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Abstract

The water flooding and two-phase flow of reactants and products in cathode flow channels (0.8 mm in width, 1.0 mm in depth) were studied
by means of transparent proton exchange membrane fuel cells. Three transparent proton exchange membrane fuel cells with different flow
fields including parallel flow field, interdigitated flow field and cascade flow field were used. The effects of flow field, cell temperature, cathode
gas flow rate and operation time on water build-up and cell performance were studied, respectively. Experimental results indicate that the
liquid water columns accumulating in the cathode flow channels can reduce the effective electrochemical reaction area; it makes mass transfer
limitation resulting in the cell performance loss. The water in flow channels at high temperature is much less than that at low temperature.
When the water flooding appears, increasing cathode flow rate can remove excess water and lead to good cell performance. The water and gas
transfer can be enhanced and the water removal is easier in the interdigitated channels and cascade channels than in the parallel channels. The
cell performances of the fuel cells that installed interdigitated flow field or cascade flow field are better than that installed with parallel flow
field. The images of liquid water in the cathode channels at different operating time were recorded. The evolution of liquid water removing
out of channels was also recorded by high-speed video.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have
reached the stage of being in the forefront among the dif-
ferent types of fuel cells. PEMFCs have many advantages
such as using solid polymer electrolytes, low operating tem-
peratures, cold start-up, high-energy efficiency and power
density [1-3]. PEMFCs not only have been used for space,
military, distributed power stations, but also were developed
for electric vehicles and mobile devices [4,5].
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More and more researchers have recognized that there are
many thermophysical issues in the fields of PEMFCs [6].
Problems of mass transfer in PEMFCs are key issue to the cell
performance. They include: (i) water flooding: liquid water
entrapped inside the electrodes or flow channels interrupts the
flux of reactant/product gases; (ii) depletion of gas: the oxi-
dant and fuel transport along the flow channels and penetrate
through gas diffusion layer to electrochemical sites [7]. Con-
centration polarization occurs when the chemical reaction is
limited by the rate at which reactants can be supplied. In the
region of concentration polarization, losses due to mass trans-
port limitations are dominant. This lack of reactants slows
down the electrochemical reaction, resulting in a lower cell
potential.
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Water and thermal management is essential for the proper
operation of PEMFCs [8]. The polymer membrane in the
PEMFCs must be in a hydrated state to facilitate proton trans-
port. If there is not enough water, the membrane becomes
dehydrated and its resistance to proton conduction increases
sharply. On the other hand, if too much water is present,
flooding may occur, and the pores of the gas diffuser may
be filled by liquid water, which will block the transport of
reactants to the reaction sites. Indeed, water flooding often
acts as the main cause of serious performance drop at high
current densities [9].

In PEMFCs, the water distribution in the membrane is
determined by two main mechanisms: electro-osmotic drag
and diffusion [10]. Otherwise, the water is discharged elec-
trochemically in the cathode. In practice, there is much more
water resulting in flooding in the cathode than in the anode,
especially at high current density and low temperature condi-
tions. If the generated water is not removed from the electrode
and flow channels at a sufficient rate, flooding appears and the
transport of reactants is hindered [11]. Studies on the water
transfer and water management have been widely published.
Several modeling studies have been published in order to pre-
dict PEMFCs performance at given flooding levels [9,12-15].
During fuel cell operation, water may be supplied by humidi-
fied reactants or by direct liquid hydration [11,16-20]. Some
new methods of preparing self-humidifying polymer elec-
trolyte membranes, in which the catalysts were embedded,
can also hydrate the polymer electrolyte membrane by the
water generated from the electrochemical reactions [21-24].
But those studies did not present the images and patterns of
liquid water in PEMFCs. In order to enhance the cell perfor-
mance, the visualization of water distribution and multi-phase
flow in the flow channels must be studied, which can help for
optimizing operating conditions and flow field design to avoid
flooding in PEMFCs.

