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Current distributions in a proton exchange membrane fuel cell (PEMFC) with interdigitated and
serpentine flow fields under various operating conditions are measured and compared. The mea-
surement results show that current distributions in PEMFC with interdigitated flow fields are more
uniform than those observed in PEMFC with serpentine flow fields at low reactant gas flow rates.
Current distributions in PEMFC with interdigitated flow fields are rather uniform under any oper-
ating conditions, even with very low gas flow rates, dry gas feeding or over-humidification of

Keywords: reactant gases. Measurement results also show that current distributions for both interdigitated and
Proton exchange membrane . .. . . .

Fuel cell serpentine flow fields are significantly affected by reactant gas humidification, but their character-
Current distribution istics are different under various humidification conditions, and the results show that interdigitated
Flow fields flow fields have stronger water removal capability than serpentine flow fields. The optimum reac-

tant gas humidification temperature for interdigitated flow fields is higher than that for serpentine
flow fields. The performance for interdigitated flow fields is better with over-humidification of reac-
tant gases but it is lower when air is dry or insufficiently humidified than that for serpentine flow

fields.

© 2009 Published by Elsevier B.V.

1. Introduction

As non-uniform current distribution in proton exchange mem-
brane fuel cell (PEMFC) can result in poor reactant and catalyst
utilization, reduced energy efficiency and possible corrosion pro-
cesses in the cell [1], measurement of current distribution can
provide valuable information for optimization of operation and
design of PEMFC. Therefore, great efforts have been made to mea-
sure current distributions in PEMFCs and various methods have
been developed to measure current distributions in the past decade
since the pioneering work by Cleghorn et al. [1] and Stumper et al.
[2].

Segmenting flow field/current collector, mostly in the anode
side, is the most popular approach to measuring the current dis-
tribution in PEMFCs. This approach was first demonstrated by
Cleghorn et al. [1], who fabricated a segmented anode flow field
using printed circuit board (PCB) technology in the late 1990s.
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Anode gas diffusion layer (GDL) and catalyst layer (CL) were also
segmented in their work to avoid lateral currents. Because seg-
menting membrane electrode assembly (MEA) is complicated and
may influence the true fuel cell operation characteristics, seg-
mented MEA was rarely used in later researches [3-31]. The
calculation by Noponen et al. [4] showed that the distortion of
current distribution resulting from non-segmenting of GDL is
tolerable.

With a method similar to that of Cleghorn etal.[1], Brettetal.[3]
measured the current distribution along the length of a single flow
channel in a PEMFC with higher spatial and time resolution, and
they observed the time delay of local currents after inlet reactant
gas changes due to the mass transport of gas through GDL. Nopo-
nen et al. [4-6] embedded gold-plated stainless steel ribs into an
insulating plastic slab to create a segmented flow field and studied
current distributions under various operating conditions in free-
breathing PEMFCs. Noponen et al. [7] also used the techniques of
segmenting flow field/current collector to measure current distri-
butions in a PEMFC with net flow geometry.

Segmenting flow field approach was also adopted by Mench et
al. [8-10] and Yang et al. [11] in their research, and particularly,
they managed to measure the species distribution and current dis-
tribution simultaneously [10,11]. Hakenjos et al. [12-14] not only
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measured the current distribution, but also measured the temper-
ature distribution on the MEA surface with infrared thermography
[12-14] and localized impedance spectra [13,14]. Natarajan and Van
Nguyen [15-17], Araki et al. [18,19] as well as Eckl et al. [20] used
segmented approach in their research for current distribution mea-
surement, and more importantly, they used numerical simulation
to compare with or assist interpretation of the experimental results
[17-20]. Ghosh et al. [21,22] developed a semi-segmented current
collector method which has an advantage of measuring current
distributions in a single cell as well as in a stack at any desired
position.

Based on magnetic effects of current, Hall sensors were used
to refine the segmenting flow field approach. The application of
Hall sensors was first demonstrated by Wieser et al. [23], who
used an array of Hall sensors inside the segmented flow field to
measure current distributions. Hall sensors were later put out-
side of PEMFC to facilitate current measurement and enhance
accuracy by following researchers [24-28]. Bender et al. [24]
used Hall sensors to refine the segmented flow field approach
by Cleghorn et al. [1], which eliminated the necessity of using
two electronic loads and made the system able to measure the
different local currents simultaneously. Similar methods were
developed by Yoon et al. [25], Geiger et al. [26,27] and Strickland
etal. [28].

