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bstract

Single fuel cells running independently are often used for fundamental studies of water transport. It is also necessary to assess the dynamic
ehavior of fuel cell stacks comprised of multiple cells arranged in series, thus providing many paths for flow of reactant hydrogen on the anode
nd air (or pure oxygen) on the cathode. In the current work, the flow behavior of a fuel cell stack is simulated by using a single-cell test fixture
oupled with a bypass flow loop for the cathode flow. This bypass simulates the presence of additional cells in a stack and provides an alternate
ath for airflow, thus avoiding forced convective purging of cathode flow channels. Liquid water accumulation in the cathode is shown to occur in
wo modes; initially nearly all the product water is retained in the gas diffusion layer until a critical saturation fraction is reached and then water
ccumulation in the flow channels begins. Flow redistribution and fuel cell performance loss result from channel slug formation. The application

f in-situ neutron radiography affords a transient correlation of performance loss to liquid water accumulation. The current results identify a
echanism whereby depleted cathode flow on a single cell leads to performance loss, which can ultimately cause an operating proton exchange
embrane fuel cell stack to fail.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cell (PEMFC) technology
s being actively developed for portable, stationary and auto-

otive applications. This technology is of particular interest as
n economically viable replacement for the internal combustion
ngine that would reduce greenhouse emissions and petroleum
onsumption. An important area of PEMFC research is the trans-
ort of the water produced during the oxygen reduction reaction
t the cathode electrode. Due to the slow kinetics associated with
xygen reduction in the cathode relative to hydrogen oxidation

n the anode, as well as water generation in the cathode, mass
ransfer to and from the cathode electrode represents the pri-

ary fundamental limitation to fuel cell operation. An efficient
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uel cell stack design requires a comprehensive understanding
f liquid phase water transport throughout the cathode volume.

There is a significant amount of published research focused
n the development and application of diagnostic techniques
o interrogate operating fuel cells for liquid water formation
nd dynamics [1–4]. Among these techniques, neutron imaging
f an operating single cell [5–10] is the most robust because
inimal modifications to the fuel cell are required to generate

uantitative two-dimensional liquid water distributions. Most
undamental fuel cell experiments employ only one cell instead
f the stack of cells that is required for high voltage operation.
here are several advantages to single-cell experiments, includ-

ng more accurate control of pressure, stoichiometric ratios and
lectric load. A primary driver for single-cell experiments is also

ost as test systems and materials for a PEMFC stacks are very
xpensive in the current state of the technology. Also, a single
ell allows unambiguous interpretation of neutron radiography
mages, whereas a multi-cell stack would complicate this anal-
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Nomenclature

GDL gas diffusion layer
MEA membrane electrode assembly
t time (s)
VGDL,crit critical water volume for GDL (cm3)
VGDL,open open pore volume for GDL (cm3)
Vw water volume (cm3)
Vwo reference (initial) water volume (cm3)
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sis. However, a stack experiment is of particular interest for
iquid water transport studies. It is known that the additional
ow paths provided by many bipolar plates connected to a com-
on manifold can result in localized liquid water accumulation

n the gas delivery channels of one cell becoming severe relative
o the rest of the cells in a stack [11,12]. This liquid accumula-
ion mechanism results from plate pressure drop variations due
o dimensional differences in channel geometry from machining
eviations or gas diffusion layer (GDL) intrusion into channel
ross-section. Given the flow dynamics of a stack, the disadvan-
age of a liquid water transport visualization experiment with
ne cell is obvious because all the inlet flow must travel into a
ingle flow distributor. Flow field blockages will be reduced with
single-cell experiment as the pressure increase will eliminate

iquid water obstructions. This fails to demonstrate a situation
hat can easily be imagined in a stack of hundreds of cells, where
ne blocked cell has an immeasurable effect on the overall sys-
em pressure drop. This PEMFC stack cell blockage scenario
s believed to cause the electrical potential to approach zero as
ts oxygen flow rate falls below what is required by reaction
toichiometry to sustain the current load. In a large active area
ystem, oxygen diffusion from the manifolds into the stagnant
hannels is much too slow to sustain the reaction at any practical
oad.

