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Abstract

Today, fossil fuels are a primary source of energy due to low prices and
technology maturity. However, it is generally accepted that continued use of fossil
fuels is not sustainable due to environmémtgacts and eventual resource
depletion. Many proposed solutions regarding renewable sources and a revised
electric grid require dispatchable, sometimes distributabletggne
storage/generation. Polymelectrolyte fuel cells (PEFCs) are a promising
enegy-conversion technology not only for this purpose but also for the
transportation industry. Using hydrogen gas and oxygen gas, PEFCs produce
electric current and exhaust water.

One of the remaining issues with PEFCs is water management. Achieving
effective water management relies on a detailed understanding of the various
water transport phenomena at work. Pressure gradients have been studied
thoroughly through both experimental (includingray computed tomography
(CT)) and computational means. Evaporativansport, however, has been studied
primarily through computational means due to its complexity. In this work,
synchrotrorbased micrescale xray CT is used to perforin-situ observation
and measurement of evaporation in the porous carbon mediacus&aRCs.
Infrared thermography is used in addition teay CT in order to observe the
impact of various factors on the formation of cracks in the catalyst layer during
fabrication. Lastly, oubf-the-box machine learning, including convolutional
neural retworks, are explored as a means for improving the speed and accuracy

with which xray CT data can be processed for these materials.
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Chapter 1: Introduction
1.1 PhaseChange-Induced Flow in PolymerElectrolyte Fuel Cells

The performance of polymelectrolyte fuel cells (PEFCs) and other
multiphase flow technologies is significantly dependent on liquid water
management4. This is particularly true for PEFCs at low operating temperatures
and during startup operations due to hindered reactant delivery by wtter in
cathode>?. Because of the exothermic oxygen reduction reaction (ORR) at the
cathode, a thermal gradient develapsing operation in the througiane
direction, with the hottest location in the catalyst layer (CL). At higher
temperature$~80 °C), this thermal gradient, in combination with the dependence
of vapor pressure on tempenaupromotes removal of watas vapor® 4 5 1013,
Water vapor within the CL travels through the gas diffusion layer (GDL) to the
gas channels (GCs) (sEgure 1), where it condenses due to the decrease in
temperature. This type of flow, which is due to the evaporation and condensat
of water, is known as phasfangeinduced (PCI) flow* 514, Wang and Wang
were the first study ithe PEFC field to investigate this phenomenon using a
multi-dimensional model that incorporated elech®mical heat generation, phase
change, twephase flow, nortonstant gas phase pressureal ahPEFC domis.
By doing so, Vdng and Véng+#also clearly identified the importance of thermal
gradients as the driving force for PCI flow within the porous media of the fuel
cell. Although water is removed in the vapor phase, dependiray o® EF C6 s
operating temperature, a fractiohthe total water stil has tbe removed in the

iquid phase. Thus PEFCs experience{piase water flow and, consequently,



substantially coupled heat and mass transport. As such, effective water

management rees an understanding dfe interaction between pressure

driven, capilarydriven, and PCl water transpdrt. Phase change is not a drive

potential orfore | i ke pressure and capillary forces
become the comon name in lterature for hedtiven mass transport of water by

evaporation and condensation in a temperature gradient.

A aGC aGDL aCL PEM cCL cGDL cGC

THot TCoId
Figure 1. a) Qosssectionof PEFC and b) PCI flow schematic with transport
processeshown.

The GDL is a porous fibrous component of PEFCs responsible for the
transport of electrons, water byproduct, gaseous reactants, arid. heatmade

from carbon fibers which are assembled to form eitherwmren paper, woven

3



clot h, or felt. Wi th pores on the order

typically rangingfrom 65 % to 90 % and thickness around 2GD0 O 16el7m
Generally, cell compr es s iam performhahce e n c
during operation. Because carbon fibers are naturally hydrophilic, GDLs are
typically treated with 5 20 % of polytetrafioroethylene (PHE). Due to non
uniformities in the coating, there is a mix of hydrophilic and hydrophobic pores,
which causes the overall structure to possess mixed wettdbikity As with most
porous media, heat and mass transport properties depend on local morphology in
addition to bulk material properties.

Most scientific work concerning transport in porous media has be
conducted in the fields of civi and petroleum engineefi##f. Although this
provides a starting point, there are a number of notable differences beteeen th
systems studied in those fields and thin materials such as @l €Ls. It is
necessary to rexamine each of the various transport mechanisms as they pertain
to engineered syster To this end, much has already been accomplished for
transport mechanisms guided by capilary, convectiond gravitational forces.
Nonrisothermal phenomena, on the other hand, remain an area thawislinot
researched > 18, Amongst existing neisothermal studis, most do not address
multiphase flow; let alone phase chaAg€urthermore, those that do address
multiphae flow are typically simulaticibased!® due to difficulties withan
experimental approach

Previous sidies have shown PCI flow to be a significant contributor to

overall water transport within PEFCs. For instance, Weber and NeWyman

e

t

of

he



through use of ondimensional simulations, showed thenisothermal effects

are significant when feed gas flows are or become saturated. According to their
resuts, net evaporation/condensation accounts for only 2.6 % of overall heat
generation within a fuel cell. However, the heat generated/consumed by each
individually is approximately @ times that of the net contribution. Additionally,
their work shows that thermal gradient of only a few degrees is required across
the GDL to completely remove product water from the CL, with larger thermal
gradients needed at lower temperatures. As noted by Kumbur and Mgtizeh

GDL provides one of the largest thermal resistances in a PEFC and therefore may
experience atemperature gradient in excess of 5 °C. Kim and Meonaoducted

an experimental study of PCI flow in whi they tested various membra@®L
combinations. It was found that PCI flow does dominate net water flux at high
tempeatures {80 °C). Furthermore, it was shown that incomplete saturation of
the porous media is key to determinindhetherP CI flow will occur.

Over the last several years, there has been a significant effort in characterizing
morphology and water distribati within the pores of the GDL by usingray
computed tomography (CFy32 Micro-CT with aresoubn of 1. 3 em is wel
to nondestructively visualize theedimensional GDL structures and water filing
of GDL pores!>27.33, Recent studies indicate that, during PEFC operation, liquid
water occupies less than50%© f t he GDL pore volume becaus
hydrophobic treatments, and, in the absence of temperature gradients, capilary
fingering is the predominant liquid water transport haagsms32 35, Previously,

x-ray CT was used to study the evaporation of water within GDLs under constant



temperatte. It was found that evaporation rates at water saturations higher than
10 % scale with the surface area of water and are diffusion lifted
1.2Catalyst Ink Drying

The quality of coated fim is dictated by many factors, some of which are ink
processing parameters, ink rheology, and substrate properties. Inks for fuel cell
and battery technologies are similar in composition as they typicaiigist of an
active material, a binder (polymer), and a soh#1i#. Fabricating electrodes with
precise control of coposition is chalenging but highipeede as defecfree and
uniform films can boost the electrochemical performance of energy storage and
conversion technologies. One of the critical challenges is understanding the
transformation of ink into a porous electrode, where ink rheology and processing
can be tied to resulting porous morpholofy The ink dryig process is
controlled by solvent evaporation. Drying is also strongly dependent on ink
composition, where active material, binder, and solvent local interactions
determne the final densitythicknessanduniformity of the fim as well as
whetter the fim wil be crackfree. Recent efforts focus on understanding
interactions between ink solvent, active material, and binder by means of
rheological studies,-ray techniques, and electrochemis?ry®.

CLs are critical tdPEFCs as they enable the chemical reactions required to
produce electric currenCurrent commercial CLs have a thickness of about 10
em to 15 em for r e and®actanttraaspoat.tFerdtrudtuml bot h c o
support CLs are typicallyaffixed to a neighboring PEFC component by either hot

pressingafter fabrication or depositio of the ink orto the component during CL



fabrication When catalyst ink is affixedo the membranea catalysicoated
membrands formed. When inkis affixedto themicroporous layer (MPLYf a
GDL, a gas dfusion electrodes formed. Thesevo electrodetypesare equally
frequent in the PEFC community. Cracks observed for wadsed inks are
believed to form due to nesmiform removal of solvent, during which
hydrophobic interactions between carbon material anestoldictate local
streses and thus eck initiation and propagatiorOptimizing ink composition
and coating conditions, as well as reducing fim thickness help produce
crackfree fims. Forexample, ghigher ionomer to carbaatios, a lower mount
of cracking was observed. lonomer is a soft material, has high capacity for
water sorption, can absorb stresses developed during solyang, dind can close
the voids between sold portiorsf ink material, thusensuring lowervapaeation
rates and lower stresd@/ith slowerevaporation, an increase in fim uniformity
can be achieved.

From a transport perspective, drying ink consists of enedipg liquid and
particulate solid. Theapillary forces are responsible for desiccation drying and
fracture. As water and solvents are removed, the fim transitions from-ldad
to solidlike behavior. Generally, three regimes are identified for firying. The
first regime is where the continuous liquid fim exists. The solvent evaporages at
constant rate from the free surface. In the second regime, slower, nonlinear drying
occurs. Capillary pressure increases as particles close interpartide o
regime three, evesiower evaporan of water and solvent occurs as the liquid

phase breakmto separate clusteand furtter collapse of voids occurg/ith



higher concentratios of soft materiglthe degree of interparticle void closure is
greate ard evaporations slower

Cracks in a thin contracting mediuocan form incredible networks of patterns.
The netwaok is generally divided intgrimary and secondary cracks. The primary
cracks are formed duringn initial drying period and generally do nanteract
with each otherWhen a secondary crack approaches a primaagk, it curves to
intersect the primary cra@tan angle 0B0°. The subnetwork of secondary
cracks divids the drying layer into increasinglgmaller regions as time
progresses. Tih behavior has been shown with many matesatsh as clay®,
corn starch® 42 and colloidal aluming3. Generady, either rectiinear €90°
intersectiof or hexagonal (Ypattern,~120° intersectioh cracksare observed in
nature*4 45, These crack patterns form depending on the homogeneity and
plasticity of the medium. The desiccation procgsseraly produceeectiinear
systems, propagating slowly without bifurcatidn.the presence of defects(
substrate anthk compositioninhomogeneity, cracks form athe weakest points
or high stress points arare not propagated simultaneousharge polygons form
in thick beds of sediment under high temperatures, whereas smaller desiccation
polygons form at lower tempétaes,in thinner beds, andue toinhonogeneous
sediment compositiorf®. Desiccation mudatracks are generally continuous,
polygonal, and have several geners. By studying the rectiinear patterh o
cracks, one can understainébrmation about the timescales as the later cracks

tend to intersect with the earlier ones at 90° angles.



While the fims with rectiinear cracks are easier to analyze, hexagored cra
patters are more difficult to classify as they can form due to various physical
phenomena. For example, they can be induced by substrate defects; repeated
opening and healing of rectiinear cracks in a thin lageslowed crack
propagationand crack ffurcation. In this manner, hexagonal crack patterns can
evolve in time from rectiinear as shown by multiple studie®, where
hexagonal mudracks evolved from rectiinear upon continuous moistening and
drying 45. Both patterns can arise from the same assumptions of fracture behavior
and are most likely caused by the same driving forces. In the PEFC community,
crack pattern evolution during cell operation has not Istaied. As the cell
undergoes dry and wetcycles, crackscancdosl e open; and t he
morphology can evolvever time. Kjeanget al.#6studied crack evolution ithe
fuel cell catalyst layers and membrane during degradation testing and concluded
thathexagonalcracks are ingdced bychemicalphenomenawhile rectiinea and
inear cracks are induced by mechanical phenomBeaause ofhe limits m
temporalresoutin due t o t he siisumbtycérwmin whetlectreseu r e
hexagonakracks could have evolved from the ietar cracksor beencaused
by defects in the substrate.

Characterization of the drying process can be performed with various imaging
techniques. Optical microscopy is the most common technique for clear droplets,
however, it is not as useful for inks they tend to be opaqué 48. Previous
studies have usedray radiographyto obsrve droplet evaporation addnsity as

time progresseéP. Infrared (IR) hermography is effective in monitoring the

crack:



temperature of evaporating droplets on heated substrates such that heat flux and
evaporation ratesan be computeé®. In this work, we utiize an unprecendted
approach of simultaneous-ray radiogaphy, xray CT, andIR-thermography to
gain insight into ink drying and cragbropagatn forenergyconversion
technologies.
1.3Machine Learning

Machine learning (ML), of which convolutional neural networks (CNNs) are a
subset, can be applied to a multitude of image processing tasks such as finding
centers of ration for CTdata®%, removal of reconstruction artifact and
denoising of dataets®l. However, ML is probably most known for its abilty to
perform segmentation/labeling. Examples span a broad range of research fields
and physical scales including road sceéigliological sample8® 52, metal doy
phases$3, and soilrock samples. Although ML has proven to be widely applicable
to image processing and analysis, it has also become apparent that adjustments
may be necessary depending on the specific applicatiohs such, we focus on
the use of oubf-the-box ML, including CNNSs, to segment synchrotromay CT
data sets of energy storage/conversion materials and devicesspaiécally,
we use ML to perform pixelwise segmentation ofgmastacks of PEFC GDLs
containing liquid water. The challenge these samples present to more traditional
segmentation methods is the low contrast between water and solid material
(mostly carba fibers). ML can be divided into supervised and unsupervised
learning. Supervised learning trains by attempting to minimize error between

model output and a known desired output, the ground truth. In contrast,
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unsupervised learning attempts to recogniaéepns without any knowledge of
what is supposed to be identified. This work uses supervised ML.

One form of ML is decision tree learning. A decision tree sequentially splits
the input data into subsets based on various features. Output is generated by
asigning classes to the data subsets. I n t
for a given feature is determined by convolving a specified kernel/matrix with the
pixelds | ocal subregion of the original i m
subgroups beed on a calculated threshold value. Decision tree learning
repeatedly modifies and evaluates the success of the cdeasibn tree
structure untilspecified criteria areet. Ensemble learning is a method by which
multiple models are used to providesiagle output prediction. For decision trees,
the collection of models is called a forestshowed the large predictive power of
forests composed of random decision trees. A random decision tree is buitt by
randomly selecting the order in which features are used to split the input data.
One of the ma popular algorithms for using a forest of random decision trees is
RandomFores#>.

CNNs are another form of ML and receive the most attention in recentimage
processing works. Like decision tree learning, CNNskasgels to calculate
features. Unlike decision tree learning, the value of an individual weight/entry in a
kernel is not always us@efined and fixed. Instead, it may be inttialized to a
random value and adjusted as the network trains. The weightsjasteddising
backpropagation combined with an optimization function (typically gradient

descent). CNNs retain the relative positions of pixels to produce featureireaps (
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images/matrices) rather than histograms. The local subregion over which a kernel
is applied is called the receptive field. The combination of a particular kernel with
a particular receptive field is called a neuron. The stride is the number of pixels by
which the kernel is shifted between applications to the input and is typically 1. A
group of neurons applied to the same set of input is referred to as a layer. If the
weights of the kernels in a layer are not fixed and the output is determined by the
dot product of a neurondés kernel wi t h
convolutioral layer. The feature maps produced by a given layer are passed to a
subsequent layer as input. The final convolutional layer in a segmentation
network uses one kernel for each class such that a given feature map represents
the probability, for each pixebf belonging to the corresponding class. Pixels are
typically assigned to the class for which the probability is highest.

Because kernels use information from surrounding pixels, applying them to
pixels near the border of an image results in the needhfioes from norexistent
pixels. There are three common ways of handiing this situation. One method is to
use reflective boundaries as if the image is mirrored about each of its borders.
Another method is tiing. This method treats the image as if copiselh have
been translated so that their borders align with those of the original. The last
common method for dealing with border pixels is to ignore them. This last
method causes the feature map to have smaller dimensions than the input and can
be a poblem for networks with a large number of layers.

In order to capture features present at different length scales, networks

typically downsample feature maps using poolingeiay Pooling layers apply a
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noriinear function to the input using a stride gredib@an 1. For examplea max
pooling layer with a 2 22 kernel and a stride of 2 would produce feature maps
that have half the width and half the heig!
given pixel in a feature map would be the maximum value thaesept in its
neuronds receptive field. Alt hough ©pooling
common choice for downsampling, other types of layers may be used as well. In
order to combine information from different length scales obtained using
downsamjing, upsampling is used to produce feature maps with dimensions
similar to those prior to downsampling. If interpolation is used for this task, the
upsampling can be learnéd This type of layer is referred taseithera
deconvolutional layer or a transposed convolutional layer.
There are numerous metrics by which the performance of ML can be
evaluated. However, the common metrics for image segmentatioe caile
precision, I score, and accuracy. Accuracy calculates a single value across all
classes while the other metrics calculate separate values for eachcthss.
following equationsp;is the number ofrue positives px; is the number of false
positives {.e.type 1 error)ry; is the number of false negativeise(type 2 error)

Ri is recall,P; is precision, andifs F score for class i.
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The accuracy, A, can be calculated as follows where N is the number of classes
and Mis the total number of pixels.
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1.4Scope of Thesis

Water management is key to improving the performanceE6id3. While
there have been plenty of works on isothermal phenomenonasupilary
fingering, research on PCI flow has been primarily simuldieased. This thesis
seeks to provide experimental-situobservations of PCI flowBy adding to the
body of knowledge, this wonkill make progress towardsabling informed
designof PEFC components for optimal water management
1.4.1PhaseChangelnduced Flow

This chapter is intended to demonstrate a means of experimentally observing
PCI flow within the GDL. A novel apparatus is presented which allows for the
hydration of the sample asalas application of a thermgtadient and xay CT
imaging. From the time series ofray CT datagchanges in location, shape, and
size of water clusters are observed and quantified.
1.4.2Gas Diffusion Layer Evaporation Rates

Once liquid water has movedrtngh the GDL. it must still be carriedut of
the PEFC via the GC3his chapter aims to determine the impact of GDL
thickness, PEFC temperature, and gas flow rate on the rate at which evaporation
removes the water.
1.4.3Ink Drying

Although not directly relatetb water management, the presence of defects in
the CL impacs the electrochemical performance and thus the water generation

rate. The presence of defects, in turn, is a result of the fabrigataess, which
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involves the drying o€atalyst ink. This chater aims to determine the impact of
substrate material, temperature, and humidity on the formation of cracks during
the drying process.
1.4.4lmage Processing and Machine Learning

While processing the-say CT data fotChapter 2: Phase Change-Induced
Flow, it was found that simple image operations wetesufficient to segment all
stacks As such, the variety of samples for which quantitative results could be
obtained is limite. However, the phases could be identified visually which
indicates that a more complex process may be capable of completing the task.
This chapter evaluas the use of Mlas an alternative for segmentitige images.

Chapter 2: PhaseChange-Induced Flow

2.1Sample Apparaus

A custom apparatus-igure 2) was designed and fabricated to conduct the
experiment at the synchrotrorray CT beamlines. The design aimed to control
sample compression, temperature, temperature gradient, and water capillary
pressure. The apparatus adheres to sizeiatests for the two differentxay CT
beamlines where data was collected and achieves a balance between the needs for
structural stabilty and an wwbstructed view of the sample. The sample sits
inside a polydieretherkeytone (PEEK) ringrigure 2 shows a schematic of the
experimental setup, its threlimensional rendering, and photographs of the
apparatus at the two synchrotron beamlines.

The upper portion of the apparatus consists BE&K support structure,

nitrile-PVC tube insulation, stainless steel compression cap, stainless steel or
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aluminum piston, and copper water injection tube. The piston serves as a thermal
conductor and a water pathway to simultaneously heat and fill thelesanth

water. The compression cap allows the piston tprbesed against the samfile
ensure proper contact. The lower portion of the apparatus consists of a PEEK
support structure, nitrd®VC tube insulation, stainless steel or aluminum piston,
and opperwatercooling coil. The lower piston serves as a thermal conductor to
remove heat from the sample. With regards to the upper and lower pistons,
stainless steel was used for the initial data set. However, due to the low thermal
conductivity of stainles steel, aluminum was used for further experiments. See
Table 1 for general specifications of the components mentionetpk&
thermocouples (product number 5TT-K-30-36 from OMEGA Engineering

Inc., Norwalk, Connecticut, USA) we attached to both pistons (two each) (see
Figure 3c for positions) with the leads running between the side of the pistons
and a small channel in the inner wall of the PEEK supports. m@iZartridge
heater (product number HT156m Thorlabs Inc., Newton, New Jersey, USA)
was concentrically inserted through the compression cap and into the top of the
upper piston. Lastly, three Nyldhumbscrewsold the upper support, sample

ring, and lower support together. No sealant was beegeen the sample and the
apparatus. This was intentionally done to minimize the possibility of unintended
stress on the sample, interference with imaging, and intrusion between GDL
layers. It is important to note that use of a sealant could have ietérf@th the
water distribution in the sample due

critical as the field of view is limited to, at most, a diameter ofrdd (see2.2
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Beamlines and Data Acquisitiof). Furthermore, the absence of a sealant allowed

water vapor to exhaust without the need for a dedicated exit.

