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Water flooding and flow dynamic characteristics in the flow field of a transparent proton

exchange membrane fuel cell (PEMFC) consisting of an optical window were studied

experimentally. In situ observations of the liquid water build-up and two-phase flow

patterns inside the flow field were made. The effects of cell temperature, cathode flow rate

and operating time on the flow patterns and cell performance were studied, respectively.

Experimental results indicate that the condensation of liquid water in the flow field

decreases with the increase of cell temperature. Increasing cell temperature to enhance cell

performance depends on two aspects: enhancing the electrochemical kinetics and activity

of the catalyst and reducing condensation of liquid water to improve mass transport.

Increasing oxygen flow rate can remove more liquid water out of the cathode flow field and

enhance cell performance. The distinguished flow patterns in low-Bo, low-Su environment

were observed. The different flow patterns of slug flow with a clear phase boundary, core-

annular flow and a transition flow pattern were found to depend on the oxygen flow rates

(cathode Reynolds number). Experimental results also show that the water generation

continues under operating conditions during the operation time. The water droplets

increased in size with operation time, and some water droplets were able to grow to a size

of 0.7–0.8 mm in diameter, comparable to the cross-sectional dimension of the flow

channels. Finally, the water droplets coalescence formed water columns in the flow

channels. Mass transfer limitation due to liquid water column clogging leads to poor

performance of PEMFCs.

& 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Proton exchange membrane fuel cell (PEMFC) is one of the

most promising candidates as zero emission power sources

for stationary and mobile applications [1–3]. The development

of PEMFC is, however, still hindered by several technological

problems. Over the past decade, significant research effort of

PEMFC has been focused on the electrochemical aspects of

PEMFCs to enhance the cell performance and reduce the cell
tional Association for Hy
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cost. These improvement and optimization include exploring

more active electro-catalysts, optimization membrane elec-

trode assembly (MEA) structures, modifying and searching for

alternative membrane materials and reduction of the catalyst

loading [4–7].

The overall behavior of PEMFCs can be described by the

performance curves, which reveal the dependence of cell

voltages on the operating current density. Such a character-

istic curve is a conclusion of the interplay among all the
drogen Energy. Published by Elsevier Ltd. All rights reserved.
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transport and electrochemical processes that take place

inside PEMFCs. Since the dominant mechanism for the

performance of a PEMFC may shift from one to another

regime, different types of behavior are observed at different

regimes of operating current densities. In PEMFCs, air or

oxygen as oxidant and hydrogen as fuel are supplied. At the

anode, hydrogen is consumed; while the electrons transport

to cathode via external circuit and the hydrogen ions

(protons) transport to the cathode through the polymer

electrolyte membrane. In particular, the hydrogen ions

(protons) transfer can be realized only when the membrane

is strongly hydrated.

The electrochemical reactions involved are [8]

H2 ! 2Hþ þ 2e� ðanodeÞ,

2Hþ þ 1
2O2 þ 2e� ! H2O ðcathodeÞ,

H2 þ
1
2O2 ! H2O ðoverallÞ.

The principle of the electrochemical reaction in PEMFCs

demonstrates that the hydrogen and oxygen react electro-

chemically with water producing electricity. Several coupled

fluid flow and mass transfer processes occur inside PEMFCs.

Water management that balances membrane humidification

with water flooding is critical to achieve high performance

and longevity of PEMFCs. At high current density and/or low

flow stoichiometry, PEMFC is prone to flooding. As pointed out

by Lu and Wang [9], a significant technical challenge in a

PEMFC is that the fuel cell is prone to excess liquid water

formation due to water production from oxygen reduction

reaction at the cathode. Some other studies [10–12] also

showed that the flow dynamic characteristics and transport

processes have a significant impact on water management

and mass transport limitations. Liquid water may fill the

pores of a gas-diffusion layer (GDL), then block the transport

of oxygen into a catalyst layer (CL) and may further cover the

catalyst sites. This is known as ‘‘GDL/CL flooding’’. If liquid

water accumulation becomes excessive in a PEMFC, the water

columns or water bands may form inside the flow channels,

thereby blocking or clogging the oxygen flow. This condition

is referred to as ‘‘flow field/channels flooding’’.

