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a  b  s  t  r  a  c  t

A  proton  exchange  membrane  (PEM)  fuel cell with  a flow  field  that  can  be  switched  between  the  ser-
pentine  and  the  interdigitated  flow  modes  was  used  to  measure  the  liquid  water  saturation  level  in the
gas diffusion  layer  (GDL)  of  the  cathode  and  the  effect  of  the  liquid  water  saturation  level  on  the fuel  cell
performance.  Using  correlations  between  the  liquid  water  saturation  level  and  gas  relative  permeability
obtained  by  neutron  imaging,  the  liquid  water  saturation  level  in  the  GDL  under  serpentine  flow  mode
eywords:
EM fuel cells
iquid saturation levels
elative permeability

was determined  by  the  gas  pressure  drop  across  the  GDL  right  after  the  flow  field  was  switched  from
the  serpentine  mode  to interdigitated  mode.  The  results  showed  that  the  saturation  levels  in  the  cathode
GDL during  the  interdigitated  mode  was  much  lower  than  that  during  the  serpentine  mode  leading  to
better oxygen  gas  access  to  the  cathode  catalyst  layer  and  consequently  better  fuel cell  performance,
especially  at  high  current  densities  and  low  oxygen  stoichiometric  flow  rate.  In  most  cases,  the  fuel  cell

e  ave
became  unstable  when  th

. Introduction

Proper water management is crucial to the operations of a pro-
on exchange membrane (PEM) fuel cell. As a part of the membrane
lectrode assembly (MEA), the gas diffusion layer (GDL) provides
ransport pathways for electrons, gas, and liquid water from the cat-
lyst layer (CL) to the flow channels and vice versa [1].  Gas diffusion
ayers that result in low liquid water saturation levels in the GDLs

ill improve fuel cell performance by allowing faster gas transport
o and from the active catalyst sites when the gas transport in the
DL is a dominant factor. Two-phase flow properties such as the
apillary pressure and the relative permeability of the porous media
reatly affect the liquid water transport rate and the liquid satura-
ion level in the GDL. Modeling results showed that a hydrophobic
DL could contribute to better fuel cell performance by lowering

he liquid saturation levels in the GDL [2].  Quantification of the
iquid saturation level in the GDL will be useful in validating the
redictions of these two-phase flow models and determining the
ole of liquid water in affecting the fuel cell performance.

Continual efforts have been made to determine the liquid satu-
ation levels in the MEAs of PEM fuel cells. Optical visualization
transparent fuel cell) [3,4], nuclear magnetic resonance (NMR)

5–7], X-ray computed tomography (X-CT) [8,9], and neutron imag-
ng [10–14] were used to determine the liquid water content in PEM
uel cells. Optical visualization requires transparent materials that

∗ Corresponding author.
E-mail address: cptvn@ku.edu (T.V. Nguyen).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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rage  liquid  water  saturation  level  exceeded  20%.
© 2011 Elsevier B.V. All rights reserved.

have different surface wetting and thermal properties with actual
materials in a fuel cell and, therefore, has limited applications. The
presence of the magnetically inductive carbon powder and fibers
in the fuel cell electrodes limits the NMRs application to mainly
the membranes of the MEAs. High resolution X-rays are limited by
the dimensions of the sample. High resolution neutron imaging is
capable of measuring both in-plane and through-plane liquid water
distributions in a MEA  of a fuel cell. However, limited availability
of neutron facility is a major drawback to most users.

