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Synchrotron X-ray tomography images were used to study dynamic, regional water transfer
behavior in the gas diffusion layer (GDL) during thawing and desaturation processes. Initially
saturated, frozen GDLs were thawed and desaturated with air in a serpentine gas flow
channel. On-the-fly (OTF) high speed CT scans via synchrotron X-ray allowed the capture of
consecutive water transfer inside the GDL under the cold start-up gas purging condition.
Desaturation data of Sigracet 35AA GDLs with three superficial gas velocities (2.88–5.98m/s)
were selected for analysis. Multiple spatial segmentation levels based on the flow field
geometry, including channel vs. rib, individual channels and ribs, and smaller sections in
each channel and rib, were applied to the in-plane direction to study the GDL regional thawing
and desaturation behaviors. Each segmentation volume had a similar desaturation pattern in
general; however, water distribution and desaturation show heterogeneity over the GDL
domain, as well as relation with factors including the flow field geometry, air traveling distance,
and initial saturation level. These data from the segmentation analysis expand the knowledge
of localized water transfer behavior during the cold start thawing process. These data can also
provide valuable information for future cold start modeling and help in optimizing the PEM fuel
cell flow field design.
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INTRODUCTION

Proton-exchange membrane fuel cells (PEM fuel cells) have gained increased interest as one of the
clean energy solutions for small scale applications. Owing to their high energy efficiency, zero
emissions, and simplicity in operation, PEM fuel cells are considered as a promising clean energy
alternative in future automobiles to replace the fossil fuel engines (Anderson et al., 2010; Pandian
et al., 2010; Spiegel, 2008; Hardman et al., 2013; Lin et al., 2014; Amamou et al., 2016; Andersson
et al., 2016). One of the main challenges to a successful commercialized PEM fuel cell product is
water management, where the water generated from the electrochemical reaction and removed by
the cell needs to be balanced in order to maintain the optimized hydration level through the entire
cell. Excess water may cause blockages, which limit the gas transfer to the catalyst layer; insufficient
water may cause membrane dehydration. Both issues can lead to performance loss and even
irreversible cell degradation in the long term (Kim and Lee, 2013a; Siegwart et al., 2020).
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The gas diffusion layers (GDLs) play a crucial role in PEM fuel
cell water management. As a part of the membrane electrode
assembly (MEA), the GDL is a thin layer of porous media with
porosity of 75–90% placed between the channel and the catalyst
layer, which functions as the bridge of mass transfer between
these layers (Safi et al., 2017). Poor water management, especially
water flooding in the GDL can limit or even prevent the reactants
from reaching the catalyst and membrane. It could become a
more serious problem in the operation under the subzero
temperature (Lin et al., 2014; Amamou et al., 2016; Siegwart
et al., 2020). The frozen water in the MEA could completely block
the transport of the reactant streams and cause gas starvation,
which may lead to carbon corrosion, catalyst degradation, voltage
reversal, and in the long term, lifetime reduction and cell failure
(Knights et al., 2004; Taniguchi et al., 2004; Liang et al., 2009; Li
et al., 2013; Chen et al., 2019). Therefore, removing excess water
in the GDL is essential for low operating temperature. Due to the
difficulty in studying the water transfer phenomenon in this small
scale of porous media, which also involves heat transfer and phase
change, cold-start operation has become one of the main
challenges in PEM fuel cell commercialization in the
automobile industry. Pressurized dry gas purging on the
anode/cathode side is considered as a common solution for
the cold-start problem (Tajiri et al., 2008; Tang et al., 2013).

