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Visualisation of water droplets during the operation of PEM fuel cells
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bstract

A transparent proton exchange membrane fuel cell (PEMFC) has been designed to enable visualisation of water droplets during its operation.
mages of the formation of droplets on the surface of the gas diffusion layer (GDL) on its cathode side, which result in water accumulation and
lockage to the airflow channels, were recorded using a CCD camera. Measurement of the cell current and droplet characterisation have been carried

ut simultaneously and the effect of the airflow and external resistive load has been quantified. The droplet images show that water accumulation
ccurs first in the middle channels of a serpentine reactant-flow fuel cell design and that no droplets are formed at the bends of the flow channels.
ater blockage to the airflow path was caused by the overlapping of two land-touching droplets developing on each side of the channel. Flooding
as found to be more susceptible to the airflow than the other test operating conditions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Successful water management in the proton exchange mem-
rane fuel cell (PEMFC), particularly on its cathode side, is
onsidered vital to achieving high performance and stability in
he output power of the fuel cell [1–5]. Not enough water in
he polymeric membrane layer results in reduction of the ionic
onductivity of the cell [6,7], whereas too much water in the cell
revents further access of the reactant air and causes flooding in
he reactant channels [8,9]. The water transport within the fuel
ells was investigated numerically in previous studies [10–21].

model for calculating the water balance in the membranes of
olymer electrolyte fuel cells was presented in [10]; it estimates
he total amount of water under various operating conditions.

similar investigation was carried out in [11] where the tran-
ient behaviour of the water transport in the membrane layer
as analysed in order to identify effective control schemes for

nhancing the performance of fuel cells. A detailed model of the
ingle-phase flow through porous materials has been presented

n [12,13]. A three-dimensional non-isothermal model [14] was
sed to compute the water flow as well as the heat management
n a PEM fuel cell. This model determines the water transport in
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he polymer membrane, the phase change of water in the cathode
orous medium and the capillary flow in the gas channels. The
nfluence of these processes on fuel cell performance has been
umerically evaluated. In [15] a two-dimensional flow mixture
odel has been developed to simulate the water in the cathode

f PEM fuel cells. In particular, the formation and distribution
f the two-phase (air and water vapour) flow in the gas-diffusion
ayer and the reactants flow channel was predicted as a function
f the current density, membrane properties and operating con-
itions. More advanced two-phase flow models were presented
n [16–20]. A model for the transport of reactants and prod-
cts in PEM fuel cells has been used in [17] to investigate the
perating limits of PEM fuel cells using the unsaturated flow
heory. In [18,19], a fully three-dimensional model simulating
he species transport and the reactions in both the anode and the
athode flow channels, the catalyst layer and the proton exchange
embrane (PEM) has been developed and presented. The multi-

omponent mixture model of [16] was also used to simulate the
ransport of reactants and products in the air cathode of a PEM
uel cell. Water transport and distribution were classified by a
hreshold current density corresponding to the first appearance
f liquid water at the membrane/cathode interface. The simula-

ion results reveal that the capillary force is dominant for water
ransport inside the hydrophilic structure of the GDL. The inves-
igations in [20] have focused on the behaviour of water in the
ir–water serpentine flow channels. Using the volume-of-fluid

mailto:t.ous@city.ac.uk
dx.doi.org/10.1016/j.jpowsour.2007.04.075
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Nomenclature

fGDL water flow-rate through the GDL (L s−1)
GDL gas diffusion layer
MEA membrane electrode assembly
RH relative humidity (%)
wair in water of the inlet airflow (L s−1)
wair out water of the outlet airflow (L s−1)
wprod water produced by fuel cell (L s−1)
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wSurface water on the GDL surface (L s−1)

VOF) model, it was shown that the bends of the serpentine flow
hannels have a significant effect on the flow field and that water
ooding occurs in the ‘post bend’ section of a micro-channels
ell design. This flooding was predicted to block the supply of
eactants to the reaction sites and, in extreme cases, to block
he reactant transport inside the flow channel, which reduces
he performance of the fuel cell. The water distribution on the
urface of the membrane was also predicted in [21] using a three-
imensional computational fluid dynamics (CFD) model, which
howed that the local value of the water content increases from
he inlet towards the outlet of the flow channels. On the other
and, the diagnostic tool applied in [22] was able to estimate
he water distribution in a PEM fuel cell during operation. The

embrane resistance and electron diffusivity (MRED) method
as used to measure the resistance of the membrane, which

