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The effect of air flow rate, fuel and oxidant gas stream humidity, and cell operating
temperature on the spatial and temporal current density distribution was investigated in
a single gas channel PEM fuel cell using a segmented electrode/current collector
assembly. Related studies on oxygen operation and fuel starvation effects are presented in
part one of this paper. The current density distribution was found to be a strong function
of the available oxygen concentration down the channel that was determined by the air
supply rate. Higher flow rates reduced the drop in the current density profile along the
channel. At lower air flow rates, a simultaneous increase in cell temperature and anode
humidification level resulted in increasing segment performance near the inlet accompa-
nied by a related decrease in the current densities downstream. Further increasing the air
flow rate ultimately led to enhanced reaction rates over the entire length of the channel.
If cell temperature elevation were not accompanied by a corresponding increase in the
anode humidification level, the dehydration pattern on the anode side tended to dominate
the local current density distribution. Beyond a certain point the current density distri-
bution along the channel was exclusively dependent on oxidant availability and gas
diffusion rates and thus neither higher anode humidification nor cell temperature eleva-
tion had a significant influence at the chosen operating segment potential. © 2005 American
Institute of Chemical Engineers AIChE J, 51: 2599–2608, 2005
Keywords: PEM fuel cells, conventional gas distributor, spatial and temporal current
density distribution, segmented electrode, air operation

Introduction

Fundamental understanding and alleviation of the various
performance and efficiency limiting phenomena in proton-
exchange membrane (PEM) fuel cells, with the ultimate goal of
fuel cell commercialization, have been the primary focus of
research efforts in this area over the past decade. The distribu-
tion of local current density at a given cell voltage that is
representative of the reaction rate over the active area is the
most sought after information for fuel cell performance opti-
mization. The spatiotemporal distribution of the local current
density is a function of the reactant and product distribution

and their effect on material properties such as membrane con-
ductivity. Because of the small thickness and extreme aspect
ratios of the electrodes, consisting of the gas diffusion layer
(GDL) and catalyst layer (CL), experimental measurement of
species distribution is very difficult. Thus elaborate multiphase,
multidimensional mathematical models have been developed in
the past to provide such information.1-11 However, several
relevant component properties such as electrode gas and liquid
permeability and capillary pressure dependency on liquid water
saturation are not available and are usually estimated by fitting
the model results to experimental data in terms of average cell
current density vs. cell potential. The predictive capability of
these models can be improved through more accurate estimates
of material properties and model validation that can be
achieved only when the simulated results are matched with
experimental data on the spatiotemporal local current density
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distribution. To generate such information, segmented fuel cell
assemblies are needed to independently investigate the reaction
rate across the active area.

Over the past few years researchers have addressed issues
regarding fabrication of such segmented fuel cells and meth-
odology of current distribution measurements. Cleghorn et al.12

conducted the first current density distribution measurements,
where they used printed circuit board (PCB) technology to
fabricate fuel cell assemblies with segmented current collec-
tors/flow field. Stumper et al.13 evaluated three different ap-
proaches to map current density distribution. These pioneering
approaches to measure local current density distribution have
been further refined by other researchers.14-21 The refinements
include segmenting the electrode along with the current col-
lectors, segmentation on both sides (that is, the anode and
cathode), and independent control of the segments using a
multichannel potentiostat/galvanostat. For the sake of brevity,
the reader is referred to the original literature for more infor-
mation. A detailed review of the literature regarding current
density distribution measurements is also available in the first
part of this article and in this authors’ previous publication.21

Most of the cited literature deals with the issue of how to
conduct experiments that yield spatial and temporal current
density distribution, whereas actual experimental data are lim-
ited. The objective of this work was to exploit the tremendous
potential of segmented fuel cell in providing spatiotemporal
local current density distribution over a wide range of operating
variables. Twenty-five experiments were conducted as a part of
this study. The first nine experiments dealt with local current
density measurements while using oxygen as the oxidant in the
cathode and under fuel (hydrogen) starvation conditions. These
results are presented in the first part of this article, whereas
results from air operation and the effect of cell temperature are
addressed here.