Lu et al. [25] presented the visualization of bubble flow in
the anode and water flooding in the cathode of a 5 cm? trans-
parent DMFC with the flow field consisted of eight parallel
flow channels (1.92mm in width, 1.5 mm in depth). They
studied the effects of backing pore structure and wettabil-
ity on cell polarization characteristics and two-phase flow
dynamics based on two different membrane electrode assem-
blies (MEAs). The water droplets, which appeared upon the
gas diffusion layer (GDL) surface of the two different MEAs,
were presented and the effect of the hydrophobicity of the
GDL on the liquid droplets was examined. Tiibe et al. [26]
researched the visualization of liquid water in PEMFCs. A
transparent PEMFC with two parallel air channels (1.5 mm
in width, 1 mm in depth and 50 mm in length) was used in
their studies. They only presented the images of the effect
of operating time on water flooding and cell performance at
a constant voltage operation mode, but discussed the effects
of the air stoichiometry, temperature, air humidity and dif-
ferent characteristics of diffusion layers. The influence of
hydrophobic and hydrophilic diffusion layers compared to
standard carbon papers on water transport was investigated.

Hackenjos et al. [27] designed a PEMFC for the combined
measurement of current distribution at anode flow field and
temperature distribution and flow field flooding at cathode
flow field. The cathode flow field was a single channel mean-
der with 1 mm channel width and 1 mm wide ribs in between.
They showed the photos and investigated the relationship
between the current and temperature distribution and flow
field flooding at air flow rates of 250 sccm, 500 sccm and
750 scem.

In this paper, the visualization of liquid water in three
transparent PEMFCs with different types of cathode flow
beds was shown. The water build-up and water flooding in
multi-channels were studied experimentally. The effects of
cell temperatures, cathode gas flow rates, and operating time
on the water flooding and cell performance were examined.
The water flooding and two-phase flow of reactants and prod-
ucts in cathode flow fields were recorded.

2. Experimental
2.1. Transparent PEMFCs

Membrane electrode assemblies made by Fuyuan Century
Fuel Cell Power Co. Ltd. were used. The MEA was composed
of Nafion 1135 membrane that was sandwiched between two
carbon papers. Both the anode and the cathode were loaded
with Platinum of 0.4 mg cm~2. The active area was 5 cm?.

In order to investigate the liquid water and water flood-
ing inside PEMFCs, three transparent PEMFCs were used
in our research. Fig. 1 shows the schematics of the cathode
side of the three transparent PEMFCs and the diagrams of
the gas flow passages. The stainless steel plate was used as
the cathode flow field and current collector. Plexiglass was
the transparent material outside the cathode flow field. The
thickness of the stainless steel was 1 mm and there were nine
slots of 0.8 mm width in it. Therefore, when the stainless steel
was installed between the transparent plexiglass and MEA,
the flow channels (0.8 mm in width, 1 mm in depth) were
formed. A different designation of slots made the flow chan-
nels difference. In this study, we used three types of flow
channels (shown in Fig. 1). Teflon coated glass fiber clothes
with the matching slots were sandwiched between the flow
field and the plexiglass as the sealing strip. Two main channels
as the manifolds, flow in and flow out, in the transparent plex-
iglass connected the channels of the fuel cell flow field and
the pipelines of the experimental system. In the anode side,
graphite was used as the anode flow field material. Another
two stainless steel plates were used for clamping. A win-
dow was set up in the cathode clamping plate so that we
were able to unobstructively observe the water build-up and
flooding inside the PEMFC. An electrical heating rod was
inserted into the anode steel plate to heat the fuel cell. A
unit temperature controller including electromagnetic relay
and temperature sensor (PT100) was used to control the cell
temperatures.
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Fig. 1. Schematics and diagrams of the cathode side of transparent PEMFCs.
(a) Parallel flow field, (b) interdigitated flow field and (c) cascade flow field.

2.2. Experimental set-up

Fig. 2 shows the experimental set-up. The experimental
set-up consists of: (i) a fuel and oxidant reactant supply sys-
tem; (ii) a cell performances test system; (iii) a high-speed
video and digital camera recording system; (iv) a data col-
lector and analysis system.

