changes. With the
recent developments of polymer electrolyte mem-
brane electrolysis cells (HP PEMEC), a technology
has been developed that offers significant higher en-
ergy densities, current densities, efficiency as well
as a good dynamic response. [1]

In the electrolysis of water using PEMEC the overall
reaction is split into two half-cell reactions occuring
at the anode and cathode, respectively:

2H,0 — 4H " +4e™ + 0, (1)

2H" 4+2¢~ — H, ()

While electricity is supplied to the PEMEC, the an-
ode is fed with demineralized water. Throughout
the anode, oxygen is produced and a two-phase gas-
liquid flow develops. Similarly in the cathode, hy-
drogen is produced along the channel length. Since
water can permeate the polymer membrane, two-
phase gas-liquid flow can also occur at the cathode.
Although PEMEC are competitive on many levels,
durability and lifetime still need to be improved.
One way is by optimizing the flow distribution
across the cell. Because the incoming liquid water
both serves as a fuel and coolant, an even distribu-
tion not only ensures good mass transport charac-
teristics, it also allows for an even heat removal. If
either of these issues cannot be ensured, the risk of
hotspots and catalyst degradation increases. As op-
posed to PEM fuel cells (PEMFC), which are typi-
cally operated at low pressures (e.g. 1 bar), it is an
advantage to operate PEMEC at elevated pressures
of up to 200 bars and thereby decreasing the need
for subsequent compression of the hydrogen to store
1t.
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Figure 1: Three archetype channel configurations
for square-planar cells

To improve mechanical stability at elevated pres-
suresm circular-planar cells are used instead of
square-planar cells. Evidently, this difference in
outer geometry affects the channel design. Another
difference that affects channel design is the differ-
ence in two-phase morphology. In PEMFC the two-
phase flow consists of a continuous gaseous phase
and a dispersed liquid water droplets phase. How-
ever, in PEMEC this is only true for the cathode;
in the anode the continuous phase consists of liquid
water and dispersed oxygen bubbles.

For square-planar cells three archetype channel con-
figurations are traditionally considered [5], although
more types exist [10]. These are parallel, serpen-
tine and interdigitated channels. A schematic draw-
ing of each type is shown in Figure 1. While
parallel and serpentine channels distribute reactants
over a porous gas diffusion layer (GDL), through
which species mainly diffuse, interdigitated chan-
nels forces convective flow through the GDL. In-
terdigitated flow fields therefore offer better mass
transport, whereas parallel and serpentine offer a
significant lower pressure loss. For systems sub-
ject to two-phase flow, parallel channels suffer from
a high extent of flow maldistribution, since a sin-
gle channel might become blocked by a gas bubble
or liquid droplet. To circumvent this blocking or at
least reduce it, combinations of parallel and serpen-
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tine channels are often used. In interdigitated flow
fields the reactant phase in the two-phase flow is
much less prone to becoming blocked, since the re-
actant phase is convectively transported through the
GDL. Nevertheless, it should be noted that the exact
characteristics of each archetype depends on chan-
nel length, channel height, channel width and num-
ber of channels.

In the literature, various experimental and modeling
studies have been conducted for square-planar cells
in PEMFC comparing interdigitated flow fields with
parallel or serpentine fields. Among others, Wang
and Liu 2004 [8], Wang et al. [9] and Berning et
al. 2014 [7] have demonstrated the improved re-
actant mass transport in the presence of two-phase
gas-liquid flow by switching to an interdigitated flow
field. Furthermore, the study by Berning et al. 2014
[7] underlined that an improved waste heat removal
could be seen.

For PEMEC the available number of publications is
scarcer. A few studies have investigated the effect of
two-phase gas-liquid flow in the anode using paral-
lel and serpentine flow fields in PEMEC at low pres-
sures. Ito et al. 2010 [11] found in their experi-
mental study that these flow fields are sensitive to
the two-phase flow regime. At high current densities
when a high amount of oxygen is produced slug or
annular two-phase flow develops and obstructs the
liquid reactant phase flow towards the catalyst layer.
In the numerical modeling study by Nie and Chen
2010 [12] it was further shown that a high extent
of flow maldistribution could occur. Even reversed
flow was observed in some channels.

