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Parameterization of GDL Liquid Water Front Propagation and
Channel Accumulation for Anode Purge Scheduling in Fuel Cells

Jason B. Siegel and Anna G. Stefanopoulou

Abstract— This paper parameterizes the 0-dimensional model
of liquid water front evolution associated with: (1) water
transport through the membrane, and (2) accumulation and
transport of liquid water in the Gas Diffusion Layer (GDL)
originally presented in [1]. We add here vapor transport into
and out of the channels and liquid water removal from the
anode channel during a purge. This completely describes a
model for purge scheduling, to avoid anode channel plugging,
and to prevent over-drying of the membrane. The model is
parameterized using two tunable and one experimentally iden-
tified parameter to match the rate of liquid water accumulation
in the anode channel that was observed via neutron imaging
of an operational 53 cm? PEMFC. Simulation results for the
GDL and Membrane model augmented with a lumped channel
model are presented and compared with measured liquid water
values.

I. INTRODUCTION

Water produced at the cathode catalyst layer can diffuse
back to the anode side due to the difference in water
concentration across the membrane. When air is used on
the cathode, nitrogen permeation though the membrane
(MB) leads to the accumulation of inert nitrogen in the
anode channel [2], [3]. In the anode channel of a Proton
Exchange Membrane Fuel Cell (PEMFC) operating with
a Dead-Ended Anode (DEA), the small gas flow velocity,
gravity, buoyancy, and channel orientation help establish
statistically repeatable and large spatiotemporal variations,
allowing for model simplification. Water liquid, water vapor,
and nitrogen gas will settle to the bottom of the channel, as
illustrated in Fig. 1. These heavier molecules will displace
hydrogen from that portion of the cell, leading to voltage
loss and carbon corrosion of the catalyst support in the
cathode [4]. Therefore, scheduling an occasional purge of
the anode volume is necessary to remove the accumulated
water and inert gas [5], [6]. The boolean control input w,
shown in Fig. 1, can be used to adjust the purge period
and duration based on the measured terminal voltage. Too
frequent purging wastes hydrogen and may over dry the
membrane leading to decreased cell performance and other
degradation issues. Hence, a model-based purge-schedule is
highly desirable.

The application of simple hybrid modeling and model
predictive control (MPC) techniques for water purge man-
agement has been demonstrated [7], but it relied on lookup-
tables for many parameters, which vary significantly with op-
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eration conditions and therefore can not be easily calibrated.
To address the issue of simulating and parameterizing a
model with coupled PDEs describing liquid and gas transport
through the Gas Diffusion Layer (GDL) of a PEMFC, which
exhibit steep moving fronts, we developed a simplified three
state switching model which tracks the slowly moving liquid
water fronts inside the GDLs and the membrane water
content [1].

In this work, we show a parameterization of the model
using in-situ measurement of the liquid water distribution
inside the fuel cell from neutron imaging [8]. The 0-D GDL
and membrane model is then augmented with a lumped
volume channel model, similar to [6], [9], to demonstrate
the GDL channel interaction and show the complete system
behavior for model validation. This additional modeling
effort should provide better results when using MPC because
channel dynamics are included. In the future, this 0-D
GDL/MB model could be augmented with a 1-D channel
model to form a 1+0D model capable of capturing the effects
of distributed channel conditions on water crossover and
nitrogen accumulation rates.
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Fig. 1. A schematic of water fronts propagating inside a polymer electrolyte
membrane fuel cell. Blue hatched region in the GDL indicates liquid water
presence, assumed to be at fixed saturation s = s, or zero. The dashed
line indicates the slice the fuel cell GDL/MB shown in Fig. 2.

