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Sea Breeze Influence on Aerosols and Convection in the Southes

United States
Stephen Noble

quality control: precipitation chemical analysis and

particle size distribution measurements. These provided
Sea breezes in the southeastern United States can movénsight to
inland over a large area and occur more often thanadditional characteristics of inland penetrating sea
previously thought. This phenomenon is sensitive tdreezes. We also utilized a suite of observations and
temperature differences, cloud cover, topography, and soiteanalysis data to identify more sea breezes in the
moisture. Sea breezes change atmospheric conditions angbutheastern Wited Sates region and those specifically
affect clouds, precipitation, air quality, energy production, penetrating to the Savannah River Site. With thk

and climate. identified cases from 2015 to 2021, a seasonal component
was identified by grouping characteristics by month. All of
Introduction these sea breeze cases drove our research focused on the

sea breeze influence on carbon fluxes, convection, ozone
In the southeastern hited Sates, coastal sea breezes can concentrations, and aerosol propertiesThey also
penetrate inland more than 150 km, impacting other provided a baseline for future sea breeze identification.
atmospheric processes. This complex interaction between
the atmosphere, land and ocean drives marine airmasses Accomplishments
with  generally higher moisture content, lower

temperatures, and different aerosolédand. Our research x Discovered that large inland thermal gradients

demonstrates that sea breezes are ubiquitous in the
southeastern Wited Sates and can frequently penetrate
inland more than 150 km, about 27% of time during the sea
breeze season (March to October). The extent of the inland
penetration was found to be driven by inland thermal
gradients, latitude, topography, and soil moisturé
residual sea breeze layer can remain in place into the next
day and impact convective and cloud processglus,in

the southeastern UWited Sates, the sea breeze is
important in determining the drivers of convection, cloud
formation, and precipitation which are influenced by
changing climate forcingsThe sea breeze potentially
impacts renewable energies, air and water quality, and
radiative forcing of climate. Due to the shallow nature and
smaller scale of these circulations, earth system models
may not correctly assess the importance of intruding sea
breezes. This research establishes a base line for future sea
breeze research related to previously mentioned areas of
impact.

Approach

We utilized mesoscale modeling to test the sensitivity of
the sea breeze to various influences, such as the inland
thermal gradient, latitude, topography, and soil moisture.

We also developed new data sets through analysis and

(differences in surface temperatures inland compared
to near the coast) drives the deep penetration of sea
breeze inland to the Savannah River Stigure 1.

Figure 1 Average meridional wind over the lowest 500 m above
the ground as a time series over aR4period from 21 May 2019
to 22 May 2019. &annah River Sitgeft axis) is located 150 km
from the coast (~150 km)Gradients were altered to be 5 or 2.5
degrees warmer towards the land (L) or ocean (\@)milar to
Figure 9of Wermter et al. 2022.
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Numerical sensitivity studies identified that latitude
and topography influenced the deep inland

penetration of the sea breeze in the southeastern
United States, Figure 2.
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Figure 2: Surface topography with sea breeze accumulated wind
contours. Red arrows indicate low river valleys with reduced sea
breeze accumulated winds. From Bao et al. 2022.
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Discovered a relationship between soil moisture and
sea breeze frequency during the spring dry season in
the southeastern United States (soil moisture
sensitivity).

Performed lon Chromatography (IC) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) analysis
on 158 precipitation samples collected at SRS to
identify components of sea breeze aerosol. Thirty-
seven samples show elevated levels of chloride
possibly related to scavenged sea breeze aerosols, but
additional analysis is needed.

Analyzed 122 days of particle size distributions
measurements from 2021 to identify 35 sea breeze
cases where aerosol changes with the sea breeze
passage were related to the near surface level wind
direction after the sea breeze passage.

Used similar identification approach from previous
years to identify 79 sea breezes at Savannah River Site
in 2021.

Created a new identification method with other data
sources to identify 293 sea breeze cases identified at
North Myrtle Beach, SC and 305 sea breeze cases at
Sumter, SC from 2015 to 2021.

Determined that sea breezes seem to have a limiting
effect on nocturnal carbon respiration at the US-Aiken
AmeriFlux site.

Lightning density in the summertime indicated that
convection triggering lightning tends to occur about
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two to four hours earlier on days following a sea breeze
than on days not related to a sea breeze, Figure 3.
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Figure 3: Lightning density at Savannah River Site by hour of day and
month for day of the sea breeze initiation, the day after the sea
breeze and all other non-sea breeze days. From Noble et al. 2022.

Completed numerical modeling to illuminate how the
shifting winds associated with sea breezes lead to an
increase in the amount of maritime air over various

South Carolina locations, Figure 4.
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Figure 4: Time series of maritime fraction at SRS for a mesoscale
simulation of the sea breeze that occurred on Mar 28-29, 2019.

Identified a possible connection of sea breeze
frequency to the North Atlantic Oscillation which
indicates sea breeze sensitivity to climate.

Identified that the precipitation analysis technique that
was implemented for this project has a possible use in
nonproliferation.
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Growth and Development of Quantum Materials

Topological insulators (TIs) are novel states of matter
classified as quantum materials. The goal of the project is to
find suitable Tl materials having robust topological surface
states for different dopants/impurities with the capability of
tuning the Fermi level. The exotic properties of topological
insulators can be used for developing dissipation-less, ultra-
fast electronics and quantum computation devices.

Introduction

Topological insulators have a unique characteristic of being
an insulator as the bulk property and having conducting
surface states. The surface states are symmetry-protected
Dirac fermions that are well isolated from the bulk valence
and conduction bands. Ideally, these topological surface
states and bulk electronic states would act independently.
The degree to which they interact depends on the
crystalline quality, material composition, and defects
present in the material. The goal of this project is to find a
suitable Tl material with robust topological surface states
against doping/impurities, plus the capability of tuning the
Fermi level.

Recently, Sb,Te,Se was reported! to have a capability to
tune the Fermi level and shows robustness of the
topological surface states against impurity doping. Undoped
Sb,Te,Se was reported as p-type, while tin-doped material is
an n-type material.

We recently grew an undoped Sb,Te,Se ingot by the vertical
Bridgman technique, which is melt growth technique. Tin-
doped Sh,Te,Se is being grown by the same method. The
availability of p- and n-type material will allow us to
fabricate and characterize quantum devices on p-n
junctions. A polished wafer of the as-grown material has
been characterized using different tools, including single
crystal x-ray diffraction, powder x-ray diffraction and energy
dispersive spectroscopy (EDS), to measure the alloy
composition and crystallinity. The lattice constant and the
Se composition variation along the growth direction were
determined to further estimate the composition along the
length.

Utpal N. