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Abstract

In situ non-intrusive measurements of water vapor partial pressure and temperature were performed simultaneously along two gas channels on
the cathode side of a PEM fuel cell using tunable diode laser absorption spectroscopy. This measurement technique developed by us was utilized
earlier to make measurements in a single bipolar plate channel of a prototype PEM fuel cell. The current study examines the variation of water partial
pressure and temperature near the flow inlet and outlet during operation under both steady state and time-varying load conditions. For steady-state
operation, an increase in the water vapor partial pressure was observed with increasing current density due to electrochemical production of water.
As expected, the measurement channel near the inlet of the flow path showed a lower water vapor partial pressure than the outlet under identical
load conditions; however, the quantitative distribution of water content across the cell is important to understanding operational behavior of a
PEM fuel cell. These quantitative water concentration differences between two measurement channels are reported with variations in cell load and
temperature. Temperature in the gas phase remained constant due to thermal equilibrium of the fuel cell. For time varying operation, no phase lag
was observed between the load and the water vapor partial pressure. The outlet measurement channel showed higher partial pressure than the inlet
with larger differences for increasing cell load. The transient data matched the steady-state measurements at the same conditions. A temperature
rise from the controlled value was observed at high current densities for the unsteady operation; thus, the temperature did not equilibrate on the

same time scale as the water partial pressure.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Performance in proton exchange membrane (PEM) fuel cells
is strongly affected by the transport processes that occur both
across the thin membrane separating the fuel and oxidizer
streams and in the plane of the gas flows through the bipolar
plate [1,2]. Prior research has shown that the most common
Nafion® membrane used in PEM fuel cells exhibits a protonic
conductivity increase by an order of magnitude when the rel-
ative humidity of the gas streams change from 35 to 85% [3].
For this and other reasons, water management in PEM fuel cells
is an important element in optimization of transport across the
membrane, and therefore overall system performance.

Although air and fuel gas (typically hydrogen) with con-
trolled levels of humidification are fed into the flow channels in
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the bipolar plates surrounding the membrane-electrode assem-
bly (MEA), the complex water transport mechanisms in the stack
and across the membrane can lead to highly inhomogeneous
water distributions. The water distribution is affected by the
water generation at the cathode due to electrochemical reaction,
the electro-osmotic drag that is responsible for water transport
from anode to cathode side, and the diffusion of water from cath-
ode to anode [1,2,4]. In addition, as hydrogen and oxidizer are
consumed in the gas flows through the bipolar plates, the con-
centrations of the reactants change and the boundary conditions
for transport across the membrane are altered. As a result, there
can be substantial variation of water concentration in the flow
channels of the bipolar plate, which may lead to local drying or
flooding of the membrane, local variations in temperature, and
consequently negatively affect the performance of a PEM fuel
cell. These spatial inhomogeneities may be further accentuated
by dynamic loading of a PEM fuel cell since the time scales for
transport within the bipolar plates and across the membrane will
not necessarily be equal. For these reasons, understanding of
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the distribution of water and local temperatures within operat-
ing fuel cells is important for optimization of fuel cell design and
operation. Accurate, fast, in situ measurements of water vapor
concentration and temperatures within the cell enable both bet-
ter understanding of water transport for improved cell design
and implementation of advanced control strategies.

Development of non-intrusive diagnostics for sensing of tem-
perature and gas species in fuel cells is relatively new with
most measurements in fuel cell systems limited to global inlet
and outlet measurements. Water measurements have been per-
formed by chilled water hygrometry [5], gas chromatography
[6,7] and Fourier transform infrared (FT-IR) spectroscopy [8]. If
implemented for in-cell measurements, these techniques become
intrusive since they require extraction of gas samples from the
cell. Additionally, imaging techniques such as neutron scattering
[9,10] and X-ray scattering [11] have been utilized for deter-
mining the spatial distribution of hydration states. However,
such techniques require placement of the fuel cell in sophis-
ticated large-scale instruments that are not widely available.
To overcome these limitations, a non-intrusive measurement
technique was developed [12,13] to permit local measurements
of gas composition and temperature within a PEM cell. This
technique utilizes tunable diode laser absorption spectroscopy
(TDLAS), and has been applied to measurements of water vapor
concentration [12] and gas temperature [13] along a single line-
of-sight within a modified optically accessible fuel cell. The
measurement technique provides good temporal resolution and
can be integrated into operating fuel cell stacks with minimal
modification. The spatial resolution of the instrument resolves
path-integrated values for one channel across a bipolar plate. In
a typically serpentine geometry, this path average represents a
measurement over a relatively small fraction of the total flow
path. Previously, measurements were performed for both steady
state and a particular transient operation of a PEM fuel cell in a
single flow channel.