II. SYSTEM EQUATIONS 0-D UNIT FUEL CELL MODEL

Liquid water in the GDL is described in terms of liquid
saturation s = v;/ vp, which is the ratio of liquid volume to
open pore volume. Liquid water accumulation in the GDL
is modeled using an ODE moving front approach, similar to
[10], although here we do not rely solely on the temperature
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TABLE I

NOMENCLATURE
Maximum liquid water flux (mol cm~2 s—71) NL maz
Anode water vapor concentration Cv,an
Membrane water content (# H2O per SO5 HY) | A
Vapor flux in the anode GDL (mol cm—2 s~ 1) Ny, an
Water flow from anode GDL to CH (g s 1) Waw,an,GDL

Liquid saturation in the two phase region Sx
Catalyst layer liquid water saturation Sctl g
Temperature (K)
Water activity a = ¢y /Cv,sat
Faraday’s constant F

Current density (A cm —2) ife

gradient, but rather on the hydrophobicity of the GDL, and
the capillary pressure gradient to expel water. We assume that
the liquid water propagates at a constant, tunable, volume
fraction, s,, which is slightly larger than the immobile limit.
The value s, = 0.37 was extracted from neutron imaging
data of the water accumulation [11].

Water dynamics in the GDL-MB-GDL unit model are
governed by the membrane water content and the location
of a liquid water front in the GDLs. The membrane water
content, \,,;, is calculated from the water flux into the
membrane from the cathode side, N, cq,mp, and out of the
membrane from the anode side, Ny, qn, mob,

d)\mb
dt

where K., = EW/(pmp Omp) is the membrane water uptake
rate.

= mb(Nv,ca,mb - Nv,an,mb) ) (1)
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Fig. 2. Two phase water front evolution in the anode GDL for the unit

fuel cell model, which represents a 1-D slice from Fig. 1. The advancing
two phase front on the anode side GDL, corresponds to mode 2 dynamics.
Liquid water fills the GDL up to s = sx, then the two phase front propagates
toward the channel. Once the front reaches the channel, then liquid begins
to accumulate in the channel.

The liquid water front location in the anode GDL, Z 7 4r,
is governed by the rate of water accumulation in the GDL
that is condensing into the liquid phase, Nj ... Hence the
front propagation is given by,
dxfnan o { Nl,an

dt - oL min(07 Nl,an)

where K, = M, /(p; s« € dgpr) is a constant which ac-
counts for the geometry and density of liquid water in the two

Zfr.an < 0GDL @)
L fr.an = 5GDL )

phase region, assuming the front propagates with constant
liquid saturation (s = s.), as shown in Fig. 2. The right
hand side (RHS) of (2) depends on N; 4, which is equal to
the difference between the flux of water entering the GDL
from the membrane, Ny 41, mp, and the flux of vapor leaving
from the GDL and entering the channel Ny 4,

Nl,an = NVy,an,mb — Nv,an . (3)

For the purpose of tracking the liquid front propagation in
the GDL, we can take the gases to be in steady state [12],
[10]. We also assume that all the condensation occurs at the
membrane-GDL interface (MB-GDL) = = 0, as proposed
in [13], and evaporation at the liquid phase front location
T = Tfran-

A. Membrane Water Transport to Anode

The water flux out of the membrane and into the anode
GDL is governed by diffusion and osmotic drag,

Dw(>\mb7T) . (>\mb - >\an) . nq ch

1) F

mb ( 4)
The first term in (4) describes diffusion in the membrane
[14], which is driven by the anode side gradient of the
membrane water concentration as it is shown in Fig. 2. The
anode water gradient is defined by the state, \,,;, and the
water content at the membrane interface with the anode GDL
Aan- Since the catalyst layer is very thin, its effect can be
lumped into \,,. Therefore, we express A, as a function
of catalyst flooding level, s.; 4, and the vapor concentration
in the GDL ¢, 4,(0),

Ay
Nv,an,mb =2

)\an = (1 - sctl,an) )\T7a + Sctl,an )\maza (5)

where \,,,q, = 22 is the water content of a liquid equilibrated
membrane and A, is the membrane water uptake isotherm
(61, [15],

Mo =co(T) +ci(T) a+ca(T) a® + c3(T) a®,  (6)

which is a function of the water activity, a, at the GDL-MB
interface. The water activity in the GDL-MB interface is
equal to the ratio of vapor concentration to the saturation
value, a = ¢ 4n(0)/Cy sat- The ¢;(T), 7 € {0,1,2,3},
values are calculated by a linear interpolation based on
temperature between the values at 303 K and 353 K listed
in Table II.