Experimental

The fabrication of the various components of the segmented
fuel cell assembly (see Figure 1), the segmented membrane
electrode assembly (MEA), and the test procedure are de-
scribed in detail in the first part of this series and, for the sake
of brevity, are not repeated here. Three MEAs were fabricated
for this study. Results from MEA 1 and MEA 2 are presented
in the earlier article, whereas air operation and temperature
studies conducted on MEA 3 are presented here. In MEA 3, the
anode and cathode had six 7 � 15-mm segments placed later-
ally along the length of the channel, giving a total reactive area
of 6.3 cm2.

Table 1 summarizes the experiments that are discussed
herein. The numbers reported as cell temperature in Table 1
reflect the measured temperature at one of the cathode seg-
ments. The corresponding anode temperatures for the three cell
temperatures reported here were 30–31, 47–48, and 58–60°C,
respectively. The segment-to-segment variation in temperature
on either side was within the accuracy (�1°C) of the T-type
thermocouple.

In run 10, MEA 3 was subjected to multiple potentiostatic
staircases between 0.8 and 0.65 V to massage and hydrate the
membrane and to evaluate the uniformity in the discharge
characteristics of the six electrode segments. The step size was
50 mV and the segments were held at each potential for 5 min.
Pure oxygen was used in this massage experiment and the gas
flow rates and sparger temperatures are provided in Table 1.
The data from the last potentiostatic cycle are provided in
Figure 2 in the form of polarization curves for the six segments.

Figure 2 clearly shows remarkable similarity in the perfor-
mance of the various segments. For instance current densities
of the six segments are within 0.01 A/cm2 at a segment poten-
tial of 0.65 V. After massage and uniformity evaluation, runs

Figure 1. Side view of the segmented fuel cell assembly.
(a) Segmented anode with heating block and acrylic end plate, (b) segmented MEA, and (c) segmented cathode.
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11–16 were conducted to evaluate the effect of air flow rate and
extent of air stream humidification. In runs 17–22, air flow rate
and cathode humidification studies were repeated at a higher
cell and anode sparger temperature. Runs 23, 24, and 25 in
conjunction with runs 12 and 18 were used to determine the
effect of increase in cell temperature with and without a cor-
responding increase in the anode sparger temperature. As ex-
plained in the first part of this series, in between each run, the
MEA was removed from the cell assembly and subjected to an
overnight drying process under a lamp and fan to provide the
same starting point for each experiment in terms of membrane
hydration and water content in the electrodes.

The electrode segments were then subjected to a liquid water
“load-up ” step, wherein they were simultaneously discharged
at a constant current of 100 mA for 1 h. This step was included
in the experimental scheme to rehydrate the MEA that was
dried overnight. The constant current discharge was also ex-
pected to provide uniform water accumulation in all the seg-

ments along the channel length. Hydrogen and oxygen flow
rates and sparger temperatures used in this load-up step were
the same as in the massage experiments. After the constant
current step, the gas feed to the cathode was switched to air and
gas flow rates and sparger temperatures were adjusted to the
desired values. The segments were then held simultaneously at
a constant voltage of 0.45 V for 4 h, and the current response
was recorded over time. In all the runs presented in this study,
the hydrogen flow rate was well in excess of the reaction
demand.