Although the use of an interdigitated, square-planar
flow field in PEMFC has been shown to offer partic-
ular benefits in avoiding mass transport limitations
induced by two-phase gas-liquid flow, no studies
are available for interdigitated, circular-planar flow
fields of PEMEC. In particular, the benefit of inter-
digitated flow fields for the anode is unknown. The
main objective of this work is therefore the inves-
tigation of flow maldistribution in an interdigitated
PEMEC anode flow field. As a first attempt, two-
phase gas-liquid flow phenomena are disregarded,
and only single-phase flow is considered. This is
done in order to get a clear effect of the circular-
planar cell design, rather than a mixed effect from
both.

In the following, a parametric study of a macro-

scopic, steady-state, three-dimensional, single phase
model is presented. The model accounts for mass
and momentum transport in channels and the porous
GDL. Initially, a short description of the geome-
try, mathematical model, numerical solver and data
treatment will be given, followed by a grid indepen-
dency study. Then, results from a base case and
parametric study are analyzed and discussed.

METHODOLOGY

In this work the interdigitated, circular-planar flow
field shown in Figure 2 is used. It consists of one
inlet, one outlet, an interdigitated channel structure
and a porous medium. There are 8 incoming and
9 outgoing channels in the interdigitated channel
structure. Each channel has a width of 1 mm and
height of 0.5 mm. The inlet manifold has a height
of 1 mm and width of 5 mm. The diameter of the
circular GDL is 10 cm.

Channel

Figure 2: Interdigitated flow field geometry

The channels are fairly thin compared to the land
width, however this is to avoid that the porous
medium intrudes into the channels. Moreover, the
channels are curved to minimize the difference in
length between them; however this comes at the ex-
pense of an uneven land width.
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The zoomed area in Figure 2 highlights the flow di-
rection in the geometry. Flow from the inlet, the lig-
uid is distributed in the inlet manifold and hereafter
in the inlet channels. Then, the flow is forced under-
neath, through the GDL, and out through each out-
let channel. The flow from the outlet channels then
merge in the manifold and flow out of the geometry.

Mathematical Equations

To obtain the velocity and pressure field distribution
inside channels and porous media the macroscopic,
volume-averaged, steady-state continuity and mo-
mentum conservation equations are solved in eqn.
3 and 4, respectively:

V. (epU) =&€S 3)
V. (epUU—e€1)=¢(S—Vp)+epg+eM  (4)

T=u (VU +(VU)T — i(VU)I) 6))

Here U is the true velocity, p is density, € is the vol-
ume porosity, which is 1 outside the GDL, 7 is the
stress tensor, I is the identity matrix, g is the grav-
ity vector, S is a mass source, p is pressure, S is a
momentum source term, U is the dynamic viscosity
and M covers the interfacial forces acting on phase
in the porus medium, else it is zero.

For laminar flow in porous media the interfacial
force is given by Darcy’s law:

_ne
K
Here K is the viscous permeability. The viscous per-
meability of a fibrous porous medium, which is typ-
ically used, can be estimated via the following em-
pirical correlations as a function of porosity [15]:

M U (6)

_ a+2 2
Kk & i (Sa €p)" Ty o
8(Ine)” (1—&,) ((a+ e —g)

Here ¢, is the percolation threshold porosity, which
for two-dimensional fibrous structures is 0.11, 7 is
the carbon fiber radius and ¢ is a directional depen-
dent parameter, which in the through-plane and in-
plane direction is 0.521 and 0.785, respectively.

The framework for modeling macroscopic single-
phase flow in porous media was originally devel-
oped by Slattery [14] and Whitaker [13], and later
extended by numerous authors. For a general in-
troduction to the topic of macroscopic modeling of
porous media and the application of volume averag-
ing, interested readers are referred to Jakobsen [16].

Boundary condition

The inlet mass flow of liquid water is calculated as
follows:

gy = M2 ®)
2F
Here M,, is the molecular weight, A is the stoichio-
metric factor, j is current density, A, is the cross-
sectional area and F' is Faradays constant.
In the context of fuel cell and electrolysis modeling
the stoichiometric factor A is defined as the number
of moles of reactant supplied n; relative to the num-
ber of moles required for a stoichiometric reaction
Ny
r=2 ©)
ny
Thus, a stoichiometric factor of 1 corresponds to
the exact amount needed for a given current density,
whereas a stoichiometric factor of 5 corresponds to
5 times the required amount for a given current den-
sity supplied.