No diagnostic method currently exists to probe for liquid
ater content of an individual cell in a PEMFC stack. Although
eutron radiography can be applied to an operating stack, the
wo-dimensional information thus produced would be insuffi-
ient for correlating the instability in an individual cell to local
iquid water content in the through-plane direction. Also, such an
xperiment would result in poor image quality due to geometric
nsharpness and low-neutron transmission. Three-dimensional
omography techniques may be applied, but are unfavorable as
hey will not provide enough geometric or temporal resolution
or a typical PEMFC stack experiment.

The fuel cell stack failure mechanism described above was
nvestigated in the current study. The experiments were con-
ucted on a single cell with a modified cathode gas delivery

ystem. This system provided a bypass of inlet air around the
ingle-cell cathode flow distributor as inlet pressure increased
ue to liquid water blockage inside the flow field of the active
ell. This system simulates a PEMFC stack by providing an alter-
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ative path with nearly the same pressure differential as a dry
ow field. The bypass method allows one to consider a realistic

iquid water distribution that would occur in a single cell of a
ypical PEMFC stack and elucidates a stack failure mechanism
ot captured by fundamental single-cell experiments.

. Experimental

Experiments were conducted at the National Institute of Stan-
ards and Technology (NIST) Center for Neutron Research
CNR) thermal neutron imaging beam [13] with a 50 cm2 active
rea PEMFC single-cell test section. The experimental appara-
us consisted of a small-scale fuel cell controller and a pressure
ontrolled cathode bypass system. Experiments were conducted
t low power (0.2 A cm−2) where the air velocity in cathode
hannels at the most efficient stoichiometric ratios (input gas
ow/required reaction gas flow) nearest to 1.0 is most likely

nsufficient to convectively force water slugs out of the system.
ith the PEMFC dry (prior to operation), the bypass system

ressure differential was adjusted such that the cathode of the
ingle cell would receive a stoichiometric ratio of 3.4 (maximum
ow available with current test equipment) from the supply flow,
hich was equivalent to that required for a 20 cell stack operating

t 0.2 A cm−2.

.1. Neutron imaging procedure

The neutron imaging procedure, calibration, and data reduc-
ion procedure were executed as presented in [9,10]. The liquid
ater content in the operating fuel cell is described quantita-

ively by Beer’s law, where attenuation contributions of the fuel
ell structure are normalized by referencing the fuel cell in the
ry state at the average operating temperature. Later, once the
uel cell is operating, the content of liquid water produced from
he oxygen reduction reaction is accurately determined from the
nown macroscopic neutron cross-section for liquid water [10].

.2. PEMFC test section

The 50 cm2 hardware used in the current experiments was
esigned such that liquid water in anode and cathode channels
ould easily be distinguished. A three-pass serpentine pattern
as utilized to maintain reasonable pressure differential within

he channels. These flow fields were machined into 1.27 cm
hick 6061 aluminum plates then gold plated with a nickel inter-

ediate layer. Aluminum was used for this application for its
ransparency to neutrons, thus increasing the signal-to-noise
atio needed for short exposure neutron imaging. The nomi-
al dimensions of the anode and cathode channels were 0.5 mm
ide and 0.3 mm deep. The flow field channel patterns for both

node and cathode, superimposed as in assembly, are shown in
ig. 1. The anode and cathode flow field patterns are unique

ith respect to channel overlap while the overall flow direction

nd performance is maintained. These flow fields allow the dis-
rimination of liquid water on either side of the fuel cell when
valuating the reduced neutron image data.
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ig. 1. Anode and cathode flow fields superimposed (anode green, cathode blue).
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)

The single PEMFC was built with SGL Carbon 21BC GDLs
nd W.L. Gore 18 �m membrane with Pt areal density of
.4 mg cm−2 catalyst loading on the anode and cathode elec-
rodes [14]. The gasket thickness was selected to ensure 20%
ompressive strain on the GDL substrate. Anode hydrogen gas
ow was run counter to cathode air gas flow throughout the
xperiment, as shown in Fig. 1.