Sun et al. [29,30] and Zhang et al. [31] developed a current
distribution measurement gasket method, which is essentially seg-
menting approach, and this method has a particular advantage
of no need to modify any component of the experimental fuel
cell.

Subcell configuration is another popular approach where elec-
trically isolated subcells that can be controlled independently are
placed at various locations in the MEA. It was first developed by
Stumper et al. [2], who also demonstrated the other two meth-
ods: the partial MEA method with low spatial resolution and the
current mapping technique with a passive resistor network. The
subcell approach was then modified and employed by Rajalakshmi
etal.[32], Wu et al. [33] and Liu et al. [34], with more sophisticated
cell designs to study current distributions in PEMFCs.

There are also some other approaches to measuring current
distributions in PEMFCs with special features. Hauer et al. [35]
developed a magnetotomography-based method, which is non-
invasive and has virtually no feedback effect on the test object and
the current distribution to be measured. Freunberger et al. [36,37]
measured the potential distribution at the interface between GDL
and CL and realized sub-millimeter resolution of current distribu-
tion measurement. Wang and Liu [38] developed a novel yet simple
approach to directly measure the current densities under the chan-
nel and the shoulder separately. Their measurement results [35-38]
presented detailed information of current distribution under the
ribs and channels. The experimental data in Ref. [36] was used by
Li et al. [39] to validate their model. Wilkinson et al. [40] managed
to determine current distribution indirectly by measuring temper-
ature distributions based on the correlation of local temperature
with local current density.

The current distribution measurement methods mentioned
above have been demonstrated in PEMFCs with serpentine or
parallel flow fields and numerous interesting results have been
obtained [1,2,4,9,13,23,30,35,36,38,40]. Compared with serpentine
or parallel flow fields, interdigitated flow fields can provide better
water management and reactant transport under some operat-
ing conditions [41,42] and were expected to lead to more uniform
current distributions. But no experimental results on the current
distributions in PEMFC with interdigitated flow fields have been
found in the literature. Thus, the objective of this work is to
investigate the characteristics of current distributions in PEMFCs

Table 1

Geometric parameters of the experimental fuel cell.

Channel length (mm) 40
Channel width (mm) 1
Main channel width (interdigitated) (mm) 2
Channel depth (mm) 1
Shoulder width (mm) 1
Number of channels 20
Number of shoulders 19
MEA active area (cm?) 16
Membrane thickness (mm) 0.05
CL thickness (mm) 0.01
GDL thickness (mm) 0.28

with interdigitated flow fields. To better understand the charac-
teristics, comparisons with serpentine flow fields are also to be
made. To ensure proper comparisons, both interdigitated and ser-
pentine flow field plats (FFPs) were designed and manufactured
in this study. The two patterns of FFPs have the same geomet-
ric parameters and all the experimental conditions were kept
the same. Then the current distributions in PEMFC with both
interdigitated and serpentine flow fields were measured and com-
pared.

2. Experimental
2.1. Experimental fuel cell assembly

The two pairs of graphite FFPs with two different flow fields were
manufactured and used with the same single fuel cell hardware in
Ref. [29]. For each flow pattern, the flow field in the cathode is
identical to that in the anode and parallel flow (co-flow) is used.
Geometric parameters of the two patterns of flow fields are the
same to ensure appropriate comparison of current distributions.
Channel widths, channel depths and shoulder widths are all 1 mm.
There are 20 channels and 19 shoulders in every FFP, and the active
area of the MEA is 4 cm x 4 cm. Details of the geometric parameters
of the FFPs are shown in Table 1.

All the MEAs used in this study were the same, consisting
of Nafion® 112 as the proton exchange membrane sandwiched
between catalyst-loaded Toray® carbon paper (TGP-H-090) GDLs
with porosity of 78% [43]. The catalyst loading was 0.4 mg Pt cm—2
on both anode and cathode. Geometric parameters of the MEAs are
also shown in Table 1.

2.2. Current distribution measurement method

The current distribution measurement gasket technique devel-
oped by Sun et al. [29] was used to measure and compare the
current distributions in PEMFCs with interdigitated and serpentine
flow fields. Fig. 1 shows schematically the PEMFC current distribu-
tion measurement system. Details of how the technique works can
be found in Ref. [29]. Considering that hydrogen in anode transfers
and reacts much faster than oxygen in the air in cathode, in this
study the current distribution measurement gasket was placed in
the anode side to minimize the effects of the gasket on cell perfor-
mance. The gasket was inserted between the anode GDL and the
anode FFP. Fig. 2 is a photograph of current distribution measure-
ment gasket on the interdigitated FFP.

2.3. Treatment of experimental data

There are 19 shoulders in the FFP, and correspondingly, 19 local
currents of the PEMFC were measured. The shoulders and corre-
sponding local currents were numbered from 1 to 19 in the direction
from gas inlet to gas outlet (from top to bottom in Fig. 2). Similar
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Fig. 1. Schematic diagram of the PEMFC current distribution measurement system.

to what was done by Sun et al. [29], local currents from shoulders
number 1 and number 19 were not used in the presented results
because they cover larger active areas than the rest. Every other
shoulder collects current from one shoulder and two half-channels,
which represent an active area of 0.8 cm?2. Therefore, the local cur-
rent density can be calculated from measured local current divided
by the area of 0.8 cm?.

Similar to experimental results in some previous work
[1,3,9,32,34], the original current distribution curves are not very
smooth, as is shown in Fig. 3. To focus on the trends of current dis-
tribution, the local “noise” of the original experimental data was
eliminated by averaging each point with its two neighboring points.

Fig. 2. Photograph of the current distribution measurement gasket set on the anode
interdigitated FFP.

Fig. 3 shows sample experimental results before and after the data
treatment.

3. Results and discussion

Operating conditions, including reactant gas flow rates, fuel
cell temperature, reactant gas humidification, etc., have significant
effects on current distributions in PEMFCs, as were demonstrated
in previous work [9,29,30]. Therefore, the current distributions
in PEMFCs with interdigitated and serpentine flow fields under
various operating conditions were investigated. Basic operating
parameters were set to be the same for all the experiments. Air
flow rate is 1200 sccm, which is equivalent to 4.5 Acm~2. Hydrogen
flow rate is 200 sccm, which is equivalent to 1.8 Acm~2. Cell oper-
ating temperature, air humidification and hydrogen humidification
temperatures are all 333 K. Backpressure is kept at 1 atm for all the
experiments.
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Fig. 3. A sample of experimental data treatment.
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Fig. 4. (a) Current distributions in the PEMFC with serpentine flow fields at different air flow rates and (b) current distributions in the PEMFC with interdigitated flow fields

at different air flow rates.
3.1. Current distributions at various air flow rates

Current distributions in PEMFCs with serpentine and interdig-
itated flow fields at various air flow rates are shown in Fig. 4a
and b, respectively. It can be seen that local current densities keep
increasing as air flow rate increases from 60 to 1500 sccm for both
serpentine and interdigitated flow fields, which is mainly due to
higher oxygen concentration with increased air flow rate. From
comparison of Fig. 4a and b, it is easy to find that current distri-
butions are more uniform in PEMFC with interdigitated flow fields
at low air flow rates. As is shown in Fig. 4a, for serpentine flow
fields, local current densities generally decrease from the inlet to
outlet due to decreased oxygen concentration. When the air flow
rate was as low as 60 sccm, the local current densities near the out-
let were almost zero. However, it can be seen from Fig. 4b that for
interdigitated flow fields, at low air flow rate of 60 sccm, the current
distribution is still rather uniform.

3.2. Current distributions at various hydrogen flow rates

Fig. 5a and b show current distributions at various hydrogen
flow rates. It can be seen that the local current densities increase
with increasing hydrogen flow rate for both serpentine and inter-
digitated flow fields. Comparing Fig. 5a with b, it is obvious that
current distributions of the two patterns of flow fields are very
different. For serpentine flow fields, as is shown in Fig. 5a, local

(a)14
] H, Flowrate
1.2+ = 60 sccm
o ] +— 100 sccm
‘e 1.0 —4— 200 sccm
Q ] . —v— 300 sccm
< = =
o 0.8 g
B 1 oo _
5 % \\
(=] ]
t
o 0.4 - = —
g 1 | ThzHumi=T airHumi™ T cen™ 333 K
[&] 024 Air: 1200 sccm; PaP= 1 atm
] | U=04V
‘-.'____-
o'u T T T T . T v T L T ¥ T ' T

2 4 6 8 10 12 14 16 18
Local Number

current densities near the inlet change little as the hydrogen flow
rate increases from 60 to 300 sccm, which is due to high diffusiv-
ity and quick reaction kinetics of hydrogen. And when hydrogen is
insufficient at flow rate of 60 sccm, the current distribution curve
drops sharply near the outlet where hydrogen is being depleted.
For interdigitated flow fields, however, according to Fig. 5b, local
current densities near the inlet increase considerably as the hydro-
gen flow rate increases and local current densities near the outlet
are not lower than those near the inlet for all hydrogen flow
rates including the very low flow rate at 60 sccm. These results
show that interdigitated flow fields have more uniform current
distributions.