A B
Compression / Heater
Cap / Cavity
Byl
Water Inlet N Hot
Tube Piston
w Screw
>
>
X-rays .
C $40.00 mm
\ Sample I
PEEK Area
Support/Insulation Sample Area
Cold =l |
Piston T ] g
Cooling
< ol

Figure 2. Experimental setup a) compuinideddesign (CAD) crossection
view identifying various components, b) CAD shaded view, c) GhbBwing
overall dimensions, d) setup atLBNL ALS Beamline 8.3.2, and e) setup at ANL

APS Beamline BBM-A.
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Table 1. General specifications for apparatus parts. Some dimenkaves been
converted from US customary units.

Part Material General Dimensions
sample ring PEEK 50D x4 1D x 2 mm
main; @40 x 45 mm
SUpptert PEEK flange: @50.8 x 4 mm
upp ip: 50D x 41D x 1 mm
lower main; @40 x 45 mm
support PEEK flange: @50.8 x 5 m
. 304 stainless stee
upper piston 5061 aluminum @4 x 40 mm
lower piston 304 stainless stee upper: @4 x 50.5 mm
P 6061 aluminum lower: @25.4 x 51.1 mm

tube: 6.4 OD x 3.9 ID mm

cooling  coil Copper coil: 25.4 mm ID, 6.4 mm pitch, 4.5 turn
water
injection Copper 3.20Dx 1.5ID x 76.2 mm
tube
compression 304 stainless stee overall: 10 OD x 3.2 ID x 30 mm
cap threaded bottom: M10x1.5 x 15 mm
thumb Nylon #6-32 x 1 in. (cut to length)
screws
tube o 9.5 mm thick
insulation Nitrie-PVC k=0.036 W nt K-

2.2Beamlines and Data Acquisition
X-ray tomographic microscopy imaging was conducted at two different
beamlines. The first set of experiments was carried out at Beamline 8.3.2 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory
(LBNL), Berkeley, CA, USA. A second set of this experiment was conducted at
Beamline 2BM-A of the Advanced Photon Source (APS) at Argonne National
Laboratory (ANL), Lemont, IL, USA. Theada presented in this chaptera
subset of that from ALS.
At ALS, image acquisition was conducted using a0 LUuUAG o, cintil |l at
5x lenses, and a SCMOS P@imax camera. This resutted in Z2m c ubi c

voxels and a horizontal field of view (FOV) of 4. A doublemultilayer
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monochromator was used to select a beam emérg@keV. Each scan was
performed over a rotation range of 180° with 1025 projections and an exposure
time of 40ms.

At APS, mage acquisition was conductedngsa 20e m LUuUAG scintillator
5x lenses, and a SCMOS P ®adge camera. This resulted in 183rcubic
voxels and a horizontal FOV of 3tBm. A doublemultilayer monochromator
was used to select a beam energy ok&8. Each scan was performed over a
rotation range of 180° with 1500 projections, an exposure time ofsS@nd a
total scan time of 3 imutes.
2.3Materials and Setup

SGL10BA (SGL CARBON GmbH Fuel Cell Components, Meitingen,
Germany) was used as the GDL sample in this study. This sample was chosen
because it wapreviously well studied with-ray CT1%32and is easy to handle.
In order to obtain a larger thermalagient, the sampleas a stack of two GDLs
Water capillary pressure was controllégt attaching a flexible tube to the water
injection tube and then adjusting the watduimm height to 2 3 cm. Water
vapor was exhausted from the apparatus through the unsealed interfaces between
the sample ring and the PEEK pops. After water inje@n andbefore each
tomography scan, temperatures and heat flux were recorded. The scans were
timed to have these measurements every 13 minutes. For each heat fux, 4
measurements and scans were done; after which the heat flux was increased by
steppingthe voltage to the heater bylon the power supply. Data collection for

a given case was stopped when water completely evapordted the GDL (as
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observed with xay CT scans). Each case lasted &0 minutes. Cooling was
accomplished by using fléle tubing to connect the cooling coil to a refrigerated
water bath. Temperature data was obtained through use of a thermocouple data
acquisition board (product number IPDAS TC from CyberResearch Inc.,
Branford, Connecticut, USA). Temperature drops adifessipparatus ranging
from 15°C to 28°C were generated by adjusting the voltage applied to the
resistive heater. The setup was insulated resulting in negligible heat escape
through the top and sides of the PEEK, ensuringdimensional heat transport
through the sample.
2.4Data Processing and Calculations

For data from ALS, preprocessing was conducting using Fij/lmagelhis
was followed by thévlodified Bronnikov Algorithm (MBA)>%8to retrieve phases
andreconstrgtion using Octopus 8.6:0or APS data, all steps of reconstruction
were conducted using the TomoPy pack&ggersion 0.1.15) for
Anaconda/PythonFirst, the sinograms were normalized to the white and dark
field projections. Then they were normalized to the backgrantessity using a
scaling factor based on 10 pixels from the right boundary and another 10 pixels
from the left boundary. Horizontal stripes were removed using the sym16 wavelet
fiter with 10 discrete wavelet transform levels and a Fourier space damping
parameter of 1. For the actual reconstruction, the Gridrecitaigof® was
applied

Post reconstruction processimgas conducted using Fijllaged All images

were cropped to include the region of interest but exclude the significant
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reconstruction artifacts along the edges. Separation of three phases (voids, fibers,
and water) was obtained through use of a dry reference image for eachaample
a process of basic image operations as describ@dapter 5: Image Processing
and Machine Learning.

Throughplane porosity was determined by counting the number of
badground pixels in the reference image. This was done separately for each slice;
thus corresponding to depth into the GDL. Threplgime water volume fraction
was determined in a similar manner but using the isolated water images. The
throughplane saturatn was then calculated from the porosity and water content
data. Both pore size distributions and water cluster size distributions were
determined using the Local Thickness glucfl. Local Thickness utiizes sphere
fitting and assigns a pixel value equal to the radius of the largest sphere whose
domain contains th pixel. Classification of pore/water cluster shape was
conducted using the ellipsoid factor (EF) metligérom the BonelJ pludn 3.
The EF method utiizes ellpsoid fitting to calculate an index used to classify
pores/clusters according to shapertuosity was calculated using TauFacthra
MATLAB application.

Assuming onedimensional heat flow though the setup, heat flux and

temperature are coupled by the following f
, LYY

where q is heat flux per unit area, k is t

difference, a n éncepXhermal reqistasce, tain benusedlto f f e r
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rearrange Equatio®) as follows were Q is heat flux and A is cresectional

area.
yY 0°Y (6)
Yo Y'Y @
foYs) 0
A Rcont, top Rsamp Rcont, bot
Ttop RPEEK Tbot
B C Ty= T4=Tpot

Figure 3. a) Resistance network used to estimate thermal conductivity. b) Rotated
apparatus and c) cout with temperature locations shown.

Figure 3c shows relevant temperature locations. TakinRglJto be at Gnm

along their regective pistons, ATs are at 5mm and T/Te are at 15mm. Tg is at
10 mm for the lower steel piston.;,TT,, Ts, and & correspond to thermocouple
readings while Tand T, correspond to extrapolated temperatures. Using the
thermal resistance network Figure 3a, the following equation can be derived
where Ry is the resistance calculated using, @nd Ty, the temperatures at the
tips of the top and bottom pistons respectively. Note thgt By Rsamp Reont, bos
and Rgex are the thermal resistances of contact at the top of the sample, the
sample itself, contact at the bottom of the sample, and the sample ring

respectively.
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Combining Equation(8) and Equation(9), Equation(10) can be derived and

solved for the GDL thermal conductivity:

Yw p VR VN
Q o 0 Q0 h h 10
YY Y&
. Y6
Q
P ) (11)
0 o (ORY voro Y
Y Y Yw

wh e r gmpisgsample thickness sinpis sample thermal conductivity, snpis

GDL crosssectionakarea, @Qii s t ot al heat f |l uxexbBhrough the
the PEEK ring thickness (approximately same as GDL thickness) ik the

thermal conductivity of PEEK, andpfex is the crosssectional area of the PEEK

ring. By assuming no significant dtive or capacitive effects, use of a resistive

heater allowshe following equation to be used&:.ris the resistance of the

heaterand Meateri S t he voltage across the heatero6s

. W
Y

(12

The contact resistances are estimated using databtralong with the following

equation:
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where fontis the value as provided Byand Axntis the simple geometric area of

the contact surface. The thermal conductivity of the sample canthen be

determined by applying Equatigqiil), Equation(12), and Equation(13) using the

data summarized imable 2.

Table 2. Values used to computeettmal conductivity of the GDL.

Parameter| Value Units Method of Acquisition
Average calculated using visual
P Xamp 482.6/ tm selection of surfaces in tomogram
Asamp 12.57| mn? Assumed same as, bot
V heater Various| V Power supply readout
R 38.4 Average calculated using power suppl
heater iR current and voltage readouts
Tiop Various| °C Linear extrapolation along heated pistg
Thoot Various| °C Linear extrapolation along cooled pistc
Common value provided by multiple
1 K-1
kPEEK 0.25| W ml K Suppliers
Calculated from caliper measurements
Aperc 7.1\ mie of inner and outer diameters
P ¥EEK 482.6| [m Assumed Ss@me as o
F'cont, top 7.2 x 164 | m K W1 | From data irBurheim et d. 65
Acont, top 12.57| mm? Estimated same asch\:, bot
| Linearly extrapolated from data in
foont.bor | 045 x 10 MK W2\ g poimet d, 65
A cont, bot 12.57| mn¥ Calculated from design diameter

In order to compare relsito previous literature, it is necessary to first define

tortuosi tyusesthe defihiton put fertyEdsieints:

0]
23

where L is the diffusion path length and L is the Euclidean distance of the

diffusion path. Corresponding to this definition of tortuosity, effective diffusivity,

Deg, is defined as:
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where D is diff u%.iTheiwatgrvaponfldx, Xis dasdatp or os i t y

using:

o_
7
oy

Q
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Y

from > where R is the specific gas constant of watet,f55 saturation pressure,

and T is temperature in KelviR.also provides a means of calculating difitg:

c-z| CA

o © it
~

where Q) is diffusivity at reference absolute temperaturg,ahd reference
pressure, B nis afittihng parameter; and P is pressure. By combining
Equation (15), Equation(16), and Equation17); maintaining the assumption of
onedimensional heat flow; and discretizing differentials, wat@ovdlux can be

expressed as:

C

5O -
Y

“y
Qv

C

where M is the molar mass of wate, i&®the univesal gas constant,s®airwopand
Psat, air bo@r€ saturation pressures in air at the top and bottom of the sample
respectively, and temperatures are in Kelvin. Accordingf,teauration pressure,

over the temperature range of@© to 100°C, is given by:
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where f is the enhancement factor (~1gx R4S Saturation pressure in water

vapor, and temperature is in Celsius

Table 3. Values used to predict water vapor flux.