The dependence of membrane water content on catalyst
liquid saturation is introduced to capture the effect of liquid
water in the catalyst layer on membrane water transport [19].
We propose that s.; 4y, be a function of the liquid flux N; 4,
as follows,
max(N; gn, 0)

NL,m,am

Sctl,an = ’ (7)
where N, 4. 1s the maximum liquid water flux the catalyst
layer can handle before becoming completely saturated.
NT maz should be inversely proportional to liquid water
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TABLE I
FUEL CELL PARAMETERS.

{ €0,303> C1,303, 2,303, C3,303 } { 0.043, 17.81, -39.85, 36 } [16]

{ c0,353, 1,353, 2,353, €3,353 } {03,108, -16, 14.1 } [17]

aw (cm? s™T) 2.72E-5 [15]

cs (mol cm—3) 0.0012

Nitrogen Permeation
(mol cm~! s—1 Ba—1)

KNy perm = 1.5 x 10717 [2]

Water molar mass (g mol—1) M, =18
Vapor diffusivity (cm? s~ 1) Dy = 0.345

Corrected diffusivity (cm? s~ 1) Dy e [18]
Membrane thickness (cm) tmp=0.00254

Anode channel volume (cm?) Van,cn=6.5

Outlet orifice diameter (cm) Dy=0.109

Channel height (cm) H.;=0.1
GDL thickness (cm) 0ap1.=0.0420
GDL porosity e=0.8

viscosity, therefore we choose the following functional form
with an exponential temperature dependence,

Nrimaz(T) = Nro (GXP [NLl <3(1)3 - ;)}) , (8)

where Nz, and Ny are tunable parameters.

The second term in (4) describes electro-osmotic drag,
which pulls water from the anode to the cathode with the
conduction of protons through the membrane, and therefore
is dependent on the current density, i .. The drag coefficient
is given by ng = 2.5\,5/Amaz Which depends on the
membrane water content.

B. Water exchange with the channel

The two phase front location inside the GDL also deter-
mines the rate of vapor and liquid water flux into the channel.
When the front location is inside the GDL, x ¢, 4, < dGDL,
then the water exchange with the channel is in the vapor
phase only. When the front reaches the channel, z ;. 4, =
dapL, then the mass flow of water from the GDL into the
channel is the sum of the liquid and vapor flux

Nv,ana

Tfran < 6GDL
(Nv,an + maX(Nl,ana 0))7
Zfran = 0GDL

Ww,an,GDL = Afch

©))
The max(-) function prevents liquid water in the channel
from entering the hydrophobic GDL, since, in the model
formulation, N; ., < O represents a receding, two phase
front inside the GDL.

III. SYSTEM MODES

The min(-) and max(-) functions lead to a switched mode
system with the following physical interpretation for the
resulting modes:

e Mode 1: Vapor only transport in the GDL, when there
is no two phase front i.e. Zf, 4, = 0 and NV} 4,, = 0.

e Mode 2: The two phase front is advancing, Nj 45, > 0
and Typqn >0 .

e Mode 3: The two phase front is receding, N o, < 0
and Tty qn > 0.

The dynamic equations describing membrane water content
and front propagation in the GDL can be represented by
one of three possible system modes for each side of the
membrane. The overall system has a total of nine system
modes, considering the same three modes for the cathode.
For simplicity, we assume the cathode to always be in mode
2 when a humidified air inlet is used, due to the additional
product water generation at the cathode. In order to identify
the tunable parameters Ny, and N, we consider the case
when the anode GDL is also in mode 2. When x4, =
dgpr and the system is in mode 2, the rate of liquid water
accumulation in the anode channel, for various combinations
of temperature and current density, can be used to identify
the tunable parameters. For a derivation of the system modes,
and hybrid switching conditions see [1].