For experimental approaches, visualization via X-ray or
neutron imaging is one of the methods used in GDL water
management studies. As the high energy beam penetrates the
materials, the inner structure of the sample can be revealed with
contrast difference based on the material properties without
cutting through the sample. X-ray imaging differentiates the
material via density difference, which can support both
qualitative and quantitative studies on GDL structure and
liquid water distribution when combined with the computed
tomography technique (CT). Compared with the lab-based
X-ray imaging system, the high photon flux from synchrotron
X-ray provides high spatial and temporal resolution, making it
possible to capture the dynamic water transfer process in the GDL
(Manke et al., 2007). Using X-ray CT data, Lamibrac et al. (2015)
characterized the liquid water saturation in the microporous layer
(MPL) coated GDLs as a function of the capillary pressure. Ince
et al. (2018) showed that the in-plane water distribution in the
porous structures of both MPL and GDL increased as the GDL
compression level increased. Markötter et al. (2012) visualized the
increased hydrophilicity in water distribution around the holes of
perforated GDLs. For dynamic water transfer processes, Zenyuk
et al., (2016) visualized the water evaporation in several GDLs
with gas flow rates of 200 and 600 ml/min at 30°C. The
desaturation process in the GDL was also visualized by Battrell
et al. (Battrell et al., 2018; Battrell et al., 2019) for both global and
localized GDL areas, with the gas flow rate at 50 ml/min.

In the literature, several studies were conducted on GDL
visualization with subzero operating temperatures or GDL
freezing/thawing processes. Otsuki et al. (2020) measured the
solidification heat from supercooled water using thin-film
thermocouples and visualized the ice distribution via X-ray CT
after several cold-start operations. Kim et al. (2010) visualized the
GDL structure deformation after freezing the pre-saturated GDL

using X-ray tomography. By in-situ visualization of water
production and water transfer via synchrotron X-ray CT,
Mayrhuber et al. (2015) investigated the mechanism of the
performance drop during the cold-start operation of PEM fuel
cells. Kim et al. (Kim and Lee, 2012; Kim and Lee, 2013b)
quantitively measured the heterogeneous distribution of the
GDL’s porosity using synchrotron X-ray CT, and studied the
GDL structures with 3D reconstruction after the GDLs
experienced freezing/thawing cycles. As most of the X-ray
visualization studies involving subzero temperatures focused
on the GDL structure after the freezing/thawing cycles,
neutron imaging has been used in several studies to visualize
the dynamic process in the cold-start condition. Siegwart et al.
(2020) visualized the dynamic phase change of water during the
isothermal PEM fuel cell cold-start and successfully distinguished
ice from liquid water via contrast difference using 2D neutron
imaging. Water accumulation has been visualized by Oberholzer
et al. (2011) during the isothermal cold-start using in-plane
neutron imaging.

Flow field geometry is one of the important elements of PEM
fuel cell design, which has significant impact on aspects such as
cell performance and water management. Hence, understanding
the effects of flow field geometry is critical in optimizing the
design and improving the performance and water management
ability. Spernjak et al. (Spernjak et al., 2007; Spernjak et al., 2010)
experimentally investigated the liquid water formation and
transport in a single-serpentine PEM fuel cell, and also
compared the liquid water dynamics in parallel, serpentine,
and interdigitated flow fields using neutron imaging and
digital camera. Battrell et al. (2019) quantitatively visualized
the water removal in the GDL with serpentine gas channels,
considering the effects of flow field geometry. Ding et al. (2020)
compared the cell performances of a parallel, interdigitated, and
serpentine flow field with normal and wavelike channels using a
three-dimensional, two-phase, non-isothermal model. Yin et al.
(2020) numerically investigated the liquid water droplet
movement at the U-turn of the serpentine channel. Kerkoub
et al. (2018) used a three-dimensional CFD model to study the
effects of the channel to rib width ratio for the PEM fuel cell with
parallel, serpentine, and interdigitated flow fields.

