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1 INTRODUCTION

Over the last decade, proton exchange membrane fuel
cells (PEMFCs) have become the subject of intensive
research activity, as the technology offers a viable alter-
native to power sources based on hydrocarbon combustion.
Water management stands out as one of the key remain-
ing performance, durability, and cost challenges, because
it influences the properties of the materials used in the
membrane-electrode assembly (MEA), gas diffusion layer
(GDL), and bipolar plates; drives the selection of fuel
cell operating conditions (temperature, pressure, relative
humidity, and reactant stoichiometric ratios); and impacts
bipolar plate and hardware design as well as specification
of ancillary components, such as the air- and hydrogen
(or reformate)-handling equipment, humidifiers, etc. In the
event that high-temperature, low-humidity proton exchange
membranes become viable, there will still be a need to
accommodate the presence of liquid water under start-
up, shutdown, and transient load conditions, and for low
ambient temperature performance. Therefore, a strong and
sustained need for diagnostic methods that enable mea-
surement of liquid water within an operating fuel cell is
expected.

A variety of methods have been advanced for monitoring
the in situ liquid water content, as recently summarized

by St. Pierre.[1] Neutron imaging has several inherent
advantages that make it among the most versatile diagnostic
methods:

• The high neutron cross section of hydrogen, coupled
with the low neutron cross section of common fuel
cell construction materials, provides an acceptably high
signal-to-noise level without significant deviation from a
standard fuel cell design and material set.

• High spatial resolution, on the order of 100 µm or less.
• High temporal resolution, on the order of 10 s or less.
• Large imaging area, on the order of 10 cm × 10 cm.

More details on the specific experimental features of a
typical system for applying neutron imaging to fuel cells
are provided in Section 2.

Despite the demonstrated capability of neutron imag-
ing for fuel cell research, the method has a significant
disadvantage in that a high-intensity neutron source is
needed to attain an acceptable signal-to-noise ratio and
image resolution. The cost and radiation safety consider-
ations associated with such a neutron source have lim-
ited the number of facilities that possess this unique
experimental capability. As of mid-2008, all known pub-
lications documenting the application of neutron imag-
ing to PEMFCs[2–41] have originated from one of seven
laboratories (Table 1):

Handbook of Fuel Cells – Fundamentals, Technology and Applications. Edited by Wolf Vielstich, Harumi Yokokawa, Hubert A. Gasteiger.
Volume 6: Advances in Electocatalysis, Materials, Diagnostics and Durability.  2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-72311-1.
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Table 1. Neutron imaging of hydrogen PEMFCs: literature survey 1999 through mid-2008.

Author(s) Year NR
facility

Active area
(cm2)

Application

Bellows et al.[2] 1999 NIST 5 Water gradients in Nafion membranes. Usually
cited as the first study of fuel cell water using
neutron imaging.

Geiger et al.[3] 2002 PSI 100 Flow field water during fuel cell start-up and
shutdown. Most water observed on the anode
side, as a result of condensation.

Owejan[4] 2003 NIST 50 Effects of GDL properties, and channel geometry
and surface contact angle on water accumulation.

Satija et al.[5] 2004 NIST ? Demonstration of real-time radiography at 2 s
image acquisition intervals, neutron tomography,
and masking to isolate anode and cathode flow
fields.

Chuang et al.[6] 2005 PSU 50 Effect of land and channel widths on voltage loss
due to flooding and anode dry out.

Kim et al.[7] 2005 NIST ? Feasibility test to study channel water accumulation
at different cell temperatures and current
densities.

Kramer et al.[8] 2005 PSI 100 Effect of flow field design on water accumulation in
channels and GDL.

Pekula et al.[9] 2005 PSU 50 Channel-level water quantification as a function of
current density.

Schneider et al.[10] 2005 PSI 29.2 Simultaneous neutron radiography and locally
resolved impedance spectroscopy.

Hickner et al.[11] 2006a NIST 50 Relative responses of current density and hydration
state of the fuel cell, the latter being strongly
influenced by cell temperature and waste heat.

Hickner et al.[12] 2006b/2008 NIST 50 Relative responses of current density and hydration
state of the fuel cell, and down-the-channel
condensation model.

Hussey et al.[13] 2006/2008 NIST 4 Tomographic imaging to distinguish between water
accumulation on anode and cathode sides.

Kim et al.[14] 2006a KAERI 100 Channel and MEA/GDL level water during start-up
and steady state.

Kim et al.[15] 2006b/2008 KAERI 100 Comparison of water management performance of
different flow fields, and efficiency of water
removal at channel and MEA scales.

Kowal et al.[16] 2006 PSU 12.5 Effect of GDL type on water accumulation under
channels and lands and under transient and
steady-state conditions.

Ludlow et al.[17] 2006 NIST 50 Channel and MEA/GDL level water at steady state
and after purge.

Manke et al.[18] 2006 HMI Various Combined neutron imaging with current
distribution, and tomographic imaging of various
fuel cell stack designs.

Owejan et al.[19] 2006a NIST 50 Water content and differential pressure used to
calculate relative permeability
in GDL.

Owejan et al.[20] 2006b/2008 NIST 50 Bypass loop on cathode used to simulate
relationship between voltage instability and water
content in a multicell assembly.

Trabold et al.[21] 2006 NIST 50 Effects of current density and cathode
stoichiometric ratio on channel-level water
accumulation.