Parameter Value | Units Source

Do 2. 265 ms? 5

P, 1| bar 5

P 1| bar assumed

T 0. 5pATod) | K experiment data
To 273.15| K >

n 1.81] - >
UAL1 U 1.5] - >

02 1.5] - 15

V] 0.84] - 15

2 1.8] - experiment data
V! 0.70| - experiment data

2.5Results and Discussions

(19

Figure 4 shows mean temperature of the GDL, temperature drop across it, and

calculated thermal conductivity as a function of heat flux. Per each teeat fl

value, multiple measurements are shown. These are measurements for different

times as plotted bifigure 5. Figure 4a-b clearly show the same trends observed

in Figure 5a-b. As hat flux increases, so does the mean temperature of the

sample. On the other hand, the temperature drop does not show a clear trend.

Figure 4c shows a gradual decrease in thermal conductivity with increasing heat

flux. At higher heaflux values, liquid water saturation decreases until complete

dryout; thus, at lower heat flux values, there is a higher content of liquid water in

t he

of air, net thermal conattivity is slightly higher atlow heat flux values due to

sampl e.

Since
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increased saturation. This observation is consistent with previous studies where
higher thermal conductivities were observed for saturated samples due to water
having a higher thermal conductivityhan air and providing bettéber-to-fiber
connectivity 8. The reason suckh small decrease in thermal conductivity was

observed in this study is that, at all points, saturation levels were relatively low

(< 0.2 compared to 0.40.7).
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Figure 4. a) Mean temperature, b) temperature drop, and c) thexonalctivity
of the sample as functions of heat flux, g. Marker shapes group data by heat flux.
Figure 5a shows various temperaturesfasctions of time with veical
dashed lines indicatingpoints in time wheradditional waterwas injected This

plot also shows a gradual increase in the mean temperature with time roughly
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from 40°C to 50°C. Different marker symbols correspond to the heat fluxes
shown inFigure 4. While the increase can be attributedntréases in heat flux,
Figure 4a shows that this occurs even when the heat flux is kept constant. The
simplest explanation for this is that the system is in a pssigdaly statezigure
5b shows the tempature drop over the sample. The temperature drop remains
relatively constant, around €. Unlike the mean temperature, the temperature
drop for a given heat flux fluctuates. More specifically, the time datpu(e 5b)
shows thathe temperature drop tends to increase directly after an increase in heat
flux and then decrease with time. At first, this seems like random fluctuations.
Further consideration presents the possibility that this may be the combined result
of a t hpamsad thirmesd and e vFgpeScshowson/ condens a
nearzero saturation approaching the moment of water injection. Since
evaporation/condensation is the proposed mechanism of heat transport, it is
reasonable to assume thawlsaturation would hinder heat transport and thus
prevent equalization of the sampleds face
proposed mechanism, the injection of water at 187 minutes corresponds to a
significant increase in saturatioRigure 5c¢) and the onset of decreasing
temperature dropF{gure 5b). As such, this behavior appears to verify the
importance of PCI flow.

Volume-averagesaturation [Figure 5c) does not experiencesabstantial
decrease until a time of 143 minutes. The first two measurement points were

collected as theystem was equilbrating arekcluded from the analysis.
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Figure 5. a) Measured and calculated temperatures for the apparatus and sample.

b) Temperature drop over the sample. c¢) Saturation of the sample with a fit (blue
ine) indicatingt h e fesapaatiodregimeand a fit (redihe) indicating the
frapidd evaporationregime d) Thermal conductivity of the sample. All plots are
with respect to time, t. Dashed lines indicate times at which more water was
introduced. Marker shapes group data by heat flux Kgpee 4).

The particular scan at which evaporation appears to dramatically increase
corresponds to a maedaemperature of 49C and a temperature drop of 7@.
This point divides the apparent regimes of slow and fast evaporatich is
discussed in detalil later in this sectidkfter the second injection of water at 173
minutes, the dryout of the GDL aated within 50 minutes. This was because a

high heat flux of 225 kWir2 was supplied; causingdgh evaporation rates. The

Ar apiedvaporation regime persisted for
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100 minutes for the first water injection where lovieat fluxes were applied.
Given the estimated errors, thermal conductivity remains approximately constant
at 0.68W m! K-1 (about two times that of the dry GD¥®) as shown byigure
5d. However, there is a consistent slight decrease in thermal conductivity shortly
after water injectin.

Figure 6 shows the througplane saturation and GDL porosity corresponding
to representative data points from 53 to 157 minutédsSgare 5; whereOc m i s
the top piston (hot location). Thegrent sharp decreases in porosity at the top
and bottom of the sample are caused by the fact that the sample and the apparatus
are not perfectly level. Consequently, the top and bottom slices of the image stack
begin to capture portions of the pistons;ickihappear as solid material when
segmented. Also, the possible cause of the saturation increase frand00t o t he
bottom of the sample (~445 m) is the collection of water
sufficient exit pathThe water distribution &3 minutesis equilbrated water
distribution after liquid water injectionFigure 6a clearly shows a decrease in
saturation with time in all GDL locations, particularly near the hot piston, until
complete dryout atime of 157 minutesFigure 6b shows each saturation data
set normalized to its own volume average. Essentially, this adjusts each data set
such that they may be compared as if taken at the same overaltiaatiire the
liquid-water content remains urehged for all heat flux and time sejiel
liquid-water content stays the same within the enclosed volume, it can only
spatially change and redistribute. This water redistribution is clearly seenin

Figure 6b where significant eaporation and a decrease in saturation is observed
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with time at the GDLO6s hot sidemand conden:
into the GDL, close to the cold piston. Since it appears that most condensation has

occurred by a distance of 385m i n t mple,tiths eeasorable to expect that

capillary-driven flow would be the dominant mechanism for water transport from

305em to the botton ngf. tThhee ssaampulreat(i~0445 n t h
the GDL remains unchanged. This behavior is consistent viidt would be

expected from PCI flow.
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Figure 6. a) Saturation of the sample in throyglne direction and b) saturation
nor malized t o each -avenagg saturationa Thé lts(topb wn v ol unm
face of the GDL is the originDifferent ines represent different instances in time.
Sample porostty is indicated in blaekd shading indicates the presence of
portions of the pistons
Figure 7 shows volumeaendered images of the GDLs corresponding to the
dat in Figure 6. These images aid in visualizing the changes described by
numeric data. The time sequence is described from the &3} to the right
(t=157). The dramatic change between the last two time steps corresptimels to
Arapi do evap Figuetsd Tha shift toveadnsmaller water clusters,

as will be explained b¥figure 8a, is also noticeable. Furthermore, looking at the

gray-scale crossection tomographsf the GDL near the hot locatiorFigure
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7¢), fast evaporation, primarily that of large water domains, is observed. This is
perhaps due tthe larger surface area tfosewater droplets, which is exposed as

an evaporation front. Bm the crossection tomographs near the cold location of

the GDL igure 7d), water redistribution is observed with almost no evaporation
in the first three images and complete dryout in the last image.

A)

Thean =40 °C

Figure 7. Time series of a) 3D voluraendered water clusters and b) 3D volume
rendered water clusters with fibers/PTFE. The top of the volume rendering is the
hot side of the sample and the bottom of the rendering is the cold side. €) Gray
scale inplane crosssection near top and d) gragale inplane crossection near
bottom, both corresponding to parts a and b. Fibers, PTFE, and water are light
gray while pores are dark gray.

Throughplane saturation data is useful for determining the amount of water

present. However, it does not provide any insight with regards to cluster
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geometry. For this, it is desirable to know both the size and the shape of the water
clusters as well as compare the cluster geometry to that of the pores. Precisely
defining the gemetry of each pore/cluster is unrealistic and does not add much
value. As such, sphere and ellipsoid fittihng may be used to group clusters by
similar geometric properties. The collection of these groups can then be
represented as a discrete probabiltynsity function (PDF) relative to the total
pore/cluster volumeFigure 8 shows the size and EF distributions corresponding
to the data inFigure 6. Plotting the distributions with respect to time visually
demonstrates the impact of evaporation. As seen from the size distributions, the
water clusters start with a distribution similar to that of the pores. However, as
evaporation occurs, water distributions shift towards smaller cluster sizes. This
can be dudo evaporation of larger clusters or breaking of large clusters into
smaller ones. Also note that the initial size distribution is already biased towards
smaller clusters. For radi smaller thane2én, wat er clusters favor
size possible whilgores havea peak radiusiround 1 m and no observable
peak at dower radius.During evaporation, this preference for forming the
smallest clusters possible persists in addition to an overall distribution shift
towards smaller radi (from 199 m t oe M 4anthute@ and 90minutes,
respectively).

For cluster shape, the EF distributions show a preference for negative EF
values. This corresponds to oblate water clusters. In contrast, the pore shapes
show a preference for prolate ellipsoids. In eithesecéhe mean EF values are

close to zero. A trend worth noting is that the magnitude of the mean EF values
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for water clusters decrease with time (evaporation). This indicates that water
cluster shapes become less oblate as evaporation occurs, even lieoslight

tendency towards oblate shapes remains.
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Figure 8. Time series of water cluster a) size distribution (Local Thiskhend
b) elipsoid factodistribution. In both plots, the data set colored red is for the
pores of thedry sample. Mean values are labeled for each data set.