A two-phase transport phenomenon comes up with the

flow field/channels flooding occurrence. During a PEMFC

operation, the oxidant, air or oxygen, is supplied into the

cathode flow field and diffuses to the electrochemical

reaction sites by penetrating the GDL, while the reaction-

produced water transports backward through the GDL into

the cathode flow channels. If the water generated is not

removed from the cathode at a sufficient rate, a gas–liquid

two-phase flow comes up in the cathode flow field. The

gas–liquid two-phase flow in the cathode flow field of PEMFCs

is different from the conventional gas–liquid two-phase flow

in a channel. In the PEMFCs, gas fuel is fed into the inlet of the

flow field, while chemically produced water enters the flow

channel from the diffusion layer. If the gas channels are

clogged by liquid water and the transport of reactant gases to

the electrodes is hindered, substantially deteriorated cell

performance results and mass transport limitation due to

water flooding occurs. Thus, understanding liquid water

transport or distribution and flow dynamic characteristics in
a PEMFC is essential for the design and optimization of

PEMFCs.

The previous researches for modeling liquid water forma-

tion and transport in PEMFCs have long been recognized

[13–19]. But, experimental studies of liquid water transport in

PEMFCs have lagged behind until most recently, due possibly

to the experimental difficulty associated with the opacity of

PEMFC systems and the real-time capture to record the

characteristics of liquid water formation and transport in

PEMFCs. Visualization has the advantage of in situ observa-

tion to study the water flooding and fluid dynamics in the

flow field of PEMFCs; also, visualization results on the flow

field are essential to yield fundamental physics behind the

flooding occurrence.

Hakenjos et al. [20] designed a PEMFC for the combined

measurement of current distribution at the anode flow field,

and temperature distribution and flow field flooding at the

cathode flow field. The cathode flow field was a single

channel meander 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 distribu-

tion and flow field flooding at air flow rates of 250, 500 and

750 sccm. Tüber et al. [21] studied the visualization of liquid

water build-up in the cathode channels of a transparent

PEMFC operating at room temperature. They presented the

images of the effect of operating time on the water flooding

and cell performance in a constant voltage operation mode.

The effects of the air stoichiometry, temperature, air humid-

ity and different characteristics of diffusion layers were

discussed. The influence of hydrophobic and hydrophilic

diffusion layers compared to standard carbon papers on

water transport was investigated. Yang et al. [22] visually

studied the mechanics of the liquid water transport on a GDL

surface under automotive conditions, including emergence as

droplets at preferential locations, droplet coalescence, droplet

detachment by the gas core flow and droplet wicking onto

hydrophilic channel walls. The results showed that an

annular film flow of liquid water turned into a water lens

due to the instability of thick films. Wang [23] summarized

the current status of fundamental models for fuel cell

engineering and indicated where this burgeoning field is

heading by a review. The review presented a systematic

framework for fuel cell modeling research and reviewed the

work performed in the past decade on PEMFCs, DMFCs and

SOFCs, respectively. In particular, the review summarized the

liquid water transport within PEMFCs and presented the

image of liquid water droplets on GDL of different wettabil-

ities. The recent techniques and results of two-phase flow

visualization of PEMFCs were also presented. Zhang et al. [24]

studied experimentally and theoretically the liquid water

transport and removal from the GDL and gas channel of a

polymer electrolyte fuel cell. In situ observations of the liquid

water distribution on the GDL surface and inside the gas

channel were made, and the liquid droplet formation and

emergence from the GDL surface were characterized and two

modes of liquid water removal from the GDL surface were

identified. Liu et al. [25] experimentally studied the water

flooding and two-phase flow of reactants and products in the

cathode flow channels of an operating transparent PEMFC.