Results and Discussion
Effect of air flow rate and air stream humidification

Figures 3–6 provide the current responses of the six seg-
ments held at 0.45 V over a period of 4 h, obtained from runs
11, 12, 13, and 14, respectively. All relevant operating param-
eters except air flow rate were maintained constant in these
runs (see Table 1). As seen in Figure 3, at a low air flow rate
of 16.6 cm3/min (1.0 A), the local current density distribution
along the length of the channel was dominated by the available
oxygen concentration along the channel. At segment 1, which
was closest to the inlet where the oxygen concentration was the
highest, the local current density was the greatest. As oxygen
was consumed along the length of the channel, the oxygen
concentration decreased down the channel, resulting in a drop
in the reaction rate or current density in segments downstream.
Also, at the beginning of the experiment, current densities at
segments 1 and 2 were 0.34 and 0.27 A/cm2, respectively,
which gradually dropped within 50 min of discharge and sta-
bilized at about 0.28 and 0.18 A/cm2, respectively. Corre-
spondingly segments 3 through 6 started out lower and regis-
tered an increase over this time. At the beginning of the
experiment the inlet segments that were not limited by oxygen
availability were also relatively dry and were able to sustain
higher currents. However, over time, water accumulation in the
electrode resulted in a slight reduction in performances of these
segments near the inlet. This drop in current density over time
at segments 1 and 2 resulted in higher oxygen concentration
downstream that improved the performance over the initial 50

Table 1. Summary of Experiments Conducted

Run Cell T (°C)
H2 Sparger T

(°C)
Air Flow Rate

(cm3/min) (A/cm2)
Air Sparger T

(°C) Figure Objectives

10 27–28 40 19 (0.87)* 30 2 Massage and segment evaluation
11 Same as above Same as above 16.6 (0.16) Same as above 3 Effect of air flow rate (runs 11–

14) and cathode
humidification (runs 11, 16,
and runs 14, 15) on local
current density distribution at
lower cell temperature

12 Same as above Same as above 22 (0.21) Same as above 4
13 Same as above Same as above 35.8 (0.34) Same as above 5
14 Same as above Same as above 47.5 (0.45) Same as above 6
15 Same as above Same as above Same as above No sparger 7
16 Same as above Same as above 16.6 (0.16) 45 8
17 44–46 60 Same as above 30 10 Effect of air flow rates (runs

17–19), cathode (runs 19–22)
and anode (runs 17, 23 and
runs 24, 25) humidification
and cell temperature (runs 12,
17, 23–25) on local current
density distribution

18 Same as above Same as above 22 (0.21) Same as above 11
19 Same as above Same as above 35.8 (0.34) Same as above 12
20** Same as above Same as above 22 (0.21) 50 n/a
21** Same as above Same as above Same as above 60 n/a
22 Same as above Same as above Same as above 75 13
23 Same as above 40 Same as above 30 15
24 54–56 Same as above Same as above Same as above 16
25 Same as above 75 Same as above Same as above 17

Note: H2 flow rate for all runs � 48 cm3/min � 6.9 A � 1.1 A/cm2.
*Run 10 was conducted with pure oxygen.

**Results not provided because of manuscript length considerations.

Figure 2. Polarization curves from run 10 for six seg-
ments in MEA 3.
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), O2 flow
rate � 19 cm3/min (5.5 A or 0.87 A/cm2), H2 humidifier
temperature � 40°C, O2 humidifier temperature � 30°C, and
cell temperature � 27–28°C.
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min of segments 3, 4, 5, and 6 that were limited by oxygen
availability.

As the air flow rate was increased to 22 cm3/min (1.32 A) as
in run 12, represented by Figure 4, the performance of down-
stream segments improved as a result of the greater availability
of oxygen. As expected, the current density at segment 1 that
was receiving plenty of oxygen even at the lower flow rate, was
practically unaffected by the increase in the flow rate. Figure 4
also indicates a drop in the current densities at segments 1 and
2 toward the end of the experiment. Further increases in the air
flow rate to 36 and 47.5 cm3/min (runs 13 and 14, respectively),
as represented in Figures 5 and 6, resulted in additional in-
creases in the current density at downstream segments, whereas
the current response at segment 1 remained relatively constant.
For the sake of comparison, the ranges of current density along

the channel length at the beginning of the experiments were
(inlet–exit) 0.34–0.02, 0.32–0.1, 0.33–0.17, and 0.35–0.22
A/cm2 for runs 11 through 14, respectively. As in run 11 all the
experiments at higher air flow rates exhibited an initial drop in
the current density at segments 1 and 2 over the first 50 min.
However, at higher gas flow rates, the current density at these
segments continued to decrease over the entire course of the
experiment. The rate of this drop increased with increasing air
flow rate, leading to lower current densities at segments 1 and
2 toward the end of the experiment. Besides the condensation
effects arising from the slight temperature difference (2°C)
between the air sparger and the cell, we also believe that at
higher flow rates, liquid water entrainment in the gas stream at
the air sparger became substantial. This resulted in significant
presence of liquid water in the channel near the inlet, which

Figure 3. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 11
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 16.6 cm3/min (1.0 A or 0.16 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C, and
cell temperature � 27–28°C.