.3. Simulated stack with cathode bypass

Single-cell PEMFC experiments cannot simulate the possi-
le cell-to-cell flow variation inherent in a fuel cell stack. In a

tack of many flow fields, each will receive a slightly different
mount of gas flow depending on the dry pressure drop of each
ell relative to that of the overall stack. In practice, this effect
s minimized by controlling variation between plates. However,

t
a
p
o

Fig. 2. Cathode bypass
Sources 171 (2007) 626–633

iquid water accumulation in an operating stack can exaggerate
his effect. The present work is focused on describing this mech-
nism with a single-cell apparatus that is supplied with stack
quivalent airflow where the majority of the flow is allowed to
ypass the cell. In this configuration, as the cathode flow field
ccumulates liquid water and the pressure differential rises, more
as will flow through the bypass leg held at a constant pressure
rop. The bypass stack simulation is implemented on the cath-
de side only, as the majority of product water generated by the
EMFC reaction is managed in the cathode gas delivery system.
his is shown experimentally by the relative water removal with
purge of equal volumetric gas flow applied to the anode and

athode individually.
The bypass mechanization process flow diagram is shown in

ig. 2. The system allows the simulation of cathode flow distri-
ution in a stack of 20 cells with an active area of 50 cm2 while
perating just a single-test cell. The bypass pressure differential
s set equal to that of the test cell when the cell is known to
e in a dry reference state. The cathode stoichiometric ratio is
onitored with two separate measurements. The first is a cali-

rated mass flow meter and the second is an oxygen sensor that
easured fraction of oxygen concentration in the outlet stream.
ach of these, combined with the known current density, allows
ne to calculate and monitor the change in cathode stoichiomet-
ic ratio as a function of liquid water content (as measured with
eutron radiography). The agreement between these two mea-
urement methods was excellent, with an average difference in
omputed cathode stoichiometric ratio of 2% at steady state.

Experiments were executed by establishing a precondition
ith the bypass system pressure differential being adjusted to
rovide a constant cathode stoichiometric ratio through the cell.
his precondition was at 0.2 A cm−2 with anode and cathode

nlet relative humidities of 50 and 65%, respectively, and the
ystem outlet pressure controlled to 114 kPa. The anode and
athode stoichiometric ratios during the precondition were 2.0
nd 3.4, respectively. The cell temperature was kept constant
t 77 ◦C throughout the experiment. Once the liquid water con-

ent of the cell was determined to be constant with online image
nalysis, the bypass system was no longer adjusted, leaving its
ressure differential constant. From this point, increases in cath-
de liquid water content could divert flow though the bypass.

mechanization.
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Moreover, this procedure indicated that GDL liquid water accu-
mulation was not the primary contributor to the mass transport
limitation leading to cell failure, as the cell potential recovered
immediately after the channel slugs were removed. Once the cell
Fig. 3. Measurement repeatability demonstrated by comparison

nce the cathode stoichiometric ratio fell below 1.0, the sys-
em was purged with high gas flow to remove liquid water and
ecover cell performance. After the purge, the cathode gas flow
as returned to the beginning flow rate. Again, the cathode was

llowed to slowly accumulate liquid water with its stoichiomet-
ic ratio proportionally decreased. This procedure was repeated
everal times with neutron imaging and purging both the cell and
as delivery system to remove all residual liquid water between
xperiments.

. Results

Neutron images were acquired every 5.4 s during the experi-
ent. This temporal resolution consists of a 2.0 s exposure and
3.4 s file write time. Transient liquid water content and images
ere derived from an average of 10 individual images and steady

tate information consisted of 30 images averaged together. All
uel cell test stand parameters were recorded at a frequency of
Hz.

The precondition step previously described was run sev-
ral times throughout the experiments, and a comparison of
he steady-state liquid water accumulation allows one to con-
ider the repeatability of the measurement. The liquid water
istributions shown in Fig. 3 are representative of the precon-
ition liquid water state of the test cell before the first and last
xperiments run in an extensive test protocol. The similarity
hown here indicates a sufficient amount of time was allotted for
he liquid water distribution to return to a consistent reference
tate.