Pure hydrogen and oxygen were used as fuel and oxidant
reactant, respectively. The gases to the fuel cells were not
humidified; so all the water we observed in the flow chan-
nels of the transparent fuel cells was generated only from
the electrochemical reaction. Gas flow rates were quantified
by mass flow controllers (MFCs, Type SY 9312B-EX) with
a precision of 0.5%. Gas pressures and pressure differences
between the inlet and the outlet of the cathode were pro-
vided by pressure sensors (Type WQSBP) with a precision
of 0.1% and pressure difference sensors (Type 1151DP) with
a precision of 0.1%, respectively. A nitrogen purge system

made sure to clean out the fuel and oxidant reactant left in
the test system pipelines and fuel cells. An electronic load
(Arbin FCTS LNR) was applied in the external circuit of
the tested fuel cell. The flow patterns and images of water
flooding in the cathode flow channels were recorded by the
high-speed video (PHOTRON, FASTCAM 10K) and digital
camera (Sony, DSC-F505V), respectively. The images in the
video recorder were converted to computer pictures with the
aid of a SCSI card and Readcam software.

3. Results and discussion
3.1. Water flooding in cathode channels

The water flooding in the transparent PEMFCs with three
different types of flow channels are shown in Figs. 3-5.
In this experiment, the oxygen flow rate was quantified
at 30mlmin~! and hydrogen flow rate was quantified at
50 ml min~!. The fuel cells operated at a temperature of 25 °C
and an ambient pressure. The photos were taken after the fuel
cells had operated at a constant current of 2 A (0.4 A cm~2)
for 5 min. During operation, water droplets were appearing
(condensing) in the cathode flow channels. The fact that water
occurs near the outlet of the cathode channels is attributed to
the resulting oxygen flow conditions. Because of the elec-
trochemical reaction, the oxygen volume is decreasing along
the channels. So at the end of the channels (outlet), the oxy-
gen volume flow is much lower than that in the channels and
the gas can hardly remove the condensation of liquid water.
It shows that in PEMFCs, water produced by electrochemi-
cal reaction as waste can penetrate through the gas diffusion
layer into the channels. When the water that is removed out
of the channels is less than the water that is removed from
the reaction sites, flooding may occur. As the result, cell per-
formance decreases dramatically because the liquid phase
boundary reduces the space of channels and occupies the path
of the gas to the reaction sites. Generally, the effective area
of electrochemical reaction is reduced and the mass transfer
is limited because of the water columns.

It can be seen that the flooding appears downstream in the
flow channels of the three flow fields, but the flooding pat-
terns are different in different flow channels. In the parallel
channels, all the liquid water accumulated and then formed
water columns. But in the interdigitated channels, many water
droplets condensed on the inner surface of the plexiglass and
the water columns were much shorter than that in the par-
allel channels. In the cascade channels, the water columns
also were found but the water was less than that in the par-
allel channels. There was also an obvious difference in the
manifold (main channel). There was a lot of water in the
manifolds (main channels) of the interdigitated field and the
cascade field, but the manifold (main channel) of the parallel
field was water free. The water that came from the electro-
chemical reaction accumulated in the parallel channels but
was removed out of the interdigitated channels and cascade
channels. The water in the manifolds (main channels) of the
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Fig. 2. Experimental set-up. (1) Hydrogen tank; (2) hydrogen regulator; (3) nitrogen tank; (4) oxygen regulator; (5) oxygen tank; (6) oxygen filter; (7) oxygen
flow controller; (8) oxygen flowmeter; (9) oxygen one-way valve; (10) electronic load; (11) oxygen heating tape; (12) oxygen pressure transmitter; (13)
oxygen pressure difference transmitter; (14) oxygen back pressure regulator; (15) oxygen condensing tank; (16) transparent fuel cell; (17 and 19) cold light
source; (18) recording system; (20) hydrogen condensing tank; (21) hydrogen back pressure regulator; (22) hydrogen pressure transmitter; (23) hydrogen
pressure difference transmitter; (24) hydrogen heat tape; (25) data recording system; (26) hydrogen one-way valve; (27) hydrogen flowmeter; (28) hydrogen

flow controller; (29) hydrogen filter.