Figure 4. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 12
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C, and
cell temperature � 27–28°C.

Figure 5. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 13
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 35.8 cm3/min (2.15 A or 0.34 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C, and
cell temperature � 27–28°C.

Figure 6. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 14
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 47.5 cm3/min (2.85 A or 0.45 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C, and
cell temperature � 27–28°C.
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ultimately resulted in water accumulation and flooding in the
electrodes corresponding to segments 1 and 2. To verify this
hypothesis, run 15 was conducted without a sparger for the air
stream while keeping all other operating parameters similar to
run 14, and the results are provided in Figure 7. When the
sparger was removed, segments 1 and 2 did not register a
decrease in current densities beyond the initial drop over the
first 50 min and remained constant over the rest of the exper-
iment, confirming our suspicions about water entrainment in
the sparger at higher flow rates.

Moreover, in runs 12 through 14, the gain in oxygen con-
centration downstream arising from the decrease in perfor-
mance at the inlet at any time was not as significant as that in
run 11 because of the higher air flow rates used in the latter
runs. Thus, downstream segments did not register a significant
improvement in performance. Figure 8 provides the results
from run 16, conducted under conditions similar to those of run
11 (air flow rate of 16.6 cm3/min), except for the air sparger
temperature that was increased from 30 to 45°C. It is evident
from Figures 3 and 8 that the initial performances of the
segments are similar between the two runs. However, for the
case with the higher air sparger temperature, the performance
of segments 1 and 2 started to decline further during the course
of the experiment as a result of condensation of water near the
inlet, resulting in a net reduction in the water removal rate from
these electrodes. Unlike runs 12 through 14, because of the low
air flow rate, this drop in current density at the inlet resulted in
more oxygen being available for downstream segments, lead-
ing to a considerable sustained increase in their performances.
Thus in run 16, the initial peak observed at segment 1 in the
current density profile along the channel shifted away from the
inlet toward segment 3 during the course of the experiment as
a result of electrode flooding effects and consequent increase in
downstream oxygen concentration.

The results from the six experiments discussed above are
also summarized as total cell current density (average of six
segments) vs. time in Figure 9. It is clear from Figure 9 that
increasing air flow rate resulted in better utilization of the

reactive area that is further downstream from the inlet, leading
to a more uniform local current density distribution that yielded
a higher average cell current density. At sufficiently high air
flow rates, however, gains from better utilization were offset by
losses arising from water accumulation at the inlet caused by
condensation and liquid water entrainment in the gas stream at
the cathode sparger. This observation has implications when air
stream humidification is implemented by liquid water injection.
The fraction of the supplied oxygen that was consumed was
about 92, 83, 64, and 50% for air flow rates of 1, 1.32, 2.15, and
2.85 A (corresponding to 0.16, 0.21, 0.34, 0.45 A/cm2) equiv-
alent. In terms of practical applications involving air operation,
there seems to be a trade-off between achieving uniformity in
current density distribution and reactant utilization. Other than
a shift in the location of the peak current density, Figure 9 also

Figure 7. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 15
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 47.5 cm3/min (2.85 A or 0.45 A/cm2), H2 humidifier
temperature � 40°C, no air humidifier, and cell tempera-
ture � 27–28°C.

Figure 8. Individual segment current response to an im-
posed voltage of 0.45 V obtained from run 16
(segment potentials controlled independently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 16.6 cm3/min (1.0 A or 0.16 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 45°C, and
cell temperature � 27–28°C.