elates to the water concentration in the cell and to reveal that
ore water accumulates in the middle flow channels.
The observed flooding in the airflow channels of the cell has

een also investigated experimentally [5,8,9]. Measurement of
he polarization curve was performed in [5] under various reac-
ant humidity conditions and the results revealed that, during
embrane dehydration, the fuel cell current density experiences

apid oscillations. In addition, membrane dehydration and water
ooding cause reduction in the fuel cell performance. Visuali-
ation of flooding was presented and discussed in [8,9]. In both
xperiments, the endplate on the cathode side was made of trans-
arent material to enable optical access into the airflow channels
o that water formation and flooding on the surface can be
bserved. The experimental set-up used in [9] allows simultane-
us evaluation of the current, temperature and water distribution
n a PEM fuel cell under operation. The visualisation results are
n agreement with the conclusions drawn in [22] that water flood-
ng occurs in the middle channels of the serpentine flow design.
hese results have also revealed that high air stoichiometry may
revent the occurrence of flooding which can raise the temper-
ture and reduce the current density of fuel cells. Clear images
f water accumulation inside the cathode flow channels were
resented in [8]. The current density of the cell was measured
s a function of the operating time while flooding was gradually
eveloping in the channels. Useful to note that the observation in

8,9] was made when flooding had already occurred in the flow
hannels, but not during the droplets’ formation on the surface.
mages of droplets on the surface of the GDL were obtained in
23] but for the rather limited case of the direct methanol fuel cell

2

f
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DMFC) type. In the present paper, images of droplet formation
n the surface of the widely used proton exchange membrane
uel cell type are presented and discussed. This stage is con-
idered quite critical since it takes place just before flooding.
ll images were processed simultaneously with the cell current.
he characteristics of the first droplet to appear on the PEM’s
urface have been compared under various airflow and external
oad conditions. Finally, droplet detachment from the surface by
he increasing airflow stream has also been examined in order
o quantify the droplet critical detachment values.

The production of water during the electrochemical reaction
n a fuel cell takes place at the catalyst layer of the cathode. The
mount of water produced is directly proportional to the molar
ass of the reactants. The state of the water, which can be in

ither vapour or liquid form, is determined by the operating
emperature of the cell. At the start of the reaction, most of the
ater travels towards the membrane layer. Once the membrane
ecomes saturated, the water starts to permeate through the gas
iffusion layer (GDL) and later appears in the airflow channels
s droplets. The flow of liquid and gas within the porous GDL is
ery difficult to estimate due to the complexity and the hetero-
eneity of the GDL structure. A number of models have been
eveloped to simulate this flow. Richard’s model, for instance,
xamines a single-phase flow of water in the porous medium
24]; it is based on the assumption that the air present in the
nsaturated zone has infinite mobility, i.e. it is at atmospheric
ressure and moves without interfering with water and/or the
ontaminant. The Fractional flow model [25], on the other hand,
ncludes the air as a separate phase following a two-phase flow
pproach, but it assumes that the viscosity of each phase is con-
tant. However, under realistic fuel cell conditions, the intrinsic
ermeability and dynamic viscosity of both gas and water do not
emain constant. The variation of these two values is attributed
o the following factors: (a) the dynamic production of liquid
ater in the catalyst layer; (b) the change of the temperature
istribution in the GDL particularly between local points; (c) the
ow of electrons travelling along the GDL; and (d) the disorder-

ng in the carbon particles carried by the water flow which may
lightly affect the fractional coefficient value and, hence, the per-
eability. The Dusty Gas model [26] is probably giving a more

ccurate estimate of the flow but requires many variables to be
dentified of which some can only be obtained experimentally.

more convenient method is to measure the amount of water
n the airflow channels after the cell reaches a steady state. By

easuring the water (i) produced at the catalyst, (ii) present on
he surface of the channels, and (iii) contained in the inlet/outlet
irflow stream, it is possible to quantify the water velocity across
he GDL assuming that no water is able to travel towards the
ully saturated membrane. Fig. 1 illustrates this approach more
learly.