interdigitated field and the cascade field was the water that
was removed by the cathode gas flow. The cathode gas flow is
forced to go through the gas diffusion layer (Fig. 1) and reach
the electrochemical reaction sites in the interdigitated chan-
nels and the cascade channels. When the gas goes through
the gas diffusion layer, the water stays in the pores of the gas
diffusion layer may be removed. So, the water and gas trans-
fer can be enhanced in interdigitated channels and cascade
channels, and the water removal is easier in interdigitated

‘Water droplets

Phase boundary

A 4

Enlargement of the flow channels

Fig. 3. Water flooding in parallel flow field.

channels and cascade channels than in parallel channels. As
the result, the cell performances of the fuel cells that installed
interdigitated flow field and cascade flow field are better than
that installed with parallel flow field (Fig. 6).

3.2. Effect of temperature

Whether the water is liquid or vapor in fuel cells flow chan-
nels depends on the temperature and pressure. At a constant

Water droplets ~ Phase boundary
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Fig. 4. Water flooding in interdigitated flow field.
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Fig. 5. Water flooding in cascade flow field.

pressure condition, a higher temperature can enhance vapor-
ization. Vapor removal is easier than liquid water removal
in such small flow channels because of the strong surface
tension. Figs. 7-9 show the effect of cell temperature on
the condensation of water in transparent PEMFCs. The fuel
cells operated at the condition of atmosphere pressure, oxy-
gen flow rate of 30mlmin~! and hydrogen flow rate of
50 ml min~—!, and the constant current of 2 A (0.4 A cm™2).
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Fig. 6. Cell performances with different flow fields.
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Fig. 7. Effect of cell temperature on cathode water build-up in parallel chan-
nels.

It is clear that the liquid water in flow channels at low tem-
perature was much more than that at high temperature. When
fuel cells operated at low temperatures, e.g. 25 °C, there was
great volume of liquid water in the cathode flow channels.
The water columns are the condensed water accumulating in
the flow channels. The water columns not only can reduce
the channels volume and effective electrochemical reaction
areas, but also can obstruct mass transport. At this operat-
ing condition, the cell performance would be low because
the flow channels were filled with the liquid water. With the
increasing of the cell temperature, the water columns in the
flow channels decreased because the vapor condensation rate
at high temperature is much slower than that at low tempera-
ture. A lot of water vapor was removed out of the flow chan-
nels before condensation. So, at a higher temperature, e.g.
75 °C, the water columns disappeared and only a little liquid
water with form of droplets was found in the flow channels.

The figures also show that at the same temperature con-
dition, the images and patterns of water in the flow channels
are different because of different flow fields. There were a lot
of water droplets in the interdigitated channels and cascade
channels but water columns in the parallel channels. The cath-
ode gas flow passages are different (shown in Fig. 1) and their
capacities for water removal are different. In the interdigitated
channels and cascade channels, not enough water droplets
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Fig. 8. Effect of cell temperature on cathode water build-up in interdigitated
channels.

got together to form water columns. Enhancing mass trans-
fer can help remove liquid water, so the accumulated water
in the interdigitated channels and cascade channels was less
than that in parallel channels at the same temperature.

In order to increase the activity of the catalyst, PEMFCs
operate at temperatures of 70-80 °C. The cell temperature
may affect the cell performance not only because it impacts
on the activity of the catalyst but also because it is a key issue
related to mass transfer. The photos display that at low tem-
perature, too much condensation of liquid water in the flow
channels hinders mass transfer because the water occupies the
path of the reactant gas to the electrochemical sites. So, PEM-
FCs performance is low at low temperature due to the mass
transfer limitation, which accompanies the low activation of
the catalyst. By increasing the cell temperature, the condensa-
tion of liquid water in the cathode channels is decreased, and
the mass transfer may be improved. But the cell temperature
should not be too high. In Figs. 7-9, the condensation of liquid
water was extremely little at the cell temperature of 75 °C. Itis
surmised that if the cell temperature had been elevated much
higher, the water vapor could easily have been removed out
of the flow channels without condensation, and there would
not have been any liquid water in the fuel cells. But this is

