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A small single-channel fuel cell prototype was built with the objective of monitoring the appearance and
transport of water droplets in the gas channels in usual operating conditions. It allows the simultaneous
observation of droplets and of their local effects on current density. The first results show that the air
flow rate seems to control the transition between two different water removal mechanisms: a plug flow
when the air stoichiometry is low, with significant disturbances in the local current density, pressure

drop and fuel cell performance, and a more conventional flow with steadier removal of smaller droplets
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1. Introduction

Bipolar plates are key components of PEM fuel cells (PEMFC)
because of their multiple functions: they allow the distribution of
gases to the reaction sites and the collection of the electric current.
In addition, they ensure the evacuation of the heat and water pro-
duced by the reaction. The performances of a PEMFC are strongly
dependent on the transport processes occurring within the bipolar
plate gas channels. Water management is one of the critical issues
for the optimisation of PEMFC: on one hand, the membrane must
be hydrated to allow the transport of protons from the anode side
to the cathode side. On the other hand, an excess of water can be
detrimental to the efficiency of the fuel cell: liquid water may hin-
der the transport of oxygen through the porous structure of the gas
diffusion layer (GDL) toward the catalyst layer, or it can lead to the
formation of water columns inside the gas channels, thus prevent-
ing or restraining the flow of oxygen or hydrogen downstream. As
direct consequences, the performance of the cell decreases and the
total pressure drop increases [1,2].
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In order to facilitate the investigation of mass, charge and heat
transfer phenomena occurring in PEM fuel cells, various research
groups built prototypes in which the bipolar plates are replaced
by transparent plates, which allows the observation of water con-
densation and flow. Mench et al. [3] use a single-channel fuel cell
with segmented current collection at the cathode. They studied the
evolution of non-uniformities in the current density as function
of the operating conditions (from drying to flooding). Maranzana
et al. [4] and Hakenjos et al. [5] also used local current collection
but with parallel channels flow field plates. Temperature measure-
ments with thermocouples, or by infrared thermometry, show a
strong correlation with the local current density. Su et al. [6], Weng
etal.[7], Ous and Arcoumanis [8], Shanhai and Wang[2] and Yang et
al. [9] attempted to localise liquid water in the gas channels thanks
to cameras or video cameras but mostly in stationary regime. Pic-
tures of the channel [9] show the appearance of droplets on the
GDL surface. These images and pressure drop measurements [2]
provide information about the effect of the hydrophobicity of the
GDL on water condensation and transport. Other authors [4,5,7]
report about the presence of a liquid front (before which no liquid
water can be observed) in parallel channels.

Su et al. [6] exploited their results in optimising the chan-
nels design by minimizing liquid retention. Other more delicate
techniques which require also heavier equipments can provide
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Fig. 1. Prototype of the single-channel fuel cell; the golded brass strips are numbered from 1 to 18 (left). Sketch of the gas channels of 0.7 mmx1 mm cross-section (right).
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Fig. 2. (left) Fuel cell voltage and power density vs. current density (4 voltage; ®, power density) and (right) current density profile as a function of the air stoichiometry.
The horizontal line represents the average current density and the total current intensity is set to 1A.

information about liquid water in fuel cells: Hartnig et al. [10] built
live images of droplets formation using X-ray tomography whereas
Bedet et al. [11] used nuclear magnetic resonance imaging. In all of
these works, the main objective remains the optimisation of water
management in PEM fuel cells and more generally, of the fluid flows.

The manuscript is divided into two sections; the single-channel
fuel cell prototype is presented in the first section while in the
second part we report the observation of clogging/unclogging
sequences in the air channel.

2. Experimental setup
2.1. Segmented fuel cell

The segmented fuel cell (Fig. 1) consists of a plate of golded alu-
minium (at the anode), and of a transparent PMMA plate equipped
with 18 golded brass current collectors (at the cathode). The hydro-
gen channel is machined in the anodic plate whereas the brass
strips inserted into the PMMA plate delimit the air channel. The
pressure drop in the air channel is quite important: it varies quasi-
linearly between 0 and 150 mbar with the airflow (from 0 to
40 SLPH (standard liters per hour)).

The fuel cell temperature is controlled thanks to an electric
heating system fixed on the anodic plate. Nevertheless, significant
thermal gradients exist probably within the cell because of the
thermal resistances of the various components and of their inter-
faces. Mass flow controllers are used for both gases and the air is
humidified up to about 80% RH thanks to a bubbler. The air RH
is assumed equal to the vapour saturation ratio at the tempera-
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Fig. 3. Voltage (®) and pressure drop (4) vs. time during a clogging/unclogging
sequence. Dashed lines correspond to the pictures of Fig. 5.

tures of the fuel cell and of the bubbler, given by Rankine’ formula:
Psat = Pg exp(13.7 — 5096/T(K)), with Py the standard pressure.

2.2. Data acquisition and processing

In order to detect the current intensity collected by the 18 brass
strips with the least possible perturbations, a passive electronic
circuit is used where each of them is connected to a 10 m£2 shunt
resistance which voltage drop allows an indirect measurement. A
particular attention was given to this circuit in order to reduce and
to make as much as possible uniform all parasitic (contact and con-
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Fig. 4. Plug velocity (left) and vulum (right) along the air channel.

necting) resistances, so that the cathodic gas diffusion layer can be
considered as isopotential. The total current intensity is controlled
by an Amrel FEL-60-1 electronic load. Numerical data (local current
intensities, voltage, pressure drops and temperature) are recorded
at a frequency of 200 Hz and with a 16-bit resolution thanks to a
National Instrument SCXI multiplexer. A high speed Photron (FAST-
CAM MS3000APX) camera with an 8 bits 1024 x 1024 resolution
sensor is used for the digital video recording. It allows up to 3000 fps
in full resolution. The video frames and the data files are synchro-
nized.