. Experimental system
.1. Design of the transparent PEM fuel cell

In order to visualise the formation of water droplets in a PEM
uel cell, it is necessary to have optical access into the cathode
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ig. 1. Experimental approach for water flow rate estimation in the direction of
he GDL surface.

ow channels. Fig. 2 illustrates the design of the cell used in these
ests. A transparent Plexiglass window was placed at the top of
he graphite reactant-flow plate to allow droplet visualisation. A
hin copper sheet was inserted in-between to collect the electric
urrent produced by the cell. The flow channels of both the anode
nd cathode were machined in serpentine shapes with a channel
idth of 1.5 mm, a depth of 1.5 mm, and a length of 655 mm.
he total number of channels in each plate was 13; they were
qually spaced by lands, also called the ribs, of 1.5 mm width.
he single cell uses a Johnson Matthey membrane-electrode-
ssembly (MEA No. 04-1879-03, Pt loading 3.5 mg m−3, active

rea 25 cm2) sandwiched between two Toray carbon papers
TGP-H-060). The complete unit was assembled using isolating
crews located on the four corners, and a compressive torque of
2 Nm was applied across the unit.

T
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Fig. 3. Schematic diagram of t
Fig. 2. Schematic diagram of the transparent PEMFC.

.2. Set-up

The experimental set-up is illustrated in Fig. 3. Hydrogen
as supplied to the cell from a high purity (99.9%) dry hydro-
en cylinder. The reactant air was humidified before entering
he cell by a humidifier unit which consists of a series of atom-
sers (Norgren LO7-200-MPQG) capable of humidifying dry
ir from 30% RH to higher humidity values of 50–100% RH.

he reactants air and hydrogen were regulated by the mass
ow controllers CT Platon (0.05–0.75 L m−1) for hydrogen and
onCons (0.2–5 L m−1) for air. The pressure of the inlet/outlet
eactant gases was measured in close proximity to the cell using

he Experimental Set-up.
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Table 1
Operating conditions of the performed experiments

Experiment no. Inlet flow rate (mL m−1) Air inlet humidity RH (%) Reactants inlet pressure (psi) External load (�) Cell temperature (◦C)

Air H2

Exp. l 12.1 25 20 Ambient 1.3 25

Exp. 2 4.86 25 75 Ambient 1.3 25

Exp. 3a 4.86 25 20 Ambient 1.3 25
Exp. 3b 12.1
Exp. 3c 24.3
Exp. 3d 219

Exp. 4a 4.86 25 75 Ambient 1.3 25
Exp. 4b 12.1
Exp. 4c 73
Exp. 4d 219

Exp. 5a 24 25 20 Ambient 0.6 25
Exp. 5b 1.2
Exp. 5c

Exp. 6 12.1 25 20

Fig. 4. Fuel cell polarization curve under the tested ambient operating condi-
tions.
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Fig. 5. Surface visualisation at the bend are
10

Ambient 0.6 25

tiko pressure indicators. At the output, a Clarke Air condenser
as installed in order to collect the liquid water preventing

he outlet flowmeters from fluctuating through flooding. The
umidity and temperature of the air inlet and outlet was mea-
ured using built-in k-type sensors (Honeywell HIH-3610 and
EL-700 series). The data was transferred into Workstation 1
ia a data acquisition system (National Instrument PCI-6225),
nd processed using the compatible Labview 7 software. The
uel cell current was measured using a Black Star 3225 multi-
eter device. The external load used in these tests was simply a

eries of electric resistors, which were manually placed across
he cell. A CCD digital camera (Sensi-Cam) was used to record
ll droplet images on the surface with a delay time of 100 ns
o 10 ms; the obtained images were then processed in Worksta-
ion 2.

.3. Operating conditions
Six experiments were carried out in this investigation. The
perating conditions of these tests are listed in Table 1. The cell
emperature maintained at ambient conditions (25 ◦C), which

a of the flow channels (Experiment1).
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epresented the temperature of the cell during testing. Experi-
ents 1 and 2 were performed to analyze droplet formation and
ooding phenomena under dry (20% RH) and humidified (75%
H) air inlet conditions, respectively. Experiments 3–5 exam-
ned the effect of airflow and external load while Experiment 6
stimated the droplets critical detachment force from the surface.
etween each of these experiments, dry air was blown inside the
ell through the flow pipes for about 10 min to remove any water

fl
d
r
c

Fig. 6. Experiment 1: droplet formation durin
er Sources 173 (2007) 137–148 141

eft over and allow reproducible initial conditions to be obtained.
he fuel cell was operated with dry hydrogen gas at a constant
oltage of 520 mV using a fixed external load. Flow visualisation
as focused at the bend and at the central location of the middle

ow channels of the cell, as illustrated in Fig. 2. The presented
roplet images and related conclusions have been confirmed by
epeating the experiments a few times under identical operating
onditions.

g early fuel cell operation (0–50 min).
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. Results and discussion

.1. Polarization curve
Fig. 4 shows a typical polarisation curve under the ambient
perating conditions used in the tests described below. The per-
ormance of the cell was, unfortunately, lower than a typical
perating fuel cell in order to allow improved droplet observa-

w
m

Fig. 7. Experiment 1: droplet formation durin
er Sources 173 (2007) 137–148

ion on the surface; this is due to the fact that lower current slows
own the droplet formation rate.