In this article, the TDLAS measurement technique [12,13] is
applied to measure the water vapor concentration and tempera-
ture simultaneously in two flow channels in the bipolar plate of
a prototype PEM fuel cell employing a serpentine flow geom-
etry. In this way, spatial variations in the plane of the bipolar
plate can be directly recovered using a non-intrusive measure-
ment technique. In-plane variations of water concentration can
be used to indicate non-homogeneous water transport or pro-
duction. A quantitative measurement of the difference in water
content across the cell may be useful for identifying problem
locations in a membrane or cell design. Experiments in this
paper include both steady state and transient operation of the
fuel cell with a sinusoidal time varying current. The rate of
the sinusoidal variations is altered to examine the combined
spatial and temporal response of water transport in the fuel
cell.

2. Experimental approach
The experimental methodology is based on that previously

reported by Basu et al. [12,13], and is briefly reviewed here.
Tunable diode laser absorption spectroscopy was used to mea-
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Fig. 1. Schematic of the bipolar plate. The 3rd (near the inlet) and 12th (near
the outlet) channels are extended to the edges of the plate for optical access.

sure water vapor absorption profiles as a function of excitation
wavelength. Two channels of the serpentine flow path of a bipo-
lar plate were slightly modified for optical access. The bipolar
plate included a total of 17 flow channels in a serpentine geom-
etry of which the 3rd and 12th channels from the inlet on the
cathode side were selected for the measurements. Each flow
channel length was 7 cm with channel cross sectional dimen-
sions of 1.5 mm x 2.0 mm as schematically shown in Fig. 1. For
optical access, the two selected channels were milled out to the
end of the bipolar plate so that the diode laser beam could be
transmitted along the channel length. The recovered measure-
ments represent a path average along this channel, which include
only 5.8% of the total flow path.

To enable measurements across both channels simultane-
ously, the pigtailed output of a distributed feedback (DFB) diode
laser at a wavelength of 1470 nm was split using a bifurcated
2 x 2 optical fiber. One leg of the fiber was fed to a reference
photodiode for measuring the laser power without absorption
while the other leg was fed into another 2 x 2 bifurcated opti-
cal fiber. The output legs of this fiber were attached to two beam
collimating lenses and placed at the ends of the milled flow chan-
nels. The collimating lenses served the dual purpose of sealing
the ends of the channels as well as focusing the laser beam to
a spot size of about 1 mm. This was essential for aligning the
beam in the narrow, long channels with an aspect ratio of about
100.

The wavelength of the DFB diode laser was tuned by tempera-
ture and current control. A thermoelectric temperature controller
(Thorlabs TEC2000) was used to provide coarse adjustment of
the laser wavelength. Rapid tuning of the laser wavelength was
achieved by ramping the laser current input using a current con-
troller (Thorlabs LDC5000) as shown in Fig. 2. The current ramp
function was generated by the data acquisition computer at a fre-
quency of 50 Hz allowing the laser wavelength to scan 0.15 nm
around the 1470 nm transition. The laser wavelength was cali-
brated using an optical spectrum analyzer, and the wavelength
change during the rapid scan was monitored by aring interferom-
eter. Since both laser power and its emission wavelength change
during the current ramp, a reference photodiode, PD1 in Fig. 2
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Fig. 2. Experimental set-up for calibration, steady state and dynamic tests. Thermocouples (TC) are used to control the humidity of the cell.

(Thorlabs PDA400), was used to monitor the laser power prior
to entering the fuel cell. The attenuated laser signal was mea-
sured by two photodetectors, PD2 in Fig. 2 (Thorlabs PDA400),
at the opposite ends of the modified fuel cell gas channels. The
attenuated signals include the absorption by water and any non-
resonant losses. The peak laser absorption was typically around
2% for the conditions examined in this study.