He et al. [15] developed a diagnostic tool to study the effect
of liquid water saturation level in the GDLs of a PEM fuel cell by
taking advantage of the in-plane gas pressure drop in an interdigi-
tated flow mode. The study showed that cathode flooding was the
main cause of poor fuel cell performance at high current density.
It was  also shown that this technique could be used to study the
relationship between the liquid water saturation level in the GDL
and the rate of gas flowing through the GDL in the in-plane direc-
tion as well as the fuel cell operating temperature. However, in the
study by He et al., direct quantification of the liquid water content
in the GDL was not possible and could only be inferred by the gas
phase pressure drop across the GDL. So unless the water content in
the GDL was  measured directly by some imaging techniques, such
as neutron imaging, the alternative way is to have a correlation
between the in-plane gas relative permeability and the liquid sat-
uration level in the GDL. That is, if the gas flow rate through a GDL

in the in-plane direction and the pressure drop across a GDL in the
same direction are known when an interdigitated flow field is used,
the gas relative permeability can be calculated. Next, if a correla-
tion of the in-plane gas relative permeability and liquid saturation

dx.doi.org/10.1016/j.jpowsour.2011.09.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cptvn@ku.edu
dx.doi.org/10.1016/j.jpowsour.2011.09.036
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evel is available for this gas diffusion media, the saturation level in
he GDL can be determined.

Since experimentally measured relative permeability for both
hrough-plane and in-plane directions and liquid water satura-
ion level correlations are not available, empirical correlations have
een used [16–21].  One of these empirical correlations is the 3rd-
rder power correlation between the liquid saturation level and
he relative permeability developed for nonconsolidated and well-
orted sand [22],

r,g = k0(1 − s)3 (1)

here kr,g is the gas relative permeability, k0 is the absolute per-
eability, and s is the liquid saturation level in the gas diffusion
edium. However, the porous GDLs used in PEM fuel cells are either

on-woven papers or woven cloth made of carbon fibers. Further-
ore, due to the preferred in-plane orientation of these carbon

bers these carbon-based GDLs often have anisotropic two-phase
ow properties. Thus, using the 3rd-order power relative perme-
bility measured for sands often leads to inaccurate predictions of
he liquid water saturation level in the GDLs. After the work by He
t al. [15], Yamada et al. [23] was the next to apply the approach of
sing the pressure drop signal across a GDL in the in-plane direc-
ion with an interdigitated flow field proposed by Nguyen [24] as a
iagnostic tool to study the effect of water flooding in the cathode
DL of a PEM fuel cell.

In recent years, absolute gas permeability of the GDLs used
n PEM fuel cells has become available [25–27].  Our group has

easured both gas and liquid relative permeability of these carbon-
ased gas diffusion media by a gravimetric method and an in situ
eutron imaging technique [28]. Based on these measurements,
orrelations between the in-plane relative permeability and the liq-
id saturation level were developed and recently published in Ref.
28]. In this work, the measured correlations of in-plane relative
ermeability and liquid water saturation levels in Ref. [28] were
pplied to a PEM fuel cell with interdigitated flow fields to predict
he liquid water saturation levels in the GDLs.

. Experimental

Fig. 1 shows the PEM fuel cell setup used in this experiment.
he main feature is a cathode flow field that could be switched
etween the serpentine flow mode and interdigitated flow mode.
he top and cross-sectional views in Fig. 1a and c show that the
as flow direction in the serpentine mode is mainly along the flow
hannels. Similar views in Fig. 1b and d show that gas flow in the
nterdigitated mode, when valve V1 is closed, is mainly through the
DL.

The experimental procedure and details are as follows:

1) Contrary to the approach used by He et al. [15] the fuel cell
in this study was operated in galvanostatic (constant-current)
mode to control the consumption and generation rates of reac-
tants and products (i.e., water in the cathode). The rates of
gas feed were based on fixed stoichiometric ratios of the total
applied electric current. A new MEA  was activated by scanning
the full polarization curve twice and staying at low voltage 0.4 V
for several hours to fully hydrate the membrane. The test began
after the MEA  was fully activated.

2) At each current density the fuel cell was first operated under
serpentine flow mode. This was achieved with valve V1 in Fig. 1
in the open position. Once the fuel cell performance became

steady, the fuel cell was switched to interdigitated flow mode,
by closing valve V1 in Fig. 1, and maintained in this mode until
its performance also became steady. The current density and
gas flow rate were kept the same during both flow modes. Even
er Sources 197 (2012) 50– 56 51

though it was found during this study that steady state per-
formance was  achieved in less than 5 min, the fuel cell was
operated for 15 min  under each mode. The pressure drop across
the GDL, fuel cell voltage, cell temperature, and humidifier tem-
peratures were monitored continuously under both serpentine
and interdigitated flow modes.

It was  in the interdigitated flow mode in which gas was  flown
through the GDL between the inlet and outlet channels that the
gas pressure drop was  measured and the liquid water satura-
tion level was determined. Since the serpentine mode was  used
first and followed by the interdigitated mode at each current
density setting, the gas pressure drop at the instant the cathode
flow field was  switched from serpentine mode to interdigitated
mode correlates with the liquid water saturation level in the
GDL of the serpentine mode. The gas pressure drop after the fuel
cell reached steady state in the interdigitated mode correlates
with the steady state liquid water saturation level in the cath-
ode in the interdigitated mode. This approach allows for the
determination of liquid saturation levels in the cathode GDL
under the serpentine flow mode and the interdigitated flow
mode, respectively. While steady state results were obtained in
this study, transient saturation levels in the GDL at any moment
in the serpentine mode could be obtained by switching to the
interdigitated mode and measuring the instant air pressure
drop.

(3) Step 2 was  repeated at each current density until the fuel cell
reached the mass transport limiting region. In the mass trans-
port limiting region, unstable fuel cell voltage was  observed,
which ultimately led to fuel cell failure as the cell voltage
dropped below 0.1 V under the galvanostatic mode. To prevent
fuel and oxidant starvation and fuel cell failure, the flow rates
of air and hydrogen were adjusted before the current density
was  changed from a low current density to a higher current
density. Similarly, when the current density was changed from
a high level to a lower level, the air and hydrogen flow rates
were adjusted after the current density was changed.

(4) Using the measurements obtained in steps 2 and 3, the liq-
uid water saturation levels in the cathode were determined as
follows. First, based on the air pressure drop (�Pg), the gas vis-
cosity (�), the gas volumetric flow rate (Q), and the dimensions
of the flow field and GDL (the width of the rib or shoulder, �x,
and the cross-sectional area of the GDL above the rib, A) the
in-plane gas permeability is calculated as shown in Eq. (2).

kr,g = −vg�g
�x

�Pg
= −Q

A
�g

�x

�Pg
(2)

Next, using the correlations of the in-plane gas relative per-
meability and liquid water saturation level obtained for the
GDLs tested here (see Ref. [28]), the liquid saturation level can
be determined.

The gas pressure drop across the GDL was measured by an
OMEGA PX 139 (Omega Engineering, Inc.) pressure transducer
(±35 kPa) and recorded by a data acquisition system (Personal Daq
System by Omega Engineering, Inc.). The fuel cell current was  con-
trolled and the voltage was monitored by a computer controlled
potentiostat/gavalnostat (Arbin System, Inc.). The temperatures of
the fuel cell and humidifiers were kept constant at 70 ◦C, unless
otherwise stated. Nafion 112 membrane was  used in the MEAs.
Carbon supported platinum catalyst with 20 wt%  Pt (Tanaka Kikin-
zoku Kogyo K. K., Japan) was used. The catalyst loading of each

electrode was  0.48 mg  Pt cm−2. The MEAs had an active area of
2.08 cm × 0.65 cm or about 1.35 cm2. The same electrode material
was  used for the cathode and anode. The MEAs were made by
hot compressing the electrodes and the Nafion membrane under
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Table 1
Fuel cell operation conditions.

Flow stoichiometry (anode/cathode) 2/4
Fuel cell pressure 1 bar
Tcell 70 ◦C
Thumid (anode/cathode) 70/70 ◦C
Flow configuration Co-flow

T
T

1
3

n
2
a
t
u
t
i

a
c
i
t
i
o
l

Table 2
Properties of gas transport media used in the experiment.

Material
type

Base support layer (BSL) BSL
thickness
(�m)

BSL
porosity

PTFE
content in
BSL (wt%)

F
o

cell is the temperature of the fuel cell.
humid is the temperature of the humidifier.