IV. FITTING WATER TRANSPORT PARAMETERS

TABLE III
TUNED PARAMETERS. * a,;, WAS NOT TUNED.

s« | 0.37
Qi 1*

Nro
N1

2.3434
3991

The tunable parameters Ny and Np; in (8), can be
experimentally determined from neutron imaging data by
observing the rate of liquid water accumulation in the
anode channel during operation of the PEMFC under DEA
conditions [8]. Measurement of liquid water accumulation
rate in the anode channel is shown in Figure 3. The quasi
steady state accumulation rate is calculated from the time
evolution of the system and plotted as a function of cur-
rent density ¢, and cell temperature T, in Figure 4. The
fuel cell operating conditions are chosen to maintain as
close to uniform channel conditions as possible so that
the lumped channel approximation remains valid. Therefore,
experimental data with fully humidified cathode inlet gas
feeds were used for parameter identification. Under these
operating conditions we can assume that the fuel cell model
is operating exclusively in mode 2 for both the anode and
cathode GDLs whenever liquid water accumulation in the
anode channel is observed. Furthermore, once the GDLs
are saturated, T, o, = Ogpr, the rate of liquid water
accumulation in the anode can be attributed to the rate of
water flux through the membrane in mode 2, Nv(%zn mb-
Under these assumptions, ¢y an,ch = Cv,ca,ch = cv’w;(j’s ),
we can solve for the value of membrane water content,

A= )\e[S in (10), which is an equilibrium point, by solv-
ing Nfan mb = Nfc)a mb = NVu,an.mbeq- The function

Ny an,mb,eq(Tst, ist, A = Aeqs Nro, Nr1), which is shown in
(11), is fit to the measured liquid water accumulation data,
using the non-linear least squares curve fitting routine in
MATLAB®, for the parameters Nz and Nz;. An analytic
expression for the Jacobian matrix is easily calculated, which
speeds up the convergence of the parameter fitting. The spe-
cific functional form of N, ;,,q4, given in (8), is independent
of the tuning procedure, and therefore the model could easily
be parameterized using another functional relationship. The
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membrane water transport scaling parameter v, affects water
transport both in two-phase and sub-saturated conditions, but
was not tuned since there was not enough data to provide a
reliable tuning of this parameter. o, is redundant with Npq
over the set of tuned data.

08F T ™3 = T = T T T

0.6 NN&NE];JB:\;N['“\‘ B M‘Wt&\;&md‘ ]

0.4

voltage

anode ch
water (g)

equations which describe the relationship between pressure
drop and mass flow of gas into and out of the cell, Eq. (12),
are different from our previous work and chosen to utilize
a more numerically stable calculation [20]. The gas flow
leaving the anode channel is zero during normal operation.
During an anode purge the gas velocity is larger, but still
within the laminar flow regime. The lumped channel equation
are shown in the Appendix.

g
H‘;
2.26 2.28 2.3 2.32 2.34 2.36 2.38 2.4 xll]5
Time (5)
Fig. 3. Extracting anode channel liquid water accumulation rate from

neutron imaging data for model tuning.
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The tuned model shows an exponential increase in the
rate of water crossover, and hence the liquid accumulation
in the anode channel, with increasing temperature due to the
exponential term in the diffusion coefficient [14]. The water
crossover rate also increases with current density, as the rate
of water production increases, until the osmotic drag term
begins to dominate (4) at which point the water crossover rate
begins to decrease with further increase of current density.