.2. Droplet formation on the surface
The images captured by the CCD camera show that liquid
ater starts to accumulate first in the middle flow channels. This
eans that flooding may happen first in that particular region

g later fuel cell operation (55–130 min).



f Power Sources 173 (2007) 137–148 143

w
a
a
l
fl
d
o

i
f
b
t
l
s
d
(
t
t
(
l
r

n
w
t
l
t
o
d
n
i
i
i

o
b
i
d
p
t
3
m

F

o
a
w
t

f
s
d
I
2
a
t
c
T
d
I
d
t
d
d
2
l

T. Ous, C. Arcoumanis / Journal o

hich can be attributed to the airflow in the channels. Since the
ir velocity in the middle channels is slower than at the inlets
nd outlet, the airflow is expected to be less capable of removing
iquid water from the surface. The highest air velocities in the
ow channels are at the bend areas. As shown in Fig. 5, no
roplets were evident at the channel bends during the entire
perational period (130 min).

Figs. 6 and 7 show a sequence of droplet images forming
n the middle channels with an interval of 5 min between each
rame. It can be observed from these images that the first droplet
ecomes visible after 25 min from the start of operation, which is
he time required for water to permeate through the gas diffusion
ayer and to appear on the surface. At 30 min, two new droplets
tart growing while more new droplets appear on the surface. The
roplet developed at the sidewall of the channel, land-touching
droplet 2), grows faster than those exhibiting no contact with
he wall. This land-touching droplet 2 continues to grow until
he 85th min where it coalescences with a neighbouring droplet
droplet 1) forming a new, larger droplet. Further water accumu-
ation continues in the period between 85 and 130 min and, as a
esult, the flow channels become increasingly filled with water.

The water droplets appear on the surface in different sizes and
ucleate at certain locations. The average diameter of droplets
ith no contact with the sidewall, the so-called non land-

ouching droplets, ranges from 0.1 to 0.6 mm. Their size is much
arger than the size of the pores within the GDL due to the con-
inuous feeding of water from the GDL and the coalescence
f neighbouring droplets on the surface. It has been observed
uring testing that this increase in droplet size happens instanta-
eously rather than gradually. The diameter of droplet 1, shown
n Fig. 6, increases from 0.2 to 0.26 mm in less than 0.1 s. But
ts size stays the same for the next 5 min until the droplet starts
ncreasing again in a similar fashion.

The formation rate of droplet 1 has been estimated under the
perating conditions of Experiment 1. The change of droplet’s
oundary, before the coalescence with a neighbouring droplet,
s measured from the centre of the droplet. The results show that
roplet 1 has grown by around 0.07 mm (23% of its size) in the

eriod between 40 and 60 min, which gives an average forma-
ion rate of 3.5 �m min−1. A similar estimate for droplets 2 and

in Fig. 8, which were randomly selected, resulted in a for-
ation rate of 8 �m min−1 and 2.6 �m min−1, respectively. The

3

i

Fig. 8. Droplet formation between 4
ig. 9. Experiment 1: fuel cell current during droplet formation on the surface.

bserved difference in the droplet formation rates is probably
ttributed to the heterogeneous internal structure of the GDL,
hich affects the surface tension distribution on the surface of

he membrane.
Measurement of the cell current was made during the droplet

ormation process on the surface with an interval of 5 min. Fig. 9
hows the variation in cell current with respect to droplet size, for
roplet 1 in Fig. 6, over the entire operational period (130 min).
t can be seen from Fig. 9 that the cell produces a current of
18.5 mA before any droplet appears on the surface; droplet 1
ppears with an initial diameter of 0.2 mm. The cell current at
his instant stays at the same level of 218.5 mA and remains
onstant until the droplet reaches a size of 0.3 mm in 40 min.
he current value then reduces slightly to 217.7 mA while the
roplet is still growing to reach its maximum size of 0.38 mm.
n the 60 min frame, the droplet starts to get smaller in size. The
roplet at this instant has probably been pushed into the GDL by
he airflow as a result of its increased cross-sectional area in the
irection of the airflow. The shrinking process continues until the
roplet combines in the 80 min frame with land-touching droplet
. By the end of the testing after 130 min, more water accumu-
ates in the channels causing the cell current to drop to 213.8 mA.
.3. Complete flooding