The membrane electrode assembly utilized in this study con-
tained Perfluorosulfonic acid (PSA) polymer membrane made
by 3M Corporation (product ID: 98-0001-0134-9). The hydro-
gen and air streams fed into the fuel cell were humidified by
passing them through a temperature controlled water bath prior
to entering the fuel cell. Further heating of the gases, and elec-
trical heating pads on the fuel cell surface were used to provide
independent control of gas temperature, humidity, and cell tem-
perature. The humidifier outlet streams were saturated within
1% at the humidifier exit temperature. The external electrical
load on the fuel cell was controlled by a Scribner 890CL fuel
cell testing load box.

The calibration of the TDLAS measurement system was per-
formed by feeding only the cathode side of the fuel cell with
air of known humidity. The flow on the anode side was blocked
to prevent any electrochemical reaction from producing water
in the cathode channel. The cell was held at a fixed tempera-
ture using a temperature controller during the calibration and
during the fuel cell experiments. In an earlier study, Basu et al.
[12] showed that the water transitions in the vicinity of 1491 nm
were significantly stronger than the transitions near 1470 nm,
but they were only sensitive to partial pressure and not tem-
perature. Some measurements were carried out in this study at
1491 nm for comparison to the results at 1470 nm. However, all
temperature measurements were performed using the 1470 nm
transition.

The absorption of the laser beam passing through the gas
sample is related to the water vapor partial pressure, Py (atm),

of the absorbing species by Beer’s law [14]:

I L
T exp <_ / vadz) (1)
Iy 0

where « (atm ™! cm™!) is the wavelength and temperature depen-
dent absorption coefficient, / is the measured intensity of the
laser leaving the channel from PD2, and [ is the laser inten-
sity without absorption from PD1. The integration is performed
over the path length L of the gas sample, in this case over the
7-cm channel length. The absorption coefficient displays strong
peaks as a function of wavelength due to the discrete rotational
and vibrational energy transitions of the water molecule. The
absorption coefficient is also temperature dependent since the
distribution of water molecules among its various energy levels
depends on temperature. In the experiment, the absorption sig-
nal is monitored using the data acquisition computer during the
repeated current ramps to the laser. The absorption variations in
time can then be related to the laser wavelength thereby generat-
ing a spectral absorption profile. During each current ramp, 2000
data points were acquired at a sampling frequency of 100 kHz.
The profiles were averaged over 200 separate scans resulting in
a temporal resolution of 4 s.

2.1. Spectral characteristics of water

In the spectral region spanned by the laser, five transitions
contribute to the overall measured absorption profile. The data
analysis consists of a non-linear curve fit algorithm described
by Basu et al. [12,13] to determine the width and peak of each
transition. As shown previously, water—water collisions are very
effective in broadening the water absorption profiles (compared
to water—air collisions). Thus, the spectral width of the mea-
sured TDLAS profile changes substantially with water partial
pressure, and temperature has minimal impact on the width



S. Basu et al. / Journal of Power Sources 162 (2006) 286-293 289

0.60
— | O Experimental Data = HITRAN Simulation |
E 0504
&
@ 0.40
=1
4 030
@ .
< 2
E 0. 0 T )
t
a_v 0.10 o
0.00 T T T T
0.05 0.1 0.15 0.2 0.25 03

(@) Halfwidth (cm™)

0.019

* Pv=0.15 atm A Pv=0.19 atm u Pv=0.24 atm

0.017

0.01 5 A /
3 0.013
E-1
-1 0.011 4

0.009 -/

L
0.007 -
0.005 T T T T
60 65 70 75 80 85

(b) Temperature (°C )

Fig. 3. Calibration of (a) partial pressure vs. half-width calibration and (b) peak
absorption intensity vs. temperature at different water partial pressures (Py). The
predicted relationship between partial pressure and half-width is also shown in
(a) using the HITRAN absorption database.

[12]. Temperature on the other hand is obtained from measur-
ing the peak intensity of water absorption. In this manner, water
partial pressure and temperature can be simultaneously deter-
mined using the water absorption spectral shape and strength for
transitions in the range of 1470.30-1470.42 nm. Based on this
approach, Fig. 3 shows the resulting calibration curves for partial
pressure and temperature. The partial pressure of water is first
determined from the width of the absorption profile (Fig. 3(a))
and then the peak intensity is used to determine the temperature
(Fig. 3(b)). The water partial pressure can be determined with
an accuracy 5% and the temperature can be determined with
an accuracy £2 °C within the temperature measurement range
of 60-85 °C. Further details of the calibration and measurement
analysis can be found in Basu et al. [13].