.47 × 106 Pa at 135 ◦C for 5 min. The fuel cell was assembled under

.78 × 106 Pa.
The dimensions of the flow field were as follows. The gas chan-

els were 2 mm wide and deep and 12 mm long, and the ribs were
 mm wide. In this experiment, unless otherwise stated, the anode
nd cathode gas flow stoichiometries were kept at 2 and 4, respec-
ively. Gas co-flow configuration for the anode and cathode was
sed. During the fuel cell test, the anode was kept in the interdigi-
ated flow mode. The fuel cell operation conditions are summarized
n Table 1.

The GDLs were compressed when an MEA  was assembled into
 fuel cell in order to seal the gases and minimize the electrical
ontact resistance in the cell. However, the gas relative permeabil-
ty was tested under a lower compressed condition. It is assumed

hat compression has the same effect on the absolute permeabil-
ty and relative permeability. Thus, the relative permeability under
ne compression level can be calibrated to another compression
evel using the absolute values at these compressed states. This

ig. 1. Schematic of the (a) serpentine and (b) interdigitated flow modes and a cross-sec
ut  of the surface, and (⊗) gas flowing into the surface.
B1 A1 (proprietary GDL) 216 0.81 0
B3 A3 (proprietary GDL) 325 0.85 5

experiment provides a convenient means to evaluate the in situ
saturation levels in porous media of a fuel cell. The correlation
developed can be used to determine the saturation levels in other
fuel cells as long as the specific porous medium is used.

2.1. Materials

Two  types of proprietary GDLs, B1 and B3, were used as gas
diffusion media in this experiment. The properties of B1 and B3
are listed in Table 2. The catalyst layers were prepared by applying
the Pt/C and Nafion ink onto the porous gas diffusion media (B1
and B3). The cathode and anode electrodes were made of the same
materials. The electrodes used in this study were provided by TVN
Systems.

B1 is a bi-layer porous medium with the base support layer (BSL)

of A1 and a micro-porous layer (MPL) pasted on the base support.
Similarly, B3 is a bi-layer porous medium with the base support
layer of A3 and an MPL  pasted on the base support. Thus, the rel-
ative permeability correlations of the GDLs (A1 and A3) measured

tional view of the (c) serpentine and (d) interdigitated flow fields. (�) Gas flowing
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A1:   y = -2.24E+10x + 3.36E-01

A3:   y = -6.88E+09x + 4.90E-01
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ig. 2. Correlations between saturation level and permeability of the materials used.

n Ref. [28] can be used in this paper to determine the liquid water
aturation levels in the electrode.

.2. Relative permeability correlations

The correlations between the in-plane gas relative permeability
nd liquid water saturation level for the two proprietary GDLs used
n this study obtained by neutron imaging were given in Ref. [28]
s

1 : kr,g = −4.41 × 10−11s + 1.49 × 10−11 m2 (3)

3 : kr,g = −1.45 × 10−10s + 7.09 × 10−11 m2 (4)

While correlations by both gravimetric analysis and neutron
maging were obtained, the correlations obtained by neutron imag-
ng were selected because they were considered to be more
ccurate.

Since Eqs. (3) and (4) are explicit functions of the in-plane gas
elative permeability and the liquid water saturation level, in order
o determine the liquid saturation level explicitly, as needed in this
tudy, the liquid water saturation levels versus relative permeabil-
ty data obtained in the study in Ref. [28] were replotted as shown
n Fig. 2 and the following correlations of saturation level versus
n-plane gas relative permeability were obtained:

1 : s = −2.24 × 1010kr,g + 0.336 (5)

3 : s = −6.88 × 109kr,g + 0.490 (6)