The continuing accumulation of water results, at later stages,
nto complete occupation of the channel where water blocks

0 and 60 min (Experiment 1).
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on the surface as it carries away more water. However, the more
air enters the cell, the more the mass of reactant air that is avail-
able to participate in the electrochemical reaction of the cell and,
hence, the greater the production of water and current. The fact is
Fig. 10. Experiment 2: liquid

he airflow. Fig. 10 shows the case where liquid water com-
letely fills the area of visualisation of the channel. The two
and-touching droplets in each side, droplet 1 and droplet 2,
row further during the period between 65 and 75 min, closing
he gap between each other. In the 80-min frame, they combine
orming a larger liquid volume with two concave edges, which
oon expand along the channel.

.4. Water accumulation at various operating conditions

The timing of appearance of the first droplet on the surface
as compared for various airflow and external load conditions.
he aim of this test was to identify the key parameters that influ-
nce most water accumulation in the channel. From these mea-
urements, an effective technique to prevent flooding of channels
ould be developed. In Experiment 3, four different airflow
cenarios have been examined under a constant load of 1.3 �.
ig. 11 shows the time of droplet appearance on the surface ver-

us inlet airflow rate for these four cases. It can be seen from
he figure that the droplet appears on the surface 7 min earlier as
he airflow increases from 4.86 to 24.3 mL m−1. When the flow
eaches 219 mL m−1 as in case d, no droplet was formed. It can

F
(

kage of the airflow channel.

e argued that a higher airflow delays the formation of droplets
ig. 11. Droplet appearing time on the surface at different dry airflow rates
Experiment 3).
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Fig. 14. Effect of humidified airflow rate on fuel cell current (Experiment 4).

F
(

Another difference between the results of Experiments 3
Fig. 12. Effect of dry airflow rate on fuel cell current (Experiment 3).

hat this holds true only for low and intermediate airflow rates.
nce the airflow reaches a certain dehydration value, the air
ries out the surface completely. This can be clearly seen from
he value of the cell current at 219 mL m−1 airflow. As shown in
ig. 12, the current seems to be proportional to the inlet airflow.
owever, when the flow reaches 219 mL m−1, there is a signif-

cant decline in current to 109 mA. It is expected that the high
irflow caused a partial dehydration to the membrane, which
eads to reduced conductivity and, hence, lower cell current.

Experiment 4 examines the effect of airflow but this time,
nder humidified inlet airflow conditions. The results of this test
re presented in Figs. 13 and 14. The droplet at the lower oper-
ting airflow appears earlier than at the high airflow conditions.
roplets were observed 19 min later when the airflow increased

rom 4.86 to 73 mL m−1. The difference in these results from
hose of Fig. 11 is due to the humidity of the air, which acceler-
tes water accumulation on the surface, making it harder for the
ow airflow to remove the water there. Again droplets were not
bserved on the surface at the higher airflow of 219 mL m−1.

his result implies, together with those of Fig. 11, that at high
irflow conditions inlet air humidity has no significant effect on
he water formation at the surface and that high flow rates are
apable in preventing the occurrence of flooding.

ig. 13. Droplet appearing time on the surface at different humidified airflow
ates (Experiment 4).

a
r
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F
8

ig. 15. Effect of the external load on droplet appearing time on the surface
Experiment 5).
nd 4 was identified. Fig. 14 shows that at the higher airflow
ate of 219 mL m−1, the cell current stays at the same value of
05 mA which implies that the amount of water in the inlet air

ig. 16. Water occupation in the observed channel area vs. cell current after
0 min of operation (Experiment 5).
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tream was probably enough to maintain the fuel cell membrane
ydrated.

Experiment 5 examines the effect of the external load on the
roplet appearance time on the surface. Three different loads

0.6–1.2–10 �) were used in these tests and the results are shown
n Fig. 15. It can be clearly seen that higher loads delay the
roplet formation on the surface. The droplet formed when using
10 � load was observed 43 min later than for the 0.6 � load.

t
g
g
t

Fig. 17. Droplet behaviour on the surface at
er Sources 173 (2007) 137–148

his result was expected since more current is produced from
small external load. The percentage of water occupying the

bservation area of the channels after 80 min of operation is
hown in Fig. 16 under the three load conditions. Water produc-

ion seems to be proportional to the cell current. However, the
radient becomes smaller at high current values. This change in
radient implies that water has filled some of the pores within
he GDL, thus limiting the access of the reactant air. According

different airflow rates (Experiment 6).
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ig. 18. Image of droplet detachment from the GDL surface by the airflow [27].

o Fig. 16, the percentage of water in the observation channel
as increased by 57 times as the load reduces from 10 to 0.6 �.