Turhan et al.[22] 2006a PSU 12.5 and 50 Effects of channel/land width ratio and channel
surface energy, and diffusion media type on total
water accumulation.

(continued overleaf )
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Table 1. (continued ).

Author(s) Year NR
facility

Active area
(cm2)

Application

Turhan et al.[23] 2006b PSU 14.5 Quantify liquid water in channels and diffusion
media as a function of inlet gas flow rate and
humidification, and cell pressure.

Turhan et al.[24] 2006c PSU 12.5 and 50 Effects of channel/land width ratio and channel
surface energy, and diffusion media type on total
water accumulation.

Ueda et al.[25] 2006/2008 JAERI/KURRI ? Effect on cell performance of water condensation
on anode and cathode sides.

Yoshizawa et al.[26] 2006 PSI 127 Effects of diffusion media type and flow field
design on quantity of total accumulated
water.

Zhang et al.[27] 2006 PSI 25 and 100 Effects of diffusion media type and flow field
design on the relationship between material
properties, liquid accumulation, and
electrochemical performance.

Chen et al.[28] 2007 NIST 100 Water distributions in anode and cathode GDLs.
Flow fields shifted by a channel width allowed
separation of water content on either side of fuel
cell.

Fu et al.[29] 2007 NIST 25 Correlation of cell temperature and water content
during start-up.

Hussey et al.[30] 2007 NIST 10 Imaging of water distribution normal to the plane of
the active area, using a microchannel plate
(MCP) detection method with spatial resolution
≈ 30 µm.

Manke et al.[31] 2007 HMI 100 Tomographic imaging of the three-dimensional
water distributions in three- and five-cell stacks.

Mukundan et al.[32] 2007 NIST 2.25 Imaging normal to the MEA to observe water
gradient from inlet to outlet, and relative water
content on anode and cathode.

Mukundan et al.[33] 2007 NIST 50 Imaging of ice formation during constant voltage
operation at −10 ◦C.

Owejan et al.[34] 2007 NIST 50 Bypass loop on cathode used to simulate
relationship between voltage instability and water
content in a multicell assembly.

Owejan et al.[35] 2007 NIST 50 Effects of GDL properties, and channel geometry
and surface contact angle on water accumulation.

Hartnig et al.[36] 2008 HMI 100 Combined neutron imaging with current distribution
enabled correlation between local performance
and hydration condition.

Hickner et al.[37] 2008a NIST 50 Correlation of water distribution to local cathode
flow and temperature conditions.

Hickner et al.[38] 2008b NIST 16.2 High-resolution imaging of water gradients normal
to MEA.

Turhan et al.[39] 2008 PSU 50 Effects of channel dimensions and land-to-channel
width ratio on quantity of retained water.

Ueda et al.[40] 2008 JAERI/KURRI 25 Correlation of channel-level water in anode and
cathode to cell voltage performance.

Owejan et al.[41] 2008 NIST 50 Water distributions under relatively cold operating
conditions, and dynamics of cathode air purge.

• HMI: Hahn-Meitner Institute, Berlin, Germany
• JAERI: Japan Atomic Energy Research Institute, Ibaraki,

Japan
• KAERI: Korea Atomic Energy Research Institute, Dae-

Jong, Korea

• KURRI: Kyoto University Research Reactor Institute,
Osaka, Japan

• NIST: National Institute of Standards and Technology,
Gaithersburg, Maryland, USA

• PSI: Paul Scherer Institute, Villigen PSI, Switzerland
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• PSU: Pennsylvania State University, University Park,
Pennsylvania, USA.

This article provides an overview of the applications of
neutron imaging to fuel cell technology in the following
primary areas: water gradients normal to the MEA; water
management in the GDL and flow fields; multicell and
transient phenomena; and low temperature and freeze
(Section 3). In Section 4, we also discuss some of the future
trends in neutron imaging methods, including tomography,
high-resolution detectors, and phase imaging.

2 EXPERIMENTAL SYSTEM
CONFIGURATION

2.1 Neutron imaging technique and apparatus

There are two primary neutron production mechanisms for
use in neutron scattering research: fission and spallation. In
both cases, the neutron initially has a kinetic energy of order
megaelectron volt (MeV). This energy must be reduced to
order millielectron volt (meV) to have appreciable inter-
action with matter. There are two energy ranges generally
used for neutron radiography of fuel cells. The first is the
thermal energy range, which has a mean value of 25 meV.
The second is the cold neutron energy range, which cor-
responds to energies of 5 meV and lower. This reduction

in energy is achieved by down scattering in a moderator
material, such as water, heavy water, or liquid hydrogen.
A neutron beam is formed by allowing the moderated neu-
trons to escape through a tube that penetrates the radiation
shielding into the moderator. To form a neutron imaging
beam, an aperture is placed between the neutron source
and the sample position, as shown in Figure 1.