Three different flow fields including parallel flow field,
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Fig. 1 – Schematics and diagrams of the transparent PEMFC.

Fig. 2 – Photo of the transparent PEMFC.

I N T E R N AT I O N A L J O U R N A L O F H Y D R O G E N E N E R G Y 3 3 ( 2 0 0 8 ) 1 0 4 0 – 1 0 5 11042
interdigitated flow field and cascade flow field were adopted.

The effects of flow field, cell temperature, cathode gas flow

rate and operation time on water build-up and cell perfor-

mance were studied. Experimental results indicated that the

liquid water columns accumulating in the cathode flow

channels can reduce the effective electrochemical reaction

area and shut down mass transport resulting in the cell

performance loss. The evolution of liquid water removal out

of channels was also recorded by a high-speed video. Another

publication of Liu et al. [26] studied the liquid water and total

pressure drop characteristics both in the anode and cathode

parallel flow channels of an operating PEMFC. The gas/liquid

two-phase flow both in the anode and cathode flow channels

was observed, and the total pressure drop between the inlet

and outlet of the flow field was measured. The effects of cell

temperature, current density and operating time on the total

pressure drop were investigated. The results indicated that

the total pressure drop in the flow channels mainly depends

on the resistance of the liquid water blocking, and the

different flow patterns distinguish the total pressure drop in

the flow field. The total pressure drop measurement can be

considered as an in situ diagnoses method to characterize the

degree of the flow channels flooding. Theodorakakos et al.

[27] investigated the detachment of liquid droplets from

porous material surfaces used with PEMFCs under the

influence of a cross-flowing air computationally and experi-

mentally. They took the CCD images of water droplets on the

surface of the GDL. Static and dynamic contact angle

measurements for three different carbon GDL materials

inside a transparent air-channel test model were obtained,

and these results were used as input to their numerical

model. Furthermore, the variable contact angle values around

the gas–liquid–solid contact-line as well as their dynamic

change during the droplet shape deformation process were

obtained, which was used to estimate the adhesion force

between the liquid droplet and the solid surface.

In this paper, the in situ flow patterns of an operating

PEMFC consisting of the parallel flow field are shown with the

aid of an advanced transparent PEMFC design and optical

system. The liquid water build-up and flow dynamic char-

acteristics of the two-phase flow in the multi-channels flow

field of the PEMFCs were studied experimentally. The effects

of operation temperatures, cathode gas flow rates and

operating time on the liquid water and cell performance

were examined. Distinguished flow patterns in the flow

channel under different flow rates and the dynamic process

of water droplets growing in size in the flow channel were

presented.
2. Experimental

2.1. Transparent PEMFCs

In order to observe the gas–liquid two-phase flow inside

PEMFCs, a PEMFC with a transparent window was used in this

research. Fig. 1 shows the schematics of the transparent

PEMFC and the diagrams of the gas flow passages and Fig. 2

shows the photo of the transparent PEMFC. A gold coated

stainless steel plate was used as the flow field and current
collector. Plexiglass was the transparent material outside the

flow field. The thickness of the stainless steel was 1 mm and

there were nine slots of 0.8 mm width and 22.4 mm length in

it. Therefore, when the stainless steel was installed between

the transparent plexiglass and MEA, the flow channels were

formed (1 mm in depth). The total effective area of flow field

was 5 cm2. Teflon coated glass fiber cloths with slots match-

ing the slots in the stainless steel 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 plexiglass connected the channels of the fuel cell

flow field and the pipelines of the experimental system.

Another two stainless steel end plates were used for
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Fig. 3 – Contact angle of the hydrophobic GDL used in this

study.
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Fig. 4 – 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.
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clamping. A window was set up in the end plate so that the

liquid water and flow behaviors inside the PEMFC were

directly observed. An electrical heater was used to heat the

fuel cell. A unit temperature controller including electromag-

netic relay and temperature sensor (PT100) wasused to

control the cell temperature.