The results shown in Figs. 4 and 5 demonstrate clearly that the
current distributions in PEMFC with interdigitated flow fields are
much more uniform than that with serpentine flow fields, par-
ticularly at low reactant gas flow rates. This can be attributed
to more uniform reactant gas distributions in interdigitated flow
fields. In a serpentine flow field, the reactant flows from inlet
to outlet and each area along the channel is hydraulically con-
nected in series. Thus the reactant concentration and local current
density usually decreases along the channel. In an interdigitated
flow field, since the pressure drop across each land area is much
higher than those along feeder channels or collector channels,
all the channels are essentially hydraulically connected in par-
allel. There is hardly any up-stream or down-stream effect and
all the channels have similar current density due to their similar

(b) 1.4
1.2 e
T P ——
o 4 &ﬂ:ﬁ—"‘ ""_'\v
e 104 ¥ T e
o
< ] .
~ 0.8- e
2 . /./k e
I o .\'—\ e
c . -
a e - HA‘:’/L‘(I—/ B S x
‘%' - H, Flowrate
£ 1 | THzHumi=T AirHumi=Teen™= 333 K = 60scem
O g2 | Air: 1200 scem; Py =1 atm == ;gg sccm
- —a— 200 sccm
1 U=04Vv —v— 300 sccm
0'0 T T T T ¥ T ¥ T v T . T ' T

2 4 6 8 10 12 14 16 18
Local Number

Fig. 5. (a) Current distributions in the PEMFC with serpentine flow fields at different hydrogen flow rates and (b) current distributions in the PEMFC with interdigitated flow

fields at different hydrogen flow rates.
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Fig.6. (a)Currentdistributions in the PEMFC with serpentine flow fields at different cell operating temperatures and (b) current distributions in the PEMFC with interdigitated

flow fields at different cell operating temperatures.

reactant flows and concentrations. Obviously, the higher pressure
drop occurred in an interdigitated flow field make it not suit-
able for every application despite its advantage of uniform current
distributions.

3.3. Current distributions at various cell operating temperatures

Current distributions in the experimental fuel cells operated
at different temperatures were also measured and the results are
shown in Fig. 6a and b [31], where both hydrogen and air humidi-
fication temperatures are equal to the cell operating temperature.
It can be seen, as expected, that the local current densities increase
with increasing cell operating temperature for both serpentine and
interdigitated flow fields.

3.4. Current distributions at various air humidification
temperatures

Water plays an important role in both overall and local per-
formance of PEMFC, and reactant gases are usually humidified to
ensure proper hydration of the membranes. Fig. 7aand b [31] shows
the current distributions at different air humidification tempera-
tures for serpentine and interdigitated flow fields, respectively. It
can be easily seen that air humidification has significant effects on
current distributions in PEMFC with both serpentine and interdig-
itated flow fields. All the local performances are very poor when
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air is dry or not sufficiently humidified, while all the local perfor-
mances reach optimum when air is fully humidified.

It is also easy to notice that the current distribution character-
istics of PEMFC with interdigitated flow fields are different from
that with serpentine flow fields. First, as shown in Fig. 7a, local
performances of PEMFC with serpentine flow fields reach opti-
mum when air humidification temperature is 323K, 10K lower
than cell operating temperature. Further increase in air humidi-
fication temperature (333, 343 and 353 K) leads to lower overall
and local performance, which could be attributed to water flood-
ing. While for PEMFC with interdigitated flow fields, as shown in
Fig. 7b, local performances reach optimum when air humidification
temperature is 333 K, equal to the cell temperature. Further increase
in air humidification temperature has no apparent effect on both
the overall and local performances and current distributions for
over-humidification cases are almost the same as the optimum
performance when air is humidified at 333 K. These results can be
attributed to the stronger water removal capability of interdigitated
flow fields.