Figure 9. Effect of air flow rate and air sparger temper-
ature on the average cell current density with
individual segment potentials controlled inde-
pendently at 0.45 V (runs 11 through 16).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), H2 humid-
ifier temperature � 40°C, and cell temperature � 27–28°C.
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indicates a slight loss in overall performance between runs 11
and 16 where the air sparger temperature was increased from
30 to 45°C. The drop in the average cell current density
indicates that the losses at the inlet segments as a result of
flooding were not completely compensated by the oxygen
concentration related gain at the downstream segments.

The effect of air flow rate and cathode sparger temperature
was also investigated at a higher cell temperature (44–46°C)
and hydrogen sparger temperature (60°C). Except for the cell
and anode sparger temperatures, runs 17 through 19 were
conducted under conditions similar to those of runs 11 through
13 (corresponding to increasing air flow rates of 16.6, 22, and
36 cm3/min), and the results from these experiments are pro-
vided in Figures 10–12, respectively. These results are compa-
rable to the lower temperature runs and validate the inferences
drawn in the previous sections. The main similarity between
these runs and the set of experiments at lower temperature was
that increasing air flow rates resulted in more oxygen avail-
ability over the reaction area downstream, thereby resulting in
an increase in the local current densities at segments further
down the channel. There are indeed other significant differ-
ences between these two groups of experiments that can be
primarily attributed to the higher cell temperature and are
discussed in detail in later sections.

Runs 20 through 22 were conducted at the intermediate air
flow rate of 22 cm3/min, whereas the air sparger temperature
was maintained at 50, 60, and 75°C, respectively. Increasing
the air sparger temperature to 50 and 60°C did not have a
significant effect on the current density profile along the chan-
nel, and thus results from runs 20 and 21 are not presented here
for the sake of brevity. A further increase in the sparger
temperature to 75°C (run 22) resulted in a pronounced effect on
the current density distribution, as shown in Figure 13. Because
of the drastic difference in the air sparger and cell tempera-
tures, considerable condensation of water vapor occurred near
the inlet, leading to severe flooding of the electrode at segment
1 within a few minutes of discharge. Upon comparing Figures

11 and 13 it is evident that subsequent segments benefited from
the drop in oxygen consumption at segment 1 as a result of
flooding. The results from runs 17, 18, 19, and 22 are also
provided in Figure 14 as the average cell current density over
time. On comparing the overall performances in runs 18 and
22, it is clear that the loss in performance at segment 1 as a
result of flooding is significantly more dominant than the gains
exhibited by the latter segments, leading to a net reduction in
the overall performance stemming from increasing the air
sparger temperature to 75°C.

A major feature observed in experiments that involved a
significant presence of liquid water in the channel (runs 13, 14,
16, and 22) is the oscillatory behavior exhibited by electrodes

Figure 10. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
17 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 16.6 cm3/min (1.0 A or 0.16 A/cm2), H2 humidifier
temperature � 60°C, air humidifier temperature � 30°C,
and cell temperature � 44–46°C.

Figure 11. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
18 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 60°C, air humidifier temperature � 30°C,
and cell temperature � 44–46°C.

Figure 12. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
19 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 35.8 cm3/min (2.15 A or 0.34 A/cm2), H2 humidifier
temperature � 60°C, air humidifier temperature � 30°C,
and cell temperature � 44–46°C.

2604 AIChE JournalSeptember 2005 Vol. 51, No. 9



that were flooded (mainly at segments 1 and 2). In all these
runs, the flooding electrode oscillated between sharp drops in
performance and a gradual recovery. We hypothesize that this
phenomenon is probably related to accumulation of liquid
water in the void volumes associated with the fittings and
machined gas conduits. Once this volume was filled up, a bead
of water is transported along the length of the channel, wetting
the electrode channel interface along the way. Based on this
hypothesis, the sharp drops correspond to the wetting of the
interface that lead to a net reduction in the available gas
transport area. The electrode then recovers gradually in the
time it takes for the channel-inlet void volume to fill up again.
However, this phenomenon is observed only at the segments
close to the inlet. One possible reason for this may be that the
effect of a moving bead on the transport rate of reactant gas to
the catalyst layer is minimal relative to that of bead accumu-
lation. Interestingly, the frequency of these oscillations was
greater when the difference between the sparger and cell tem-
peratures was greater (comparing runs 14 and 16). Large tem-
perature differences result in a greater rate of water condensa-
tion and thus accumulation, leading to more frequent bead
transport along the channel.