MEAs of 5 cm2 active area made by Fuyuan Century Fuel

Cell Power Co. Ltd. were used for this study. The MEA was

composed of a Nafion 1135 membrane that was sandwiched

between two carbon papers. Both the anode and the cathode

were loaded with platinum of 0:4 mg=cm2. As pointed out by

Lu and Wang [9], and Yang et al. [22], the surface character-

istics of the GDL influence the liquid water distribution, for

example, the interfacial liquid water coverage. The main

difference between a hydrophilic and a hydrophobic GDL lies

in the liquid water behavior at the GDL interface. The former

tends to spread the liquid water and hence gets a much

higher coverage at the interface; however, the latter forms

discrete droplets and features a much lower surface coverage

by the liquid water. The contact angle of a water droplet on

the GDL used in this paper was measured by a contact angle

instrument (First Ten Angstroms, FTA 100) before the experi-

ment as shown in Fig. 3. Obviously a hydrophobic GDL shows

the feature of easier water droplets removal.

2.2. Experimental set-up

The experimental set-up shown in Fig. 4 consists of: (i) a fuel

and oxidant reactant supply system; (ii) a cell performances

test system; (iii) a high-speed video and digital camera

recording system and (iv) a data collector and analysis

system.

Pure hydrogen and oxygen were used, respectively, as the

fuel and the oxidant reactant. The gases to the fuel cells were

not humidified, and the fuel cell was sealed, so all the water

we observed in the flow channels of the transparent fuel cells

was generated from the electrochemical reaction only. Gas

flow rates were quantified by the mass flow controllers (MFCs,

Type SY 9312B-EX) with a precision of 0.5%. Gas pressures and

pressure drops between the inlet and the outlet of the flow

channels were measured 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 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 images of water flooding

both in the anode and cathode flow channels were recorded

by a digital camera (Sony, DSC-F505V).
3. Results and discussion

3.1. Cell performance

Fig. 5 shows representative I–V polarization curves of the

transparent fuel cell under different temperatures. A good

design transparent fuel cell can reflect the real transport

process inside practical operating PEMFCs. The fuel cell was

heated by electric heating rod up to operation temperatures,
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and the stoichiometric ratio of the reactant or gas flow rates

were quantified by the MFC. The cell performances were

tested under the operating conditions listed in Table 1. The

cell was preheated by electric heating unit up to operation

temperatures, i.e., 25 or 65 �C, before introducing the fuel and

oxidant gases into the cell. Sufficient gas flow rates were

supplied to the fuel cell, as oxygen 150 ml/min and hydrogen

300 ml/min. From the cell performance curves shown in Fig. 5,

the current density reaches 0:368 A=cm2 at 0.5 V when the cell
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Fig. 5 – Cell performances of the transparent hydrogen

PEMFC.

Table 1

Temperature
ð
�CÞ

Pressure
(atm)

Oxygen flow
rate (ml/min)

Hydrogen
flow rate
(ml/min)

25 1 150 300

65 1 150 300

Fig. 6 – Water floodin
temperature is 25 �C. It is seen that increasing the cell

temperature to 65 �C enhances the cell performance. The

current density reaches 0:687 A=cm2 at 0.5 V. A higher cell

performance of transparent PEMFC was used, and a more

completed concentration zone due to the mass transport

limitation was achieved in this work. As generation, interaction,

transport of liquid water and two-phase flow patterns vary with

the operating current density, temperature, gas flow and

operating time. Visualization results obtained in the present

work are expected to be more useful for a basic understanding

of flooding mechanisms in automotive fuel cells.
3.2. Water flooding in flow field

