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Nitrogen Front Evolution in
Purged Polymer Electrolyte Membrane
Fuel Cell with Dead-Ended Anode

Jason B. Siegel, Stanislav V. Bohac, Anna G. Stefanopoulou, and Serhat Yesilyurt

Abstract—In this paper we model and experimentally system [1], [2]. Additional complexity is also added to
verify the evolution of liquid water and nitrogen fronts the Balance of Plant (BOP) with the use of external
along the length of the anode channel in a Proton Exchange hymidification to prevent over-drying of the membrane.
Mem_brane Fuel Cell operating with a dead-e_nded a_mode However, a DEA can be fed with dry hydrogen, which
that is fed by dry hydrogen. The accumulation of inert oo 1ated to maintain anode pressure. In this config-
nitrogen and liquid water in the anode causes a voltage . . .
drop, which is recoverable by purging the anode. Experi- uration, hydrogen is ?qu“ed at exactly th? rate'needed
ments were designed to clarify the effect of Blblanketing, [© Support the reaction. Fuel cell operation with dry
water plugging of the channels, and flooding of the hydrogen in a dead-ended system architecture is possible
GDL. The observation of each phenomenon is facilitated because water crossing through the membrane is enough
by simultaneous gas chromatography measurements onto humidify the fuel. The use of a pressure regulator,
samples extracted from the anode channel to measureinstead of a mass flow controller, and lack of anode inlet

the nitrogen content, and neutron imaging to measure the humidification can yield a system with lower cost and
liquid water distribution. A model of the accumulation weight

is presented which describes the dynamic evolution of a The only problem with this architecture is that ni-

N> blanketing front in the anode channel leading to the f i fed i h hod |
development of a hydrogen starved region. Prediction of trogen, from air ted into the cathode, can also cross

the voltage drop between purge cycles during non-water th€ membrane, driven by the gradient in partial pres-
plugging channel conditions is shown. The model is capable Sure, creating a blanket of JN Water vapor gradients

of describing both the two sloped behavior of the voltage between the humidified cathode and the dry fed anode
decay, and the time at which the steeper slope begins byalso drives excess water into the anode, which can
capturing the effect of H, concentration loss, and the area cause significant liquid water accumulation. Unlike water

of the H starved region along the anode channel. vapor whose maximum partial volume is dictated by
temperature, liquid can fill the entire free space and block
|. INTRODUCTION the flow of reactants, also known as channel plugging.

The dynamic behavior of Fuel Cell (FC) operatiorThe accumulation of liquid water and nitrogen in the

under Dead-Ended Anode (DEA) conditions are mo&\_node channel is first observed near the outlet of the

eled and measured in this paper. Although flow-throu%hannel' Gravity, and gas velocity d_rlven by consumption
L hydrogen, both pull these heavier molecules toward
operation is used on both the anode and cathode of

) the bottom of the channel. As the mass accumulation
most laboratory/experimental hydrogen Proton EXChanggntinues a stratified pattern which is stabilized b
Membrane Fuel Cell (PEMFC) systems, the fuel utl— ' P y

lization of anode flow-through operation is too low fo he effect of gravity develops in the channel with a

commercial and portable systems. To increase the fIO\)Gd.rOgen rich area sitting above a hydrogen depleted

o . L region. The boundary between these regions is a time-
though utilization anode recirculation is employed, but ~ . :
varying front, which proceeds upwards toward the inlet

the required hydrogen grade plumbing and hardw . .
(ejector/blower) adds weight, volume and expense toﬁ: - The mass a_ccumulatlon physically blopks hydr.oge_n
gas from reaching the anode catalyst sites, which is
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shrinking effective area of the cell, and larger activatioarable voltage degradation, we devised experiments to
potential in the cathode. This two-stage mechanism dharacterize the relative effects of both constituents using
clearly visible in all experimental conditions, and scalesmultaneous in-situ measurements of both nitrogen and
with operating conditions such as load current densitiquid water. Anode purges and cathode surges when
relative humidity, and stoichiometric ratio in the cathodeoupled with voltage measurement can be used as a

Purges of the anode channel volume are necessargi@gnostic tool for determining the location of water
clear the reaction product and inert gas from the channiégoding and the impact of nitrogen blanketing in the
An anode purge event consist of opening a downstreamode channel. An anode purge, which is short duration,
solenoid valve, which creates a brief, high velocity flohigh flow rate of gas though the anode initiated by
through the anode removing liquid water and nitrogenpening a downstream valve, removes both liquid water
After the purge, the catalyst area contributing to the reaand nitrogen gas from the anode channel and recovers
tion increases, and hence the measured voltage increages voltage drop caused by reduced active area on the
Understanding, modeling, and predicting the front evanode side. A cathode surge is a momentary increase in
lution and overall dynamics in DEA FC would allowthe air flow rate supplied to the cathode. The excess air
judicious choice of purging interval and duration. Bettdncreases the partial pressure of oxygen in the channel
purging strategy can reduce the Wasted during purgeswhich leads to increased voltage for the duration of the
and avoid over-drying the membrane. The operation sfirge. The excess air flow rate can also remove water
a PEMFC with hydrogen starved areas can also leltdm the cathode channel and cathode GDL, which leads
to carbon corrosion [7], [8], [9]; therefore, study oto an improvement of the fuel cell voltage after the surge
these operating conditions and derivation of controllerslative to the value before initiating the surge.
to schedule anode purges are critical for DEA operation,Finally, we compare the data with a model that cap-
and prolonging stack life. tures the relative impact of each process on the measured

For a fixed purge period and duration, the fuel cetlell voltage. In Ref. [3], the effects of nitrogen accumu-
reaches a stable cyclic behavior, typically within a fewation driven by convection were investigated, but we
purge periods, with both consistently repeatable voltagmprove upon this work by inclusion of diffusive terms
degradation rates between purges and voltage recovieryhe anode channel and a physics based voltage model
with each purge. We verified the repeatability of thevhich accounts for membrane water content with a
front evolution with in-situ neutron imaging, measuringlistributed current density. By correlating measurements
the liquid water front, and Gas Chromatography (GCf voltage, liquid water mass, and anode channel gas
measuring the hydrogen and nitrogen concentration cincentration, we aim to develop and validate a model of
a specific location in the anode channel, as shown REMFC under DEA operating conditions. Once properly
Fig. 1, which will be discussed later. Gravity, buoyealibrated, this model can be used for anode purge
ancy, and channel orientation help establish these staheduling and stack health monitoring. Snapshots of the
tistically repeatable and large spatiotemporal variatiodata are presented to demonstrate the repeatability of the
with hydrogen starvation fronts. Figure 2 shows typicalbserved phenomena, and to provide comparisons with
spatial and temporal patterns of liquid water thicknesse model. In order to prevent confusion and clarify the
and associated measurements during DEA operatioibserved phenomena, the teflmoding will be used to
with infrequent anode purging events. The stratificatiaescribe the accumulation of liquid water in the GDL or
of the hydrogen/nitrogen fronts and the gravity-driveoatalyst layer and the tergluggingwill be used to refer
liquid water in the channels also provide a uniqu liquid water in the channels, which blocks or hinders
modeling paradigm and distinct conditions augmentinge flow of gas through the channels [18]. The term
earlier work [10], [11], [6], [12], [13], [14] that has notblanketingis used to designate Nmass accumulation
been studied extensively before despite several stricity the anode channel, which prevents hydrogen from
experimental results [15], [16], [17]. reaching the catalyst layer.