A neutron radiograph is a spatially resolved neutron
transmission measurement of an object. Neutrons scat-
ter from or are absorbed by the nucleus of an atom,
which presents an appreciable total cross-sectional area (σ)
for neutron interaction. For thermal neutrons of 25 meV,
the total bound cross sections for hydrogen, deuterium,
and aluminum are 82.0 × 10−24, 7.64 × 10−24, and 1.5 ×
10−24 cm2, respectively.[42] For water at 300 K, the mea-
sured total scattering cross section at the same incident
neutron energy is 37.65 × 10−24 cm2. The total transmission
(T ) of neutrons through an object composed of isotopes i

is determined from the number density Ni , the thickness of
material ti , and σi , and is given by the Lambert–Beer law:

T = I

I0

= e
−
∑

i

(Nσt)i

(1)

The spatial resolution of a neutron image is defined as
the minimum spatial separation required to resolve two
pointlike objects that have been blurred by the imaging
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Figure 1. Details of neutron imaging configuration: (a) schematic of the essential components of a neutron imaging facility; (b) an
unblurred radiograph of an opaque object; and (c) blurring due to a finite-sized aperture is depicted.
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system. The imaging system blur has two primary contribu-
tions: the intrinsic detector resolution δd and the geometric
blur λg, due to the neutron beam configuration. λg is
defined as the image of the aperture if it were imaged by
a pinhole at the object separated from the detector by a
distance z:

λg = zd

(L − z)
≈ zd

L
(2)

The spatial resolution of the image due to the geom-
etry of neutron beam setup (see Figure 1) is determined
by the aperture diameter d and the detector–aperture sep-
aration distance L. For a typical PEMFC imaging system,
L/d ≥ 300 is necessary for resolving water in the chan-
nels relative to the lands and a value of 600 is nearly
optimal when using a standard neutron radiography cam-
era (the spatial resolution for a standard camera is about
250 µm). Improving or increasing L/d by either decreas-
ing d or increasing L reduces the neutron intensity, which
corresponds to longer image acquisition times. For high-
resolution neutron radiography detectors, much higher val-
ues of L/d (L/d ≥ 1200) are necessary. The image blur
resulting from δd is due to the details of the neutron detec-
tion. The primary detector for neutron imaging is a ZnS
scintillator loaded with a neutron absorber such as 6Li cou-
pled to a light detector. The neutron capture event results in
a charged particle that deposits energy into the ZnS, which
emits scintillation light in all directions. This uniform light
emission limits δd to about the thickness of the scintilla-
tor, which is typically 100–300 µm. The scintillation light
is captured by a digital imaging device such as a charge-
coupled device (CCD) or an amorphous silicon panel. The
overall image resolution is (λg

2 + δd
2)1/2, and, for typical

values of z = 10 cm, L/d = 600, and δd = 250 µm, gives
an overall spatial resolution of about 300 µm.

The spatial resolution determines how well one can
distinguish PEMFC components in the image plane, but
the measurement uncertainty of the liquid water thickness
is equally important. The liquid water thickness is obtained
by processing images using equation (1), combined with
knowledge of the liquid water neutron attenuation Nwσw.
Because σw depends on neutron energy, a calibration
measurement of Nwσw for each configuration is required.
A dry and wet image of a water wedge with varying
thicknesses is taken, and a linear relationship to directly
apply equation (1) or to form a look-up table is assumed.[9]

Because the water thickness is determined by the ratio of a
wet and dry image, it is important to account for potential
fluctuations in the incident neutron fluence during the two
image acquisitions. The standard method to accomplish this
is to normalize the wet image to the dry image using the
average pixel intensity in an unobstructed or unchanging
portion of the image. The sequence of image-processing

steps required to extract quantitative water thickness data
from a neutron radiograph is illustrated in Figure 2.

The uncertainty in the water thickness, δtw, is composed
of random and systematic contributions. The random uncer-
tainty is the fundamental limit to the measurement accuracy
and is determined by Poisson neutron counting statistics
(also known as shot noise):

δtw ≈ 1

Nwσw

√
2

I0AT η
(3)

where I0 is the incident fluence rate (cm−2 s−1), A is the
integration area, T is the integration time, and η is the
neutron detection efficiency.[43] The systematic uncertainties
come primarily from neutron scattering, unstable fuel cell
performance during the integration time, and unintended
motion of the fuel cell between dry and wet images. Image
blur can also contribute to a systematic error in the thickness
and has been discussed at length by Kramer et al.[8] With
long integration times, the systematic uncertainties can
dominate the total water thickness uncertainty, but are
to some extent under the control of the experimenter, as
described in Section 2.2.

2.2 Fuel cell test article considerations

In contrast to other liquid water diagnostics, neutron radio-
graphy requires minimal changes to the PEMFC hardware.
Most designs are directly compatible as graphite, aluminum,
stainless steel, and thin electrical insulation have at least
an order of magnitude smaller σ than water, allowing suffi-
cient neutron transmission to detect thin liquid water layers.
However, optimizing the test hardware for neutron imag-
ing results in increased spatial and temporal resolutions, as
well as decreased systematic uncertainties associated with
calculating the liquid water content.

The most common experiments probe liquid water in-
plane across the active area. For such experiments, there are
three important design considerations: use materials with
small σ, reduce the thickness of materials with larger σ, and
use a flow field design that allows for anode and cathode
channel discrimination.[4, 28, 35] Graphite flow distributors
used in some experiments[11, 17] revealed the necessity of
sealing the porous material from liquid water permeation.
Gold-plated aluminum flow fields improve image quality;
however, cell durability can be impacted as this material
combination corrodes when exposed to deionized water at
fuel cell potentials. More durable flow distributors can be
manufactured from thin stainless steel or sealed graphite.
Because any test article movement, including that due to
thermal expansion, causes the reference to be misaligned,
thus introducing image artifacts, mounting the cell in the
beam should be integral to the overall design. Specifically,
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(a) (b)

(c) (d)

Figure 2. Sequence of steps in neutron radiograph image processing: (a) raw radiograph of operating fuel cell; (b) normalization by dry
image; (c) negative natural logarithm of pixel intensity, as per equation (1); and (d) image averaging and mapping to black monochrome
color scale.

the fixture should be rigid, isolated from vibration, and
resistant to conductive heat transfer from the cell for
accurate dry system normalization.