3. Results and discussion

In this section, the water vapor partial pressure and temper-
ature measurements made in two channels of a serpentine flow
geometry of a single PEM fuel cell are reported. The measure-
ments were made under steady state as well as sinusoidal time
varying current conditions at two oscillation frequencies. The
steady-state measurements are first discussed with emphasis on
the spatial variations of the measurements. This is followed by

0.26 1.30
0.24 - Saturation pressure at the Cell temperature - 1.20
T T T T T T oSS ooo==ememmmmmmem =1.10
O Inlet side Pv L 1.00
- 0.90
- 0.80
- 0.70
- 0.60
- 0.50
- 0.40
- 0.30
- 0.20
- 0.10
0.00

m Outlet side Pv
A Polarization Curve

Cell Voltage (V)

Vapor pressure,Py (atm)

0-04 T T T T T
0 50 100 150 200 250

Cell Current Density (mA/cm?)

Fig. 4. Variation of steady-state partial pressure with applied load for the two
channels. Inlet partial pressure is 0.054 atm. The polarization curve (voltage) of
the cell during loading is also shown.

the presentation of the results for time varying current profiles
and the effects of unsteady operation on the water vapor partial
pressure and gas temperatures.

3.1. Measurements at steady-state fuel cell operation

Fig. 4 shows the partial pressure variation across the two
channels, one near the inlet and the other near the outlet of the
serpentine bipolar plate geometry shown in Fig. 1 as a function of
operating current density. In this case, the inlet water vapor par-
tial pressure was 0.054 atm with the cell operating temperature
of 65 °C corresponding to an inlet relative humidity of 22.6%. As
shown in previous measurements, the water partial pressure on
the cathode side increases linearly with the current density [12].
As more current is drawn from the cell, the combined effects of
water production on the cathode side and other water transport
effects such as electro-osmotic drag from anode to cathode are
responsible for the measured differences. It is seen in this fig-
ure that the water partial pressure is always higher in the outlet
measurement channel than the inlet channel in this serpentine
flow geometry. The difference in water vapor partial pressure
increases with increasing current density. The partial pressure
difference between outlet and inlet channels is very small at low
current settings below 30 mA cm ™2 and grows to 0.024 atm at
the current setting of 233 mA cm™2.

Fig. 5 shows the partial pressure variation for a higher inlet
water vapor partial pressure of 0.22 atm and cell operating tem-
perature of 85 °C, with a corresponding relative humidity of
40%. The measurements show again that the partial pressure
increases linearly with current density. The rate of increase,
AP,/AI is approximately 0.00030 atm cm”> mA~! for the inlet
channel and 0.00037 atmecm?mA~! for the outlet channel.
These values compare with 0.00023 atm cm? mA~! for the inlet
channel and 0.00032 atm cm?> mA~! for the outlet channel for
the experimental conditions of Fig. 4.

Water production and electro-osmotic drag increase with cell
current resulting in high water content on the cathode side of
the fuel cell at high current densities. However, these spatially
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Fig. 5. Variation of steady-state partial pressure and temperature with applied
load for the two channels. Inlet partial pressure is 0.22 atm.

resolved measurements show that water transport within the flow
passages of the bipolar plate via advection is not fast enough to
equilibrate the water content in the plane of the bipolar plate.
The differences in the slopes of the water partial pressure curves
versus current detail the level of non-homogeneous conditions
present in the fuel cell. For the lower temperature operating con-
ditions, the spatial inhomogeneity from inlet to outlet is 24% of
the average water partial pressure and for the higher temper-
ature operating conditions is 9% of the average water partial
pressure. This difference can be explained by the fact that at the
higher inlet humidity levels afforded by higher cell temperature,
advection of water through the bipolar plate flow passages is
a larger contributor to overall water transport and causes more
uniform conditions. Whereas, at low inlet humidity, most of the
water in the cathode flow passage comes from the membrane (via
production or electro-osmotic drag) and builds up from inlet to
outlet.