Note that for the zero wet proof material B1 the gas relative
ermeability was quite limited once the liquid saturation level
xceeded 0.3. For the 5% wet proof material B3 the correlation is
inear up to the saturation level of 0.42, beyond which gas relative
ermeability appeared to change only slightly. Once the in-plane
as relative permeability was obtained from the pressure drop mea-
urement, the saturation level can be calculated using Eqs. (5) and
6). We  need to point out here that even though the correlations in
qs. (5) and (6) were used to calculate the liquid saturation level
ver the full relative permeability range, the accuracy of the liq-
id saturation levels beyond the saturation range measured in the
eutron imaging study was not certain. Furthermore, the liquid

aturation levels calculated in this study should be considered as
veraged values of the saturation level distributions within the GDL
ven though a liquid saturation level gradient is expected to exist
long both the through-plane and in-plane directions in the GDL as
Fig. 3. Voltage, current density, and pressure drop for sample B1. Stoichiometry
of  A/C = 2/4, temperature of Tcell/TA/TC = 70/70/70 ◦C. A and C represent anode and
cathode, respectively.

liquid water is transported out of the catalyst layer to the gas flow
channels.

3. Results and discussion

3.1. Base case

The fuel cell voltage, current density and pressure drop versus
time for sample B1 for the base case are shown in Fig. 3. First,
the pressure drop in the serpentine mode was stable and negli-
gible since the resistance in the flow channel was small due to the
short pathway of the channel. Second, two  different phenomena
were observed in the interdigitated mode: a stable pressure drop
at low current density and a decreasing pressure drop at high cur-
rent density. At low current density, little water accumulated in
the porous GDL since the combined water generation rate by the
oxygen reduction reaction and electro-osmosis was low. The water
saturation levels under serpentine flow and interdigitated flow did
not differ much. Thus, the pressure drop under interdigitated flow
resulted mainly from gas flow through the dense pore structure of
the porous medium. At high current density (>0.5 A cm−2), liquid
water accumulated in the porous GDL above the channels and rib
during the serpentine flow mode resulting in reduced gas void vol-
ume. As the flow mode switched from serpentine to interdigitated,
the pressure drop was initially high because of the high liquid water
level in the GDL established during the serpentine flow mode. Note
that since the gas flow rate is controlled, to maintain this fixed flow
rate the pressure has to increase to overcome the higher flow resis-
tance in the GDL created by higher liquid water saturation level.
As air flowed through the GDL under the interdigitated mode, the
shear force purged part of the liquid water accumulated in the GDL
leading to a lower saturation level and lower pressure drop.

Third, the fuel cell voltage under the interdigitated mode
was  higher than that under the serpentine mode. This higher
performance can be attributed to higher reactant pressure or
concentration and faster transport of the oxygen reactant to
the catalyst layer in the interdigitated flow mode. From previ-
ous modeling and imaging studies which showed higher liquid
water accumulation above the ribs than above the flow channels
when conventional flow fields were used, this increase in perfor-
mance can be attributed to more area of the catalyst layer above

the flow field becoming accessible to oxygen gas and reaction
when liquid water in the GDL above the rib region was removed.
Finally, the cell voltage under the serpentine mode became unsta-
ble at current density 0.9 A cm−2 and higher because of excessive
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ig. 4. Fuel cell performance, pressure drop, and saturation level of material B1.
toichiometry of A/C = 2/4, temperature of Tcell/TA/TC = 70/70/70 ◦C.

ccumulated liquid water in the cathode GDL at these current den-
ities. The voltage under the interdigitated flow mode was stable
ecause the shear force from air flow through the GDL effectively
educed the liquid water saturation level in the GDL leading to
aster gas transport through the GDL.

The fuel cell performance, gas pressure drop at the beginning
nd at the steady state of the interdigitated flow mode, and calcu-
ated saturation level corresponding to the gas pressure drop across
ample B1 are shown in Fig. 4. The gas relative permeability was
alculated based on the pressure drop between the air inlet and
utlet using Eq. (2),  and the saturation level was calculated using
qs. (5) and (6) after the permeability was calculated.