Water droplets  Phase boundary

Water droplets

Water

column

25°C
Water droplets

Water droplets

55°C
Water droplets Water droplets

Fig. 9. Effect of cell temperature on cathode water build-up in cascade chan-
nels.

also a bad condition because there would not be enough water
in the polymer membrane to facilitate proton transport. The
membrane would become dry and its resistance to proton con-
duction will increase sharply and cell performance decrease
dramatically. So PEMFCs must operate within a moderate
temperature range. Otherwise, water management problems
such as water flooding or membrane dehydration can happen,
either of which can lead to cell performance drop. Therefore,
water management is important to the fuel cell performance,
which is related to the thermal management.

3.3. Effect of oxygen flow rate

The cathode gas flow rate can contribute to water removal.
It has been reported in other papers that in PEMFCs, in order
to reduce the concentration losses resulting from water flood-
ing, the stoichiometric ratio must be at least 2 [9,28,29]. But
if the cathode reactant is fully humidified, the stoichiometric
ratio of the reactant has to be supplied at more than 43 to avoid
liquid water [12]. Figs. 10-12 show the photos of condensa-
tion of liquid water in the cathode flow channels at different
oxygen flow rates. These photos were taken at current of
2 A (0.4 Acm™2) after the fuel cells had operated for 5 min
at the air pressure and cell temperature of 25 °C. The oxy-
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Fig. 10. Effect of oxygen flow rate on cathode water build-up in parallel
channels.

gen flow rates were 15 ml min~!, 30 ml min—!, 150 ml min~!
and 300 mI min~!, and accordingly, the stoichiometric ratios
were 2.14, 4.29, 21.4 and 42.9, respectively. In those cases,
the oxygen was not humidified. When the oxygen flow rate
was less than 30 ml min~1, it was too low to remove the water
coming from the electrochemical sites of the fuel cells. There-
fore, the water flooding in the flow channels was serious. So,
during fuel cells operation, a sufficient cathode gas flow rate
must be supplied to remove the excess liquid water out of the
fuel cells. If the water removal with the oxygen is much less
than that coming from the electrochemical sites, there will be
flooding in the cathode flow channels.

The curves of cell voltage—operation time (Fig. 13) illus-
trate that the cell performance decreased continuously until
the flow rate was increased. At every beginning of increas-
ing the cathode gas flow rate, the cell performance increased
sharply in a short time because of the sudden oxygen flow rate
change. The curves also reveal that at the condition of oxygen
flow rate less than 150 ml min~!, increasing the oxygen flow
rate can increase cell performance. When the oxygen flow
rate was increased to 150 ml min~!, the fuel cells operated at
constant voltage. Fig. 13 implies that increasing the cathode
gas flow rate can lead to good cell performance because high
cathode gas flow rate can help the excess water removal out
of the cathode flow channels and reduce the flooding. From
the photos of 150 mlmin~! (Figs. 10-12), we can observe
that most of liquid water was removed by the oxygen. When
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Fig. 11. Effect of oxygen flow rate on cathode water build-up in interdigi-
tated channels.
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Fig. 12. Effect of oxygen flow rate on cathode water build-up in cascade
channels.
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Fig. 13. Cell performance at different cathode flow rates with different flow
channels. (a) Parallel flow channels; (b) interdigitated flow channels; (c)
cascade flow channels.

the oxygen flow rate was increased to 300 ml min~!, cell per-
formance fell sharply because much higher oxygen flow rate
removed too much water resulting in membrane dehydration.
The results implied that in this condition, an oxygen flow rate
of 150 ml min~! was appropriate to operate fuel cells.