Temperature regulation of the fuel cell for neutron
radiography should also be optimized. Heating elements
should be removed from the line of sight through the active
area because of their wide fluctuations in temperature that
cause localized movement and variation in the scattered
neutron intensity. When using liquid cooling in the active
area plane, a favorable alternative to water or glycol is
heavy water (deuterium oxide, D2O). The thermal and
chemical properties of D2O are nearly identical to that
of water, but D2O has a much smaller σ than water. To
control the temperature of the test section below 0 ◦C, a
mixture of water (or heavy water) and ethylene glycol
is required. Deuterated ethylene glycol is commercially
available; however, the high cost makes this a less attractive
option. Also, to prevent frost formation on the outside of the
test section and thus image artifacts, freeze testing should
be performed inside a humidity-controlled environment.

High-resolution through-plane imaging and tomographic
imaging have similar mechanical design challenges.

Assumptions used to quantify liquid water content from the
measured neutron attenuation using equation (1) no longer
apply when the integrated water thickness exceeds about
1 mm.[43] This places a design restriction on the width of
the active area so that the maximum possible saturation
contains less than 1 mm of water. Minimizing the width
improves the resolution by allowing the imaging plane to be
closer to the detection plane; i.e., reducing z in equation (2).
Gasket material selection is also an important considera-
tion when the active area plane is parallel to the neutron
beam. Expanded polytetrafluoroethylene (PTFE) and alu-
minum are possible low-attenuating alternatives to rubber-
and silicone-based materials.

3 APPLICATIONS OF NEUTRON
IMAGING

3.1 Water gradients normal to the
membrane-electrode assembly (MEA)

Measuring the through-plane water distribution (i.e., from
anode gas channels through the membrane to the cathode
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Figure 3. A comparison of the through-plane water distributions at different anode and cathode inlet relative humidity. Operating
conditions: current density = 1.0 A cm−2, T = 80 ◦C, P = 100 kPa, and anode/cathode stoichiometric ratios of 1.1/2.[32]

channels) is important for understanding the fundamentals
of mass transport and its effects on the electrochemical
performance of PEMFCs. While the first demonstration
of neutron imaging to study fuel cells was for measuring
the water gradient across the membrane,[2] there has since
been little work on this topic. The few articles that have
been published are predominantly focused on observation
and have not yet been directly connected to any modeling
effort. The main reason for the relatively few efforts
is that the image resolution historically achievable with
scintillators is about 250 µm, which is insufficient to resolve
the MEA water profile or that in standard gas diffusion
layers (GDLs).

The first reported fuel cell neutron imaging measurement
was of the water content in an artificially thick membrane
formed by thermally bonding four Nafion 117a membranes
(each 150-µm-thick perfluorosulfonic acid).[2] The trend
of the water gradient was to increase from the anode to
cathode, but it was not a monotonic increase as expected,
as local maxima and minima were observed and attributed
to the less hydrophilic surface of each individual Nafion

membrane. The difference in neutron intensity between the
maxima and minima was several times that of the root mean
square deviation of the intensity, and so was statistically
significant.

There was one attempt to measure the through-plane
water distribution using tomography.[13] In this study, the
test section had an active area of 1 cm × 4 cm and
used 1-mm-thick GDLs and a Nafion 117 membrane. A
scintillator detector system was used, and the reconstructed
image resolution was about 250 µm. Despite this coarse
spatial resolution, these experiments clearly demonstrated
water gradients within the GDLs.

Recently, there have been two published results of the
through-plane water distribution measured with a spatial
resolution of 25 µm. The first experiment was a demonstra-
tion of new imaging technology based on a microchannel
plate (MCP) detector, discussed further in Section 4.[30] The
test section had a narrow active area, 0.4 cm × 25 cm, so
as to minimize λg (equation 2), with a Nafion 117 mem-
brane and 1-mm-thick GDL. The cell had relatively high
anode and cathode flow rates so as to prevent water accu-
mulation in the channels. The other study of through-plane
water content was focused on the effect of the PTFE con-
tent in the bulk substrate and microporous layer (MPL) of
three different carbon fiber GDLs on the cathode.[32] The
fuel cell had an active area of 2.25 cm2, and the depth of
the flow channel was chosen to yield a pressure drop near
to that of a standard 50-cm2 cell. Neutron radiography of
the through-plane water content revealed that higher PTFE
content in the cathode MPL resulted in more flooding, and
thus a significant reduction in oxygen mass transport to
the cathode. Also, as shown in Figure 3, the inlet relative
humidity has a large influence on the water content within
the anode and cathode GDLs. The total water content is at
a maximum level with both inlet streams fully humidified.
Reducing the anode inlet relative humidity (RH) to 50%
reduced the maximum amount of trapped water between
the anode GDL and channel to about 40% of the fully satu-
rated state, whereas the membrane water content was only
reduced to 86% of the saturated state. A more dramatic
reduction (14% of the fully saturated case) was observed
by reducing the cathode inlet RH to 50%. The average
membrane water content in this case was also dramatically
reduced by about 60%, demonstrating that the cathode inlet
RH plays a major role in the water retention of the cell.[32]
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3.2 Gas diffusion layer (GDL) water
management