Figure 9 divides the GDL into 3 regions equally spaced in the thrqlayhe
direction (top, middle, and bottom) with dashed lines indicating when additional
water was injece From the average saturation dd&t@(re 9a), it can be seen
that the top (hot) region of the GDL contains noticeably less water than the
middle and bottom (cold) regions. Another interesting trend occurs prior to the
significart decrease in saturation. In the time between 53 minutes and 143
mi nut es, which is the fAslowd evaporation
evaporation rate while the bottom experiences the lowest evaporation rate. This is
due to the fact that thegas at a higher temperature than the bottom of the GDL
and confirms the PGflow observation.Figure 9b shows that the behavior of the

mean water cluster radius is similar to that of the average saturation. This is what

one wouldexpect given thafigure 6a shows a decrease in saturation with time
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andFigure 8ashows a decrease in mean pore radius with time.
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b) Mean water cluster size (radius) as a function of time. Data is split into thirds

by equal spacing along the throtglane direction.Dashed lines indicate times at
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which more water was introduced. Marker shapesmata by heat flux (see
Figure 4). c-d) Show (not to scale) the two different evaporation cases; with and

without a water reservoir respectivelf)éray-scale images obtained from

reconstructing data for dry and wet samples respectively. These images are

labeled to show the top, middle, and bottom regions referred tb.ifiers,

PTFE, and water are light gray while pores are dark gray.

The satiration data ifFigure 9a shows the same type of behavior as the
overall saturation datdigure 5c); primarily, thereis a sudden increase in the
saturation reduction rate at 143 minutes. As mentionece wiiscussing-igure
5c¢, this suggests two regimes of evaporation. However, identifying the first
regime (53 minutes to 143 minutes) as the slow regime is actualy incorrect. To
understand why, it is important to refer back to tkpeegimental setup. Recall that
additional tubing was attached to the water injection tube. This additional tubing
was then filed with water to achieve a specific water column height and, in doing
so, control capillary pressure. Also, the tomographic se@ns taken at each heat
flux until the water in the GDL was completely evaporated. This, as observations
confirm, means that the entire contents of the water column has also been
evaporated as it entered the GDL. The reason is that, whie water in thés GDL
evaporated, the water column provides a reservoir from which replacement liquid
water is taken. Therefore, two regimes do exist; one in which evaporated water is
replaced due to the reservoir and another in which it is not because the reservoir
has ben depleted. These two cases are depictédgiare 9c-d respectively.
Since liquid water is replaced during the first regime, this decouples the
evaporation and saturation reduction rates. In order to determine the evaporation

rate the rates of saturation reduction and reduction in water column height must

be combined.Table 4 shows the calculated evaporation rates assuming that the
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water column becomes depleted at 143 minutes. From this data, the firs i®g
the one that experiences a highby 2 orders of magnitude) evaporatioate.

This is due to higtsaturation,large surface areas of water, aadsubstantial

amount of waten contact with the hot pistorLower evaporation rates in the
second regne are due to much lower saition values and smallesurface areas

of water;moreover,at these low saturations water is in contact primarily with the
cold piston.

Table 4. Evaporation rates and equivalent current densities nfier §pans with
and without a reservoir of water for the whole GDL.

15 mm Resevoir 30 mm Resevoir No Resevoir
Evaporation Rate
103 kg m? st 2.53 3.68 0.0215
Equivalent Current Densit 271 394 0.0230
A cm?

Given that liquid wateris produced durifEFC operation, and at constant
current density is injected into the GDL, the first evaporation regime is an
accurate reflection of operating conditions. However, the second regime can be
applicable during the cell purge at shutdown, where irreducibleensaturation
needs to be removed from the cell, there is no water production, and the gas phase
is no longer at 1009RH. Figure 10shows the evaporation rates predicted by
Equation (18) usng the experimental temperature values. The results are on the
same order of magnitude as those predicted by the previous study, where the
authors used full fuel cell hardware and a theoretical modhile determining
the tortuosity of the sample, it was found that tortuosity is more sensitive to

segmentation accacy than porosity. The image stack of the dry sample was
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processed both #i and without the regions where portions of pistons starto
become visible (indicated by shaded regionEigure 6). By omitting these
regions,porosty increased from 0.70 to 0.72 whiertuosity factor (the square of

tortuosity) decreased from 2.73 108Q

5 ' |
°© 2¢l=15 | 15
- A 42-15e=084]| m
X — —
=) 'm4 ® 12=18,¢=070|l -4%%
= o " G 5
g £ 3 | A 3% &
© E) ||c> - 3
= - 2 ha oo P O
o | oI 2o €
2o o 2||§2 4 3 3
© o} Q o)
= S 1g 8 e fRETI 00 " (1 ¥ 3
f 0 maopgod
0 | 0

0 50 100 150 200 250
Time, t/min

Figure 10. Water vaporflux (left axis) and equivalent current density (right axis)
for the entire GDL, as predicted IBquation(18). Circles correspond to the
tortuosity-porosity value provided by triangles correspontb the tortuosity and
porosity values provided by, and squares correspbio the tortuosityand
porosity values deterined in this experimen{seeTable 3). Dashednes indicate
times at whib more water was introduced.
2.6 Summary
X-ray CTand a custom sample apparatus were usecdamine P Cllow
within SGL10BA. A thermal gradient was imposed on the stack of two GDLs and
water was injected to emulate the operating conditions wathEFC Once a
pseudesteady thermal state was reached, the sample was scainietines per
heat flux chosen to collect the necessary tomographic data. Tomographic scans
were conducted at several heat flux values with the intent of subjecting the sample

to variousmean temperatures and temperature gradients.

Because data was collected while the system was in a pstatty thermal
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state, there is a continuous gradual increase in mean temperature even when the
applied heat flux does not change. The temperatureadnass the stack of two

GDL samples was 8. The apparent thermal conductivity of the GDL decreased
slightly with decreasing saturation. Even near O saturation, the thermal
conductivity of the sample remained almost double that of a dry GDL. This
presers an opportunity for future resear&hror calculationsshow that the most
significant source of error is the uncertainty in the contact resistivities between the
metal pistons and the sample.

From areaaveraged saturation plots in the throydgme GDL dection, it is
evident that water near the top of the GDL (hot location) evaporates at a faster
rate compared to water at the bottom of the GDL (cold location). Consideration of
water cluster size and shape reveal how the geometry of the water clustege ch
during evaporation. The initial water size distribution closely follows that of the
pore size distribution. As time progresses and more water clusters evaporate, the
mean radius of the water clusters desesafrom19.2 m t oe M;4 .Mmor e t han
5¢ m. Furthermor e, a |large peak in water dis
water cluster sizes-rom the elipsoid factadata, voids have a slight tendency to
be prolate while water clusters have oblate shapes.

The saturation data for the sample as a whole shows a point at which a
dramatic increase in the saturation reduction rate occurs. This suggests that there
are two regimes of evaporative water transport; one representing PEFC operation
and the other poteatly representing cell purge. The first regime actually

experiences a higher evaporation rate even if saturation decrease is slow. This is
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due to the presence of a water reservoir during the first regime. Because water is
produced during PEFC operatiohjsi expected that this first regime reflects
operating PEFC conditions. Net water vapor flux pegikam of water was
calculated and it agrees well withepious experimental studie®/hile

calculating water flux, it was found that the calculated bty wasmuch more
sensitive compared to porosityto the accuracy of the segmented dAta.

follow-up study couldexplore PCI flow under a larger window of temperatures
and temperature gradients and with various GDLs.

Chapter 3: Gas Diffusion Layer Evaporation Rates

3.1Sample Apparatus

The purpose of the evaporation rate experiment was to expand on the work
done inZenyuk et d. 15by investigating the impact of tempéuree. As shown in
Figure 11, the sample holder was composed of a@idted base, an aluminum
spacer, an acrylic top, and an acrylic cap. A flexible tube was passed through the
base so that water could enter the hollow centereoEgacer from below. An
acrylic top was placed on the other end of the spacer to narrow the water injection
point. The cap was designed to fit snuggly over the top and secure the sample. To
control the temperature of the water, a resistive tape heatevnapped around
the spaceranda-Kype t her mocouple was attached to 1
surface temperature. Although it would have been ideal to measure the
temperature of the water directly, this was not possible without causing significant
leaks. The ther end of the tube was connected to a twag valve. Using the

same type of flexible tubing, the barrel of a finely graduated syringe and a much
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larger plastic syringe were also attached to the valve. The finely graduated barrel
was held by a test clgmo serve as the water column while the larger syringe was
used to fill it. In order to more accurately represent the conditions in a fuel cell,
houseair, desiccant pebbles, tubjng mass flow controllerand another clamp

where used to provide a coried flow-by condition for the sample.

(R !

Figure 11. Image of sample holder for evaporation rate measurements.

3.2Experiment Procedure
SGL39AA (SGL CARBON GmbH- Fuel Cell Components, Meitingen,

Germany)was usedh this experiment. iFst, the sample holder was filed and the
water column was set to the desired height. Once the sample holder reached the
desired temperature, the sample was placed on a hydrophilic membrane over the
injection hole. Tk membrane was used to improve théormity of the water
front. Next, the dried house air was turned on and the mass flow rate set as
desired. The threway value was opened to allow the water column to supply the
sample holder with water and a capilary pressure. The height of the watancol
at the moment of release was noted and water was allowed to evaporate for some

time. The end height of the water column was then noted and the evaporation rate
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was calculated by dividing the change in volume by the time over which it had
occurred. Thisvas done for a variety afumber of layerstemperatures, capillary
pressuresif.water column heights), and dry air flow rates.
3.3Results

As seen irFigure 12a, evaporation rate significantly increases with
temperature at tempdtmes above 60 °Crhis behavior was observed for a
variety of flow ratesand capilary pressures when using either 2 or 3 layers of
GDL. When using 4 or 6 layers, a step change was observed at 60y2@(
12b). Given that this gperiment was conducted in a temperature range similar to
that used inChapter 2: PhaseChange-Induced Flow, it is reasonable to expect
that Equation(18) (or at least the general form) can be used to predict water flux.
Since this equation does not include a step change, this observed behavior is
likely related to the interfacial layers between GDLs as opposed to an intrinsic
material propertylt is also apparent that increased capilary pressure promotes
evaporation(Figure 12c). Measurements taken with 2 layers at differing flow
rates indicate that there is an optimum flow (&igure 12d). However, the same
measurements also indicate that flow rate is less of a determining dabigher

capillary pressures.
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Figure 12. Evaporation rate (left axis) and equivalent current density (right axis)
as functions of temperatufor a) 3 layers and b) 4 layers of GDL given various
capillary pressures and an air flow rate of 4 slgvaporation rate and equivalent
current densitybut at various temperatures as functions of c) capillary pressure (3
layers and 4 slpm flow rate) adji flow rate (2 layers and 2 cm water height).