.5. Droplet detachment

Droplet detachment from the surface of the GDL by the
ncoming airflow stream has not been observed during the oper-
tion of the fuel cell under the examined operating conditions.
he operating airflow was either too high preventing the forma-

ion of droplets or not high enough to detach them once formed.
he only way for detachment to take place is to let the droplets
row on the surface first and then gradually increase the airflow
ntil they are completely detached. The images in Fig. 17 show
he behaviour of the droplets on the surface against the applied
irflow; droplet 1 (0.61 mm) and droplet 2 (0.42 mm) have not
een affected by an airflow of 1.14 L m−1. At the higher flow
ate of 1.16 L m−1, droplet 1 starts to wobble while droplet 2 is
till resistant to the flow. Droplet 1 combines with droplet 3 at
.45 L m−1 due to its wobbling in the direction of the airflow.
he shape of droplet 1 at that moment is slightly deformed. The
ffect of the flow on droplet 2 starts at 1.71 L m−1. The wob-

ling of droplet 1 continues while the flow gradually increases.
he three droplets within the visualisation window collide with
ach other at the 2 L m−1 flow rate. Droplet 1 becomes more
eformed at 2.57 L m−1 but at 2.68 L m−1 it struggles to main-

ig. 19. Air velocity detachment for different droplet sizes (Experiment 6).
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ain its contact with the surface whereas droplet 2 continues to
obble. At 2.79 L m−1, an interesting case was observed where
liquid column was developed keeping droplet 1 attached to the

urface. This phenomenon displays the final shape for the droplet
efore total detachment from the surface, as observed in Fig. 18
27]. Finally at 2.81 L m−1, droplet 1 detaches completely from
he surface.

Fig. 19 shows the air velocity which cause different droplet
izes to detach from the GDL surface. The results confirm that
maller droplets have higher resistance and/or exhibit higher
urface tension, thus maintaining better contact with the surface
han larger droplets.

. Conclusions

A transparent proton exchange membrane fuel cell was used
o visualise the water droplet formation during its operation.
mages of droplets developing on the surface of the gas diffusion
ayer were recorded which show that water accumulates first in
he middle flow channels and that no accumulation takes place at
he bend areas. Two types of droplet have been identified during
isualisation: land-touching and non land-touching droplets; the
ormer appear to be larger in size and to grow relatively faster
han the latter. The growth in size of the land-touching droplets
as gradual whereas for the non-touching droplets it was instan-

aneous. The formation rate of these droplets was measured and
ound to be different depending on their location in the chan-
el. It has also been observed that the overlapping between two
and-touching droplets, on each side of the channel, can cause
omplete blockage to the airflow. Measurement of the fuel cell
urrent during water production showed that the current grad-
ally declines as more water fills the channels but this has no
ffect on the droplet formation on the surface. The shrinking of
he droplet seems to be due to its increased cross-sectional area
n the direction of the airflow, which may push the droplet back
nto the GDL.

Droplet formation on the surface has been examined under
arious operating conditions. The results show that, under dry air
onditions, droplets start forming earlier in the case of a higher
irflow. This increase in the molar mass of reactant air improves
he electrochemical reaction of the cell and produces more water.
he results, however, were different when humid air was used.
his time the droplets appear first on the surface at a lower air-
ow rate. The accumulated water on the surface, as accelerated
y the humid air, is hardly removed by the lower airflow rate.
owever, operating at a very high airflow rate under any of these

onditions prevents droplet formation on the surface. The fuel
ell current becomes more susceptible to the higher flow rate
f the reactant air is dry. The measurements show a substantial
ecrease in the current value once the fuel cell operates under
igh airflow rate and dry air conditions. This drop is the result
f partial dehydration of the membrane, which reduces its ionic
onductivity.
The effect of external load on droplet formation at the surface
as quite prominent. Droplets were observed on the surface later
hen the load across the cell was increased. Droplet detachment

rom the surface through increased airflow was investigated for
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ifferent droplet sizes. The results confirm that smaller droplets
aintain better their contact with the surface than larger droplets,

xhibiting higher adhesion force with the surface. The air veloc-
ty, which causes droplets to detach from the surface is inversely
roportional to droplet size.
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