In summary, although numerous studies have experimentally
or numerically investigated the PEM fuel cell and GDL water
management, there is still a lack of a clear understanding of the
water transfer phenomenon in this porous media. High quality
visualization could provide valuable information for modeling
and numerical studies. However, most of the existing
visualization research studied the water behavior with the cell
in an idle state to increase the exposure time. Using the low
energy monochromatic beam with long exposure time in X-ray
imaging can increase the quality of spatial resolution and material
contrast, but the duration of each scan is too long to capture the
water dynamics. Furthermore, in studying the dynamic water
behavior with cold-start conditions, although neutron imaging is
commonly used for its high sensitivity to ice and liquid water, it
can only provide low resolution images due to apparatus
limitation. It can be seen that the dynamic processes of
freezing, thawing and water movement in the cold-start GDL
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are not well understood. Motivated by these challenges, the
thawing and desaturation process of a pre-saturated frozen
GDL was 3-D visualized using high-speed synchrotron X-ray
CT and analyzed both qualitatively and quantitively in this work.
Multiple GDL samples (Sigracet 35AA and 35BA graphite GDLs)
were studied with a serpentine flow field and the air purging rate
at 10, 20, 30 ml/min during the desaturation. Continuing our
previous work (Zhang et al., 2021), which studied the global
desaturation profile and heterogeneity across the entire GDL
domain, this research focuses on the localized desaturation and
water behaviors in smaller scale to study the effects of flow field
on the GDL water management. This work provides valuable data
for the modeling community for simulation of the water transfer
and the freezing/thawing process in the GDL. These data can also
be useful for future design of GDLs, flow fields, and cold-start
strategies to improve the overall water management of PEM
fuel cells.

METHODOLOGY

This research used the same protocols and setups as a previous
experiment (Zhang et al., 2021) and were discussed there in detail.
A summary is included in the following section along with the
changes and improvements.

Experiment Protocols
The GDL sample was initially saturated by injecting liquid water
at 0.05 ml/min using a syringe pump. The saturated GDL was
then transferred into the test cell and an X-ray CT scan was
performed. After this point, the GDL sample remained in the test
cell untouched until the end of this experimental trial to minimize
the position change in each scan. The GDL was frozen in a −80°C
freezer for 20 min to simulate the rapid ice formation in the GDL
during the subzero temperature. Then, the test cell was mounted
on the CT rotation stage and the scans were performed in 2 min
intervals for a total of 30 min, with ambient temperature dry air
constantly purging the cell at the rate of 10, 20 or 30 ml/min
depending on the experimental conditions, corresponding to
2.88, 4.26 and 5.98 m/s superficial gas velocity in the gas
channel. A CT scan was captured for baseline GDL porosity
on the dry state sample at the end of each experiment after a
5 min air purge was applied. Two GDL samples from the same
product series, Sigracet 35AA and 35BA, were used in the
experiment, where the 35BA has additional 5% PTFE loading
for higher hydrophobicity (Rashapov et al., 2015).

Raw 2D projections were reconstructed with ultra-fast
imaging and online reconstruction - Karlsruhe Institute of
Technology (UFO-KIT), where background correction and
phase retrieval were applied to enhance the image quality and
convert edge enhanced contrast to area contrast (Vogelgesang
et al., 2012; Vogelgesang, 2016). The reconstructed images (32-
bit) were imported to ImageJ 1.52a for image processing,
segmentation, and calculation. The sample images of the
reconstructed slices are shown in Figures 1A,B, where the
bright sections represent the water/GDL structure mixture,
and the dark sections represent the empty porous space. The

segmentation was done by first separating the water/GDL
structure mixture from the total volume via the large contrast
difference between the unoccupied space (air) and materials due
to their significant density difference. Due to the small contrast
difference between the GDL fiber, liquid water, and ice, previous
segmentation method could not be applied to separate each other.
Therefore, the water content was segmented from the GDL
carbon fiber by subtracting the volume with the GDL
structure captured from the dry state baseline, where the
liquid water and ice were both included in the total water
content, shown in Figure 1C, for further calculation. Using
the quantitative data extracted from the segmented images, the
percentage-saturation of the GDL was calculated as the volume of
water content divided by the total pore volume in the dry state
GDL. The desaturation rate of the GDL was calculated as the
change in the volume of water content over 4 min divided by
cross sectional area of the GDL. Previous research showed the
heterogeneity in water distribution during the initial saturation,
and the impacts of the initial saturation on the magnitude of
desaturation rate, which could be more noticeable when zooming
into the localized level. Therefore, the desaturation data was
additionally normalized with the local initial saturation level,
which transformed into the percentage removal rate of the initial
residual water in that GDL area. The normalized percentage
water removal rate was calculated as averaged desaturation rate
over 4 min divided by the volume of initial water content.