Numerical Solver

The presented mathematical model was solved using
the commercial software, COMSOL Multiphysics.
In this software the partial differential equations are
solved using the finite element approach. For lami-
nar flow the default discretization scheme is the so-
called P1+P1, where both the pressure and velocity
are discretized using linear elements. The resulting
non-linear algebraic matrix systems were solved us-
ing a coupled, multigrid solver.

Data Treatment

To be able to evaluate the extent of mass flow mald-
istribution in a systematic fashion a channel mass
flow standard deviation is defined as follows:
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Here o is the channel mass flow standard deviation,
U is the average channel mass flow, &V is the number
of channels, rm; is the mass flow rate of each chan-
nel, and L is the channel length. The reason why
the mass flow is devided by channel length is to ac-
count for the difference in channel length, and thus
the difference in surface area and the need for water
and cooling. The channel mass flow is calculated by
integrating over the cross-sectional area of the chan-
nel outlet:

rh,-:/ pU-ndA (12)
A;

Here n is the normal vector of the cross-sectional
area. The advantage of defining a channel mass flow
standard deviation is the quantification of the flow
maldistribution. However, to enable a direct com-
parion between the individual simulation cases in
the parameter variation, the standard deviation needs
to be normalised by the mean channel mass flow.

RESULTS AND DISCUSSION

In the parameter variation three different parameters
are varied. In order to minimize the test matrix a
base case reflecting nominal operation conditions is
defined. From this point each parameter is then var-
ied. The values of the base case are shown in Table
1.

Parameter Symbol Value Unit
Temperature T 343 K
Permeability K 1.0-107 M m’
Porosity € 0.7 -
GDL thickness Ly 200 um
Stoichiometry A 100 -
Current density J 1.0 Alcm?

Table 1: Base case modeling properties

Before commencing with the results from the base
case and parameter variation, a grid independency
study is presented.

Grid Independency

The mesh required for the presented interdigitated
geometry has to resolve large differences in length
scales across the flow field; hence the number of
cells is bound to be in the order of millions.

Inlet pressure, [Pa]
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Figure 3: Grid independency study at 298 K

A grid independency study is carried out to ensure
that only the minimum required number of cells,
which guarantees a grid independent solution, is
solved. In this study, the back pressure is monitored
as the number of cells is gradually increased towards
the maximum number of degrees of freedom that the
computer can handle. As shown in Figure 3, a stable
solution is reached around 2 million degrees of free-
dom. Thus, all simulation results presented in the
following where obtained using a grid consisting of
1.95 million cells.

Base Case

To quantify the extent of flow maldistribution be-
tween channels, the obtained results from the base
case are depicted in two ways: 2D contour plots in
Figure 4 and bar plots in Figure 5. While 2D con-
tour plots depict the velocity and pressure fields, the
bar plots show the mass flow rate out of the channels
with and without channel length normalization.

The velocity distribution within the GDL depicted
in Figure 4a can be used as an indicator of how well
cooling and mass transport occurs. The higher the
velocity, the better the effect is, and vice versa. The
highest velocities are found near the outer interdigi-
tated channels. Velocities then appear to gradually
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Figure 4: Crosssectional contour plots

decrease from the outer channels and towards the
center of the plate. Two low velocity zones can fur-
ther be identified. These occur because fluid flow is
not forced through the GDL here.

In Figure 4b the velocity distribution within the
interdigitated channels and manifold can be seen.
The velocity distribution reveals large differences
throughout the geometry. At the inlet, a high veloc-
ity jet is formed, which creates a high dynamic pres-
sure zone as seen in Figure 4c. Similarly high veloc-
ities can be observed into and out of each interdigi-
tated channel due to a reduced cross sectional chan-
nel area. Interestingly, these large velocity differ-
ences between each channel and the manifold make
it possible to clearly observe how the fluid flow out

of each channel mixes into the manifold flow.