This kind of an oscillatory behavior in PEM fuel cells has so
far not been reported in the literature. Transient data on PEM
fuel cells, available in the literature, are usually based on cells
with much larger reactive area using flow fields with multiple
gas channels. When multiple gas channels are involved, water
accumulation in a single gas channel and its effect on a local-
ized region are masked in the overall performance of the cell.
This masking effect is evidenced even in single-channel exper-
iments, as shown by the data obtained from run 22. In this run
the flooded electrode at segment 1 showed oscillations (see
Figure 13) in current density ranging over 0.1A/cm2. However,
these oscillations are not reflected in the overall current density
for this run shown in Figure 14 because the electrode at
segment 1 is only a fraction of the total reactive area. More
experiments and detailed analysis are needed to address the

question of whether the oscillatory phenomenon observed here
that is associated with water accumulation in the void volumes
of the channel has relevance to practical applications or is just
an experimental artifact. Larger cells with multiple gas chan-
nels are needed for such experiments where segmentation of
the electrode and current collector is applied at the single-
channel level.

Effect of temperature and anode humidification

The two groups of experiments—runs 11 through 13 and 17
through 19—can also be compared to observe the effect of cell
temperature on the local current density measurements. The
two sets of experiments were conducted at a cell temperature of
30 and 45°C, respectively, with a corresponding anode sparger
temperature of 40 and 60°C. Given that the focus of these
experiments was to examine the effect of improved kinetics
and water removal at the cathode resulting from elevation in
temperature, the anode humidification level was increased in
the latter set of experiments to avoid dehydration effects in the
current density pattern. Based on the results provided in Fig-
ures 3 and 10, corresponding to runs conducted at a low air
flow rate of 16.6 cm3/min (1 A), increasing cell temperature
resulted in a significant increase in the current densities at the
first three segments, whereas the latter segments registered a
decrease. Sufficient oxygen was available at segments 1, 2, and
3 to reflect the increase in reaction rate resulting from enhanced
kinetics and greater water removal capacity achieved through
an increase in temperature. However, the performance-limiting
criteria for latter segments was the availability of oxygen. The
enhancement in kinetics, and water evaporation at higher tem-
perature—were offset by the more pronounced lack of oxygen,
especially given the higher reaction rates near the channel
entrance. This actually led to a drop in the current densities
with increasing temperature at segments downstream. Essen-
tially, increasing the cell temperature led to a greater gradient
in the current density profile along the channel at low air flow

Figure 14. Effect of air flow rate and air sparger temper-
ature on the average cell current density with
individual segment potentials controlled in-
dependently at 0.45 V, at higher cell temper-
ature (runs 17, 18, 19, and 22).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), H2
humidifier temperature � 60°C, and cell temperature �
44–46°C.

Figure 13. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
22 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 60°C, air humidifier temperature � 75°C,
and cell temperature � 44–46°C
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rates. A similar phenomenon was observed at the next flow rate
of 22 cm3/min (1.32 A) (see Figures 4 and 11). Upon further
increasing the flow rate (Figures 5 and 12), the kinetic and
mass transport and water removal benefits of operating at a
higher temperature started to reflect in the downstream segment
current densities (based on the first 1.5 h of discharge).