Synchrotron Setups and Cell Design
All the experiments for this research were performed at the Bio-
Medical Imaging and Therapy (BMIT) 05B1-1 beamline in the
Canadian Light Source Inc. the 3rd generation synchrotron
facility located in Saskatoon, Canada (Wysokinski, 2007). 2000
projections were captured in 10 s during each CT scan, with the
Field of View (FOV) set as 10 mm × 1.5 mm and the pixel size set
as 5.3 µm. High photon flux filtered white beam and the detector
with the combination of a high-speed camera DIMAX HS4
(PCO) and a beamline monitor AA40 (HAMAMATSU)
ensured the high CT capture speed and the high image
quality. Additional phase contract was obtained to enhance
the image quality by placing the detector 0.5 m away from the
test cell.

The test cell used in this experiment simulated the water
transfer in the GDL and channel on the cathode side of a single
PEM fuel cell unit. To minimize the effects of the test cell during
the experiment, polyether ether ketone (PEEK) was selected as
the cell material for its low X-ray absorption rate and high
durability. When the top and bottom parts of the test cell
shown in Figures 2A,B assembled, the GDL sample was
placed between the 40 mm serpentine shape gas/water
channels, shown in Figure 2C, and sealed with the rubble
gaskets at the edge.

Flow Field Segmentation
This research focuses on localized water behavior during the
thawing and desaturation process, and the effects related to the
flow field geometry. For doing so, the GDL area underneath the
channel and the rib was segmented in three different levels, and
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the GDL thawing and desaturation process was studied within
each individual area. In the first level, channel/rib was studied as a
whole, where the channel area was a continuous section with five
individual channels and four bends, and the rib area contains all
four ribs between the channels. For the next segmentation level,
each individual channel (C), bend (B), and rib (R) is isolated from
the whole channel/rib area as shown in Figure 3A. In the third
level, each long channel and rib is evenly separated into three
smaller sections, as shown in Figure 3B, where the short
channels, short ribs, and bends remain in the same
segmentation as in the second level. The number in the
naming convention of the segmented sections is set as an
increment order along the direction of the air purging flow.

RESULTS AND DISCUSSION

The in-plane saturation profiles and desaturation rates are
examined in different segmentation levels within the GDL
area, which include the whole channel/rib areas, individual

channels/ribs, and smaller sections within a single channel/rib.
This work investigated how the flow filed geometry affected the
thawing and desaturation process in the frozen GDLs. Also,
according to previous research, this difference in GDL
hydrophobicity (difference in 35AA and 35BA) has
insignificant impact on the thawing and desaturation process,
and would almost only affect the overall GDL initial saturation
level. Therefore, the data analysis focused on comparing the
saturation profiles and desaturation rates in different
segmentations within the same experimental trial.

Saturation Profile and Desaturation
Rate–Whole Channel/Rib Areas
The first analysis was performed under the coarser segmentation of
the three levels. The whole channel domain is the continuous area
and includes all the five channel segments and four bends, and the
whole rib domain is the sum of all the four rib areas. The channel vs.
rib saturation profiles and desaturation rates for 35AA and 35BA
GDLs with 10, 20, and 30ml/min air purging rates are shown in

FIGURE 1 | Synchrotron X-ray reconstructed slices for 35AAGDL with 20 ml/min air purging rate at (A) 0 min thawing process, (B) dry state. (C) Total water
content (highlight in red) after segmentation via image subtraction.