The image of water flooding and flow pattern in the

transparent PEMFCs is shown in Fig. 6. Table 2 shows the

operating condition in this experiment. Because the two-

phase flow patterns are sensitive to fuel cell flow channels

geometry and operating conditions, the table shows the

cathode/anode Reynolds numbers. The gas flow Reynolds

number was based on the channel hydraulic diameter (1 mm)

and mean gas velocities. The photos were taken after the fuel

cell had operated at a constant current of 2 A ð0:4 A=cm2Þ for

5 min. During the fuel cell operation, water droplets were

appearing (condensing) in the cathode flow channels. This

fact that the liquid water occurs near the outlet of the cathode

flow channels is attributed to two reasons: one is that the

liquid water formation requires an oversaturated oxygen flow

stream; and the other is the resulting oxygen flow conditions

that the oxygen volume is decreasing chemically along the

flow channels; therefore, at the end of the flow channels

(outlet), the oxygen volume flow is much lower than that in

the inlet of the flow channels and the gas can hardly remove

the liquid water. Also, it can be seen that a lot of liquid water

was in the cathode flow channels but the outlet manifold was

water free. It shows that in PEMFCs, the water production by

electrochemical reaction as waste can penetrate through the

GDL into the channels. When the water that is removed out of
Enlargement of the main channels

Enlargement of the flow channels

Water
column

Water droplets Phase boundary

g in the flow field.
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Table 2

Temperature
ð
�CÞ

Pressure
(atm)

Oxygen flow rate (ml/min), cathode
Reynolds number

Hydrogen flow rate (ml/min), anode
Reynolds number

25 1 30, 40.3 50, 67.2

Water droplets Phase boundary

Water
column

Water
column

Water droplets

Water
column

Phase boundary

Water droplets Phase boundary Water droplets

Water
column

Phase boundary

Water droplets Water droplets

25°C

45°C

65°C 75°C

55°C

35°C

Fig. 7 – Effect of cell temperature on liquid water build-up in flow field.
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the channels is less than the water that is removed from the

reaction sites, water flooding may occur. As a result, cell

performance decreases dramatically because the liquid phase

boundary reduces the space of channels and shuts down 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 sealed water columns.

3.3. Effect of cell temperature

Whether the water is liquid or vapor in fuel cells flow

channels depends on the temperature and pressure. At a
constant pressure condition, a higher temperature can

enhance vaporization. Vapor removal is greatly different from

liquid water removal in such small flow channels because of

the strong surface tension. The work is underway to explore

the dynamic interaction between the water vapor and the

liquid water. Fig. 7 shows the effect of cell temperature on the

liquid water in the transparent PEMFC. The images were

taken under the operation condition as Table 2 shows.

The liquid water in the flow field at a low temperature was

much more than that at a high temperature. When the fuel

cell operated at low temperatures, e.g., 25 �C, there was a great

amount of liquid water in the cathode flow channels. The
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water columns are the liquid water accumulating in the flow

channels. The liquid water can reduce the channels space and

effective electrochemical reaction areas when the water

columns come up; also, the liquid water can block the gas

transport in the gas channels. Under this operating condition,

the cell performance would be low because the flow channels

were filled with the liquid water. With the increasing cell

temperature, the water columns in the flow channels

decreased because the condensation rate at a high tempera-

ture is much slower than that at a low temperature. At a

higher temperature, e.g., 75 �C, a lot of water vapor was

removed out of the flow channels before condensation, and

the water columns disappeared but only a little liquid water

in the form of water droplets was found in the flow channels.

As generation, increasing the temperature can increase the

saturated vapor pressure of water, then the gas stream carries

more water vapor before condensation at a higher tempera-

ture. The results of effect of temperature on the liquid water

showed that the condensation played an important role in the

liquid water formation.

Fig. 8 shows the current density as a function of cell

operating temperature at different cell voltages. It is as

expected that the current density increases with cell tem-

perature, since both the anode and the cathode kinetics

improve as temperature increases. As can be seen from Fig. 8,

the current density is not a monotonous function of

temperature, but has a maximum at corresponding voltage.

Also, the maximum current densities are different at different

cell voltages, and the maximum current density increases as

cell voltage decreases.