It was found that at the low cathode gas flow rate, less
than 150 ml min~!, the water columns in the parallel channels
were much more than that in the interdigitated channels and

cascade channels (Figs. 10-12). The flooding areas in inter-
digitated channels and cascade channels were much smaller
than that in parallel channels. Because of enhanced mass
transfer, interdigitated flow fields and cascade flow fields can
remove more condensation of water than parallel flow fields
even at low cathode gas flow rate. As the result, the cell per-
formances of the fuel cells with interdigitated channels or
cascade channels are better than those with parallel channels
(Fig. 13).

The liquid water would not appear until the saturated vapor
pressure of water pg%o is higher than the partial pressure of
water in the oxygen pggo in this study. The maximum capac-
ity of water removal by the oxygen flow out of the channels
can be arrived when the saturated vapor pressure of water
pgzto is equal to the partial pressure of water in the oxygen

at the channels outlets pggoom.

H,0 H,0
Psat = pO%,out (D

The saturated vapor pressure of water in bar can be
expressed as a function of temperature (°C) [15]:

H,O _ 1072‘174+2.953x10’2T79‘1837x10’5T2+1.4454><10’3T3
Psat =

@

Assuming the produced water is vapor and the vapor is
ideal gas, the partial pressure of water at the channels outlets
is defined as:

H,0 do,, out P

_ ouP 3
Pos 0wt =+ 0.622 3

The do,, out is the water ratio contained in the outlets oxy-
gen. This ratio is defined as the ratio of mass of water, mH20

Oy, out?
and mass of oxygen, mo,, out, at the outlets.
H,0 H,0 H,O
mOz, out mprod + mOZ, in
do,, out = = )
mo,, out mao,, out

If the water transport in the membrane due to the electro-
osmotic drag and diffusion is ignored, the produced water

m;lr%)g can be expressed as follow [26]:
m0 — 934 % 1078 Fe (5)
prod : Ve

It is different from the study [26] that the cathode gas flow
is pure oxygen other than air, so the oxygen at the outlets is
quantified as:

P,
Mo, out = 8.29 x 1078(1 — 1)V—Z (6)

where P, is the electrical output power (W), V. the mean
voltage of each cell in a fuel cell stack (V) and A is the oxygen
stoichiometric ratio.

In our study, the pure oxygen was used without humidifi-
cation, so the water in the inlet oxygen can be ignored:

H,O __
mOz,in =0

(N
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The combination of Egs. (1)—~(7) can be solved analyti-
cally. Fig. 14 shows the results of the relationship between the
temperature (°C) and oxygen stoichiometric ratio (A) when
the oxygen flow is not humidified. If the fuel cells operate at
the conditions that the temperature and stoichiometric ratio
is under the critical line, the water vapor in cathode channels
would condense and the cathode would be flooded.

The curve in Fig. 14 predicts that if the fuel cells operate
at 25°C, the oxygen stoichiometric ratio need to be 31.68
to avoid water condensate. So in our study, when the oxy-
gen flow rate was supplied at 300 mlmin~! (stoichiometric
ratio 42.9), the membrane intended to be dehydrated. It is
important to note that the oxygen flow rate that the curve
predicts is higher than the experimental result at low temper-
ature, because the water diffusion from cathode to anode is
not calculated. There is much liquid water at low temperature
in cathode channels, so some water may transport from cath-
ode to anode due to the concentration difference of the water.
But the effect of diffusion can be ignored at high tempera-
ture, e.g. at 75°C, an oxygen stoichiometric ratio of more
than 3.98 (the experimental result is 4.29) has to be supplied
to avoid liquid water, these theoretical results are consistent
with experimental observations.