This paper will elucidate dead-ended anode hydrogen
PEMFC behavior; specifically, we first introduce the
experimental setup, examine the data, and then propose
a simple along-the-channel model. We use the model toA Shimadzu GC-17A Gas Chromatograph was used
explain the observed voltage behavior during dead-endedmeasure the hydrogen, nitrogen, and oxygen con-
anode operation. Since accumulation of both liquid watent of gas samples taken from the anode channel of
and nitrogen in the anode channel of a PEMFC operatingPEMFC during dead-ended operation. Simultaneous
under dead ended conditions contribute to the recameasurement of the liquid water distribution inside the

Il. EXPERIMENTAL SETUP



fuel cell was acquired via neutron imaging at the Nae SR 10), were used during the experiment to remove

tional Institute for Standards and Technology (NIST), itiquid water from the cathode channels and to diagnose

Gaithersburg, MD [19], [6]. the extent of cathode channel plugging. The cathode flow

field is aligned perpendicular to the anode channels, but

the inlets and outlets are co-located at the upper and

lower corners of the cell respectively. As a result the
The tested fuel cell has an active area of 50°cmsystem behavior can be approximated by an equivalent

The anode gas flow path consist of 25 parallel straigb-flow model as discussed in Sec. IV.

channels with a depth of 1.78 mm and width of 2.08 mm.

The anode land width is 0.838 mm, and the channgl Gas chromatography Setup

length is 7.3 cm. The anode channels are oriented on

45 degree angle and connected at the top and bottom o he setup shown in Fig. 1 illustrates the intercon-

each channel by a manifold, as shown in Fig. 1. Asupprl1eCtI0n of the GC equipment and fuel cell. A heated

of dry pressure regulated hydrogen, at 4.5 Psi gaugee‘lé‘ illary tube is inserted into the last anode channel
fed to the dead-ended anode. As hydrogen is consun(g(a\ar the edge .Of the cell), 3 cm” frpm the bo'Ftom
. . o corner, as shown in Fig. 1. The 0.005” diameter capillary
in the reaction, the pressure regulator maintains const

pressure in the anode channel, effectively maintainirﬁmje. is_connected to an .electrlcally. actuated SIX-p'OI’t
. o .[Otational valve. A sampling solenoid valve (SV) is
operation at hydrogen utilization of one. A solenoi

Eg)laced downstream from the six-port valve, which when
valve located downstream of the fuel cell anode can .
ened allows for filling of the sample loop from the fuel

o Q
be periodically opened to purge the anode volume 38 : . o
P y op purg cell anode channel when the six-port valve is in position

shown in Fig. 1. T.his valve is re_ferred fo as the Purg After a sample is collected in the sample loop, and
valve (PV). An adjustable valve is located downstreatgv is closed, the six-port valve is rotated to poéition

from the anode PV to reduce the pressure drop and flQw ; ) :
during a purge. The valve was adjusted prior to Starti%%;B?et?niohlt%:-g?:s?:rrz:;;ns?sr gas (helium) pushes the

the experiment and remained fixed. The steady state flo ltra High Purity (UHP) helium was used as the

rate, during purging, was measured to be approximately . .
1 SLPM of Hydrogen. The valudVpurge listed in Table cgrrler gas, and supplied at a pressure of 200 kPa gauge.

This produced a steady flow of 12 ml per minute to

I, i model thi let flow. N h h

13 u;ed to model this outlet flo ote that due fo t ﬁ] GC. A Thermal Conductivity Detector (TCD) was
small diameter passageway between the anode channels . .

: S used for gas detection. As a result of the choice of
and the outlet manifold of the FC, liquid water may

$olumn (Heyesep D column Restek 100/120 mesh, 3 m

impede the flow of gases during the initial portion o
. ; length 1 mm ID), measurement of water vapor was not
a purge. Another solenoid valve is located downstream

connected by capillary tubing, to allow gas samplin dssible due to the very long elution time for water in

from the anode channel. This solenoid valve is referrﬁade column. The difference in retention times of the GC

to as the Sampling Valve (SV) and is described in section hydrogen and nitrogen measurement constrained the

II-B. A micro-controller was used to actuate the solenoig - um sampl_lng rate at one sample_every 40 S The
sampling valve is opened for 1 s, during which time

valves precisely in time and control the purge even . .
/es P y Purg approximately 30Qul of gas is removed from the anode
period and duration.

A traditional flow-through architecture with air Waschannel (hence the sample volume is less than 5% of the
d .tgtal anode volume). The total anode volume is 6500

used on the cathode side with a bubbler-type humid- .
ifier. A backpressure regulator downstream from tf]enly the last &l of the sample are trapped in the sample
V,

A. Configuration & Operating Conditions

cathode maintained the pressure between 3.5 and 2 and then pushed into the GC when the six port

Psig, depending on flow rate. The cathode channe ve is rotated. The capillary tubl_ng,_3|x port sampling
) ) ... valve, and sample loop were maintained at a constant
have a 9-pass semi-serpentine flow path consisting, 0 .
. temperature of 110C, to ensure that a consistent sample
5 parallel channels. Typical cathode flow rates ran%e

from Stoichiometric Ratio (SR) 1.5-3 (oxygen supplie oncentrat!on was dellyered 10 _the GC, and to 'prev.ent
. _condensation in the tubing. Details on the GC calibration

/ oxygen consumed). Note that due to the use of air %nn be found in the Apoendix

the cathode, the gas velocities in the channel are mudh PP '

higher than a system running on pure oxygen at the same _

SR. The Relative Humidity (RH) of the gas stream wds- Neutron Radiography

varied between 50% and 100%. Cathode surges, whiciNeutron radiography is an in-situ, non-destructive test

are short duration (1-2 s) increases in the air flow rate (thmt involves placing the fuel cell in a beam of neutrons



Fuel Cell Anode 3 estimate the total liquid water mass in each of the three
Pressure Regulated layers, the Cathode Channel (CA CH), Anode Channel
Hydrogen Supply (AN CH), and the combined membrane/GDL sandwich
layer, by comparing the local water distributions corre-

\ sponding to the different combinations of channels and
A\ and help identify the presence of GDL water flooding

;?(;pmymbe , or channel water plugging. To make an inference about

lands as described in Ref. [6]. These values are shown
ropot (4\ L 2, the channel water mass, from the 2-D projection of

Carrier Gas

in the fifth and sixth subplots of Fig. 3 and Fig. 4,

Bl
Sample Loop

Sampling
Solenoid Valve

“) T e water distribution in the fuel cell, we must assume that
pré olenoid Valve . ) . .
%, | e locally the GDL water content is uniform in the rib
o © | orm and channel areas. If this assumption is not valid the
romatograph

algorithm used will over-estimate the GDL water content
(attributing too much of the measured water mass to the
GDL), and under estimate the channel water content,
Fig. 1. lllustration of anode flow-field orientation and GC setup witespecially in the cathode GDL since CFD models have
IsiX-PQrt frotatir}ghvalvt?fln Eosli:tior; é, lfh,e flow thrOlégh tfr‘]e Ssampliﬁemonstrated water accumulation to be greater under the
I?:(?pI?SIr_c))rgnr(Ingta‘;gpI(iané t\/aelveuFSV)(,awlhsilgotﬂgeg;?rietrogta:ro%vn;pt@bS [_21] for S_mgle sefpentlne co-flow Cha_nnels unde_r
the GC. In position B, the flow though the sample loop is from tof€rtain operating conditions. Another plausible scenario
to bottom; the carrier gas is connected to the SL and GC, while tigthat the high gas flow rate in the cathode channel could
Fuel cell is connected to the SV. have a venturi effect, drawing liquid from the GDL,
when the water saturation is above the immobile limit,
which could explain the correlation in water removal.
and measuring the change in beam intensity as it pasgeg not possible to determine if the correlation (a
through the fuel cell. The decrease in beam intensity decrease in total water masses) between the GDL and
caused primarily by neutron interaction with liquid wategathode channel during a surge, shown in Fig. 3 at
in the fuel cell. By comparing the image intensity with=3400 s, is physical or an artifact given the current set
that of a known dry fuel cell, the two-Dimensional (2-Dbf measurements. Future work, using neutron imaging
distribution of liquid water thickness values in the plangith the beam-direction parallel to the membrane will
perpendicular to the beam can be calculated [6], [2Qfe used to investigate the relationship between GDL and
Six of these processed images, showing water thickngsgnnel liquid water removal. Note that this uncertainty
values in mm, are presented in Fig. 2, where the ini the location of water accumulation does not impact
ages were selected from the data set shown in Fig.t@e nitrogen accumulation or voltage degradation rates
Fig. 2(a) and Fig. 2(b) clearly show anode channel watgfeasured or modeled in this paper, and we have chosen
accumulation and the effectiveness of the anode purgecishditions with less channel water accumulation for
removing water from the channel. Fig. 2(e) and Fig. 2(fhodel validation.
show the effect of cathode surge at removing water fromThe second method of analysis quantifies the frac-
plugged cathode channels. Fig. 2(c) and Fig. 2(d) sh@nal area coverage by liquid water, and is shown in the
the small reduction of the anode channel water pluggingsventh subplot of Fig. 3 and Fig. 4. Hence the image
which occurred during repeated anode sampling. Duriggocessing provides information for (a) the total liquid
this period voltage continuously improves, as showpater mass which is a volume average along the path
in Fig. 3, which is the combined effect of nitrogervf the beam at a specific time and (b) information about
and liquid water removal from the channel. Nitrogen ighe distribution of water within the fuel cell, specifically
removed with the gas sample, and liquid water dropletse membrane area which is exposed to liquid water.
are dislodged by the pressure variations in the chanmglis additional information is important for modeling
due to the sampling and fall to the bottom of the channgécause of the difference in membrane properties, pro-
via gravity. ton conductivity and permeation rate, as a function of
The time-series sequence of neutron images are furtheembrane water content. The fractional area coverage
processed in two ways, so that the amount of dataisscalculated for two different water thickness values,
reduced and the relevant features are easier to visualizger thickness values greater than 0.3 mm indicate the
over time. The first method of data reduction is tpresence of water in the channels, and water thickness




greater than 0.05 mm are chosen to indicate the start ofThe operating conditions for Case 5 are
GDL hydration which also indicates an area with highgi0.4 T60_SR3 RH60) shown in Table |, which
membrane water content. are medium current density, 6(C, and high flow rate

of sub-saturated air supplied to the cathode. This case
is shown in Fig. 4, and is chosen to represent a single

phase condition for model comparison in section V.
The data listed in Fig. 3-4 represent they dynamic

responses of a PEMFC, there are changes in air-flow
current density, cathode inlet relative humidity and tem-

[11. EXPERIMENTAL RESULTS

TABLE |
'SELECT CASESFROM DATA SET FORMODEL COMPARISON

perature, as indicated in the upper sub-plots of thes% RH\ SR [Low @) [High ® | _[RI\ SR [Low @ [High )
figures. In the time period prior to what is shown in g|Ful (.8 |16l (@ | Ful u (2], (9). [10]
Fig. 3, the fuel cell was operating for several hours at™ ™ = | Mid

55°C, with a low current density (0.2 and 0.4 A cA), OPCx  Current Density R\ SR [Low @ |High @
and a fully humidified cathode inlet. The data in Fig. 4 NI o Fun

follows Fig. 3 after the cell has been drying at 50% x 06 Acem® = | Mid s | Bl

cathode inlet RH for one hour.
The repeatable, and recoverable voltage decay, which
is caused by mass accumulation in the anode, canAeCathode Surges versus Anode Purges
seen in the voltage plot, with the solid line type in the |n dead-ended anode operation of PEMFCs, anode
fifth subplot of Fig. 3 and Fig. 4. The anode purge evenigirges and cathode surges when coupled with voltage
indicated by the black vertical lines in the fourth subploineasurement can be used as a diagnostic tool for de-
precede each of the largest voltage improvements. Cag@rmining the location of water flooding and the impact
ode surges are also correlated with voltage improvemetnitrogen blanketing in the anode channel. An anode
as discussed in the following section. purge, which is short duration, high flow rate of gas
An important feature of the observed voltage dynamihough the anode initiated by opening the PV, removes
is the two-sloped decay. A slow initial decay, whiclboth liquid water and nitrogen gas from the anode
can be attributed to dilution of hydrogen in the anodehannel and recovers the voltage drop caused by reduced
is followed by a steeper linear decay, which marksctive area on the anode side. A representative section
the development of a hydrogen depleted region thatdéour experiments is shown in in Fig. 3. The first anode
covered by a blanketing Nront moving upwards toward purge at t=680 s removes approximately 0.19 g of liquid
the inlet. Various operating conditions are selected Vgater from the anode channel and the voltage improves
demonstrate the complex phenomena occurring duribg approximately 130 mV following the anode purge as
DEA operation. shown in the fifth subplot of Fig. 3. Neutron images from
Table | summarizes the operating conditions depictéefore, Fig. 2(a), and after, Fig. 2(b), the purge confirm
in the following figures and discussion. The operatingie removal of liquid water from the anode channel.
conditions are described using the following notation: A cathode surge is a momentary increase in the
(i#_T#_SR# RH#), where the number following de- air flow rate supplied to the cathode. The excess air
notes the current density in (A crf), T represents increases the partial pressure of oxygen in the channel
temperature (C), SR is the cathode stoichiometry, amndhich leads to an increase in the measured cell voltage
RH is the cathode inlet relative humidity. The data setfor the duration of the surge. The excess air flow rate
are available online at http://orion.engin.umich.edu. also removes water from the cathode channel and cath-
Both N, blanketing and liquid water plugging couldode GDL, which leads to an improvement of the fuel
displace H, preventing it from reaching the catalystell voltage after the surge relative to the value before
sites. In order to study the relative effects of bothitiating the surge. This change in voltage should be
constituents we identify portions of the data set correelated to the amount of water removed from the cathode
sponding to conditions with and without anode water achannel, GDL, or catalyst layer. Also, the resistance
cumulation. In this work, lower cathode inlet RH (60%jo O, transport between the channel and the cathode
cases are used for the investigation of a single phassalyst layer is reported to be large especially for carbon
channel model, hence the influence of &ccumulation cloth GDLs [22], and cathode purges effectively enhance
on voltage can be separately identified. The lack tie G transport to those areas, especially under the rib.
anode channel plugging is verified from the neutro@athode surges, indicated by the short duration spikes
radiography data. in Cathode Stoichiometric Ratio (CA SR) in the second
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Neutron images corresponding to the events shown in Fig. 3, from sequential purge cycles. Image intensity represents liquid water
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Fig. 3. Operating conditions and processed liquid water data from neutragesn corresponding to initial experiment tinge55800s.

The dashed (green) lines correspond to the axis on the right, and solid (blue) lines use the left axis. The top subplot shows cathode relative
humidity as a fraction (0-1), solid line, and current density (A& dashed line. The second subplot shows cathode stoichiometric ratio,

solid line, and cell temperature (C), dashed line. The third subplot shows cathode, solid line, and anode channel pressure (kPa gauge), dashe
line. The fourth subplot shows the mole fraction of hydrogen and nitrogen that was measured from GC sampling, and the vertical lines
indicate anode purge events. The fifth subplot shows the cell voltage, solid line, and the estimated mass of liquid water in the anode channel,
dashed line. The letters (a-f) indicate the times at which neutron images (a-f) in Fig. 2 were acquired. The sixth subplot shows the estimated
cathode channel liquid water mass, solid line, and GDL mass (g), dashed line. Finally the seventh subplot show the fractional fuel cell area,
from neutron imaging, with a measured liquid water thickness greater than 0.3 mm or 0.05 mm.

subplot of Fig. 3,t = 3400 s andt = 7800 s cause aand fifth subplots of Fig. 3 respectively. The surge at
temporary increase in cathode back-pressure and voltage3700 s recovers 36 mV of voltage, and the removal
during the duration of the surge, shown in the thirdf liquid water from the cathode channel can be clearly



seen by comparing Fig. 2(e) from before the surge thannels is near the outlet. After the transition to lower
Fig. 2(f) after. Larger voltage recovery from both surgesell temperature at t=3700 s, which increases the cathode
and purges is expected at high current density (0.6 idlet RH from 60% to 100%, the two phase front moves
cm2), both because of the higher amount of cathodmck toward the inlet as indicated by the increase of
flooding and the greater effect the accumulated water tthe fractional area coverage @:05 mm). This leads to

on voltage output, since a higher local current densitige onset of both anode channel plugging and cathode
leads to lower overall electrochemical efficiency. Thehannel plugging. When the channels are not plugged
fractional coverage area at 0.3 mm, shown as the sdiitt cathode surge at t=3500 s has no sustained effect
line in the last subplot of Fig. 3, decreases with bothn voltage, but the surges following the increase to
anode purges and cathode surges that remove water ffafty humidified cathode inlet conditions at t=5100 s and
the channels, since water thickness values above thiZ000 s see voltage improvement that is well correlated
threshold are attributed to channel accumulation. Théth the water removal from the cathode channel. data
estimates of channel water mass shown in the abdwdicates that GDL water accumulation (data points
subplots are well correlated with the surges, purges atadken from under the lands) precedes the accumulation
voltage recoveries. of water in the channels.

B. Temperature effects C. GC sampling effects

The overall effect of temperature on fuel cell voltage is The intent of GC sampling was to measure the nitro-
difficult to quantify, since temperature influences severgén accumulation in the anode channel. The measure-
competing factors. For example increased temperatment however, modifies the system behavior. Specifically
leads to faster reaction kinetics and increased protthe effect of GC sampling, that is the removal of gas from
conductivity which both increase voltage. However, thidde anode channel, can improve the FC voltage. When
increase in vapor pressure also decreases the oxygesample removes accumulated nitrogen or water, from
partial pressure which decreases voltage. So, the overaar the end of the anode channel, it is replaced by pure
effect may be a decrease in voltage. Temperature also ingdrogen flow from the inlet.
pacts the nitrogen crossover rate though the membraneGC samples were initiated typically right before and
The nitrogen permeation ratdy, in (30), increases after each purge event and sometimes in the middle of
exponentially with temperature. Saturation pressure alagurge period as shown in the fourth subplot of Fig. 3.
increases exponentially with temperature, so the partiaividual GC sampling events are correlated with the
pressure of water vapor will be small at lower temperamall voltage increases shown in the fifth subplot of
tures. Fig. 3. A series of samples, betwees 2700— 3500 s,

The slow decrease in cathode inlet RH, shown imere taken at the fastest sampling rate of the GC
Fig. 3, from t=200 s to t=3200 s following the increasdetector.
in current density, can be attributed to the increased healNotice that the effect of sampling has more impact on
generation which leads to a higher cell temperature thaoltage with increasing time since the last anode purge
the setpoint value (60C), while the dewpoint of the event. This can be explained by nitrogen accumulation
inlet air stream remained constant. This sub-saturateddel presented in Sec. IV. Samples taken from later
cathode air feed leads to a slight recession of the twothe cycle, allow more nitrogen to accumulate in the
phase front location as shown in the seventh subplot Bgode channel, see for example the sample taken at
the fractional coverage area, even though the decrets®50 s in Fig. 3. If the nitrogen does not have sufficient
in CA SR keeps the gas velocity in the channel clogine to accumulate the sample is removing primarily
to the previous value after considering the increase lydrogen from the channel and no voltage improvement
current density. Finally the decrease in cathode RH aisdobserved, see for example the sample taken at t=700 s
increased cell temperature at beginning at t=3800 s leadsnediately following an anode purge.
to a more rapid drying of the fuel cell. The continuous sampling, at 1 sample every 40 s,

The high temperature and low cathode inlet RH cobserved betweetn= 2700— 3500 s in Fig. 3, is respon-
ditions shown in the first half of Fig. 4 lead to a drsible for the voltage recovery observed over that time
condition within the fuel cell. The total water massnterval. If the sampling rate is fast enough to remove
is very low and the fractional water coverage is alsmore volume than the amount of nitrogen which crosses
low, indicating that the transition from sub-saturatedver through the membrane in that time, then the mea-
to saturated conditions along the length of the co-flosured voltage increases with each subsequent sample.
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Fig. 4. Selected data set 2 beginningg7800s, which shows the transition from sub-saturated cathode inlet conditions to fully humidified
conditions and the onset of channel plugging.

The fluctuations in anode pressure, due to the repeal2dVoltage Repeatability

sampling, also enhance liquid water removal from the The repeatability of several purge cycles, from the end
anode channel by allowing liquid water to escape frogy the larger data set shown in Fig. 3, can be seen by
the channel into the outlet manifold. During normah|otting each cycle vs. the time since the previous purge,
operation the outlet manifold is at the same pressurego in Fig. 5, creating an overlay of the voltage decays
the channel, so there is no flow between theses volumgsh time. The repeatability of the voltage decay char-
This explains the drop in anode channel liquid watjcteristics between cycles is remarkable given the fact
mass observed between Fig. 2(c) and Fig. 2(d). that some purge cycles contain surge events. Similarly
the repeatability and consistency of the measured mole
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fractions every purge cycle is very important for model- The important dimensions for channel modeling are
ing and understanding the underlying phenomena. Thisthe through membrane direction, apdthe along the
analysis is useful considering the impact of GC samplirgipannel direction as shown in Fig. 6. For the anode, the
on voltage and nitrogen distribution in the anode channepatial variation of gas concentrations in the x-direction
the composition of several samples from different poinis considered, but the steady-state gas diffusion profiles
in time during the purge cycle and from different cycleare calculated and used to propagate the channel values
allows us to form an accurate representation of nitrogéwhich are modeled as dynamic states) across the GDL
accumulation and voltage decay. Notice the nitrogea the surface of the membrane. A similar decoupling
mole fraction, show in bottom subplot of Fig. 5, saturatdsetween thex andy distributions is proposed in [23],

at around 0.8, the remaining 20% of the gas is saturatied address the computational complexity and to take
water vapor in the anode channel. advantage of the very different length scales. On the
cathode, only the steady state profiles are considered for
modeling both thex andy-dimensions. The approxima-

o tion of steady state distributions is appropriate for the
o cathode gas channel due to the high gas flow rate and
3 | the large time scales over which the anode dynamics

| evolve.

0.4

I anode channel
_ost” Ty X L anode ¢ ¢l cathode channel
;‘g 0.6 . 3 A Nz 1 lnlet - membrane _ _
g A ' T GDL| (GDL
0.2 4 2 |
° ° 4 y
o N

100 200 300 400 500 600 700 800 900
time (s)

o

NN, crs

Fig. 5. Subsequent purge cycles are plotted vs. time since the
previous purge. The data corresponds to Operating Condition 3, from Ysample NH,, rct Lch
the larger data set shown in Fig. 3. The numbers 1-5 on the bottom
subplot indicate during which purge cycle each GC sample was taken.

IV. MODELING GC capillary
In this section a one dimensional model of nitrogen l 4 4

crossover and accumulation in the anode channel of a

DEA PEMFC is presented. The modeling domain for

this work is the anode channel, and membrane. Nitrogen 1, —
. . 5Wan rib

crossing though the membrane, into the anode channel, Waror

is pushed to the end of the channel by the convective anch | @ |

velocity [3]. The convective velocity is the result of

hydrogen consumption, and therefore the velocity will b)

be greatest near the anode inlet, decreasing along %?6. a) One dimensional fuel cell modeling domaijmenotes the

length qf the channel. Due to the high diffusivity of hyyistance along the channel from inlet to outlet (not drawn to scale).
drogen in the anode channel, we use the Stefan Maxwslkuel cell channel dimensions.

equation to to describe the nitrogen distribution along the

channel, resulting from both convection and diffusion,

for comparison with the measured mole fractions from The constants, listed in Table Ill, and equations de-
GC sampling. A physics based voltage model is useddoribing the gas constituents in the channels are written
account for the distributed current density, and hydrogesing Sl units. The exceptions are the related parameters
consumption rate. The voltage model includes the effént the voltage model, Table Il , which use A cfh

of membrane water content and proton concentratiaronsistent with the fuel cell literature. In the along the
We consider an isothermal modeling approach, and tbieannel model, the fluxes have units (mol m! s™3),
measured cell end-plate temperature is usedrfor and flowsN (mol s1).

Dmp
I han,ch | 11

AcpL
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A. Nitrogen Accumulation (single phase along the chan- Conservation of mass allows solving of (1) fS(y),
nel model). assuming the outlet flow is knowh (L) = Nout. The

In order to consider both water, and nitrogen tran§duation for conservation of mass can be written as,

port though the membrane, our modeling effort requires oNy _ 5
considering a ternary system for the anode. The Stefan a9y Zr., 6)
Maxwell Model (SMM) describes convection, diffusio

X . NSince Y J = 0 by definition. Then the convective flux
and reactions in the gas-channel,

along the channel can be found from (6) by integrating

Panox 0 _ backward in space along the channel,
RT ot ay (J+xiN) +ri, (1) L
—N(L y y j))dy.
for i = [1,2], where N, is the total gas flux) is the N(y) =Ne( )+/y (Mt (7) + Mz rs(F) +Mz0,015(5)) Y
diffusive flux, andr; denotes the reaction terms. Only (7)

two of the three components are independent in thinc€ the anode is dead-endedy, = O unless the
modeling framework. We chose the mole fractions gtownstream solenoid valve is open and the anode is
nitrogen, Xy, = X1, and water vapor,o = X, as our PUrging, in which casélout = Npurge @ constant.

dynamics states. Since the mole fractions must sum to! "€ source term for nitrogen in the anode channel is
one, membrane crossover, which is calculated from the dif-

in —1, ) ference in nitrogen partial pressure across the membrane
of thicknessAmp,

we can calculate the hydrogen from the other B _
gasesx, (y) = 1 — xn,(y) — Xen,0(y). Note thatx, = NNy crs(Y) = — KNy (T, Amb) (Wan.ch + Wanyrib )
mMin(Xg, Psat(T)/Panin) is used for all following calcula- . (Rypcamoly) - PNZvanb(y)). (8)
tions, includingJ;. The remaining water is assumed to be Bmp
liquid water and is tracked separately, we are assumiige assume the permeation takes place both over the ribs,
instant condensation. and channel§Wan ch + Wanyib ), Wherew, indicates the

The convective fluxN;, is driven by the consumptionwidth of each. The partial pressure of nitrogen at each
of hydrogen (7). Note that in (1) a constant pressure nsembrane surface is calculated using the following ex-
used as an approximation, since the anode volume is f@@ssionsP, anmb(Y) = X, (Y) Panin @and Py, camb(Y) =
via pressure regulation and the straight channel geome®yin — R/(T) — Po,.camn(y), assuming uniform pressure
introduces minimal pressure drop along the length of tlaed saturated water vapor everywhere. This reasonable
channel. Although a pressure gradient, correspondingdaonsidering the water generation rate, especially when
the convective flux, develops along the length of theumidified inlets are used at low to mid temperatures.
channel, the pressure drop is less than 1 Pa at 1TAe oxygen concentration at the cathode surface of the
cm 2, so a constant pressure is a valid for calculating timembrane,Po, camn(y), is calculated using (26). The
concentrations. The ideal gas léW =nRTor P=cRT, nitrogen permeation ratéy, (T, Amb), is given by (30),
is used to relate pressure and mole fraction of gas spe@esl depends both on temperature and membrane water

in the channel. content.
A causal formulation for the diffusive fluxes is used The hydrogen reaction rate is calculated from the local
[24], current density,
9% if
J1 - _ Pan D1(x1), Da(x1) ay NH, rct (y)= ;I(:y) (Wan,ch+Wan,rib)a 9)
N7} RTQO(X) D3(X2), D4(X2) % ’ .
Y (3) Wwhere F is Faraday’s constant.

where The source term for water vapor in the anode channel

is also membrane crossover, which is calculated from the
diffusion and electro-osmotic drag

(X1)
D2(X1) = —X1(D23D12 — D23D13) , () A2 .
D3(X2) = —X2(D13D12 — D23D13) , n - _ <ca_an —na(A Ifc) W. 4 Wan ri
Da(x2) = (1 —%2)D23D12+%2D23D13, s Rumb alhmo) g ) e Wan)

. e (10)
andDjj are the temperature dependent binary diffusiqghereR,,, is the resistance to membrane transport,
coefficients from [25].¢(x) is given by A 1 1

mb

@(X) = (D23 — D12)%1 + (D13 — D12)%2. (5) Rumb = Dw(Amb, T) - Kads * Kees’ D
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arising from diffusion, wherd,(Amp, T), is water diffu- in Fig. 1, the N blanketing front propagation needs to be
sion coefficient for water in the membrane [26], and irtransformed for comparison with an equivalent straight
terfacial mass transfer attributed to membrane adsorpt&ingle channel. The nitrogen coverage area, on the other
kags and desorptiorkyes [26], [27], [28]. The coefficient hand, can be directly related to the coverage area in
of electro-osmotic dragng(Amp), can also be found in the single channel equivalent model. Hence we use the
[26]. Both Dy, and nq are Aymp dependent and increasdollowing relationship for the virtual single channel fuel
with membrane water content. cell sampling locatiorysample

The membrane water content is the final dynamic state
in the model, and is calculated from the difference be-
tween the anode and cathode equilibrium lambda values,

W\glta(y) = Kmb(Aan(y) +Aca(y) — 22mn(y))  (12)

where Knp = Kags/Amp = 0.25 is the membrane water
uptake rate. Other, more recent models for membrane
water uptake [27], [28], will be investigated in future
work, but should not impact the results for nitrogen
accumulation presented here.

The equilibrium membrane water content is calculated
from the water activity using the uptake isotherm [26],

Aan(y) =0o(T) + Cl(T)aHZO,an
+ CZ(T)alz—igo,an+ CS(T)aazo,an Fig. 7. Mapping anode channels to equivalent single channel. Notice
that the path length, in the 4%rientaion, to nitrogen front location
wherean,o,an(y) = XH,0(Y) Panin/Psat(T). is the same for all channels.

There exists a coupling between membrane water
content,Amp(y), the current density distributiom;c(y), . B 2
and nitrogen crossover ratéy, (T, Amp). The nitrogen (Leh—Ysampd _ (Leh—lsampid”
permeation rate depends on membrane water content, Len 2Ate
and the nitrogen accumulation rate depends on bdkthis equation relates the fractional area below the sam-
the permeation rate and current density distributigiing location for the fuel cell placed in the diagonal
(convective versus diffusive flow). The current densit9rientation (RHS), shown in Fig. 7 to the fractional area
distribution depends on nitrogen accumulation (throudtelow the sampling location in the equivalent model
blanketing of H) and the membrane water content fofLHS), shown in Fig. 6. The physical nitrogen sampling
proton transport losses in membrane. Finally membral@gation is 3 cm from the bottom edge of the fuel cell
water content depends on the local current density ad@ng the last channel,ch — Isampie= 0.03, as shown in
channel / GDL conditions. Fig. 7.

|—
ojdus l[.’)7

(13)

(15)

B. Modeling the GC sample location C. Distributed Current Density

The ﬂOW Of gas removed from the anode Channel In pl’eViOUS WOI’k, the VOItage was Ca|Cu|a'[ed based

during sampling is modeled by modifying (7), to includ®n @ uniform apparent current density [29], which is
the sample flow, related to the catalyst area with sufficient reactants to

support the reaction, i.e. the channel length not covered
L by nitrogen [3] or water [29]. In this work we con-
Ne(y)=Ne (L) + / (NHy,ret (F) 4+ Ng,ers(Y) +NH,0.ers(Y))dY  sider the distributed current density, which is calculated
y directly from the reactant concentrations. Although the
+{ Nsample fOr (Y < Ysampld apparent area modeling technique captured the correct
0 for(y> Ysampie voltage output behavior of the system, the full distributed
(14) current density approach is chosen for this work in order
whereysamplelS the location of the sampling port alongo match internal model states, and the measurement
the equivalent channel. of nitrogen molar fraction during sampling from the
Since the fuel cell is on a 4%ngle and each of the an-anode channel at the fixed sampling locatibmpie
ode channels are connected at the top and bottom shovte diffusion of hydrogen and nitrogen in the anode
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channel affects both the current density distribution amdembrane [32], the proton activity term is typically
GC measurement. neglected since there are sufficiently many protons under
The inputs to the voltage model are: total curreritiel cell normal operation. Since we expect low hy-
ltc(A), temperatureT (K), membrane water contentdrogen concentration in the anode near the end of the
distribution Anp(y), hydrogen partial pressure at thehannel, we include the proton effect on the exchange
membrane surfacéh, anmb(yY) = RT Gi,.anmb(y) (Pa), current density,
and oxygen partial pressure at the cathode membrane y
surface Po, camb(y) (Pa) which is calculated in (26)., _ Coy.camb(y) ) "2 CH;Lmb(Y) HY
The cell terminal voltage is calculated from the ope'r‘%ca(y) = lorefca (Crefo) Coir
circuit potential minus the concentration, over-potential o

and ohmic losses. -exp<_EC <1 — 1)) , (20)

R \T To
Ecell = Erev(Y) — Nmb(Y) — NepL(Y) — Nactca(y) — Nactan(Y)- ] ] o
(16) whereig et ca IS the reference current density,is the

Calculation of the fuel cell terminal voltage, andeactant concentratioly, is the concentration parameter,

current density distribution requires the additional connd Ec in the Arrhenius term is the activation energy
putation effort to solve N+1 simultaneous non-linedPr hydrogen oxidation on platinum [33]. The cathode
algebraic constraint equations, where N is the numie@ncentration parameter for the local proton activity,
of discretized sections used to solve the PDE systela = 0.5 is given by [34]. The inclusion of proton

The distributed current density is resolved by solvingoncentration is required to capture the effect of nitrogen
the set of N equations (16), for a uniform potenttal, blanketing in the anode channel, which prevents hydro-

Cref,H+

and one equation for conservation of current, gen from reaching the catalyst layer to supply protons
I 1 len for the reaction. The cathode exchange current density
e 7/ ifc(y)dy (17) is proportional to the square-root of the local proton
Atc Lo Jo activity at the cathode catalyst layer and the proton
The reversible voltage is given by, activity in the cathode catalyst layer depends on the

in the membrane, which is proportional to the square-
root of the hydrogen pressure at the anode membrane
surface, for lowR,, [35], therefore we approximate this
Slationship with a hyperbolic tangent function

Erev(Y) =Eg— RT lo (aHZ(aHZO(y)

nF y) v/(a02(y))

where Eg = 1.229 — (T — Tp)-2.304 x 10~* [30].
The reactant and product activities are calculaté
from the concentrationsiHz(y) = Cr,.anmb(Y)/Cref,Hy» Chz N\ Ch anmb
a0,(y) = Co,.camb(y)/Cret,0, andaH,O = 1 since liquid < : ) = KHztanh<100L> . (21)
water product assumed. The subscripf refers to the Cretns Cretiy
reference quantity, and subscripa,mb refers to the The constantky, is absorbed into the reference cur-
cathode membrane surface. rent densityiorefca At the limit, when the hydrogen

In order to simplify the calculation of cell voltage,concentration is zero, the proton activity at the anode
a hyperbolic sine function is used for the calculatioarops to zero. Thus, when the anode is subjected to
of over-potentialsfactca @nd Nactan, from the exchange |ocal fuel starvation, the hydrogen partial pressure drops,
current densityjo ca(y) andioan(y), hence the proton concentration in the cathode decreases.

[ Kanitsife(Y) +iloss Furthermore, the membrane electrolyte conductivity also
asmh( Diocaly) ) ; (19) decreases due to lower contribution from the proton con-

’ duction in the bulk phase akin to increasing electrolyte

Where, kynits = 1002% is for units conversionisc(y) resistance due to decreasing ionic concentration [32].The
is the distributed current density from (17) aipdsis the overall reduction of proton activity at the cathode ul-
lost current density due to hydrogen crossover, a tungéghately leads to a drop in the local current density
parameter which is listed in Table Il. The hyperbolioear the dead-ended exit of the anode. For constant
sine is equivalent to the Butler-Volmer equation wheload current (galvanostatic) conditions, as the power
the forward and reverse reaction coefficiemts{= a.c) production near the outlet shuts down, the current density
are equal [31]. increases near the anode inlet, where the membrane

Although the cathode reaction depends on the oxygenrelatively dry, which may lead to higher losses and
concentration as well as the activity of protons in thiacreased temperature.

) concentration of protons dissolved in the aqueous phase
. (18)

Nactca(y) = Gc.anF
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Similarly for the anode side, where the partial pressure of oxygen at the cathode inlet
Kunits i f +i is given byPo, cain = OMFeain(Peain — Rycain). Peain IS
asmh( mtSZi C(y()y) ), (22) the cathode inlet pressur@.cain is the cathode inlet
oan e vapor pressurePMF.,in = 0.21 is the oxygen molar
where the anode exchange current density is, fraction. SR, is the cathode stoichiometry.