Neutron radiography has been used to investigate sev-
eral factors that influence the water retention in the GDL,
grouped in three main categories: GDL structure (perme-
ability, pore size distribution, MPL, and PTFE loading); gas
stream conditions (inlet RH, flow rate, and pressure); and
cell construction and operating conditions (channel geome-
try, channel surface energy, bulk temperature, heater place-
ment, and current density history). One general finding is
that there is no single, monotonic relationship between the
GDL water retention and the current density. Rather, there
is a complex interplay between all three primary factors.

The porous media properties of the GDL are fundamental
to the water transport from the catalyst layer to the
channel. The use of an MPL is known to improve the
performance of a PEMFC (see Diffusion media materials
and characterisation, Volume 3). However, by increasing
the PTFE content of the MPL, one reduces the open pore
volume, which can increase mass transport resistance on
the cathode. Also, the increased hydrophobicity of the
additional PTFE may also drive water back into the MEA.
Other studies examined different PTFE loadings in the
MPL and bulk of the GDL, and from polarization curves
determined that there is an optimum PTFE loading in the
MPL for a given GDL substrate.[26, 32] Neutron radiography
was applied to demonstrate that the loss in performance
was attributable to an increase in the GDL water retention.

The pore size distribution also seems to play a role in
the GDL water retention, at least when comparing paper
GDL to cloth GDL, each with an MPL.[16, 26] In both stud-
ies, the overall cell water retention was about equal, but
the paper GDL showed a lower limiting current. Using
mercury porosimetry, the paper pore distribution showed
a narrow peak corresponding to a bulk pore size of about
50 µm, while the cloth GDL showed a broad pore size
distribution from a few micrometers up to about 100 µm.
In the cloth GDL, the water preferentially filled the larger
pores (smaller surface-to-volume ratio), leaving the smaller
pores open for oxygen transport to the catalyst layer. The
open pore volume plays an important role in the cell per-
formance. It seems that there is a critical GDL saturation
at which point the GDL begins to reject water into the
channels, and resistance to oxygen transport to the MEA
reaches its maximum.[19, 20, 34, 35] In extreme cases, this can
lead to cell failure (see, e.g., Electrode degradation mech-
anisms studies by current distribution measurements,
Volume 6) or, in voltage controlled experiments, a signifi-
cant reduction in the current density.

The inlet gas stream can remove water either through
evaporation or convection, and can introduce water to the
fuel cell in the vapor phase. A widely observed trend for
experiments that run in a coflow orientation is that the

region near the gas inlet is drier than that near the outlet,
as the gas stream becomes saturated from the removal of
product water down the channel. One study demonstrated
that, at high current density, significant mass transport loss
can result from very small changes in liquid water content,
indicating that interfacial water (likely forming between the
GDL and electrode layers) is a key contributor.[6]

The thermal environment of the GDL impacts the overall
liquid water retention, particularly the waste heat from the
electrochemical reaction which enhances evaporative water
transport from the MEA to the channels. In addition to
the waste heat, the placement of cartridge heaters can alter
the water content in the flow fields, suggesting that the
usual assumption of uniform temperature distribution across
the flow field is not always valid.[26] The impact on water
retention is that this “local heating” can be a source of
additional drying of the fuel cell.[11] Thus, it is possible
that as the current density is increased, the waste heat aids
in the evaporation at the MEA, resulting in a drier cell.

Another general trend observed through neutron radio-
graphy is that the change in water content of the GDL
occurs slowly, especially compared to changes in the rate
of water production.[11, 16, 19] An aspect of this slow response
is that one can observe a hysteresis in the water content
during sweep up and down of the current density.[25, 26]

For a given reactant stoichiometry, the critical saturation
may only occur near the limiting current. As the current is
reduced from near limiting current, there may not be suffi-
cient gas flow to remove the liquid from within the GDL.
This extra water yields a smaller open pore volume and
reduced oxygen transport to the catalyst layer.

3.3 Flow field water management

The characteristic length scale of bipolar plate channels
typically ranges from 0.5 to 1 mm (see Serpentine flow
field design, Volume 3), so the neutron imaging method is
well suited to study steady-state and transient phenomena in
this part of the fuel cell. It is difficult to ascertain in a two-
dimensional radiograph the anode versus cathode location
of channel-level water, unless the flow fields are specifically
designed to permit this determination. For example, flow
fields can be arranged perpendicularly, so that anode and
cathode channels are offset by 90◦ over most of the
active area.[4, 35] Also, separate anode and cathode water
quantification can be enabled by shifting the flow fields by
one channel width.[28]

Much of the research involving neutron imaging of fuel
cells has been applied to studying water accumulation in
different channel geometries. Many articles have reported
the persistent problem of trapping water in the U-bends
of serpentine flow fields,[9, 21] which occurs as a result of
gas bypass across the lands, through the porous GDL.
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Figure 4. Water mass as a function of current density, for a 50-cm2 cell built with MEA from W.L. Gore & Associates (25 µm
Nafion, Pt areal density of 0.4 mg cm−2 on anode and cathode) and SGL 21BC gas diffusion layers. Operating conditions: T = 80 ◦C,
P = 200 kPa, fully humidified reactant with anode/cathode stoichiometric ratios of 2/2.[4]

Yoshizawa et al.[26] studied how disruption of gas flow
can be correlated to lower performance with different flow
channel geometries. Water accumulation has also been
shown to affect interdigitated flow fields. Although such
designs afford the possibility of reducing mass transport
losses by forcing convective reactant flow through the GDL,
liquid water tends to accumulate at the closed ends of
the channels,[8, 19] and can only be effectively eliminated
through evaporation.