3.4. Effect of operation time

It has been observed that the water generation continues
under operating conditions regardless of temperature or oxy-
gen flow rate during fuel cells operation time. This finding is
based on the observation of water condensation in the flow
channels. Figs. 15-20 show the condensation evolution of lig-
uid water in the different transparent PEMFCs cathode flow
channels, and the change of cell voltage during all the oper-
ating time. During this progression, fuel cells were loaded at
a constant current of 2 A, a constant temperature of 25 °C,
atmospheric pressure conditions and constant oxygen flow
rate of 60 mlmin—!. Photo (a) was taken while the reactant
was supplied but the fuel cells operated at an open circuit
mode. The condensation of water could not be observed and
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Fig. 14. The oxygen stoichiometric ratio supplied to avoid condensation.
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Fig. 15. Effect of operation time on cathode water build-up in parallel chan-
nels.

the flow channels were water free. Photos (b—f) were taken
after the fuel cells were loaded at a constant current of 2A. The
images of liquid water in the parallel channels were recorded
at 1 min, 3 min, 5Smin, 10 min, 15 min and 30 min, respec-
tively (Figs. 15 and 16). But the images of liquid water in the
interdigitated channels and cascade channels were recorded
at 1 min, 3min, 5min, 15 min, 30 min and 45 min, respec-
tively (Figs. 17-20). Because the flow fields were different,
the liquid water appeared and the photos were taken at dif-
ferent times.
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Fig. 16. The cell performance with parallel channels during operation.
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Fig. 17. Effect of operation time on cathode water build-up in interdigitated
channels.

The photos imply that the water was penetrating through
the gas diffusion layer and reached the flow channels, so the
water was appearing on the inner surface of the plexiglass.
At the beginning, the current was not loaded, so no water was
produced. But after 3 min operation at a constant current of
2 A, fog was visible. It can be seen that the fog consisted of
very small water droplets condensed on the inner surface of
the plexiglass. Between 5 min and 15 min of operation, with
the fuel cells operating, the water droplets increased in size
and accumulated in the flow channels. Finally, water columns

1.1
10 @&

09

0.8 -
0.7 -

0.6 |-

Cell voltage (V)

0.5 |-

0.4

0.3

0.2 I 1 n 1 " 1 " 1 " 1 1 1
0 20 40 60 80 100

Time (min)

Fig. 18. The cell performance with interdigitated channels during operation.
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Fig. 19. Effect of operation time on cathode water build-up in cascade chan-
nels.
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Fig. 20. The cell performance with cascade channels during operation.
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appeared in the flow channels. As the result, more and more
of the channel volumes were occupied by the liquid water
condensate during fuel cells operating.

Fig. 16 shows that the cell performance of the transparent
fuel cell with parallel channels dropped gradually while the
water droplets increased in size before 15 min of operation.
And after 15 min operation, an obvious cell performance drop
can be observed. Photo (d) displays the flooding appeared at
this time because the liquid water columns were visible in
the flow channels. This result is same as the result of Lu
et al. [25] in a DMFC, but they did not observe the water
columns which filled the flow channels. And in Tiibe et al.

0.54s

[26] study, the cell performance decreased gradually before a
complete blockage of the channel by water, but an enormous
decline (collapse) of cell performance can be observed when
the produced water clogged the flow channel. They attributed
this enormous decline (collapse) to the water blockage. We
found that even with the water columns blockage, no such
sudden decline occurred, instead the decline occurred gradu-
ally. After 30 min of operation, the fuel cell operated at a new
balanced condition but the cell performance was lower than
that before the flooding appeared. Under the new balanced
condition, electrochemical reaction can only take place in the
reduced areas without flooding.

et

0.06s 0.12s

0.60s 0.66s

Fig. 21. The water removal out of the manifold of interdigitated flow field.
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Figs. 17-20 show that the obvious cell performance drop
of the transparent fuel cells with interdigitated channels
or cascade channels can be observed after 30 min opera-
tion. Because interdigitated channels and cascade channels
can enhance mass transfer, the water columns and flood-
ing formed later than in parallel channels. The flooding in
interdigitated channels and cascade channels was not serious
because the water columns were much smaller than those
in parallel channels. Therefore, the cell performances of fuel
cells with interdigitated channels or cascade channels are bet-
ter than those with parallel channels.