Second, it is easy to find that when air is fully humidified or
over humidified, the local current densities with interdigitated flow
fields are no lower than those with serpentine flow fields, whereas
when air is not humidified or insufficiently humidified, the local
current densities with interdigitated flow fields are much lower
than those with serpentine flow fields. For example, in the case
of no-humidification, even the highest local current density with
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Fig. 7. (a) Current distributions in the PEMFC with serpentine flow fields at different air humidification temperatures and (b) current distributions in the PEMFC with

interdigitated flow fields at different air humidification temperatures.
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Fig. 8. (a) Current distributions in the PEMFC with serpentine flow fields at different hydrogen humidification temperatures and (b) current distributions in the PEMFC with

interdigitated flow fields at different hydrogen humidification temperatures.

interdigitated flow fields (local number 2 shown in Fig. 7b) is much
lower than the lowest local current density with serpentine flow
fields (local number 16, near the outlet, shown in Fig. 7a). This
phenomenon is again due to the stronger water removal capabil-
ity of interdigitated flow fields, except that under such conditions,
this stronger capability becomes detrimental rather than beneficial.
When air is not sufficiently humidified or not humidified at all, the
membrane is easily to be dried. Stronger water removal capability
of interdigitated flow fields due to convection accelerate the drying
of the membrane, leading to worse performance.

Finally, it is interesting to note that current distribution curves
in Fig. 7a (serpentine flow fields) decrease from the inlet to outlet
when air is not humidified or insufficiently humidified at 313 K.
This could be caused by the net water transport from anode to
cathode. Since air in the cathode is far from saturated and has
a large flow rate, the net water transfer from the anode to the
cathode is higher, leading to worse dehydration of the membrane
near the anode side. This problem becomes more serious along
the flow direction, and therefore results in decreasing local current
densities.

3.5. Current distributions at various hydrogen humidification
temperatures

Fig. 8a and b [31] shows the effects of hydrogen humidification
on current distributions in PEMFC with serpentine and interdig-
itated flow fields, respectively. It can be seen that the effects of
hydrogen humidification are similar to those of air humidification
for both serpentine and interdigitated flow fields.

First, for serpentine flow fields, local performances improve
with increasing hydrogen humidification from no humidification
to humidification temperature at 323K, but further increase of
hydrogen humidification leads to lower performance. For inter-
digitated flow fields, local performances reach optimum when
hydrogen humidification temperature is increased to 333 K and
then keep almost unchanged with over-humidification. Which
is again due to the fact that increased humidification mit-
igates the drying of the membrane when humidification is
insufficient and that stronger water removal capability of inter-
digitated flow fields eliminates the flooding problem caused by
over-humidification.

Second, it can be found that the current distribution curves in
Fig. 8a and b are closer together than those in Fig. 7a and b, respec-
tively, indicating that the effects of hydrogen humidification on
current distribution are not as significant as those of air humidi-

fication for both serpentine and interdigitated flow fields. This is
due to the fact that the membrane is so thin that water can easily
diffuse from the cathode back to the anode to mitigate the drying of
the membrane, and that hydrogen flow rates are much lower than
air flow rates in these experiments and have much weaker water
removal ability.

Finally, it is worthwhile to note that when hydrogen is not
humidified or insufficiently humidified, as is shown in Fig. 8a, local
current densities start low from the inlet and increase along the
flow direction. This could be attributed to the fact that back diffu-
sion of water from the cathode to the anode increases along the
flow direction as more water is produced along the flow direction,
which improves the hydration of the membrane. In comparison,
current distributions in PEMFC with interdigitated flow fields, as
can be seen from Fig. 8b, are rather uniform when hydrogen is not
humidified or insufficiently humidified, which can be attributed to
the more uniform distribution of reactant gas and water.

4. Conclusions

Current distributions in a PEMFC with both interdigitated and
serpentine flow fields were measured and the results at various
reactant gas flow rates, cell operating temperatures and reactant
gas humidification temperatures were compared. The following
conclusions can be drawn from this study.

Current distributions in PEMFC with interdigitated flow fields
are more uniform than those with serpentine flow fields at low
reactant gas flow rates. Current distributions in PEMFC with inter-
digitated flow fields are rather uniform under any operating
conditions, even with very low gas flow rates, dry gas feeding, or
over-humidification of reactant gases. Uniform current distribu-
tions withinterdigitated flow fields can be attributed to the uniform
distribution of reactant gas and water.

Similar to PEMFC with serpentine flow fields, current distribu-
tions in PEMFC with interdigitated flow fields are also significantly
affected by reactant gas humidification. But the effects for inter-
digitated flow fields are different from those for serpentine flow
fields due to their stronger water removal capability, which plays
a complicated role. On the one hand, the stronger water removal
capability leads to higher optimum reactant gas humidification
temperature and ensures that the current distributions with over-
humidification of reactant gases are just as good as the optimal
humidification. On the other hand, the stronger water removal
capability results in very poor performance when air is dry or insuf-
ficiently humidified.
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