FIGURE 2 | 3D schematics of the test cell (A) top and (B) bottom parts; (C) flow channel design with dimension.
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Figure 4. Like the thawing and desaturation process for the overall
GDL domain, the saturation profiles and desaturation rates at the
large scale in both channel and ribs show a similar trend in all the
cases. From 0 to 10min, the temperature of the GDL increased but
remained in frozen condition, indicated by the flat curves in the
saturation plots and close to zero desaturation rates. From 5 to
15min, ice thawing occurred with an increased amount of water
removed the from GDL. Therefore, the desaturation rates started to
increase. The peak in the desaturation profile indicates the
completion of the thawing process at around 15min. For the rest
of the purging process, the desaturation rates continue to decrease
until most of the water content is removed from the GDL, as the
desaturation rates drop to almost 0 µl cm−2 s−1.

By comparing the desaturation rates for the channel and the
ribs within the individual experimental cases, it is observed that at
the large scale, the difference in the thawing and desaturation
process is not significant between the two segmented domains.
The durations of the same phase in the air purging process are
similar or even identical for the channel and ribs areas in the same
experimental case. For 35AA GDL with a 20 ml/min air purging
rate, the desaturation curves for the channel and ribs completely
overlap, where the difference in averaged desaturation rates is
only 1.08%. The differences in the channel and ribs desaturation
profiles for 35AA GDL with 30 ml/min and 35BA GDL with
20 ml/min could be caused by other factors rather than the flow
field geometry such as GDL initial saturation level. For instance,
the initial saturation differences in the channel and the ribs for
35AA with 30 ml/min and 35BA with 20 ml/min are 16.8 and
37.5%, respectively, and the initial saturation difference is only
2.78% for 35AA with 20 ml/min air purging rate.

Saturation Profile and Desaturation
Rate–Individual Channels/Ribs
To investigate localized saturation and desaturation rates in the
flow field, the individual channels, bends, and ribs were further

divided in the next segmentation level as shown in Figure 3A.
Previous research showed that a high level of heterogeneity could
occur in the saturation across the GDL domain, and this uneven
water distribution can affect the desaturation rates in those areas,
where the magnitude of the desaturation rates appears to be
proportional to the initial saturation level. This effect becomes
more significant when zooming into smaller GDL area. To
minimize this effect, the desaturation rate values in each
segmented area were normalized using the initial saturation
values in those sections, and the desaturation rates were
transformed into the percentage initial water removal rates.
After normalization, the channels, bends, and ribs water
removal rates for 35AA GDL at a 20 ml/min air purging rate
are shown in Figures 5A–C, respectively. No significant
difference could be found between the magnitudes of the
water removal rates in each section. However, it can be clearly
seen that the peaks of the desaturation curves shift to earlier times
in segments closer to the air inlet (a shorter purging distance).
The humidity of the purging air increases as it travels along the
channel from the inlet to the outlet, and the thawing and
desaturation of the GDL slows down during this process. For
instance, the full thawing point of B4 came 5 min later than B1,
which has approximately 28 mm purging distance longer
than B1.

Saturation Profile and Desaturation
Rate–Channel and Rib Segmentation
Each long channel and rib were evenly divided into three
rectangular sections at finer segmentation level shown as
Figure 3B. Taking 35AA GDL with 20 ml/min air purging
rate as an example, the saturation profiles of all the segments
are presented on surface plots shown in Figure 6, where the
geometries on the plots represent the actual flow field geometries
in Figure 3B. For better demonstration, the saturation profiles are
converted into the value of percentage water relative to the initial

FIGURE 3 | Schematic showing the geometry and the naming convention for (A) second segmentation level and (B) third segmentation level.
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residual water in each section. Heterogeneity in the thawing and
desaturation process were observed through the entire GDL area.
From 0 to 8 min, the saturation level in most of the GDL areas

increased and exceeded their initial saturation values. This
increase in the water volume may be caused by the
combination of the volume expansion from the ice thawing,

FIGURE 4 | Dynamic 1) saturation profiles and 2) desaturation rates for (A) 35AA GDL (B) 35BA GDL over both whole channel and ribs domains, with 10, 20, and
30 ml/min air purging rates.

FIGURE 5 | Normalized percentage water removal rates profiles for 35AA GDL with 20 ml/min air purging rate underneath the (A) channels, (B) bends, (C) ribs.
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and the liquid water intrusion from the water droplets and thin
films attached to the bottom surface of the GDL due to the
through-plane pressure difference caused by the purging flow.