To provide further insight into the water transport occurring
in this particular cell, Fig. 6 shows the expected water partial
pressure increase as a function of cell current density assum-
ing that water is produced homogeneously at a rate governed
by the cell’s overall measured current. The calculated results
are compared to the experimental data at two different fuel
cell operating conditions. Calculated water production due to
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Fig. 6. Comparison of calculated and measured difference in water partial pres-
sure between the inlet and outlet channels. Experimental conditions are the same
as those in Figs. 4 and 5.

electrochemical reaction fully accounts for the measured water
partial pressure difference between inlet and outlet, indicating
that water transport by electro-osmotic drag does not contribute
appreciably to this increase. This is consistent with the obser-
vation that water partial pressure increases linearly with current
under all conditions examined here. Thus, electro-osmotic drag
is not significant at these conditions.

The path-averaged gas temperatures were also measured
using the 1470 nm transition and are shown in Fig. 5. The tem-
perature shows a variation between 85 and 90 °C over the whole
current range; however there is no systematic temperature vari-
ation greater than the uncertainty in the measurement (£2 °C).
It should be noted that the temperature of the cell is controlled
by a temperature controller at 85 °C, and the cell is allowed to
fully reach steady state with each discrete increase in cell cur-
rent. Thus, larger changes in temperature may not be expected
based on the thermal equilibrium of the cell.

3.2. Measurements during dynamic fuel cell operation

Fig. 7 shows the water partial pressure obtained during a
dynamic current cycle with peak amplitude of 130 mA cm~2 ata
frequency of 1/120 Hz. During these measurements, the fuel cell
was kept at a particular current setting for about 12 s. The data
collection started one second after each current setting and con-
tinued for 4 s during which 300 laser scans were obtained. For an
inlet water vapor partial pressure of 0.05 atm, the partial pressure
variation in the cell closely follows the current cycle without any
detectable phase lag. The partial pressure rises to a maximum
of 0.1 atm for a peak current value of 130 mA cm™? and reduces
to a minimum value of about 0.052 atm at zero current. The
partial pressure variation across two current cycles is repeat-
able showing the outlet channel having a higher water vapor
partial pressure than the inlet channel, as with the steady-state
results. The difference between the outlet and the inlet channel
partial pressures is highest at the peak current. The transient data
match well with the steady-state measurements, indicating that
the time scale of equilibration is smaller than the time scale of
the measurement (t =4s).

Fig. 8(a) and (b) illustrate the partial pressure variation at
a cell temperature of 65 °C and inlet water partial pressure of
0.05 atm for two current cycles of the same current amplitude
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Fig. 7. Variation of partial pressure with dynamic load for the two channels.
Inlet partial pressure is 0.05 atm.
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Fig. 8. Variation of partial pressure with dynamic loads of (a) low frequency
and (b) high frequency for the two channels. The operating conditions of the
cell are the same for both frequencies. Inlet partial pressure is 0.05 atm and the
cell nominal temperature is 65 °C.

but at two different frequencies (f=1/120, 1/60 Hz) for the same
set of operating conditions as in Fig. 7. The measurements and
comparisons are shown for one cycle only as the cycles are
highly repeatable. Similar to the low frequency case (Fig. 8(a)),
the water vapor partial pressure for the high frequency case
(Fig. 8(b)) also follows the current variation without any phase
lag. The partial pressure difference between the inlet and out-
let channels is maintained throughout the cycle with a slightly
smaller difference when the cell is unloaded. For the higher
frequency, each current setting has a transient duration of 6
with the measurement being performed from 1 to 5 s during this
period. The partial pressure variations are almost identical to
one another with very little dependence on the frequency of the
current cycle.

Fig. 9(a) and (b) illustrate the water vapor partial pressure
for an inlet partial pressure of 0.15 atm and a cell temperature
of 81 °C during two different loading frequencies. The partial
pressure difference between the outlet and inlet channels for
both frequencies is highest at the peak current and gradually
diminishes as the current is reduced. Both the channels attain
the water partial pressure of the inlet stream at zero loading.
Again as observed in Fig. 8, no influence of the current cycle
frequency is detected on the variation of the partial pressure.
At least for these relatively slow cycles (maximum f=1/60 Hz),
the water partial pressure equilibrates within the time scale of
measurement (4 s).

Fig. 10 illustrates the temperature measurements for the same
set of experimental conditions as in Fig. 9 for two different load
frequencies. It is observed in Fig. 10(a) for the low frequency
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cycle that the temperature is equal for the inlet and outlet chan-
nels but is not constant with cell current, as in the steady-state
measurements of Fig. 5. As the current increases, the cell temper-
ature increases above the control value. This was also observed
in the previously reported measurements [13]. The time scale for
the cell temperature to re-equilibrate is longer than the dynamic
loading time as evidenced by the fact that the temperature does
not follow a sinusoidal variation, but gradually increases. This
behavior suggests that the local gas temperature increases from
the nominal value with time varying current in spite of having
an external control on the temperature of the cell. Although the
gas temperature rises during the peak load, no temperature drop
is observed during reduction of the cell current. This thermal
behavior can be rationalized based on the larger thermal inertia
of the cell and the consequently slower time response.