The interdigitated flow mode showed better fuel cell perfor-
ance because the GDL under this mode had lower saturation

evel and higher transport rate of the reactant. The gas pressure
rop increased with current density as expected because of higher
as flow rates. Saturation level at the beginning of the interdigi-
ated mode represents the saturation level established under the
erpentine flow mode. The difference in the gas pressure drop
etween the beginning and the steady state of the interdigitated
ode is attributed to the liquid water saturation level displaced by

he air flow under the interdigitated mode. Under the serpentine
ow mode, the highest saturation level was reached in the current
ensity range of 0.6–0.8 A cm−2. Beyond 0.8 A cm−2, the fuel cell
ecame unstable, which resulted in the cell voltage dropping to
.1 V triggering the setup, for safety and to protect the fuel cell, to

mmediately switch to the interdigitated flow. When the cell volt-
ge dropped too fast the cell would be momentarily switched to
pen circuit before the load was reengaged as shown in some of
he later case studies. In the instances when the cell was  switched
rematurely out of the serpentine flow mode because of poor per-
ormance the liquid water saturation level in the GDL was  lower
ecause the operation time under serpentine flow mode was  much
horter. The points connected by the dashed lines in Fig. 4 repre-
ent the fuel cell voltage, saturation levels and gas pressure drops
btained under unstable operation of the fuel cell. The critical sat-
ration level at which the fuel cell began to fail under serpentine
ow mode appears to be around 0.2. Note that the saturation level
btained in this arrangement represents the average liquid water

evel over the whole thickness of the GDL. The actual liquid sat-
ration level near the micro-porous layer (MPL) or catalyst layer
ould have been much higher. Note also that this technique cannot
Fig. 5. Voltage, current density, and pressure drop in the test of sample B3. Stoi-
chiometry of A/C = 2/4, temperature of Tcell/TA/TC = 70/70/70 ◦C.

determine the liquid saturation levels in the MPL  and the CL in the
current configuration.

The liquid saturation levels in the GDL under the interdigitated
flow mode remained about the same at these current densities
showing that the interdigitated flow was very effective in removing
liquid water from the GDL. At high current densities, the saturation
levels were even slightly lower than those at low current densities.
This was  caused by the higher air flow rate under stoichiometric
flow control, which brought greater shear force to displace liquid
water in the cathode GDL.

The voltage, current density, and pressure drop of sample B3
are presented in Fig. 5. Similar phenomena as those in the mea-
surement of sample B1 were observed here. First, the gas pressure
drop under the serpentine flow mode was stable and negligible.
Under the interdigitated flow mode, at low current density the pres-
sure drop was  stable because little liquid water accumulated in the
GDL. The difference in the pressure drop between the beginning
value and steady state value under the interdigitated flow mode
increased when the current density reached 0.60 A cm−2 and higher
showing that more liquid water started to accumulate in the GDL
under the serpentine flow mode at these current densities. Sec-
ond, the fuel cell voltage under the serpentine flow mode began to
fluctuate at the current density of 1.04 A cm−2 for this GDL. At the
current density of 1.18 A cm−2 and higher, the fuel cell under ser-
pentine flow mode failed because the high liquid water saturation
level inside the GDL prevented the oxygen gas from reaching the
CL to support the electrochemical reaction.

Fig. 6 shows that better fuel cell performance was obtained
with the interdigitated flow mode. As discussed earlier in this
paper, the less flooded cathode under interdigitated flow mode
led to better fuel cell performance. The saturation level under
serpentine flow mode was highest at the current density of
1.04 A cm−2. When the current density was 1.18 A cm−2 and higher
the fuel cell became unstable. As before, the calculated liquid
saturation levels at higher current density were lower because
the fuel cell failed before it reached steady state, which resulted
in less liquid water accumulated inside the GDL. Under the
interdigitated flow mode, the calculated liquid saturation lev-
els decreased slightly with the increase of the current density.
This was  caused by the increased air flow rate at higher current
density since the fuel cell was  operated in galvanostatic and con-
stant stoichiometric flow rate mode. The increased air flow rate
removed more liquid water from the porous GDL. The difference

in the gas pressure drop between the serpentine flow mode and
the interdigitated flow mode was very small at low current densi-
ties since little liquid water existed inside the GDL. This difference



X. Wang, T.V. Nguyen / Journal of Power Sources 197 (2012) 50– 56 55

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
I (A cm-2)

Vo
lta

ge
 (V

) o
r S

at
ur

at
io

n 
Le

ve
l

0.0E +00

2.0E +03

4.0E +03

6.0E +03

8.0E +03

1.0E +04

1.2E +04

1.4E +04

dP
 (P

a)

V - Conventiona l V - Interdigitated
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP @ Beginn ing

F
S

b
l
l
m
g
c
t
w
u
e

s
n
g
t
p
c
e
p
t
u
f
t
t
m
i

3

l
k
a
a
o
w
u
o
b
s

d
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 50 100 150 20 0 250

Time (min)

Vo
lta

ge
 (V

) o
r 

C
ur

re
nt

 D
en

si
ty

 (A
 c

m
-2

)

0.0E+00

2.0E+03

4.0E+03

6.0E+03

8.0E+03

1.0E+04

1.2E+04

1.4E+04

dP
 (P

a)

Voltage
Current Density
dP

mance became unstable at the current densities of 0.74 A cm and
higher. This unstable point came earlier than when the fuel cell was
operated with cathode air flow stoichiometry of 4 (refer to Fig. 4).
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ig. 6. Fuel cell performance, pressure drop, and saturation level of material B3.
toichiometry of A/C = 2/4, temperature of Tcell/TA/TC = 70/70/70 ◦C.

ecame more apparent at higher current densities due to higher
evels of accumulated water in the cathode GDL. Note also that the
iquid water saturation levels were lower and the fuel cell perfor-

ance was much higher with this GDL (B3) which has a wet-proof
as diffusion substrate (A3). Current densities up to 1.0 A cm−2

ould be achieved with ambient pressure operation as compared
o current densities below 0.8 A cm−2 obtained with the GDL (B1)
ith a non wet-proof gas diffusion substrate (A1). The critical sat-
ration level (s = 0.23) was not reached until the current density
xceeded 1.0 A cm−2.

The main uncertainties of this technique come from the dimen-
ion changes of the gas diffusion media under compression and the
on-uniform distribution of the liquid water saturation level in the
as diffusion media. In a fuel cell, the GDLs are compressed leading
o reduced porosity and permeability. If the correlation between the
ermeability and saturation level was obtained under a different
ompression level, this effect would need to be accounted for. In our
xperiment, this uncertainty was minimized by including the com-
ression effect on the absolute permeability. We  attributed most of
he uncertainty in our study to the non-uniform distribution of liq-
id water in the GDL. We  cannot specify the level of uncertainty
rom the effect of non-uniform distribution of liquid water because
he distribution of liquid water in the GDL is not known using this
echnique. This could only be obtained by running the same experi-

ent with in situ neutron imaging, something that we will consider
n our future study.

.2. Gas flow stoichiometric effect

The effect of the gas flow stoichiometry was investigated with a
ower cathode flow rate while the other operating conditions were
ept the same. The purpose was to see how these GDLs performed
nd what liquid water saturation level existed in these GDLs at low
ir stoichiometric flow rates. Instead of an air flow stoichiometry
f 4 in the cathode side, a lower stoichiometric flow rate of 1.5
as used. Both MEAs consisted of B1 and B3 materials were tested
nder lower cathode air stoichiometry. However, only the results
f the B1 material were presented in this paper for the purpose of
revity. The results of the material B3, although not shown here,

howed similar characteristics to those of B1.

Fig. 7 shows that the cathode gas pressure drop under inter-
igitated flow decreased greatly when the cathode gas flow
toichiometry decreased from 4 to 1.5 (refer to Fig. 3). Compared
Fig. 7. Voltage, current density, and pressure drop in the test of sample B1. Stoi-
chiometry of A/C = 2/1.5, temperature of Tcell/TA/TC = 70/70/70 ◦C.

to the base case, the liquid saturation level was higher in the GDL
when the cathode stoichiometry was lower. Voltage oscillation was
observed when the current density was about 0.74 A cm−2 because
of excessive accumulated liquid water in the GDL. A large pressure
drop was observed when the fuel cell switched from serpentine
flow to interdigitated flow at 0.74 A cm−2. As the liquid water was
removed by the shear force of the gas flow, the gas pressure drop
decreased gradually. More frequent oscillations were observed and
the fuel cell became highly unstable when the current density
was  increased to the next level. This showed that a higher cath-
ode gas flow stoichiometry was needed to achieve a stable fuel
cell performance at current densities beyond 0.74 A cm−2 for this
GDL at these operating conditions. However, since higher cath-
ode gas flow stoichiometry may  result in higher parasitic energy
loss, in practice, an optimal gas flow stoichiometry needs to be
found.

The fuel cell performances and pressure drops under conven-
tional and interdigitated flow at low air flow stoichiometry are
summarized in Fig. 8. Under serpentine flow, the fuel cell perfor-

−2
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP  @ Beginn ing

Fig. 8. Fuel cell performance, pressure drop, and saturation level of material B1.
Stoichiometry of A/C = 2/1.5, temperature of Tcell/TA/TC = 70/70/70 ◦C.
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ig. 9. Voltage, current density, and pressure drop in the test of sample B1. Stoi-
hiometry of A/C = 2/1.5, temperature of Tcell/TA/TC = 70/50/50 ◦C.

.3. Effects of feed gas temperature and relative humidity

The effects of feed gas temperature and relative humidification
n the fuel cell performance and the cathode pressure drop are
hown in Figs. 9 and 10.  Note that these effects were investigated
t a lower cathode air stoichiometric flow rate of 1.5. The tem-
erature configuration was held at Tcell/TA/TC = 70/50/50 ◦C. Since
he cathode and anode humidifier temperatures (TA/TC = 50/50 ◦C)
ere lower than that of the fuel cell (Tcell = 70 ◦C), evaporation in

he cathode was expected, which alleviated the flooding effect
n the cathode. The calculated liquid water saturation levels in
ig. 10 showed that lower saturation levels existed in the GDL
hen the cathode was supplied with unsaturated gas. The dif-

erence in the beginning and steady state pressure drop under
nterdigitated flow in this case was relatively small all the way up
o the current density of 0.88 A cm−2. This shows that the liquid
aturation level in the cathode GDL was quite small and proba-
ly not the cause for fuel cell failure at the next higher current
ensity. Instead, anode and membrane dehydration was  suspected

o be the cause of the fuel cell failure at the current density of
.04 A cm−2.
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4. Conclusions

Liquid water saturation levels in the cathode GDL  of a PEM
fuel cell were quantitatively determined using the experimentally
measured correlations of the in-plane relative permeability and
saturation levels by neutron imaging. By using a fuel cell with a
cathode flow field that can be switched from the conventional ser-
pentine flow to interdigitated flow, the liquid saturation levels in
the cathode GDL under the serpentine flow mode and interdigitated
flow mode can be determined from the gas pressure-drop-across-
the-GDL signals. The interdigitated flow led to better fuel cell
performance than the conventional serpentine flow because it was
more effective in removing liquid water in the gas diffusion layer.
The critical average saturation level that led to unstable fuel cell
performance under serpentine flow mode appeared to be around
0.2. Lower cathode gas flow stoichiometry led to unstable fuel cell
performance at an earlier stage (lower current densities) because
the gas phase was  less capable of removing liquid water at lower
gas flow rate. When the fuel cell was  supplied with unsaturated
gases, better fuel cell performance benefited from water removal
by evaporation in the cathode side. However, when the anode side
was  less saturated with water vapor, membrane dehydration might
limit the fuel cell performance. Finally, this approach can serve as
a very useful diagnostic tool to determine the effect of liquid water
saturation level in the cathode on the performance of a PEM fuel
cell and liquid water saturation levels in the GDLs when the rela-
tionship between the in-plane gas relative permeability and liquid
saturation level of the GDLs is known.
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