V. MODEL VALIDATION

In order to perform dynamic validation of the 0-D
GDL/MB model, we need to augmented the system equations
with a lumped volume channel model to demonstrate the
GDL channel interactions and show the complete system
behavior. The lumped volume channel equations constitute a
mass balance for each of the three constituent gases in the
channel volume (H2/O5, No, and HoO) similar to [6]. The
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Fig. 5. Simulation of Aug 7, 2007 Experiment at NIST [8]. Cell
temperature increased from 314 (K) to 323 (K) at t=3785 (min) (not shown).
The model shows good agreement over the range of temperature and current
density, but slightly under predicts water transport to the anode at higher
current density.

Current density i, stack temperature Ty;, cathode sto-
ichiometric ratio and cathode inlet relative humidity (dew
point temperature) are measured from the experiment and
used as the inputs to the hybrid switching model. A simula-
tion of the Aug 7, 2007 Experiment at NIST [8] with a fully
saturated cathode inlet feed is shown in Fig. 5. Fig. 5b shows
that the anode channel water vapor concentration remains
near the saturation value, decreasing only slightly during
an anode purge. The membrane water content \,,;, Fig. 5c
strongly depends on current density and temperature, increas-
ing with current density at t=3850 (min) and decreasing with
temperature at t=3785 (min). The normalized front location
is shown in Fig. 5d, and the liquid water mass in the anode
channel is shown in the last subfigure.

The anode purges shown in Fig. 6 capture the removal
of liquid water from the GDL. This can clearly be seen by
the flat sections in the plot of anode channel liquid water
mass. Liquid water must completely re-fill the GDL before
accumulation of liquid water in the anode channel begins
again following an anode purge. The duration of the flat

6609
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Fig. 6. Same experimental conditions as Figure 11 in [8]. After an anode
purge, which removes liquid water from the GDL, liquid water accumulation
in the anode channel resumes only after the liquid front reaches back to the
channel.

region in the plot of channel liquid water mass depends
on the “strength” of the anode purge, both flow rate and
duration, and the amount of liquid water present in the
channel preceding the purge. Dry hydrogen flowing through
the fuel cell must first remove all liquid water from the
channel before causing the two phase liquid water front
location to recede in the GDL. Our model predicts roughly
a 5% change in the anode front location due to the 1 s purge
and matches the time period before water accumulation in
the channel resumes.

A major limitation of the lumped volume channel model
for predicting the net water transport is that the average
vapor concentration in the channel is insensitive to changes
in cathode inlet RH, due to the saturation caused by the
min(-) function in (14), and remains fixed at the saturation
value (¢, sq¢) until the inlet RH is lowered sufficiently that
the water removal rate is higher than the water generation
rate. At lower cell temperatures, below 50°C, there may not
be sufficient carrying capacity of the air leaving the fuel cell
to remove all of the generated water in the vapor phase.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, a hybrid dynamical model for the advancing
and receding two phase liquid-vapor fronts in the GDL
of a PEMFC was presented. Three system modes are re-
quired to describe the advancing front, receding front, and
vapor only phase in the anode GDL. Several simplifying
assumptions were presented to describe the slowly evolving
liquid water dynamics using ODEs, yielding a reduction in
the computational complexity of the model when compared
to the traditional approach of solving the coupled two-
phase diffusion partial differential equation. The inclusion
of catalyst flooding and its resulting impact on membrane
water transport highlights another improvement over our

(NL,maw (T) Dve 6mb +2 Dve Aoy Dw()\eqa T)()\max -

Nt (1)) (v

previous work. The model can be used to estimate the
membrane water content, the rate of water crossover through
the membrane, and liquid water accumulation in the anode
channel, all of which impact fuel cell performance.

The 0-D GDL/MB model was parameterized using mea-
surements of liquid water accumulation in the GDL and
channels acquired via neutron imaging [8]. The tunable
parameters, Nro and Np; in (8), were determined using
non-linear least squares fitting to the measured water accu-
mulation rate. The parameter o, = 1 in (4) was not tuned.
The value s, in (2) was also extracted from the neutron
imaging data [11]. Finally, the tuned 0-D GDL/MB model
was augmented with a lumped volume channel model and the
results are compared with neutron imaging data. The model
shows good results for saturated cathode inlet fuel supply.
The limitations of the lumped volume channel modeling
approach are presented, which explain the lack of model
fidelity for sub-saturated inlet conditions.