A couple of other inferences can also be drawn based on the
results from these six experiments where the cathode sparger
temperature was held constant at 30°C. As mentioned earlier in
the low cell temperature experiments, increasing the flow rate
did not affect the performance of the first segment, whereas at
higher cell temperatures, the steady-state performance of seg-
ment 1 actually improved noticeably with increasing air flow
rate. By increasing the cell temperature while keeping the
cathode sparger at 30°C, greater evaporation capacity was
imparted to the air stream that helped minimize the water
accumulation within the electrode near the inlet and its adverse
effects. This is also the reason for not observing the water
entrainment/condensation related flooding of segments 1 and 2
in the higher cell temperature runs. Finally, based on the
overall cell performances summarized in Figure 14, at higher
cell temperature (and corresponding increase in anode humid-
ity), the percentage consumption rates of the oxygen available
in the supplied air stream were 95, 90, and 75%, respectively,
for the three different air flow rates involved in runs 17 through
19. As expected, these values are greater than those reported
for the low-temperature experiments because of an increase in
reaction kinetics and improvement in water removal achieved
at higher cell temperature.

Runs 23, 24, and 25 were conducted to examine the effect of
cell temperature coupled with dehydration effects at the anode.
In run 23 the segments were discharged at a cell temperature of
45°C with the anode sparger temperature reduced back to
40°C. Air was supplied at the rate of 22 cm3/min. The results
are provided in Figure 15. The significant influence of anode
hydration level is evident from comparing Figures 11 and 15.
Because of the lack of sufficient humidification at the anode,

the initial performances of the first three segments are much
lower in run 23 than those in run 18. This led to an improve-
ment in the current densities at segments 4, 5, and 6 as a result
of greater oxygen availability at the initial stages of discharge.
The current spread along the channel in this case was �0.1
A/cm2, compared to a spread of �0.3 A/cm2 observed in run
18. Over the course of the experiment, the product water helped
in the humidification of the segments near the inlet, leading to
a slight improvement in their performance, which ultimately
resulted in increasing the current spread to about 0.14 A/cm2.

Run 24 was conducted at an even higher cell temperature of
55°C with the anode sparger held at 40°C and the same air flow
rate as before. The segment current densities are provided in
Figure 16. By increasing the cell temperature further, while
maintaining the anode sparger temperature at 40°C, the dehy-
dration effects became more severe. During the initial periods
of discharge, the dehydration effect was severe enough to
dramatically reduce the current densities along the entire length
of the channel. At the initial stages, however, the decreasing
profile of the local current density was preserved along the
channel as the inlet segments still benefited from what little
humidity was available in the anode stream. Over time, the
product water helped humidification at all the segments, lead-
ing to an increase in current density along the entire length of
the channel. The current density spread toward the end of the
experiment was about 0.05 A/cm2. Given the relatively low air
flow rates used in this run and the elevated temperature, the
lower spread in current densities suggests dehydration as the
dominant factor that determined the spatiotemporal distribution
of local current densities.

To confirm these dehydration effects, run 25 was conducted
under conditions similar to those of the previous run with an
elevated anode sparger temperature of 75°C. The results from
this final experiment are provided in Figure 17. A comparison
of the initial local current density distribution provided in
Figures 16 and 17 indicates that increasing the anode sparger
temperature helped in humidification along the entire length of

Figure 15. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
23 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C,
and cell temperature � 44–46°C.

Figure 16. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
24 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 40°C, air humidifier temperature � 30°C,
and cell temperature � 54–56°C.
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the channel. Also, over the course of discharge, the greater
moisture content provided to the anode better aided the process
of in situ humidification by product water, leading to a current
density spread that was more influenced by the oxygen con-
centration profile rather than the dehydration pattern. Figure 18
provides the average cell current densities over time from runs
12, 18, 23, 24, and 25 that summarize the effect of cell
temperature and anode humidification at constant air flow rate
of 22 cm3/min (1.32 A). At lower anode sparger temperature,
it can be seen from Figure 18 that increasing the cell temper-
ature from 28 to 45°C resulted in an improvement in the
average current density because of improvement in kinetics and
water removal by evaporation. Further increase in the cell
temperature resulted in dehydration of the anode that influ-
enced the performance during the early stages of discharge.
Eventually the product water helped in the humidification
process, leading to better reactant utilization over time. When
the anode sparger temperature was correspondingly increased
along with the cell temperature, higher reaction rates (current
densities) and thus utilization was achieved over the entire
course of the experiment. The fact that the average current
densities in runs 23 and 25 are the same despite a significant
increase in both the cell and anode sparger temperatures sug-
gests that the fuel cell performance is limited at the cathode
because of oxygen diffusion limitations and availability.