Once a consistent reference saturation state was established,
he cathode bypass loop was used to simulate stack cell-to-cell
ow variations. Two test runs describing the liquid water accu-
ulation in the cathode following the precondition are shown

n Fig. 4. The data are aligned by the time (t = 0 s) at which the
ell voltage approached zero, which is a cell failure due to lack
f oxygen. For each experiment, the cell voltage, total liquid

ater volume (as measured via neutron radiography), and cath-
de stoichiometric ratio (as measured via the mass flow meter)
re plotted as a function of time. As shown in Fig. 5, the cause of
xygen starvation at the point of cell failure is severe liquid water
me pre-condition run at beginning and end of the test protocol.

ccumulation in the cathode flow distributor and gas diffusion
edia. The radiographs shown in Fig. 5 can be compared to the

reconditions shown in Fig. 3. The additional liquid water accu-
ulation in the cell is the cause of the rise in cathode flow field

ressure differential which diverts increasing amounts of air into
he bypass where the pressure differential is unchanged. In Fig. 4,
he liquid water accumulation rate is observed to be proportional
o the rate of stoichiometric ratio decrease in both experiments.
n fact, for all experiments conducted under the same conditions
sing the cathode flow apparatus, this correspondence between
iquid water accumulation and stoichiometric ratio was main-
ained regardless of the operational path taken to failure, or the
nitial condition.

For each experiment, the cell potential was recovered by purg-
ng with an increased flow rate of air after the cathode became
ooded with liquid water. This was a successful recovery strat-
gy as the purge instantly removed cathode channel slugs. As the
urge continued, the liquid water content in the diffusion layer
ecreased slowly, indicating an evaporative removal mechanism.
Fig. 4. Cell voltage response to cathode liquid water accumulation.
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Fig. 5. Measured liquid water distribution at time

eturned to a relatively dry state, the cathode purge was stopped,
eturning to a bypassed flow configuration with an initial sto-
chiometric ratio of 3.4 at a current density of 0.2 A cm−2. As
hown in Fig. 6, for a repeat of the same experiment described
n Fig. 4, from this point in the test protocol, liquid water build-
p in the cathode flow distributor eventually caused an oxygen
ransport limitation and the cell potential approaches zero. The
ehavior shown in Fig. 6 is similar to that observed in Fig. 4, sug-

esting that the rate of accumulation or amount of liquid water
t the oxygen transport limiting state is not history dependent.
he liquid water distributions resulting from the cathode purge
nd at the point of cell potential loss is shown in Fig. 6.

v
d
s
u

Fig. 6. Cathode response after li
l failure, corresponding to Runs 1 and 2 in Fig. 4.

Liquid water accumulation is found to occur in two modes.
rom an initial dry state (Fig. 6b), liquid water first accumulates

n the gas diffusion layer and once the diffusion layer reaches a
ritical saturation fraction, the majority of liquid water is rejected
nto the channels in the form of droplets. It should also be noted
hat while water filling the channels is being measured, there is a
mall contribution from liquid water in the cathode inlet region
f the GDL that is observed as the experiment progresses (Fig. 6b

ersus d). This is associated with the cathode inlet being initially
ry as the relative humidity of the inlet gas (65%) is less than
aturated. This allows for evaporation at the inlet. As the vol-
metric flow (stoichiometric ratio) decreases, the gas becomes

quid removed with purge.
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In all experiments from the present study, the critical GDL
J.P. Owejan et al. / Journal of P

aturated nearer to the inlet which results in GDL water at the
nlet later in the experiment. Compared to the volume of water
n the channels this contribution is very small.

In Fig. 6a, the two modes are distinguished by the change in
lope of the time rate of change in measured liquid water vol-
me. For the 50 cm2 cell used in this experiment, at a current
ensity of 0.2 A cm−2 water is generated at a rate of 0.93 mg s−1