A common observation in literature describing the water
content and distribution in an operating fuel cell is the cor-
relation between current density and total measured water
volume.[9, 23, 25] Low current densities present the greatest
risk of channel-level flooding due to the lower reactant
gas flow rates, which do not have as much potential to
remove liquid water droplets and slugs from the cell. Chan-
nel flooding at low current density is further exacerbated
by using saturated gas flows and low reactant stoichiome-
tries. Several studies have shown that independent of cell
size, materials, and flow field geometry, increasing gas
shear is an effective means of removing liquid water
from channels,[15, 17, 23] (see Serpentine flow field design,
Volume 3).

A method commonly used to distinguish between water
accumulating over or in the channels and the water accu-
mulating over the lands is to develop image masks that
remove the contribution to the overall water volume from
a portion of the geometry. Such masking methods enable
separate analysis of water holdup in channels and nonchan-
nel regions of the fuel cell. An example is illustrated in
Figure 4, where the water content in a 50-cm2 fuel cell
was analyzed to determine the fraction of water contained
within the flow field versus that residing in the porous GDL
and MEA materials. From such analysis, it is possible to
study channel water management over the entire range of
operating conditions and determine under what conditions
water can introduce performance anomalies, as discussed
in Section 3.4.

Channel cross-sectional geometry and surface energy
are important design considerations, as these properties
influence the overall amount of liquid water retained, and
the degree to which individual channels become blocked.
Turhan et al.[23] conducted experiments in which differ-
ent quadrants of the anode and cathode flow fields were
either hydrophilic from the gold-plated aluminum sur-
face, or rendered hydrophobic from a secondary coat-
ing applied to the channel walls only. Owejan et al.[35]

investigated the combined effects of channel geometry
(rectangular and triangular with the same cross-sectional
area) and surface energy. Neutron imaging showed that
the quantity of retained channel water, and the mor-
phology of the water droplets, is most strongly affected
by the channel geometry rather than surface energy. As
shown in Figure 5, for horizontally oriented cathode chan-
nels, the rectangular geometry retains relatively large
slugs, which fill a large fraction of the channel cross
section. In contrast, the triangular flow field tends to retain
smaller droplets in pairs, which are captured in the 43◦

angles formed between the flow channels and diffusion
media.

3.4 Multicell and transient phenomena

Neutron radiography studies are not limited to material
and channel evaluations, but can also be applied to study
multiple cells that experience temperature transients dur-
ing start-up, shutdown, and load changes. Although these
transients may represent only a small portion of the overall
operating time, the resulting residual liquid water impacts
performance and durability. Early work by Geiger et al.[3]

investigated the effect of start-up and shutdown temper-
ature transients on water accumulation in a 100-cm2 test
cell. The start-up from 20 ◦C with dry inlet gas streams
in a coflow orientation was shown to quickly accumulate
liquid water near the gas outlets. As the experiment pro-
gressed and the cell temperature increased, the liquid water
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Rectangular cross section

Area = 0.52 mm2 Area = 0.52 mm2

Triangular cross section

Figure 5. Influence of channel cross-sectional geometry on morphology of water droplets in horizontal cathode channels at low current
density. Rectangular channels tend to form larger slugs, which fill much of the channel cross section, while triangular channels tends
to form droplets in pairs, residing in the corners between the flow field and the gas diffusion layer. The 50-cm2 fuel cell was operated
with the anode flow field arranged orthogonally to the cathode, and built with a 25-µm membrane, anode and cathode Pt areal density
of 0.4 mg cm−2, and Toray 060 gas diffusion layers. Operating conditions: T = 80 ◦C, P = 200 kPa, fully humidified reactant with
anode/cathode stoichiometric ratios of 2/2. [Reproduced from Ref.[35].  Elsevier, 2007.]

content peaked, after which further temperature increases
resulted in reduced liquid water content as the gas streams
were capable of carrying more product water in the vapor
phase.

Water accumulation during a start-up transient was also
investigated by Fu et al.,[29] but with humidified gases
instead of dry, more closely representing a fuel cell system
with external humidification. Because saturation concentra-
tion increases significantly with temperature, difference in
water content for dry and saturated inlet gas streams at
room temperature is small relative to the reaction product
water flux. At higher temperatures, the water content in sat-
urated gas becomes significant and the evaporative capacity
of dry gas is much higher, hence the need for external
humidification. With saturated inlet gas, the difference in
evaporation rate is minimized during the temperature tran-
sient. However, it was shown by both Fu et al. and Geiger
et al. that the fuel cell power output initially increases due
to faster reaction kinetics at higher temperature. As liq-
uid water volume increases, mass transport losses begin to
impact power output. A sketch of the general behavior is
shown in Figure 6.