CHz.,an,mb> ) xp<_EC <1 1 )) The cathode vapor pressure along the length of the
)

Nactan(y) =

io,an = io,ref,an < T To

Cref Hy R channel is calculated similarly,

The membrane resistance is calculated as follows, P,0,ca(y) ~min (Psat(T)7H-|20.,cain

Kunits i fc(Y) Dmb RT (Y i¢n(V )
Nmb(Y) = (24) T itc(Y) | .(Weach+Wearib)
m Gmb()\mb, T)tanh(looq-lz‘anmb/cresz) 4F 0 uca’inhcaﬂchd (Wca7ch) .
again the hyperbolic tangent is used to approximate the (28)

relationship between conductivity and proton concentigris equation actually needs [ NHy0.crs(Y) dY to be
tion [35], and to reflect the effect of increasing electrolytgorrect’ but then it becomes diﬁic:zuli to solve for the

resistance due to decreasing ion concentration [3gleqqy state cathode vapor distribution analytically. At
The membrane conductivitgms(Amp, T) is @ function g cathode SR this should not be a problem, but may
of water content using the standard relationship froﬁffect the Q distribution in low SR, however, this still

Spri'nger et. al. [36]. _ should be a second order effect compared to variations
Finally the GDL and contact resistances are lUmpgd o anode.

into Repy, for the ohmic loss term, The anode channel hydrogen concentration is prop-

NeoL(Y) = Kunits i f¢(Y)RepL (25) agated to the membrane surface assuming a simple

i diffusion model,
The voltage model was tuned using flow through data

from the fuel cell then compared with the experimental Chpanmbl(Y) _ Xt (Y)Panch

voltage degradation rates under dead-ended operating (RT) 20)
conditions. For model tuning with flow though data, B itc(Y) AcpL (Wanch+ Wanrib)
it is assumed that the membrane is fully humidified 2F D, eft Wan,ch

Aly) =A(T,a=1), whereA(T,a= 1) can be found paseq on the effective diffusivi§u, of = Def {Dryn,
in [37], and the effects of GDL and cathode catalyT§8]_

layer flooding are ignored due to the low current density
operation. .

1) Along the channel distributionsSince the oxygen D. Nitrogen Crossover Rate _
partial pressure in the cathode channel is not currentlykocha et al. [4] report a large range of nitrogen per-
considered as one of the dynamic states in the modelTgability, over 1 order of magnitude. It has been shown
is calculated simultaneously with the current density dif2at the permeation increases with both membrane water

tributioniit¢(y) (A/lem~2) from the cathode inlet pressurecontent and temperature. Temperature has a larger effect
and stoichiometric ratio using on permeability, when the membrane is well hydrated. In

RT this case the permeability can change by a factor of 2-5,

Po,.camb(y) =Po, cain — I ('f;(y) + 'f‘éy)AGD" over the r_lormal range of_operating 'Femperatures 30-60
L Ozeff °C. The nitrogen permeation model, includes the effects
/y irc(¥) o (Weach+Wearib) of membrane water content and temperature, [39],
0 UcainNcach (Wca,ch>
(26)

Kn, (T, A = op,(0.0295+1.21f, — 1.93f2) x 1014
heach iS the cathode channel heightycacn is the N (T Amp) N Y v)

cathode channel width andia, is the cathode rib ><exp[EN2 (1—1”, (30)
width. hy, is the interfacial mass transfer coefficient, [31] R \Tet T

and Ucain is the cathode inlet gas velocity (assumed where Ey, = 24000 J motl, Tes = 303, R is the
constant along the length of the cathode channel fghiversal gas constant, arfg is the volume fraction of
simplicity), water in the membrane, given by;

SRa lfc (Weach+ Wearib) Leach(RT) 27) f_ AmbVw
(4F)Atc Po,.cain (hca,ctha.,ch) v Vimb + AmbVw

Ucain = (31)
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whereVimp = EW/pmndry is the dry membrane volume,blanketing is clear, as the current density (the dash-dot
equivalent weight divided by density, ak@ is the molar line in the third subplot) is shifted.
volume of waterAn is the membrane water content.

A change in permeability could account for the dif- [ —— ]
ferent nitrogen accumulation rates observed via differen 0,55-:' }“
voltage drop rates, assuming the voltage degradation i a ¥
caused by nitrogen accumulation. It should also be note(> **
that the current density would tend to shift toward the osf
inlet, where the membrane is dry and has lower protor o
conductivity, hence there would be increased resistive *

Voltage

1
3500

—
. o Tm, | ’_-,
losses when Naccumulates in the end of the channel.  os; | & -~ - e e
s % |- - -2n, model rd N 4 !"‘ S I ﬁ
G OO Y - - 2y, model ' i ’ A i
i 21,0 model | V¢ S y"' Py .
V. MODELING RESULTS goap L=t l X Pl
The PDE, (1), is discretized, using a central differ- °°f/ l N NN =
0 e ) L R LT i L

ence in space, into N=50 sections and solved using a % 20 wom w0 200w 3000 3500
ode solver. The anode channel model is solved using

matlab “odel5s”, which supports Differential Algebrai&ig. 8. Operating Condition 3 (i6_T65_SR2 RH60): Shows very
Equations (DAESs), of the form good results with model matching because the assumption of non-
water plugging conditions in the channels is satisfied.

Mz= f(z). (32)
where z = [Xn, an, XH,0.am Ambs i fc, Ecenl] T, and M = e —
diag(IN,IN,IN.0N.0), andIN is the N x N identity ma- 2 -

trix.

Three simulation plots are shown in Figs. 8, 10 and 11
corresponding to operating conditions 3, 5 and 6. Thes¢ 1
portions of data are contained within the large data set: - N
shown in Figs. 3-4. The First two data sets are choser™ *7 |---wam el el
to match the model assumptions of humidified channe | ——7 .. -
conditions, but no channel liquid water plugging. The N
third condition shows some flooding and hence error in ¢
the model prediction of voltage, but the overall dynamic .
voltage behavior is captured quite well by the model - , , , , , , e
ignoring the offset. The first plot in Fig. 8 correspond- ¢ 002 0s a8 0e 0res 08
ing to condition 3 shows the measured and predicteu
voltage in the top subplot and the GC Measuremany o The first subplot shows a snapshot of the membrane water
and simulated mole fraction at the sampling locatiotontent along the length of the channel for three times shown in
in the bottom subplot. The model demonstrates VeFjB- 8; after a purge, mid cycle and befort_a the next purge. The second
good agreement with the data at this operating condigffele, hov<, he Doregen noje racion skng e et of e
since no anode channel liquid water accumulation WRgtice the front is fully developed at t=2400 s, leading to hydrogen
observed during this period. Figure 9 shows the tinsarved region covering nearly 20% of the channel.
evolution of the hydrogen mole fraction distribution
and membrane water content over a purge cycle. Thre€perating condition 5 shown in Fig. 10 corresponds
snapshots of the distributions, corresponding to t=1700sgher cathode stoichiometry, and lower current density,
t=2000 s and t=2400 s, from the third cycle in Fig. 8 artmerefore we see slightly drier conditions along the chan-
shown. The “corner” in the voltage trace at t=2000 siel, but very similar membrane water content behavior
where the rate of voltage degradation increases, indicatieghe previous case. The “corner” in the voltage model
that a sufficient amount nitrogen has accumulated in thecurs too late, which indicates that either the diffusion
channel to create a stratified front and a hydrogen stanamkfficient is too large, or the nitrogen accumulation
region develops at the outlet. Finally at t=2400 s thmte is too low and the membrane resistance is too
nitrogen front has evolved to cover nearly 20% of thieigh since the voltage degradation rate after the corner
anode channel. At this time, the effect of the nitroggmoint is too steep. Notice the effect of GC sampling on

fe (A cm

i

Fractional Channel Length
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voltage for samples which occur early in the purge cycthange over the purge cycle as in the previous cases.
compared to later (larger voltage recovery), which the

model

accurately predicts.
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Fig. 12. The first subplot shows a snapshot of the membrane water
content along the length of the channel for three times shown in
Fig. 11, after a purge (before surge), mid cycle and before the next
purge. The second subplot shows the hydrogen mole fraction along
the length of the channel. The final subplot shows the current density
distributions. Notice the different membrane profile due to higher
cathode inlet RH, and less developed nitrogen front.