10], while the fastest rate of liquid water accumulation mea-
ured in all experiments was 0.50 mg s−1, indicating that more
han half the water produced is retained in the open volume
f the GDL for a period of time after the onset of the experi-
ent. From the results for three similar experiments presented in
igs. 4 and 6, it appears that there is a correlation between the rate
f increase in the liquid water volume and the rate of decrease
n the cathode stoichiometric ratio. The differences observed
mong experiments is due to the random behavior of slug for-
ation and stagnation in the cathode flow channels for PEMFCs

un under nominally identical conditions [1]. The liquid water
ontent in the GDL is closely related to channel flow as higher
ow has more capacity for evaporation and also provides con-
ective flow though GDL to remove liquid water. Since the gas
ow is very sensitive to small blockages in the system, this is

hought to initiate the decline of cathode stoichiometric ratio.
To investigate further the relationship between liquid water

olume and cathode stoichiometry, polynomials were fit to the
ata profiles shown in Fig. 6a such that the nonlinearity of the
toichiometric ratio decrease is preserved. These relationships
re described as follows:

iquid water volume : Vw = At + Vwo , (1)

athode stoichiometric ratio : ζair = −Bt2 − Ct + ζairo , (2)

here A, B and C are constants.
These functions are approximations to the behavior observed

n the initial GDL liquid water accumulation mode, as demon-
trated in Fig. 7. This description of the measured cathode
toichiometric ratio and accumulated liquid water volume rep-

esents the particular data set reasonably well with correlation
oefficients (R) of 0.935 and 0.955, respectively. The transition
o the second accumulation mode is denoted by a sharp decrease
n accumulation rate, as shown in Fig. 6. This transition results

Fig. 7. Functional fit to measured data.

s
n
(

F
w
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rom the GDL reaching a critical saturation level, where for the
iven pore size distribution of the sample used and capillary
ressure associated with the operating condition, no more GDL
ores can be filled. At this condition, the unfilled pores will
emain open and support gas transport. Once this critical satura-
ion level has been reached all additional liquid water is rejected
nto the channels where it forms slugs that are intermittently
emoved, thus accounting for the second mode of accumulation
here the rate is dependent on slug formation in the cathode

hannels (Fig. 6d).
Considering the first mode and how cathode flow conditions

elate to liquid water accumulation one must discriminate the
iquid water content in the anode GDL from the cathode. The
wo-dimensional neutron imaging technique that was used for
hese experiments lacks this information so individual anode and
athode gas purges were used to assess relative liquid water con-
ent by comparing the rate of liquid water removal during the
urge. As shown in Fig. 8, from a reference state the anode stoi-
hiometric ratio was increased from 2.0 to 9.5 then returned back
o 2.0 and once the liquid water content reached the previous ref-
rence state the cathode stoichiometric ratio was increased from
.0 to 4.0 (5.5 less than anode to maintain the same volumet-
ic flow). The resulting change in liquid water content (Fig. 8)
ndicates that the majority of liquid water measured in the line
ntegration through the fuel cell cross-section is located on the
athode side. The anode purge initially removes liquid water that
as stagnant in the channels near the outlet and the remainder
f the purge results in a slow removal of liquid water via evapo-
ation of cathode water diffusing through the membrane. Water
ondenses near the outlet of anode channels due to consumption
f hydrogen and this coupled with low outlet flow allows liquid
ater to stagnate. For the present work, anode channel water

tagnation is considered to add on average 5% to the overall
iquid water content measurements, and from the purge exper-
ment results, the anode GDL is considered to have no liquid
ater content for the reported operating conditions.
aturation level (just before liquid water is rejected into chan-
els) was reached at (0.56 ± 0.02) cm3 of liquid water volume
Vw,crit) in the system. If one subtracts the expected membrane

ig. 8. Individual impact of anode and cathode gas purge on liquid water content
ithin the cell.
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Table 1
Eq. (3) constants fit with least squares regression to all experimental data

Constant Value Fit uncertainty

α 3.69 ±0.13
β

χ
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173.5 ±0.5
−13.15 ±0.02

ater content [10], the critical saturation level is (35 ± 3)%
f the open pore volume, based on the compressed thickness
210 �m) and porosity (80%) of the GDL. This saturation frac-
ion correlates well to previous cathode GDL saturation fraction
xperiments [10].