Chapter 4: Ink Drying
4.1Sample Apparatus and Setup
Two substrags were used in this study: SGBRE ( SGL CARBON GmbH 1
Fuel Cell Components, Meitingen, Germany) and Nafion 212 (purchased from
Fuel Cell Store, College Start, TX). The targeted carbon loading of the ink was
1 mg cm2 with respect to dry volume and the volume of wetink was made to
coat a 100 céarea. Vulcan carbon XZ2 (purchased from Fuel Cell Store,
College Station, TX) was mixed with isopropyl alcoli?A) (< 99% purity,
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purchased from Fischer Scientific) and ultrapure deionized (DI) water (DIUF,
purchased from Fischer Scientific) in the ratio of 1:1 respectively by weight to
make a dilute k dispersion. A total of 1.54 ml of 5 %@ Nafion solution
(puchased from Fuel Cell Store, College Station, Wesrefrigerated for 15
minutes andmixed with ink to obtain the resulting ionomer to carbon ratio of
0.71. A sample of 50 mM amorphous silica (siicon dioxide nanoparticle 017 3 0
nm, > 99% purity,purchased from U.S. Research Nanomaterials Inc.) was added
to the ink and mixed thoroughly uogi an ultrasonicator for 30 minutes.
Amorphous sita was needed to increase theay absorption of think for x-ray
studies. The mixire was then transfred to a magnetic stirring Iptate and
stirred for over 24 durs at room temperature before used in aliquot amounts for
deposition.

A FLIR A655sc (FLIR Commercial Systems, Inc., Nashua, NtHgamera
with the Gose-up IR Lens (L6 x 12 mm FOV, 1.5magnification was used,
resulting in a pworkiegldistagedoe thedehse2was46 m. The
mm. The camera was mountatlove the samplrolder stage, as shown kilgure
13, and the distancbetween the lenses and the stage was adjustfocus on the
substra¢. The stage was a @1 @aminum cylinder wrappedith a tape heater
(12 V,5 W polyimide flexible adhesive thermos fbikater) and insulated along
the perimeter to simulate ommensionalheat flux along the aluminum stage
(Figure 13a). The base of theample holder was made of an acrylic plate to fit
the experimental stagethe synchrotron beamiine. Hdlux was set with a

power supplywithin therange of 0.2V to 1.5 W to target a steadiate subtrate
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temperature rangingetween 30C and 70 °C. Ink was drepasted with a
micropipette in either 28 lor 40¢l droplets after the temperature of thage
equilbrated at a set heat fluA custombuilt environmental chamber was used to
control the elative humidity (RH) of the environment surrounding the ink.
External humidifiers with temperature control and compressed air flow were used
to set he gas RH to a desired point. ®H sensor (OMEGA Engineering, INC.,
Norwalk, CT) was used with a custdmiilt electronics reader to measure RH
within the chamberRigure 13b). During xray CT imaging, the setup was
transferred to the synchrotron rotating stage, as shoviigioye 13c. Images

were collected wiht the FLIR ResearchiR Maxv. 4.40.2 software while image
segmentation and analysis was carried out with ImagetheEsure the spacing
between crackdines were drawn roughly perpendicular from one crack to
another and measurethe calibration of the casna for object emissivity was

done by placing a thermocouple within the ink and comparing the reading of the
IR camera to that of the thermocouple.

X-ray radiographic and tomographic image acquisition was cteduwsing
Beamlne 2BM-A atAPSImageaqui sition was performed wusir
LUAG scintillator, 5% lenses, and a sCMOS PCO.Edge camera. Images resulted in
1. 33 & m c andahorizontal ©\f 8.3 mm. The vertical FOV
depends on the selected energy. A deuhkdtilayer monochromator wassed to
select a beam energy of 27.5 keV. For the radiography, a stationary stage was
used with a camera exposure time of 100 ms to collect trangierdimensional

(2D) data.For the tomography scans, a rotation rang&8af, 1500 projections,
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and an egosure time of 50 ms were selectedulting in a totascan time of 3
minutes. Image segmentation and analysis weagied out wh Fij/lmageJ and

Avizo Fire 8.1.

a

IR- camera

20 - 40 pl film

Aluminum stage

Figure 13. a) A schematic of the setup, where getup components are marked.
b) A photograph of the #nouse setup built within the environmental chamber for
controled RHc) A photograph of the setup at Beamlin@i4-A at APS.
4.2Results
Figure 14 shows contact angle measurementgrimroporos layerand
Nafion substrates with nk and wat eramduatp tnserentheg MPLi n 4 ¢ |
is hydrophobic with a contact angle of 137.5° for water, whereas Nafion is close
to a neutrally wetting substrate with a contact angle of 82.6°. When the ink is

deposited, both substrates show hydrophilic behavior witb°18nd 38.1° for

MPL and Nafionrespectively. Lower contact angles are due to the presence of
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IPA solvent that lowers the surface tension of the ink. Both substrates are wetting

toward the ink.

Ink, 4 pl droplet b Water, 4 ul droplet

6=19.46° 6=137.46°

c Ink, 4 ul droplet d Water, 4 ul droplet

0=38.13° 6=182.65°
Figure 14. Wetting belavior of the MPL substrate for a) ink droplet d)dvater
droplet. Wetting behaot of the Nation substrate for c) ink droplet advater
droplet.

Figure 15shows IRthermography oink drying on the Nafion substrate for
506 RHand 100% RH at various times of drying. Ae tink is deposited (t =0)
its temperature increases with time from room temperature to that of tHeateibs
and stage. For a set hdlak, the equiibrium ink tenperature is approximately
the same for both substrates because the thermal conductivities of Nafion and
MPL are very similar®®. At a time of 8 mintes a significant amount of cracks is
observed in the ink deposited onto the Nafion substrate and these cracls grow
size and thickness at a time of 10 u#s The ink completely dries after Dirs
The locations of the cracks feature higher temperature than the remaining of the
film. The fim is the thinnesbr completely missingn the locationsof cracks
Theselocations are detected by IR camera as the hottest be bausevthere the

stage is inclosest proximity to the aiFigure 15b shows the drying behavior of
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ink on theNafion substrate at 50 °C ad@0% RH. First, it takes longdor the
cracks to nucleate and growl7 mirutes compared to the 50% RH condition.
This is explained by a slower evaporation process in an environmental chamber at
100% RH. At 100% RH, the cracks are smaller in size and are more localized. As
time prograses to 25 mutes the cracks do not seem to grow and remain similar
to those found at 17 mites where the fim temperature remains at around 50 °C.
At a time of 29 mintes the major cracks are stil present but some of the smaller
cracks disappear. Rhermore, at 110 mites, most of the cracks disappear as
they get reabsorbed. This is possible because, at 100% RH and a lower
temperature of 50 °C, ink absorbs a significant amount of moisture and ionomer
helps reabsorb the cracks. Furthermore, haviafioN as a substrate that can
contain a significant amount of moisture helps slow down the evaporative drying
process. In this worlkthe selfhealing behavior was only observed at high RH and
only on Nafion substrate. Even upon rehumidification, ctteckson MPL
substrate did not heahdicating that thesel-healing poperty strongly depends
on ink-substrateinteraction. Previously, several studies observed crack
disappearancapon rewetting in mud4 45,

Figure 16 shows the drying behavior of a fim deposited oatoMPL
substratdor 5% RHand 100% RH. Again, cracks weasbserved to be at a
higher temperature compared to that ofrém@aining fim, which significantly
aids in detection and imageegmentation rad analysis. Furthermore, higher local

temperaturesan potentially speedp the evaporation process in thenity of
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the crack. From the crack pattern, one can obgberemaller cracomains

formed and no selfiealing wa®bserved.

a T=60°C RH=50% b T=50°C RH=100%
t= 0 min t= 6 min t= 7 min in t= 14 min t= 17 min

L

) 8min t=10 min tyy = 120 min 2 =23min t= 29 min
< — B

A
.
40 50 60 30 40 50
T [°C] T[°C]
Figure 15. Typical profies fora@ €1 dr op of ink evaporating

substrate vilh a) 60 °C and 50% RH aill 50 °C and 100% RH. The séitaling
behavior at the fully humidified condition is shown, where cracks were
reabsorbed by the substrate.

b T=60°C RH=100%

t= 0 min t=4 min t=8min

a T=60°C RH=50%

t= 0 min t=2 min

l

t= 16 min

t=8 min

50 60 40 50
T [°C] T[°C]
Figure 16. Typical profies for a drop of ink evaporating on top of thelMP
Ssubstrateowitmka)lt2®0eIAC adfiidkat60% RH and b)
and 100% RH.
FromFigure 15andFigure 16, it was shown that crack patterns that form in a
drying ink depend strongly on the substrate properties. It appears that not only the
crack patterns but also the crack initiation time depemndthe substrate. For

Nafion in the temperature range of 30 to 70 °C, tle crack initiation time was
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1.52 times longer compared to the MPL Fagure 17ashows. This is perhaps
because Nafion has a large capacity to store moisture, requiring longer
evaporation times$or ink to dry and forntracks.Furthermore, for both
substrates, #hcrack initiation time was 1.8.5 times lower for ink drying at 0%
RH compared to 100% Ré&bk shown byFigure 17b. Crack inttiation time
decreased with temperature as expected dueteased evaporation rates at

higher temperatures.

a 35 b 30
30 I Nafion 25 0% RH
B MPL I 100 % RH
25
= = 20
£ S 15
£15 £
= =
10 10
5 5
B J il &
30 40 50 60 70 30 40 50 60 70
Temperature [°C] Temperature [°C]