The parametersry,, and Dy, n, affect the rate of
nitrogen front propagation and the delay before the
voltage decay changes slope as seen in Fig. 8. Nitrogen
front propagation is also weakly dependent on the current
density distributioni¢c(y), since the consumption of
hydrogen drives convection in the channel. The slope of
voltage drop depends on membrane/GDL resistance, the
nitrogen diffusion rate and the nitrogen front propagation
speed.

A. Effect of Operating Conditions
Figures 13 and 14 show the effects of increasing tem-

agreement with nitrogen measurement during continuous samplifggrature and current density respectively. Increasing tem-

but poor voltage model matching since flooding effects are ”Bbrature increases both permeation though the membrane
included in the voltage model

and to a small extent diffusion. The increased nitrogen
permeation rate leads to both a quicker formation the

Fig. 11 shows a good match with the GC measuremanitrogen blanket, the time at which the voltage slope
for repeated sampling. This data set corresponds to lovebianges, and the faster propagation of the blanketing
operating temperature and fully humidified cathode inl&ont which can be seen in the steeper second slope of
conditions which exhibit both anode and cathode chanriké voltage plot. The effect of current density is more
plugging, hence the discrepancy between modeled atitficult to visualize, since the voltages are very different,
measured voltage. The voltage matching is not vetlyerefore the deviation from nominal voltage for each
good because the effects of flooding or plugging are ngiven current density are plotted in the first subplot of
represented in the voltage model. Cathode flooding aRi).14. The second subplot shows the hydrogen and
plugging are responsible for almost 20mV of voltageitrogen mole fraction at the sampling location. Since
loss, which can be recovered by the cathode surgbe convective term in (1) is proportional to the current
at t=1000s, and t=3400s. The membrane water conteensity, the nitrogen is pushed toward the end of the
distribution, shown in Fig. 12 is much more uniform duehannel more quickly with increasing current density. As
to the humidified cathode inlet conditions and does natresult the blanketing front forms much more quickly at
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high current density, but the propagation rate of the frontirrent density measurements [40], [41] were not ac-
does not increase very much because the permeation rateed, we can observe the effect of mass accumulation
is constant. This can be seen in the third subplot whicm current density distribution through the cell potential,
shows the average mole fraction of nitrogen in the anotlg measuring the terminal voltage. Specifically the mass
channel, which is nearly identical for all four cases. accumulation affects both the rate of voltage drop, and
the time at which the steeper slope begins.
055 ) i ) ) ' ' ] The ability of the model to predict voltage is limited,
| . ] since the accumulation of liquid water in the anode
g : channel (plugging) and cathode catalyst layer (flooding)
i - - - - - - N are not included in the model, but the voltage degradation
' ' ' ' ' ' ' and nitrogen accumulation rates match well when the
assumption of non-flooding and non-plugging conditions
are valid. In the future we plan to incorporate these
effects into the model. The effects of nitrogen and liquid
water accumulation can be parametrized by utilizing the
measurement of liquid water from neutron imaging along
with the GC measurements for combinations of wet and
. . . . . . . dry channel conditions. The data set corresponding to
oo e B e 0 ¥ gperating condition 6, shown Fig. 11, could be used for
parameterizing the liquid water effect, using the model

Fig. 13. Increasing temperature increases nitrogen permeatigp nitrogen accumulation which is calibrated for drier
rate exponentially which leads to much faster voltage decay. T . . i,
conditions for simulation are(.6_Tx_S2 RH60). E‘ﬁon-ﬂOOdlng/pIUQQIng) conditions.

y, sample

© © o o
.
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VII. APPENDIX: NOMENCLATURE AND CONSTANTS
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P et e iorefan | 0.05 (A cni?) Anode exchange current
g - iloss | 1E-3 (A cmr?) Crossover current
Def 1 0.35 Effective Diffusivity in GDL
RepL 0.275 (Qcn?) Contract resistance
4 an, 2 N> perm scale factor
%03
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:N 0.1
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Time (s)

The injection port, inside the GC, was maintained at
Fig. 14. Increasing current density increases nitrogen blankd@0 °C and the column at 30C. A Thermal Conduc-
formation rate, but not the accumulation rate. The conditions feiity Detector (TCD) was used for gas detection. The
simulation are (ixT65_5S2 RH60). TCD was operated at 100C, and 90 mA current.
Two mass flow controllers were used to create dry gas
mixtures of known (H/N») concentration in the anode
V1. CONCLUSIONS channel for calibration of the GC detector. Calibration
The one dimensional anode channel model presenttata was collected with the anode channel at 4.5 Psig op-
in this paper is able to capture and explain the observexhting pressure and a hominal temperature of T¥B0
two sloped voltage drop between purges in a PEMFEsix point calibration was used, with 5 samples repeated
with DEA. The model shows very good results when thfer each point. Fig. 15, demonstrates the linearity of the
assumption of non-water plugging conditions are met {BRC measurement. The detector is much more sensitive
the channels. The evolution of a nitrogen blanketing frotd nitrogen, due to the choice of carrier gas. The average
which leads to a hydrogen depleted region in the anoble response is 1163897 (area unitsxy,), and the
channel explains the voltage loss. Although distributeverage hydrogen response is 24416 (area upjls/x



TABLE I

CONSTANTS
En, 24000 (J mot?) [39]
Tret 303 (K) [39]

R 8.314 Universal gas constant
Vi 1.81x10° Water Volume [26]
Vimb 559 x 104 Membrane Volume [26]
Kmb 0.25 Membrane water uptake

n 2 Electron transfer #

F 96485 (C mot?T) Faraday’s Constant

Creto, | 40.87 (molm~3)
Crefn, | 40.87 (molm 3)

Ec 66000 (J mot?) [30]

To 298.15 (K) ref Temperature
Oaa 0.5
Oca 0.5
Dy | 256 E-6 (nf s 1) Dr,onN, [25]

D13 8.33 E-6 (n? S_l) DH27|\|2 [42]

Do3 9.15 E-6 (I’ﬁ Sfl) DH207H2 [25]
Wan ch 0.0021 (m) An Ch width
Wan rib 8.38E-4 (m) An rib width

Ay 25 (um) Membrane thickness
Nan.ch 0.0018 (m) An Ch height

Leh 0.0727 (m) Channel length

AcpL 3.36E-4 (m) Compressed GDL thickness
Neample | 9.2e-7 (mol s1) Sample flow rate
Npurge 5e-3 (mol s1) Purge flow rate

Since measurement of;H was not possible, during fue
cell operation we assume that the concentration of va
in the anode is equal to the saturation value and he
only temperature dependent.
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