From 8 to 16 min, rapid water removal occurs in all the
segmented areas. The channel and rib segments closer to the
outlet of the purging air desaturate slower than the segments near
the inlet. At 24 min, as 78.3% of the segmented areas have the
saturation drop below 30% of the initial water content, C2.3, C4.2,
C5, R3.1, and R3.2 desaturate slower than other sections. C4.2

was not considered as the slow desaturation region due to its low
initial saturation level at 2.56%. Other than that area, the slow
desaturation regions could appear randomly in both channel and
rib areas, but had a higher chance to appear near the outlet than
the inlet. From 20 to 28 min, desaturation across all the areas
slowed down with almost no significant change in the saturation
level, and the water removal rates in the slow desaturation regions
did not increase as the water removal process finished for the rest
of the areas.

FIGURE 6 | Spatial saturation colormaps include all the segmentations in the 35AA GDL with 20 ml/min air purging rate experiment.

FIGURE 7 |Normalized percent water removal rates profiles for 35AAGDLwith 20 ml/min air purging rate for segmentations underneath (A) channel 2, (B) channel
3, (C) channel 4, (D) rib 2, (E) rib 3.
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In studying the effect of purging distance, the percentage
water removal rates of the finer segmentations for each long
channel and rib are shown in Figure 7. Heterogeneity becomes
more obvious in the smaller scale. Different from the results in
the second segmentation level, the effect of purging distance
was not clearly observed within C2, C3, and R3. Also, C3.3 and
R3.3 appeared to be outliers that had higher water removal
rates and a faster thawing process than the other sections
within the same channel/rib. It indicates that other localized
factors such as GDL structure, permeability and pore size
could potentially influence the thawing and desaturation
process in the GDL.

In studying the effect of flow field geometry on the thawing
and desaturation process, a comparison of the water removal
rates in a mixed area of channels, bend, and rib was conducted
and results are shown in Figure 8. To isolate the effect of purging
distance, four neighboring sections, C3.3, B3, R3.3, and C4.1 were
selected, which form a continuous U-shape channel area plus the
rib area between the two straight channels. Two straight channels,
C3.3 and C4.1, have the fastest and slowest thawing process
among the four areas respectively, where the bend and rib areas
B3 and R3.3 laid in between. Comparing with the straight channel
in Figure 7, the U-shape channel area including C3.3, B3, and
C4.1 has a similar purging distance. However, the difference of
the thawing process duration in the U-shape channel is
significantly larger than the straight channel, which shows
approximately 5 min difference on the GDL full thawing
points, indicates that the bend structure of the U-shape/
serpentine shape channel could slow down the thawing and
desaturation process for the areas after the structure.
Combined with the purging distance factor, the longer the
purging air travels along the serpentine shape channel, the
longer it would take for the ice under this channel area to
thaw and be removed.

CONCLUSION

GDL thawing and desaturation processes were visualized and
analyzed both qualitatively and quantitatively on multiple
segmentation levels under air purging conditions via
synchrotron X-ray CT. Three desaturation phases were
noted in the desaturation profiles in the large scale of GDL
domain and locally in the smaller segmented areas: GDL
warmup, partial thawing with water removal, and
desaturation after complete thawing. At larger scale, the
relationship between the desaturation and the channel/rib
geometry was not clearly observed. Zooming into smaller
segment levels, both the temporal desaturation profiles and
the spatial saturation colormaps show that the purging
distance, flow field geometry, and the initial saturation level
play important roles in the GDL thawing and desaturation
process, where longer purging distance and bend channel
structures decreased the thawing speed. Besides these
factors, heterogeneity in desaturation was found across the
GDL, even for the neighboring areas. These results also show
the difference in the thawing and desaturation process between
the global and the local GDL domain, which indicates that the
water behaviors in localized areas could be the key in solving
the water management problems for the PEM fuel cell. These
results provide valuable information for understanding the
GDL water management during cold-start and could be used in
optimizing the PEM fuel cell flow field design.
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