For the high frequency cycle (Fig. 10(b)), the temperatures in
both channels again increase throughout the cycle. However, the
outlet side channel shows a higher average value than the inlet
side channel. The temperature difference between the channels
is the highest when the partial pressure difference (Fig. 9(a)) is
the maximum. Temperature variations of 4-5 °C are observed
particularly in the outlet channel. Although the typical error in
the temperature measurement is £2 °C, the rise in temperature
from the nominal value of 81°C is significant. Also the tem-
perature does not undergo cyclic variations like partial pressure
because of the external control and the large thermal inertia of
the cell.

Fig. 11 shows the partial pressure and temperature variation
for an inlet partial pressure of 0.05 atm, a cell temperature of
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Fig. 11. Variation of (a) partial pressure and (b) temperature with dynamic load
of low frequency for the two channels. Inlet partial pressure is 0.05 atm and the
cell nominal temperature is 65 °C. Note that the amplitude of the current profile
is twice than that of Fig. 7.

65 °C and current amplitude of 260 mA cm~2. Here, the current
amplitude is twice the amplitude reported in the earlier results,
and the inlet gas flows are less humid. Fig. 11(a) shows, in
comparison with Fig. 8(a), that the difference of the water par-
tial pressures is significantly higher at the peak current value
of 260mA cm™? than at the current value of 130 mA cm™2.
Apart from the larger peak difference in partial pressure val-
ues, the profiles are qualitatively similar to those shown for the
lower peak current amplitude. Fig. 11(b) shows the tempera-
ture variation for the higher current amplitude. The temperature
variation exhibits an increase with time with the highest temper-
ature reaching 72 °C. Hence compared with a lower amplitude
variation like Fig. 10(b), a more pronounced temperature non-
equilibrium exists for both the channels; although there is no
detectable temperature difference across the channels for the
higher amplitude case.

4. Conclusions

The measurements of water vapor partial pressure and tem-
perature across two channels of the bipolar plate of a PEM fuel
cell operating under steady and dynamic conditions were per-
formed using a diagnostic technique based on tunable diode laser
absorption spectroscopy. The technique is based on the mea-
surements of water absorption characteristics that are sensitive
to temperature and partial pressure in the operating range of a
PEM fuel cell. The reported measurements are the first simulta-
neous non-intrusive water and temperature measurements made
in two flow channels under steady and transient operation of the
fuel cell.

For the steady-state measurements, simultaneous monitoring
of two channels showed an increase in water vapor concentration
between the inlet and outlet measurement channels, demonstrat-
ing a non-homogeneous distribution of species in the plane of
the bipolar plate flow passages. The results showed a greater
discrepancy in the inlet and outlet water content with increas-
ing load of the fuel cell. The measured increase in water partial
pressure near the inlet and the outlet channels of the serpentine
flow path was found to be primarily due to the water produc-
tion in between the two locations and electro-osmotic drag was
found to be insignificant for the conditions examined. The tem-
perature of the cell, which is regulated externally, showed no
systematic variation between the two channels. However, other
cell designs, operating conditions, or thermal boundary condi-
tions will show different balances among the water production
and transport processes and must be separately studied.

Measurements taken during two sinusoidal time varying cur-
rent profiles showed the effects of frequency and amplitude of
the dynamic load on the distribution of partial pressure and tem-
perature in the two measurement channels. The water vapor
partial pressure increases between inlet and outlet in a quasi-
steady manner without any measurable phase shift with respect
to the current profile. The non-homogeneous water distribution
observed in the steady-state measurements, is equally apparent
in the dynamic loading measurements. However, the tempera-
ture does not reach equilibrium during dynamic loading, even at
frequencies as slow as f=1/120 Hz.
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The optical, non-intrusive measurement technique demon-
strated in this study can be utilized for fundamental studies for
better understanding of PEM fuel cell design and operation. It
provides a diagnostic tool that is capable of interrogating local
effects with good temporal resolution.
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