Our next goal is the development of an along the channel
moving front similar to [10], to address the limitations of the
lumped channel model and provide better ability to match
the measurements of liquid water accumulation in PEMFC
when operating with sub-saturated cathode feed gases, so
that cathode inlet relative humidity may be considered as an
additional control actuator.

VII. APPENDIX: LUMPED ANODE CHANNEL MODEL

The lumped volume channel equations constitute a mass
balance for each of the three constituent gases in the channel
volume,

dmi,an,ch
dt

where i € {Hs, N2, w} corresponding to hydrogen, nitrogen,
or water. Liquid and vapor are combined into one state in
the channel; it is assumed that the channel is at equilibrium.
Therefore,

1,an,in + Wi,an,GDL - VVi,an,outa (13)

Psat(Tst) Van.ch Mv
’ 14
BT (14

My,an,ch = NI (mw,an,ciu

where M, is the molar mass of water, and Psq:(Tt) is
the temperature dependent saturated vapor pressure. The
remaining water is considered to be in the liquid phase,
mian,ch = Mw,an,ch — Muv,an,ch-

The anode inlet gas flow rate is assumed to be dry
hydrogen supply, therefore, Wi, an.in = Wa,an,in = 0 and

WHg,a,n,in = Wtot,an,in; (15)

where Wit an,in 18 calculated using Eq. (12), and the anode
inlet pressure Py, in. Pan in 1S @ constant, since it is set via
a pressure regulator.
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2
Apl Cturb\/pzlpl - P2| + (2 CllirI:ch) -

Wtot =

2
—Aps Ctu7'b\/p22P1 — P+ (2 Cytif‘Dh) —

Hydrogen consumption at the catalyst surface accounts for
the flux of hydrogen leaving the anode channel into the GDL

i

2F
The combined liquid and vapor flux entering the GDL from
the channel Wy, n.cpr is found using Eq. (9). Nitrogen
permeation across the membrane, as a function of the channel
partial pressures of nitrogen,

W, ,an,GDL = My, Arc. (16)

kNg ,perm MN2 AFC

(PNg,ca,ch - PNg,an,ch) )
A7)

where kn, perm (Tst; Ams), is a function of temperature and
membrane water content from [2]. In this study, the param-
eter is fixed at kn, perm = 1.5 x 107 mol m~* s~! Pa=!.
The partial pressures of each gas can be calculated
from the mass using the ideal gas law, Pp, an.ch
MNy,an,ch R Tst/(MN2 Van,ch)~

The individual gas species flows leaving the channel can
be calculated from the total flow through the outlet orifice
by multiplying with the binary control signal u and the mass
fraction,

W, ,an,GDL =
tmb

WHg,a’rL,out
WNQ ,an,out
Ww,an,out

=Uuzr; Wtot,an,out (18)

where Wiot an,out 1 given by Eq. (12) with subscript j = 1
corresponding to the anode channel when P, = P, o, >
Py = Py, ko and j = 2, otherwise indicating back-flow.
When liquid water is present in the anode channel, we
assume that it can cover the outlet orifice, and the gas mixture
parameters are replaced with those corresponding to liquid
water in equation (12), until the liquid is cleared. i.e.,
[‘THQ,an,chA L Ny,an,ch xv,an,ch]T y  Mian,ch = 0

e 0, 0, 1" ,

My an,ch >0
(19)
The total mass flow into and out of the fuel cell channel
volumes is given by (12), where Cy,, = 0.61 is the dimen-
sionless discharge coefficient under turbulent conditions, Dy,
is the hydraulic diameter, A is the area of the orifice, R;=9.33
is the critical value from [20], p is the density of the gas,
v = u/p is the kinematic viscosity , and P;, P, are the
upstream and downstream pressures.
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