2.3. Fuel cell performances

The MEA (Johnson-Matthey) consists of a 30 um PFSA poly-
mer membrane and of catalytic layers with an average Pt loading
of 0.406 mgcm~2 at the anode and 0.385mgcm~2 at the cath-
ode. The active area is A =7.9cm?. The GDL is a 190 wm thick
carbon fibre paper (TorayTM TGP-H-060). Air and hydrogen flow
in opposite directions (counter-flow) for a better homogeneity
of current densities. The pressure is equal to the atmospheric
pressure (except for the losses) and the temperature is close
to 52°C. The brass strips are numbered so that the first one is
near the air inlet and the 18th is near the hydrogen inlet. The
fuel cell polarisation curve is given in Fig. 2, the measurements
being carried out at fixed current with stoichiometries set to
Sair =3 and Sy, = 1.4. The performances are good, with a maxi-
mum current density of 1.8-2 Acm~2 and a power density reaching
0.55Wcm2.

The current density profile provides local information about the
fuel cell operation through the effects of water distribution: dry
or flooded areas yields lower current densities. For instance, Fig. 2
depicts the effect of the air stoichiometry: a decrease in the airflow
induces an inclination of the current density profile toward the air
exit with a slight decrease in the fuel cell voltage. The current den-
sities are the most uniform when the air stoichiometry is close to
1.5.

3. Clogging/unclogging sequence

Water droplets are more easily observed when the current den-
sity and the air stoichiometry are low (in this case, j = 127 mA cm~2
and S,;; = 1.5). After a few minutes, liquid plugs appear in channel
and they are quickly removed by the airflow. The time between two
successive clogs varies between 1 and 5min and generally, they
form between the 5th and the 12th strip. Fig. 3 shows the duration
of the total clogging/unclogging sequence: the plug is evacuated
in 1.5s. Meanwhile, the pressure drop increases and the fuel cell
voltage decreases by about 12%.

The high speed camera allows the direct observation of the plugs
(Fig.5)and makes it possible to estimate their velocity starting from
the pictures. In fact, two different values can be obtained depending
on which meniscus (front or back) is used as reference. Although
a strong dispersion of the results can be observed in Fig. 4, the
velocity along the gas channel seems to remain constant in aver-
age. The mean value is 190 mm s~!, which is about one-third of the
mean velocity of air in the free channel (1.5 SLPH corresponding to
550 mms~!). This difference can be explained on one hand by the
rise in pressure (upstream the plug, including the relatively large
volume of the bubbler) and on the other hand by a possible air-
flow through the gas diffusion layer below the strips. The second
graph shows that the volume of the plug increases linearly until the
16th strip, which can be related to an uniform current density along
the channel. The volume remains approximately constant start-
ing from the 16th strip, probably because of droplets separation
or deposition behind the plug.

Videos illustrating the whole sequence can be found on the
Lemta website http://www.lemta.fr/pac.html or following the link
given in reference!. The synchronization of the frames with the
current density profiles provides a good understanding of the cou-
pling between the two-phase flow in the channel and the fuel
cell performance (Fig. 5). The major effects are linked with the
impoverishment of air downstream the plug. The total current
being imposed by the electronic load (1A), the decrease in cur-
rent density downstream the plug is compensated by an increase
upstream because the sum of the local currents is equal to the set
1 A. Complementary measurements carried out at constant voltage
show similar results but since there is no artificial compensation
(upstream) of the drop in local current densities (downstream), the
overall decrease in electrical power reaches about 37% (instead of
12%).

The influence of the airflow was also investigated. In particu-
lar, it was noticed that when the air stoichiometry reached S,;; = 3
(which is equivalent to doubling the air velocity and results in
a 12% pressure drop increase) the flow pattern and the fuel cell
behaviour are completely different: the pressure drop, the volt-
age and the current density profile are not any more subjected to
strong perturbations. The video recordings show a steady removal
of smaller droplets, without formation of plug in the channel. Before
being carried away by the airflow, some droplets move slowly
along the channel wall. This is illustrated by a video on the web-
site http://www.lemta.fr/pac.html. It can also be accessed directly
following the link given in reference?.

1 http://perso.ensem.inpl-nancy.fr/Jerome.Dillet/JPSarticle/LowStoichiometryPlug.avi.
2 http://perso.ensem.inpl-nancy.fr/Jerome.Dillet/JPSarticle/HighStoichiometryPlug.avi.
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Fig. 5. Formation and evolution of a plug in the air channel and corresponding local current densities (at fixed total current intensity 1A).

4. Conclusion and perspectives

The air flow rate seems to control the transition between two
different water removal mechanisms: a plug flow when the air
stoichiometry is low, with significant disturbances in the local
current density, pressure drop and fuel cell performance, and a
more conventional flow with steadier removal of smaller droplets
when the stoichiometry is higher. Future works will focus on the
understanding of the transition between these flow patterns as a
function of the fuel cell operating conditions and of the channel
geometry. Comparison with usual two-phase flow pattern maps

will help to investigate the exact nature of flows in the gas chan-
nels.
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