Conclusions

The effects of cell temperature, humidification of the anode
and cathode gas streams, and oxidant flow rate on the spatial
and temporal current density distribution in a single-channel
PEM fuel cell operated on air and hydrogen were investigated
using a segmented electrode/current collector setup. Related
studies on pure oxygen operation and hydrogen starvation
effects are presented in the first article of this series.

The local current density distribution along the channel was
studied over 4 h at various oxygen flow rates of 16.6, 22, 35.8,

and 47.5 cm3/min corresponding to 0.16, 0.21, 0.34, and 0.45
A/cm2, at two different cell temperatures of 28 and 30°C with
a corresponding anode sparger temperature of 40 and 60°C.
The effect of the cathode sparger temperature was also inves-
tigated. The current density distribution was strongly influ-
enced by the availability of oxygen along the length of the
channel. Increasing flow rates yielded greater current densities
at downstream segments. Higher air flow rates and greater
cathode humidification resulted in flooding at segments near
the inlet because of liquid water entrainment in the air stream
and condensation.

At lower air flow rates, when elevation in cell temperature
was accompanied by an increased level of anode humidifica-
tion, an improvement in the current density at the first three
segments was observed that resulted in a loss in performance
downstream. By increasing air flow rate, effects of higher
kinetics and water removal rate brought about by increasing the
cell temperature were ultimately observed at all segments over
the entire length of the channel. When anode humidification
levels were not increased at higher cell operating temperatures,
the spatiotemporal current density distribution was primarily
influenced by the dehydration pattern in the segmented fuel cell
assembly. Given the chosen operating segment potential of
0.45 V, beyond a point, oxidant availability and diffusion
limitations at the cathode tended to dominate the current den-
sity pattern along the channel and further increases in the cell
temperature and anode humidification had minimal effect.

As a concluding remark, although this study is quite elabo-
rate in addressing local current density mapping at various
operational aspects of PEM fuel cells, a major limitation of this
work is the lack of data at cell temperatures � 55°C. Although
many portable PEM fuel cells applications may fall within this
limit, other important applications such as transportation re-
quire operating temperatures in the range of 70 to 80°C. Con-
cerns regarding contact resistance artifacts arising from loss in
surface smoothness of the segmented current collector assem-
bly as a result of the drastic difference in the thermal expansion

Figure 18. Effect of cell temperature and hydrogen
sparger temperature on the average cell cur-
rent density with individual segment poten-
tials controlled independently at 0.45 V (runs
12, 18, 23, 24, and 25).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air
humidifier temperature � 30°C.

Figure 17. Individual segment current response to an
imposed voltage of 0.45 V obtained from run
25 (segment potentials controlled indepen-
dently).
H2 flow rate � 48 cm3/min (6.9 A or 1.1 A/cm2), air flow
rate � 22 cm3/min (1.32 A or 0.21 A/cm2), H2 humidifier
temperature � 75°C, air humidifier temperature � 30°C,
and cell temperature � 54–56°C.
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coefficient of acrylic and graphite limited this study to moder-
ate temperatures. Although one would expect qualitatively
similar results at higher temperatures, actual experimentation at
60 to 80°C is essential, especially given the exponential de-
pendency7 of water vapor pressure on temperature. The satu-
ration pressure of water is crucial in deciding the relative
dominance of the two water-removal mechanisms: evaporation
and liquid water transport by capillarity. Segmented fuel cell
assembly with negligible differences in component thermal
expansion coefficients is needed for this. One possible ap-
proach would be to embed graphite current collector strips
coated with thin insulation (electronic) in a block of graphite
instead of acrylic. Other noncorroding electrically conductive
materials such as stainless steel or gold-coated copper strips
can also be used.
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