Increasing cell temperature to enhance cell performance

depends on two aspects. First is, a higher temperature

enhances the electrochemical kinetics and increases the

activity of the catalyst; PEMFCs generally operate at tempera-

tures of 70280 �C. On the other hand, a higher temperature

reduces condensation to reduce the liquid water, improving

the mass transport in the flow field. The photos display that

at a low temperature, liquid water pinch-off in the flow field

blocks mass transfer because the liquid water occupies the
20

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
u
rr

e
n
t 
d
e
n
s
ti
y
 (

A
/c

m
2
) 

Cell temperature (°C)

0.814V

0.651V

0.277V

0.114V

30 40 50 60 70 80
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temperature at different cell voltages.
path of the reactant gas to the electrochemical sites. So

PEMFCs’ performance is low at a low temperature due to the

mass transfer limitation, which accompanies the low activa-

tion of the catalyst. By increasing the cell temperature, the

water condensation in the flow field is decreased, and the

mass transfer may be improved. But the cell temperature

should not be too high. In Fig. 7, the liquid water in the flow

field was extremely little at the cell temperature of 75 �C. It is

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 also a

bad condition because there is not enough water in the

polymer membrane to facilitate proton transport. The mem-

brane would become dry and its resistance to proton

conduction will increase sharply and cell performance

decrease dramatically. So PEMFCs must operate within a

moderate temperature range under a dry reactants condition.

Otherwise, water management problems such as water

flooding or membrane dehydration will happen, either of

which can lead to cell performance loss. Thus, water

management and thermal management are coupled key

issues to achieve high cell performance.

3.4. Effect of oxygen flow rate

The cathode gas flow rate can contribute to water removal. Qi

and Kaufman [28,29] reported that in PEMFCs, in order to

reduce the concentration losses resulting from water flood-

ing, the stoichiometric ratio must be at least 2. Fig. 9 shows

the photos of the liquid water in the cathode flow field at

different oxygen flow rates. These photos were taken at

current of 2 A ð0:4 A=cm2Þ after the fuel cell had operated for

5 min at the air pressure and cell temperature of 25 �C. The

oxygen flow rates were 15, 30, 150 and 300 ml/min, and

accordingly, the stoichiometric ratios were 2.14, 4.29, 21.4 and

42.9, respectively. When the oxygen flow rate was less than

30 ml/min, it was too low to remove the liquid water coming

from the electrochemical sites of the fuel cells, and the water

flooding in the flow field was serious. It can be seen that with

the increase of gas flow rate, the liquid water accumulating in

the flow field decreased. A higher gas flow rate removed more

water, and the degree of water flooding was reduced. 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 (Table 3).

The curves of cell voltage–operation time (Fig. 10) illustrate

that the cell performance decreased continuously until the

flow rate was increased. At every beginning of increasing 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. 10 also implies that increasing the

cathode gas flow rate can result in good cell performance

because high cathode gas flow rate can help the excess water
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removal out of the cathode flow channels and reduce

the water flooding. From the photo of water flooding at

150 ml/min (Fig. 9), we can observe that most of liquid water

was removed by the oxygen. When the oxygen flow rate was

increased to 300 ml/min, cell performance fell sharply be-

cause much higher oxygen flow rate removed too much water

resulting in membrane dehydration. The results implied that

at this condition, an oxygen flow rate of 150 ml/min was

appropriate to operate fuel cells.

Fig. 11 shows the distinguished flow patterns under

different flow rates inside the flow channel of PEMFCs. The
Water
droplets

Phase
boundary

II 30ml/min

Water
droplets 

Phase
boundary

I 15ml/min

Water
droplets 

Phase
boundary

III 150ml/min

No water droplets and
phase boundary

IV 300ml/min

Fig. 9 – Effect of oxygen flow rate on cathode water build-up

in parallel channels: I: 15 ml/min; II: 30 ml/min; III:

150 ml/min; IV: 300 ml/min.