Combining Eqs. (1) and (2) results in a relationship between
athode stoichiometric ratio (ζair) and liquid water volume (Vw)
s the system approaches its critical saturation:

Vw = α
(√

(ζairo − ζair) + β + χ
)

+ Vwo

{for 0 < Vw < VGDL,crit}, (3)

here α, β and χ are constants, and VGDL,crit = 0.35VGDL,open.
Next the relationship described in Eq. (3) was applied to all

xperimental data including that shown in Fig. 4. With this func-
ional relationship verified, the constants in Eq. (3) were fit with
east squares regression to all experimental data, resulting in
djusted constants α, β and χ as reported in Table 1. The result-
ng correlation is shown in Fig. 9, where error is shown to be
educed to less than 20%.

This relationship is important because once the diffusion
ayer reaches a critical saturation level all liquid water is rejected
nto the channels where it begins to stagnate in the form of slugs.
his second mode of accumulation will ultimately cause an oxy-

en limiting condition in one cell of many in a fuel cell stack.
nitially these droplets leaving the GDL increase the pressure
rop of the cell by reducing the channel cross-sectional area as
he droplet forms. Without the flow required to detach the droplet

ig. 9. Correlation of liquid water volume as a function of change in stoichio-
etric ratio with relationship fit to all experimental data.
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rom the GDL, some of the droplets continue to grow until they
ontact the adjacent channel wall and a slug is formed that blocks
he entire channel cross-section. These slugs are found to form
t sites throughout the cell and correspond to the active liquid
ater transport pore networks in the cathode GDL; see Fig. 6d.
Channel slugs are initially short and this allows air to bypass

round the blockage in the channel through the GDL via the open
as transport pores. As time progresses, the active liquid water
ransport sites continue to reject liquid water which increases
he length of the stagnant slugs (Fig. 6e). Since the in-plane
ressure differential is a function of length through the GDL,
his further restricts flow. This will ultimately cause the cathode
toichiometric ratio to fall below 1.0.

The average total liquid water volume for all experiments
t the transport limiting point was 0.65 cm3 and the calculated
tandard deviation was 0.01 cm3. This consistently demonstrates
hat as the quantity of liquid water in the available cathode void
olume (GDL pores and flow distributor channels) increases,
he resulting rise in flow resistance redirects airflow away from
he cell. As the cell receives less flow, the liquid water removed
y convective and evaporative transport is reduced, leading to
ontinued accumulation. Once a critical volume of liquid water
as flooded the cathode GDL void volume, slug stagnation in
he channels continues to restrict flow. The pressure rise at the
nlet reduces the cathode stoichiometric ratio to below 1.0, and
xygen starvation impedes the reduction reaction. In all experi-
ents, the cell potential reached an undesirable level (near 0 V)

nce about 18 of the 20 cathode flow channels developed a
lockage somewhere along the length of the channel.

. Conclusion

The cathode flow dynamics of a PEMFC stack were suc-
essfully simulated by a single fuel cell coupled with a flow
ypass system. This arrangement allowed small increases in
iquid water content and the associated pressure rise to divert
ow through the bypass. The resulting liquid water accumula-

ion was imaged and quantified with in-situ neutron radiography.
he results consistently show that liquid water slugs blocking

he cathode channels eventually divert enough flow to reduce the
xygen stoichiometric ratio below 1.0 and severe cell voltage
oss results. The described mechanism could reduce perfor-

ance in a stack, but is typically not captured with a single cell as
hese experiments do not allow increases in pressure differential
o affect the stoichiometric ratio.

The time constant associated with the cathode flooding pro-
ess is found to vary as the liquid water retention due to slug
inning in channels is somewhat unpredictable, but a direct cor-
elation between stoichiometric ratio decrease and the rate of
iquid water accumulation has been established. Moreover, the
iquid water volume at the point of GDL saturation and the sub-
equent channel blockage resulting in voltage loss is found to be
ery repeatable. Results also show that the oxygen mass trans-

ort limitation and corresponding voltage loss is most sensitive
o the cathode channel liquid water content, and liquid water
ccumulation in the diffusion layer has only an indirect influ-
nce. For the cathode flow channel design investigated, over
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0% of the channels must be blocked with a liquid water slug
omewhere along the channel length for oxygen starvation to
ccur.
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