The fuel cell performance must decrease at the new bal-
anced condition after the water columns appear. The cell volt-
ages of fuel cells with different flow fields and the decreasing
rates were shown in Table 1. The decreasing rates were

X. Liu et al. / Journal of Power Sources 156 (2006) 267-280

Table 1
Voltage before and after flooding of different flow fields
Voltage before Voltage after Decreasing
flooding (V) flooding (V) rate (%)
Parallel flow field 0.396 0.289 27.0
Interdigitated flow 0.519 0.453 12.7
field
Cascade flow field 0.493 0.416 15.6

different because the flooding areas were different. The per-
formance of the fuel cell with parallel flow field after the water
flooding was 27.0% lower than that before the water flooding.
The decreasing rate with interdigitated flow field was 12.7%,
and with cascade flow field was 15.6%. The results indicated
that the water flooding made the great impact on cell per-

0.50s

Fig. 22. The water removal out of the manifold of cascade flow field.
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formance, because the liquid water made the mass transfer
limited. The voltage drop of the fuel cells with cascade flow
field or interdigetated flow field was less than the fuel cell
with parallel flow field because the water staying in the chan-
nels of interdigitated flow field and cascade flow field was
less than that in the parallel flow field channels.

3.5. Water removal

The evolution of liquid water removal out of the inter-
digitated channels and cascade channels was recorded by
high-speed video (Figs. 21 and 22). In the interdigitated
field, a lot of liquid water was removed out of the channels
by the oxygen but stayed in the manifold (main channels).
The water accumulated in the manifold (main channels) and
was removed by the oxygen. The bubbles were the cathode
oxygen that did not react and was discharged from the chan-
nels. Because the water column stayed in the manifold (main
channels) as a slug, the bubbles formed at the end of the
out-flow channels. With the growth of the bubble, the water
column was pushed towards the outlet. When the water col-
umn moved, other bubbles were formed, joined and increased
in size. In the end, all the bubbles amalgamated with each
other and became one big bubble, which pushed the water
column out of the manifold (main channels). It was the same
in the cascade field where the oxygen bubble pushed the water
column out of the manifold (main channels).

4. Conclusions

(1) The images of water droplets and flooding in cathode
flow channels were recorded by digital camera and high-
speed video. Water vapor condensed and accumulated
in the cathode channels. Water flooding may occur if
the produced water is not removed out of channels in
time. This can lead to mass transfer limitation because the
condensation of the liquid water stays in the channels and
occupies the path of the gas to the reaction sites. The cell
performance dropped gradually while the water droplets
increased in size, and an obvious cell performance drop
can be observed after the water columns appeared.

(2) The condensation of liquid water in the flow channels at
high temperature is much less than that at low tempera-
ture. At low temperature, there is a lot of liquid water in
the flow channels. The liquid water hinders mass trans-
fer. But at very high temperature, there is not enough
water to humidify the membrane. Excessive low or high
temperatures can lead to deterioration of fuel cells per-
formance.

(3) The cathode gas flow rate can contribute to water
removal. Increasing cathode flow rate can remove water
out of the cathode flow channels and lead to good cell
performance. In this study, the reactant was not humid-
ified. When the stoichiometric ratio of oxygen reached
42.9, the fuel cell performance decreased dramatically

because the membrane became too dry, and its conduc-
tivity to proton ions reduced.

(4) The interdigitated flow field and cascade flow field can
enhance mass transfer when the gas flow is forced to
pass through the gas diffusion layer to reach the reaction
sites. The water flooding areas in the interdigitated flow
channels and cascade flow channels are smaller than that
in the parallel flow channels. During the cell operation,
the water flooding appears in the interdigitated chan-
nels and cascade channels later than appears in parallel
channels.

(5) The evolution of water removal out of the manifold (main
channel) showed that the bubble flow took place in the
manifold (main channel) of interdigitated flow fields and
cascade flow fields. The water column stayed in the man-
ifold (main channel) and the oxygen discharged from the
flow channels formed the bubbles in the manifold (main
channel). The liquid water was pushed out of channels
by the cathode gas flow.

This study is helpful for optimizing operation conditions
and flow field design to avoid flooding in PEMFCs.
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