Figure 17. a) Qack inttiation time for Nafion and MPL substrataveraged
across RH for temperature range78D °C. b) Gack initiation time averaged
across two substrates fo¥oRH and D0% RH for temperature range-30 °C.
Figure 18 shows the experimental data of the crack spaciatffatent
temperatures and RHSs for about 50 collected sletaAt 0% RH, there is no
clear trendor crack spacing atifferent temperatures. For MPL substratéh 40
¢ bf ink at 100% RH, crack spacing increases wittreasing temperature. The
average intercrack domains for tthéed ink on the MPL substrate ranges from
300e nt o 5 OThis gpacing is about three times the fim thickness, which is

consistentwith the experimental resulteeasured by Goehringt al 70 for cracks

in acompliant layer on a hard substratet al so seems t hilpt
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Figure 18.Crack spacing atdéfr e nt t emper atures and RHs a
MPL substrate, b) 40 ¢l obrkonNafion on MPL sub
substra e, and d) 40 ¢l cfCrackskacing matodia f i on subs

different tempertures and RHs for different fim thicknesses.
has largecrackspacingFor Naf i on sudekat5®% BH,tha t h 40 ¢ |
same trend was observedegure 18 showsthat the ink on Nafion substrate has
much larger crack spacirthan the ink oMIPL substrate with average domain

sizesranging between400 mand 1600 em. Thecr&xlsaci ng ratio
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the Nafion substrate relative to that of the MPRlisund 2, as shown ligure
18e.
For the combined -xay radiography, tomographynd IRthermography,
MPL was selecteds a substrate due to its wadfined and simpler crack
formation patternsFigure 19 shows typial radiography profies of ink drying.
These profies are very similar to those that can be obtained with optical imaging
to identify the fim thickness. Howevgthe major difference betweerray
radiography and optical imaging is that, with radiograptgllected data is an
average along the third dimension as opposed to a singular value from a.surface
With the xray method, it is possible to obtain drying fim density. Furthermore,
even though radiography is a 2D technique, cracks are clearly visirkng ata
time of 17 mimtes At atime of O miutes the fim is deposited ands it spreads
its thickness rapidly decreases. From these radiography images, one can also see
the nonuniformity of the top fim as ink evaporates-ray radiography also
allows for the finite thickness of the drying front to be quantifiedFigure 19,
each crossection radiograph shown was captured after a tomography scan.
Figure 20 shows quantitativanformation obtained fronfigure 19. Thegray
scale value throughe film thicknesscan be divided into ink bulk layer atcand
0.6, drying front at-0.7, and air gray-scale value aboli). These graygcale
values can be thought of as transmission values, the higher thethellighter
the material. The bulk layer is composed of water, solvents, Nafion, carbon, and

SiOx. Carbon and Nafion are denser thaat@r and should attenuate moreays,
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t=5.3 min t=8.0 min t=13.5 min

Figure 19. X-ray radiography of evapomag ink at various times. The cracks are
observabletoo.

but in dilute ink their volume fraction is low and the signal is dominated by water
and solvents. As ink evaporates, the solid phase densifies and, because water is
stil present, lte overall percentage transmission decreases. As water and solvent
leave the ink, air substitutes these volumes anehgakis volume to be 460, the
x-ray transmission increases. Fréfigure 20a, the drying front has a higher

value because water is evaporated and is exchanged fBigaire 20b shows the
height of the drying fim as a function of time, where the slope of this plot
indicates the evaporation rate. Within the first 2.5uteig the fim setles and
spreads, hence the ink height decrease is steep. After that, the evaporation rate is
relatively stable, decreasing slightly after 17.5ut@és Furthermore, we quantify

the thickness of the bulk layer fim and drying front. During the first 2riutes

there is no drying front as diffusion of bulk liquid to the top of the layer can keep

up with evaporation. After these 2.5 oiies the drying front develops and
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remains approximately constant in thickness. A similar trend in drying was
observed foa fim at a lower temperature of 50 °C, where the fim was settling in
the first 2.5 mintes and then evaporative yaing took place. From the change in

ink height with time it is evident that the evaporation rate is slower for 50 °C

compared tahat for70 °C.
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Figure 20. a) Average graycale value from radiography, where 1 is air afgl O
a completely dense objedd) Height of ink and bulk layer over tim&he
difference is the thickness of the drying fraot.Grayscale vales as a function
of distance for various timesl) Grayscale value at the bottom of the fim as a

function of time.

Figure 20c shows the gragcale valuess a function of distance from the
substrateattime instances from Minutesto 22.1 mirutes. At0 mirutes the fim
density increases from the air side to the MPL side. Thisbeatue to ink
sedimentation oevaporativetransportalready occurringat the top of the ink. As

time progresses, the twegions of bulk layer andyging front are clearly seen.
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Ink sedimentation happens within the first 2.5utes for 50 °C where the
transmission valuewithin the bulk layer decrease. However, after this inttial
period, the transmissiomalues within the bulk layer start increasingglicating
evaporative removal of water. When the fim is completirly, the average gray
scale value is higher, which is duedacks being filed with air and having larger
gray-scale valuesThe normalized gragcale value as a function of time isogim
by Figure 20d; as the fim dries the value increasesiiefim densifies, the
gray-scale value should decrease, howeirethis plot, nosufficient transient
information between @hinutesand2.5 mirutesis given. After desification, only
an increase itransmission will happen, as air is much lighter than water and
solvent The standard deviation for the dry film is high due to cracks.

Figure 21shows a threelimensional (3D) x-ray CT representatioof drying
flm (same sample aSgure 19), with crosssectioncutsat various heights, for
three time instances A hei ght o the t@ ofethe MPLAt@mtMEe sfe nt s
13.5 mirutes the crosssections at higér locationsshow nonuniformity where
air intrudes some portionf the bulk film. This portion of the fim is also
observed iradiography images-{gure 199 and | abel edNoas dAdrying
cracks were observed through the fim thickness.1Fot minutes similar
inhomogeneity in fim drying was observed at tbp of the fim but cracks were
observed in severdcatons. Lastly, the fim was completely dried 22.1
minutes and volumerendering from xay CT data clearly showgacks

propagading throughthe entire thicknessrhis isconfirmed by radiography data.
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Figure 21. X-ray CT representation of drying ink at three different time instances.

56



Figure 22 shows IRthermographyfrom the statrof crack inttiation (13.6
minutes)to a mostly dried fim (20 minutesYhe figurealso shows temperature
distribution at a selected cressctionas fim dries. The average ink temperature
increases until isaturates for a dry fim at around 74 °C.ign#icant amountof
cracks developed only in the last three tomography 4d8r$22.5 miruteg and
thereforeFigure 22 focuses on éiner time incrementwithin this range. Cracks
numbered ¢to G are identified inFigure 22a. The cracks £cs aredeveloping in
a linear pattern but crackis clearly a ¥shapedrack. From the IR
thermography, it is not possible determine the reason for thisshaped crack.
Literature dataon mud cracks suggests tliatmation of Y-cracks can bguided
by defects in the substrat&s Figure 22b plots thetemperature profiealong the
crosssectionshownin Figure 22aat various time instancesemperature of the
ink saturates at around 74 &bd temprature of the cracks is2L°C higher.

Figure 22c showsink height as a function of the average temperadloeg the
crosssection. The figure alsshows ink temperature saturation as ink dries out,
wheretemperature at first increases with decrease in ink héighing) and then
remans approximately constant as ink drag.

Figure 23shows xray CT of a ¥crack, ¢ from Figure 22, at vaious heights
in the dried ink The Y-crackis divided into subranches.r Figure 23a, they are
number eld 1A0C rtacc. TheCavesat dry fih dhickness wésl 2 0 ¢ m,
wherey =& m tleetnterface betweente i nk and MPLthend y = 12C¢C

very top of the dried fim.Figure 23ashows the wsssection of dried ink close
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Figure 22. a) IR-thermographyimages duringthe time interval of 13-20
minutes b) Crosssection temperature distributioat instances in timec) Ink
height as a function of tempeuad.

to the t op,Figare 23tyshows tBisOverg same cresection but aty =
25 ,gvimch is closer to the interface with the MPL. Compating two images
as one approaches the MPL, the cracks become narrower in Rigithe 23c
shows the width of the crackdnches as a function wértical location The
widths were computed manually by drawing lines in 8 different locations
perpendicular to crack walls. The crack branches vawidth from 50¢ mo 160
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¢ mThe width of the cracks decreasesaoerage by 26 m, as the substrate
approached from the tag the film, which is 1233 % of the crack width at the

top ofthe fim. The decrease in the width of the cracks close teuhbstrate

indicates that the cracks are somewhere betwesimeyedand paralleshaped.

At the surface of the MP[Figure 23d), a crack underneath tik is observed.

This MPL crackis also clearly seen in tsssection imaggFigure 23e). Itis

possible that the Xrack within thenk is caused by the crack within thMPL.
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Figure 23.In-pane t omogr aphs of dried df)i IOm eat a) 9
above the MPLc) Crack width a a function of distance from the MP¢&) Cross
section tomograph of dried ink where MPL créefow the ink crack is shown
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4.3 Summary

A comparison of ink drying éhavior under different temperatures and RHs
was conducted for ink deposited onto MPL and Na$iabstrates. Layers slightly
t hicker tweraformed@@ drgingy behavivas studied with IR
thermography. A network of cracks for both substrates Wwasreed, where
intercrack spacing was larger for ink deposited on Nafion substrate compared to
ink on the MPL shstrate by a factor of 2. Cratitiation time was higher for
Nafion compared to MPL due to slower ink evaporation within Nafion.
Furthermore under the fuly humidified condition for Nafion, thgghenomena of
sel-healing cracks was observed, where cracks wesrbsorbed into the fim.
This was not observed for the MBUbstrate even under fully humidified
conditions. A combinatiorof IR-thermogaphy, xray radiography, and
tomographywas used to gain further insight into ink drying on the Mighstrate.
X-ray radiography showed a formation of denser fimtop ofthe drying ink,
indicating that the film top dries fastéwe to fast evaporatiorates. From
tomography, a detailethreedimensional morphology of cracked fim was
observed atarious times during dryingCracks form all the way through tffien
with decreasing width as MPL substrate is approackhedhermore, a ¥shaped
crack was olerved to form on top pre-existing MPL cack, indicating that Y
cracls,compared to rectiinear cragksemore affected by substradefects.

Chapter 5: Image Processing and Machine Learning

In most cases, obtaining quantitative resiulten x-ray CT imagestacks

requires image segmentationhe processclassifies the pixels intoserdefined
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groups that identify what is in the image. For example, the PCI flow experiment
has 3 classg®ne for each phase)ores, water, and solid. There are many
different methods dr segmenting images including manuaddigking atthe image
and deciding to which class each pixel belonfss chapter starts with the
procedureof basic image operatiortsy which stacks wersegmented for the PCI
flow experiment inChapter 2: Phase Change-Induced Flow. Some drawbacks
wil be identified and serve as the motivation for using ML to segisiaatks

Two different ML methods were tried and the results wildiseussed in the
subsequent sections of this chapter.

To compare the success of the various methods used, recall, precision, F
scoreand accuracy where calculated fesulting segmentations. Due to the time
involved in carefully tracing regions by haridese metrics were calculated using
only a single100 x100 px image for each sampléigure 24 shows both gray
scale and segmented versions of these imdgeke segmented images, red

indicates pores, green indicates wated purple indicates solid.
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Figure 24. Gray-scale images of a) SGL10BA aniEP40T and awesponding
segmented images (b andegpectively) used for calculating performance
metrics. Red indicates pores, green indicates watepapé indicates solid.
5.1Basic Operations
The simplest way to segment an geais to apphthresholds. This is
particularly true for xay CTstackdecause pixels are assigned a gegle
value that cor r atteauatiensoeffic@entAs bueh, eaeht er i al 6 s
material should have its owgixel value distribution. Unfortunately, if the
attenuation coefficients are too similar at the energy used for data acquiigon

value distribution for ammage may nopossesshe desired mulimodal behavio

Figure 25shows two examples of this.
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F|gure 25 Example gra—scale images of a) SGL10BA anpEP40T and the

corresponiig pixel value distributions (b andrdspectively).