Table 3

Temperature
ð
�CÞ

Pressure
(atm)

Oxygen flow rate (ml/min)
Reynolds number

25 1 15, 20.2

25 1 30, 40.3

25 1 150, 201.6

25 1 300, 403.2
phase distribution, or flow regime, can be characterized using

dimensionless parameters with flow variables. The problem

of liquid holdup associated with water flooding is particularly

acute in a low-Bond-number, low-Su environment where

capillary effects can hold a liquid band which may pinch off

the flow passage. The Bond number, Bo ¼ DrgL2=s, is a ratio of

gravitational effects to surface tension effects on a liquid

surface. The Suratman number, Su ¼ rgL=m2, is a measure of

surface tension forces compared to inertia forces. Here, Dr is

the density difference between liquid and gas, s the surface

tension, L the characteristic scale of the channel, g the

gravitational acceleration and m the coefficient of kinematic

viscosity. Low-Bo, low-Su two-phase flow is in the viscous

regime (10�4pBop10�1, 103pSup105), where the two-phase

flow undergoes liquid–gas configuration changes [30–32]. The

phase distribution of gas–liquid flows in low-Bo, low-Su

environment tends to be either slug flow or core-annular

flow [33]. Arriola et al. [34] and Gauglitz and Radke [35]

reported the pinch-off and found that the location of the

pinch-off was a function of the geometry and the flow

conditions in both cylindrical and square capillaries. Aul

and Olbricht [36] showed the experimental observation of

liquid snap-off in square capillaries. It can be found from

Fig. 11 that, slug flow, core-annular flow and the transition

flow patterns between the two flow patterns above were
, cathode Hydrogen flow rate (ml/min), anode
Reynolds number

25, 33.6

50, 67.2

250, 336.0

500, 672.0
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Fig. 10 – The cell voltage varies at different oxygen flow

rates: the operating current is 2 A ð0:4 A=cm2Þ: I: 15 ml/min;

II: 30 ml/min; III: 150 ml/min; IV: 300 ml/min.
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Fig. 11 – Distinguished flow patterns in flow field under different flow rates: (a) 30 ml/min, Reynolds number of 40.3, slug flow

with a clear phase boundary; (b) 150 ml/min, Reynolds number of 201.6, transition flow from slug flow to annular flow with

an extended phase boundary; (c) 300 ml/min, Reynolds number of 403.2, annular flow with the water film at the sidewall of

flow channel and a core gas flow.
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observed in the flow channel (the dimension of the flow

channels in the present work is 0.8 mm in width, 1 mm in

depth and 22.4 mm in length). At a low gas flow rate, i.e.,

30 ml/min, Reynolds number of 40.3, the slug flow with a clear

phase boundary was seen, which is characterized by a volume

of liquid that completely filled the cross-section of the

channel. Under the condition of higher gas flow rate, i.e.,

150 ml/min, Reynolds number of 201.6, the gas phase zone

expanded and the water column became shorter. When the

gas flow rate was increased to 300 ml/min, Reynolds number

of 403.2, the core-annular flow was found in the flow channel,

which is characterized by a liquid film on the interior wall of

the channel with a core of gas flowing through the center

portion of the channel.

3.5. Effect of operating time

It has been observed that the water generation continues

under operating conditions. This finding is based on the

observation of water condensation in the flow channels.

Fig. 12 shows the condensation evolution of liquid water in

the transparent PEMFC cathode flow field; the operation

condition is shown in Table 4. During this progression, the

transparent PEMFC was loaded at a constant current of 2 A.

Photo (a) was taken while the reactant was supplied but the

fuel cells operated in an open-circuit mode. The condensation

of water could not be observed and the flow channels were

water free. Photos (b)–(f) were taken after the fuel cells were

loaded at a constant current of 2 A. The images of liquid water

in the flow field were recorded at 3, 5, 10, 15 and 30 min,

respectively, after the cell was loaded.