Liquid water accumulation in a fuel cell system is further
complicated by small differences in flow resistance among
multiple cells. If one cell in a group of hundreds becomes
blocked with liquid water or ice, a gas flow maldistribution
may result. For this reason, neutron imaging experiments
have been conducted to more accurately represent mul-
ticell behavior. Liquid water in a small-scale four-cell

Start-up from dry state

Time

Liquid water

Power

Temperature

Figure 6. Room temperature start-up behavior in relation to liquid
water accumulation.

PEMFC assembly was first considered by Satija et al.,[5]

where two-dimensional radiography and three-dimensional
tomography methods were applied. These experiments
identified the nonuniform liquid water accumulation that
occurs in a multiple fuel cell assembly by quantifying total
GDL and channel water content. Three-dimensional tomo-
graphic imaging of a PEMFC was further investigated by
Manke et al.[31] with three-cell and five-cell assemblies. The
results indicate significant variations in the liquid water con-
tent among the individual cells, with the end cells generally
having more retained water due to heat loss. Higher liquid
water content was further correlated to cell voltage as these
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Porous layers fill
with liquid water

Maximum
porous layer
volume

Power

Cathode volumetric flow

Water rejected from porous
layers to form channel slugs

Power output instability
due to water blockage

O2 stoichiometric ratio <1.0
due to increased channel

slug length

Time

Water volume

N
eu

tr
on

 im
ag

es

No liquid water

Water thickness

Water-filled channel

Figure 7. Simulated multiple fuel cell response to water accumulation transient. As liquid water accumulated, the associated increase
in flow resistance resulted in a drop in the oxygen stoichiometric ratio.

cells were shown to operate at lower power due to increased
mass transport limitations.

Although tomography can provide three-dimensional
water content, these experiments lack the temporal reso-
lution required to capture transient behavior, as a typical
tomography scan takes 10 min or more. To overcome this
limitation, Owejan et al.[34] simulated the dynamics of a
20-cell assembly using a single fuel cell and a bypass
loop. In the dry state, the flow resistance of the bypass
loop was adjusted such that 1/20 of the gas flow was
supplied to the cell at a given stoichiometric ratio. The
cell was then operated at low current density to investi-
gate idle conditions where liquid water is most likely to
stagnate in the flow field channels due to low gas shear,
as shown in Figure 7. Water accumulated in two distinct
modes, as evidenced by a change in the water-retention
rate. From the initial dry state, liquid water first accumu-
lated in the GDL at a rate slightly less than the water
production rate, continuing to fill until a critical satura-
tion fraction was reached. At this point, liquid water was

rejected into the gas flow channels and began to form
stagnant liquid slugs. As these slugs increased in length,
the oxygen stoichiometric ratio decreased due to higher
flow resistance. Eventually, the stoichiometric ratio became
insufficient to support the electrochemical reaction and the
power output of the cell dropped. The fundamental mecha-
nism that eventually caused this power loss is present in all
multicell assemblies that are operated with saturated out-
lets, but the effect cannot be adequately represented with a
standard single-cell experiment.

Correlating the neutron radiography data to voltage
feedback of a cell operated at constant current can give
useful insight on how liquid water affects the stability.
Ueda et al.[25] found that cathode water slugs caused voltage
instability while the slugs remained in the flow fields.
Once the slugs were removed from the active area, the
voltage recovered above the previous voltage level for a
period of time before returning to the average steady-state
value. Dynamic water slugs did not affect the voltage when
observed on the anode side of the cell.
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3.5 Low temperature and freeze performance

For automotive applications in particular, it is necessary to
understand water transport behavior under low temperature
and freezing conditions. Even though many systems are
optimized to operate near 80 ◦C, for short drives at low
ambient temperature, the fuel cell may not heat up to its
optimal steady-state condition. Moreover, for conditions
where ice formation occurs, the fuel cell start-up needs
to be controlled such that the waste heat can effectively
bring the cell temperature above 0 ◦C before product water
fills and freezes in pores in the electrodes, thereby blocking
reactant gas flow to the catalyst (see Cold-start durability
of membrane-electrode assemblies; Performance during
start-up of proton exchange membrane (PEM) fuel cells
at subfreezing conditions, Volume 6). To apply neutron
radiography for low temperature and freeze testing, an
enclosed environmental chamber is required to prevent
condensation and frost from forming on the fuel cell. Such
a system has been installed at NIST, with an operating
temperature as low as −40 ◦C and a cooling power of
1 kW at this temperature. The sample chamber “windows”
are thin aluminum sheets, which introduce an additional
6.5 mm of aluminum to the neutron flight path. The water
attenuation changes with temperature. This results primarily
from the change in number density (Nw) rather than a
change in neutron cross section (σw), which would be
expected if there was a change in molecular motion. While
Nw changes with temperature, it is not possible to know
the physical state of H2O from a single neutron radiograph.
Rather, the presence of liquid can only be inferred, for
instance, if there is noticeable motion of a liquid water
channel slug.