In order to get around #iproblem, the PCI flow experimeacquired a dry
referenceof each sample prior to water injgct As mentioned inChapter 2:
PhaseChange-Induced Flow, the segmentatiopracess was carried out using
Fii. The dry samplestackcontains only two classes: pores and sold. As such, the
Otsu method was easily used to determine the threshold for segmentsigcthe
Thefirst step in segmenting the wet samgtacls was threisolding the images
into two classes: pores and Apores.Becausehe Otsu method did not workell

on thesestacls, multiple hreshold values were testedsigle valuefor each
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sample waselected based on visuavaluation of the segmentatioridext, water
was isolated by subtracting the salielgions (as determined by the reference
images) from the nepores regionsFinally, the open morphological operation
(erosion followed by dilation) was used each imagéo provide slight
smoothing and remove @lsmallest regionsThis was done because such regions
wereprobably artifacts of the segmentation process rather than actual water. The
operation wasepeatedly appliedising a fixed number of iteratiorier each
sample and a minimum neighbor count ofAd.with the thresholding, the number
of iterations was chosen by visually evaluating rimsults over a range of values.
Although this procedure produced satisfactory redaitshe samplan
Chapter 2: PhaseChange-Induced Flow, there are a few drawbacks. First, this
method requires a dry referergtackandassumes that the regions of solid
material are the same between the reference and all of the wet staelf,
for example, residual water in the apparatus from a previous sample enters the
current sample prior to the reference scan, this procedure would incorrectly
identify that water as solidThe assumption of identical solid regions across all
stacks of a sangis also problematic. One reason is that the data acquisition
process can cause slight rigid transformation of the sapaleeen scansn
addition, vsual comparison between difient stacks of the same sampl®w
thatwater injection resulted isweling. The degree of swellng varied beten
samples but, for the samplised inChapter 2: PhaseChange-Induced Flow,
was deemed negligible enough to still proceed ttbasic segmentation

procedure Slight rigid movement of the sample éasilyrectified. However,
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performing norrigid threedimensional registration to account &welling is
much more involvedA third issue is that using a single threshold value for an
entire sample, or even just an entire stack, may resdifférent degrees of
successFigure 26 shows two images from the same stack that have been
thresholded with the same threshold valdse.seen inFigure 26, the three phases
can be reasonably identified visually but an attempt to segment theustagk
basic image operations is not as succeséfhlle Figure 26b appears reasonable,
Figure 26dis clearly not sine it is obvious frontigure 26c¢ that there shoulahot
be any water.

Table 5 shows the performance achieved by use of basic image operations
while Figure 27 showsexample imagesBecause of the morphological operations
used to remove isolated water pixels, there is some overlap between the water and
solid classes at the liquéblid interface. IrFigure 27, these pixels anedicated
in yellow andcounted as a fourth clasiable Al shows the importance of using
multiple metrics to gauge the success of a segmentation procAduran be
seen, accuracy and scores are roughly the same between the samples. However,
this is not the case for recall and g@sion. Figure 27 shows the drawback of
using only a small image for calculating performance metvidisie the
procedure did well in the selected subregion containing all three phases, it clearly
did not perform well in regions i only pores and solidThere are segmentation
methods that lie between basic image operations and MLA 3d@ther

Segmentation Methoddor the results of a quick test two such methods.
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* 250 pm

Figure 26. Example grayscale images (a andl of EP40T taken from the same

stack and correspondingnary imagesafter thresholding fibewater (c and d
respectively) and aftdiber subtraction and opening (e and f respectively).

[XS

66



Table 5. Recall and pecision for segmentation by basic image operatiddee
Table Al for F, score and accuracy.

Sample Pores _ Water _ Solid _
Recall| Precision| Recall| Precisim | Recall| Precision

SGL10BA 0.97 0.74 0.69 0.99 0.79 0.63

EP40T 0.78 0.84 0.78 0.85 0.90 0.63

PoresF,: 0.84 Solid F;: 0.70

Water F;: 0.81  Accuracy: 0.81

Flgure27 Example grayscale images of a) SGL10BA angdEP40T and the
corresponding segmented images (b amespectively).

5.2Decision Trees

For decision tree learning, Trainable Weka SegmentdTiodS) 71 was used.
TWS is aFij plugin that interfaces with the data mining software Waikato
Environment for Knowledge Analysis (WEKAZ The specific algorithm used

was RastRandomForesa vari ation on WEKAOGs original
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RandomForest designed for increaspded and improved memory usage.

Training input wagprovided by tracingnd labeling regions/lines in ooe more
gray-scale imagesin the case of multiple images, all images were from the same
stack. Mostmodelswere made using the default seginand default 3@eatures

This means most modetonsidered, in addition to the original input, the mean

and variape values calculated usikgrnels with side lengths of 2, 4, 8, and 16

pixels. What was different étween these models was the training inpigure

28shows two examplesf biow regions where traced to provide inp8imiar to
segmented images, red indicates pores, green indicates water, and purple indicates

solid.

A

Figure 28. Gray-scale images of a) SGLlOBA an)jEEP4OT with example input
traces gerlaid. Similar to segmented images, red indicates pores, green indicates
water, and purple indicates solid.
The grayscale images clearly show that the background intensity is not
uni for m. Therefore, Fijids bacrneground subt
means of providing different input to different modéel$e operation uses a

Aball o with a specified elrvaludiaroundeach det er mi n

pixel. Thevalues are then subtracted from the respective piX@snsure that the
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backgrounds ubt r acti on was the only difference b

interest (ROI) manager was used to store and recall the input traces; thus ensuring
identical region selection between modéigyure 29 shows the Fscore and

accuracy as functions of the ball radius. Additional plots for teca precision

can be found irFigure A3.
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Figure 29. Plots of k score for a) SGL10BA and IEP40T as a function of the
background subtcdion ball radius. Red indicates pores, green indicates, water,
and purpleindicates solid. There is alsg & plot of accuracy as a function of the
ball radius for SGILOBA (red) and EP40T (bluepeeFigure A3 for recall and
precsion.

To get a sense of wha significant difference is, threifferent models for

EP40T were trained using the same inftdr any given performance metric, the

models produced results within 0.01 of each other. As such, it appears that
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backgound subfaction does not significantly improvihe resultsin some cases,
background subtraction actually significantly decreases success.

Because decision tree learning is based on histograms, the precision (generic
sense, noEquation (2)) of the region traces wihave an impact on performance.
To test this, the same regiof@ EP40Twere retraced using slightly smaller
tracesThis was donevith the original {.e.no background subtraction) gragale
images.While changes were sigigiint, there appears to be a tradeoff between
the various metrics. A similar behavior was obserfaedoth SGL10BA and
EP40Twhen comparing the use of traces from a single image against a larger set
of traces from multiple imagesnd when comparing ¢hue of default 2Dfeatures
against use of default 3D featur&ce the default 3D features are not analogous
to the default 2D features, a model for EP40T was tested where the analogous 3D
features where used (as best as possibke¢. resultamproved forpores, water,
and accuracy but slightly worsened for sol@ble 6 shows the performance
metric values for some of the modelad Figure 30 andFigure 31 show example

segmentatiasn for SGL10BA and EP40T respectively
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Table 6. Recall and precisiorior select decision tree learning modéXell color
indicates performance relative to basic image opera(ibable 5). Green means
higher, blue means lower, and yellow means comparable T8ale A2 for F,
score and accuracy.

Description Pores Water Solid _
Recall| Precision| Recall| Precision| Recall| Precision
SGL10BA
2D features
1 image
2 images

ine traces for solid

2D features

1 image

2 images

analogous 3D
features

small traces 1
image

small traces 2
images

small traces 3
images
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Solid F,: 0.69

Flgyure 30. Segmeratlons of SGL10BA correspondlng (|n order) to the results in
Table 6.
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Water F;: 0.79

Figure 31. Segmenttions of EP40T corresponding to the resultg)for i 2 D
feat br efs20 ,idgnadaswal ogous dBDiAbemat ur esaceand
i ma g eTahlle 6.iSeeFigure A4 for additional segmentations.

5.3Convolutional Neural Networks

Most CNN models where used via ORS Dragofigrsion 4.0) Dragonfly is
a licensebased imag processing software. CNNased segmentation is handled
using the Deep Learning TofDLT) while other ML-based segmentation is done
with the Segmentation Trainer. The software comes with severbuire
networks and more are available online via thH@ita Toolbox featureAlthough
multiple prebuit networks were tried, most models used the oneddbél
Net_multiclass; aversion of UNet>52,
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DLT was released withowtignificant documentation regarding use. #isch,
the training input was chaed seeral times as understanding of the program
increased. In order to remove these changes as a factor in performance, only
models using the latest versions of the training input will be discusddxetst,
the earlier models performed approximately as wediamse of the models that
will be discussedSimilar to TWS, DLT takes training inpus labeledROls.
However, unlike TWS, unlabeled pixels are treated as their own class rather than
ignored. To restrict the pixels used as training data, a mask mustlibe.appe
A3Training | nput f forinforbatiengoa nofv thg mask isD L T
used.The program allows the user to perform transformations on the data set to
increag the number of training images. For this study, the data set was flipped
both horizontally and vertically. For validation, 20% of the produced training
images were set asidBecause of the large variety of ROI selection tools
available in Dragonfly, twalifferent sets of training ROIs were us&dr both
sets, solid material was selected using a threshold followed by a few iterations of
the open operation. For the first set of trainihng ROIs, a few water clusters were
selected and tracanl every third imge oft he st ack. Dragonflyods
function was themised to populate the skipped imagdsnask was used to limit
the training images based on the sold and water FERjare 32 provides a
depiction of the ROIs in the firget.Yellow indicates pixels excluded by the
mask. Due to how the mask works, some of these pixels were included in the

training images and were considered pores.
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Figure 32. Example a) graygcale image and) trxorresponding traing ROIs for
EP40T from training set 1. Yellow corresponds to pixels excluded by the mask
(i.e.pixels mnsidered pores if used). c)depiction of the 3D ROls.
The second set of training ROIs was made by selecting 5 images from the stack

and tracing alwater No mask was used for this training d&gure 33 shows

oneof these images.
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