The photos imply that the chemically produced water was

penetrating through the GDL and reached the flow channels,
then appearing on the inner surface of the plexiglass. At the

beginning, under open-circuit condition, no liquid water

condensing from the gas phase could be observed. After

3 min operation at a constant current of 2 A, some fog was

visible. It can be seen that the fog consisted of very small

water droplets that condensed on the inner surface of the

plexiglass. Between 5 and 15 min of operation, with the fuel

cells operating, the water droplets increased in size and

accumulated in the flow channels. Finally, the water droplets

coalescence formed water columns in the flow channels. As a

result, more and more of the channel volumes were occupied

by the liquid water during fuel cells operation. Fig. 13 shows

the dynamic process of water droplets in a gas flow channel.

Droplets of water were attached on the inner side of the

transparent plexiglass. The photos show that the water

droplets increased in size, and some water droplets were

able to grow to a size of 0.7–0.8 mm in diameter, comparable

to the cross-sectional dimension of the flow channels.

Fig. 14 shows that the cell voltage varies during the

operating time. It is seen 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 (e) of Fig. 12

displays the liquid water columns that were visible in the

flow channels at this time. In Tüber et al. [21] 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 immediately observed when the

produced water clogged the flow channel. They attributed this

enormous decline (collapse) to the water blockage. In

comparison, it was found in the present work that even with

the water columns blockage, no such sudden decline
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Fig. 12 – Effect of operation time on cathode water build-up in flow channels: (a) before loading; (b) 3 min; (c) 5 min; (d) 10 min;

(e) 15 min; (f) 30 min.

Table 4

Temperature
ð
�CÞ

Pressure
(atm)

Oxygen flow rate (ml/min), cathode
Reynolds number

Hydrogen flow rate (ml/min), anode
Reynolds number

25 1 60, 80.6 100, 134.4
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occurred, instead the decline occurred gradually. 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. The performance of the

transparent PEMFC after the water flooding occurrence was

27.0% lower than that before the water flooding occurrence.
4. Conclusions

Water is the product of electrochemical reaction in the

PEMFCs. The images of liquid water (flooding) and flow
dynamic characteristic in the cathode flow field were studied

and shown:
1.
 The liquid water due to condensation in the flow field

decreases with the increase of cell temperature. Increasing

cell temperature to enhance cell performance depends on

two aspects. First is, a higher temperature enhances the

electrochemical kinetics and increases the activity of the

catalyst. On the other hand, a higher temperature reduces

condensation to reduce the liquid water, improving the

mass transport in the flow field.
2.
 The oxygen flow rate can contribute to water removal.

Increasing oxygen flow rate can remove more liquid

water out of the cathode flow field and enhance cell



ARTICLE IN PRESS

Fig. 13 – Dynamic process of water droplets growing in size

in the flow channel.
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Fig. 14 – Cell voltage drops gradually due to liquid water
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performance. In this study, when the stoichiometric ratio

of oxygen reached 42.9, cell performance fell sharply

because much higher oxygen flow rate removed too much

water resulting in membrane dehydration.
3.
 The distinguished flow patterns in low-Bo, low-Su environ-

ment were observed. At a low gas flow rate of 30 ml/min,

the slug flow with a clear phase boundary was seen. When

the gas flow rate was increased to 300 ml/min, the core-

annular flow was found in the flow channel. Also, a

transition flow pattern between the two flow patterns

above was found under the condition of gas flow rate

150 ml/min.
4.
 Experimental results show that water flooding might occur

if the produced water was not removed quickly from the

channels. The water generation continues under operating
conditions during the operation time. Water penetrated

through GDL and reached the channels; then, fog was

firstly visible in the channels. The fog consisted of very

small water droplets attached on the inner surface of the

transparent plexiglass. The water droplets increased in

size, and some water droplets were able to grow to a size of

0.7–0.8 mm in diameter, comparable to the cross-sectional

dimension of the flow channels. Finally, the water droplets

coalescence formed water columns in the flow channels.

Mass transfer limitation due to liquid water column

clogging leads to poor performance of PEMFCs.
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