From the pressure distribution in Figure 4c it should
be noted that the pressure loss through the system is
1411 Pa under the prescribed conditions. It is clearly
visible that the majority of the pressure loss orig-
inates from the convective flow through the GDL.
However, some extent of uneven pressure distribu-
tion within the manifold is visible. It can further be
observed that the land area width is larger for chan-
nels near the center of the plate. Hence, pressure
losses are bound to be higher here, which in turn
corresponds to a lower mass flow

When comparing the mass flows through each in-
terdigitated channel in Figure 5Sa, it appears that a
fairly even distribution is obtained with the excep-
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Figure 5: Channel mass flow with (a) and without (b) channel lenght correction, respectively.

tion of channel 1 and 9. Meanwhile, when account-
ing for the difference in channel length, this picture
changes dramatically, as can be seen from Figure 5b.
It now becomes evident that especially channel 4 to
6 suffer from a lower mass flow rate relative to the
cross-sectional area they need to supply with water
and coolant. For these channels the local water sto-
ichiometry would be roughly half compared to the
outer channels. The observation that the mass trans-
port gradually improves towards the outer channels
is in good agreement with the velocity distribution
in the GDL shown in Figure 4a. Moreover, it further
emphasizes that merely studying mass flows rather
than mass flows per channel length does not reveal
the extent of flow maldistribution.

A further comparison between the individual chan-
nels reveals a non-symmetric mass flow distribution.
This indicates that the position of the inlet and outlet
to some extent is significant. If the inlet and outlet
where positioned in the middle, a symmetric distri-
bution would be expected.

Parameter Variation

The obtained results from each parameter variation
are depicted as x-y plots in Figure 6. In each sub-
figure, the standard deviation is shown on the y-axis
and the parameter in question on the x-axis.

It can be observed in Figure 6a that the normalized
standard deviation increases as a function water sto-
ichiometry. This means that the extent of flow mald-
istribution increases proportionally to the water stoi-

chiometry. Hence, when higher flows are needed, in
order to cool the cell, an inherent more non-uniform
cooling is enforced.

From Figure 6b, it can be observed that the nor-
malized standard deviation shows a strong depen-
dence on viscous permeability. As the permeability
gradually decreases, the normalized standard devia-
tion rapidly follows. However, ones the permeability
reaches a value around 1.0- 107! m?, the change in
the normalized standard deviation begins to decrease
significantly. In fact, it appears that the standard de-
viation asymptotically approaches a constant value.
The identified threshold seems to indicate a transi-
tion towards a porous medium dominated maldistri-
bution. Above this point, the flow between the chan-
nels is important, whereas below primarily the flow
through the porous medium is.

Decreasing the permeability is equivalent to increas-
ing the flow resistance; this can likewise be achieved
by decreasing the GDL thickness while keeping the
permeability constant. However, as seen from Fig-
ure 6c¢, the change in normalized standard deviation
only shows a weak dependence on GDL thickness
compared to the viscous permeability. Evidently, the
possible benefit is rather limited in comparison.

In Figure 6d, a weak temperature dependence of the
normalized standard deviation can be observed. The
temperature affects fluid density and viscosity. The
higher the temperature is, the lower both become.
Since the viscous shear stress in the channel and
porous medium both linearly dependent on viscos-
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Figure 6: Channel mass flow standard deviation as a function of water stoichiometry (a), permeability (b),
GDL thickness (c) and fluid temperature (d), respectively.

ity, a significant difference would not be expected
as function of temperature. However, the increase
that does occur with temperature may reflect some
small inertial, or viscous affects due to the slightly
increase volume flow in the channels.

CONCLUSION

In this work, the extent of flow maldistribution in
an interdigitated, circular-planar anode flow field of
a PEMEC was investigated using a macroscopic,
steady-state, three-dimensional, single-phase, com-
putational fluid dynamics model. It was found that
an uneven mass flow distribution could be observed
within the GDL. Moreover, a parametric study un-
derlined that the extent of flow maldistribution,

shows a strong dependence on viscous permeabil-
ity and weaker dependence on water stoichiometry,
GDL thickness and temperature. Furthermore, it ap-
pears that the dependence on viscous permeability
exhibits a threshold around 1.0- 10~'! m?. Below
this point, the dependence reduces rapidly and the
porous domain dominates the flow maldistribution.
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