To investigate the water transport fundamentals of fuel
cells under relatively cold conditions, a 50-cm2 test appa-
ratus was designed to represent the aspect ratio and flow
field geometry of practical fuel cell hardware, in accordance
with performance targets published by the US Department
of Energy.[44, 45] In Figure 8, neutron radiographs are shown
for this apparatus operated at temperatures of 35, 45, and
55 ◦C with fixed voltages of 0.9, 0.8, and 0.7 V, respec-
tively. Water distributions are shown for the electrochemical
active area only, in counterflow operation with the cath-
ode inlet on the left and anode inlet on the right of each
figure. It was observed that the water content decreased
monotonically with increasing temperature, but that the
most significant water holdup, at both the channel-level and
within the GDL/MEA layers, occurred at moderate voltage
(0.7 V). At low temperatures, the water-carrying capacity of
the reactant streams is reduced, and therefore less product
water can be removed in the vapor phase.[45] As discussed
in Sections 3.2 and 3.3, the water present in the fuel cell is
a complex function of the operating conditions, materials,
and the cell voltage, the latter dictating the amount of waste
heat produced. These results clearly indicate that mapping
the water volume over the low-temperature portion of the
overall fuel cell operating envelope is needed to fully char-
acterize performance and phenomena that can contribute to
material degradation.

The first in situ neutron radiography of a freeze-start
was of the in-plane water (or ice) distribution of a single
serpentine, 50-cm2 cell operated at −10 ◦C reported by
Mukundan et al.[32] The retained water compared to the
product water based on the cumulative current indicated that
all the product water was frozen inside the cell. Since the
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Figure 8. Effect of cell operating temperature on water accumulation. At each voltage, the experiments were conducted with the same
stoichiometric ratios and inlet relative humidity of 50%.
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measurement was in-plane, it was not possible to determine
in which component the ice was forming.

4 NEUTRON IMAGING: FUTURE
DIRECTIONS

Near-term advances in PEMFC neutron imaging will be
dominated by recent improvements in neutron detector spa-
tial resolution. High-resolution neutron radiography will
enable direct, in situ, measurement of the through-plane
water distribution at steady state. Traditional scintillator
technology has a spatial resolution of between 100 and
250 µm. This is due to the requirement of high neutron
capture efficiency (about 20%) that increases with increas-
ing thickness balanced against sufficient light output and
spatial resolution, both of which decrease with increasing
scintillator thickness. There is current research into new
scintillator binder materials that enable comparable neutron
capture efficiency and high light output with thinner scin-
tillators, and may result in spatial resolutions approaching
25 µm.[46] MCP detectors have been shown to have a spatial
resolution of 25 µm,[47] which was limited by the channel
diameter. The next generation of MCPs for neutron detec-
tor applications will have about a 5-µm channel diameter,
and anticipated spatial resolution of 10 µm.[48] A further
improvement in the spatial resolution might be obtained
by utilizing a detection method based on neutron depth
profiling.[49]

One of the challenges of high-resolution neutron radio-
graphy is that the neutron intensity in a pixel decreases as
the square of the change in the spatial resolution. Therefore,
to achieve the same measurement uncertainty in a 10-µm
pixel as in a 100-µm pixel, a 100× longer image expo-
sure time is required. Future neutron imaging facilities in
the locations summarized in Section 1 may realize some
advantages to using lower energy neutrons (known as cold
neutrons [50]) for PEMFC imaging. To date, most PEMFC
imaging has been conducted at thermal neutron imaging
facilities. Cold neutrons have higher transmission through
some metals because the energy is too low to be scattered
by the metal crystal lattice (Bragg scattering). In contrast,
the neutron attenuation due to water increases with decreas-
ing neutron energy, yielding increased sensitivity to water.
Furthermore, the detection efficiency of cold neutrons is
about a factor of 2 larger than that of thermal neutrons,
which would help reduce the image acquisition time for
high spatial resolution detectors.

Cold neutrons also provide the opportunity for a differ-
ent imaging technique known as neutron phase imaging or
phase radiography.[51] The source of contrast with phase
radiography is very different from transmission radiogra-
phy, and, in some cases, can provide a much higher contrast
than transmission radiography. Although to date there are

no published examples of neutron phase imaging of PEM-
FCs, there may be future applications using high-resolution
imaging, such as measurement of the membrane hydration
using heavy water (D2O), material interfaces, and normal
stresses in stamped flow field plates. One reason for phase
radiography not being used as a technique for PEMFC
research is due to low source intensities. There is current
research into developing methods with high-intensity cold
neutron sources.[52]

Radiography is a two-dimensional (2-D) measurement.
To measure the water distribution in three dimensions, such
as in multiple cells, one must use tomography. Tomography
requires that the object under study be rotated through 180◦,
with radiographs taken at a number of projection angles,
which scale linearly with the size of the object. These 2-
D radiographs are traditionally processed with the filtered
back-projection algorithm to produce a three-dimensional
map of Nσ.[53] In addition, to avoid reconstruction artifacts,
tomography requires that the test section be operated at
steady state, or that the gas flows be ceased to maintain
the water distribution, which imposes the assumption that
capillary forces are sufficiently weak to not change the
water profile in the GDL. The acquisition time to obtain the
required number of projections for two published studies
was 20 min for a small PEMFC with active area 1 cm ×
4 cm at the NIST facility,[13] and about 5 h for a 10 cm ×
10 cm PEMFC at the HMI facility.[31] By using statistical
tomographic reconstruction techniques such as maximum-
likelihood,[54] it might be possible to reduce the tomographic
image acquisition time by acquiring fewer projections.
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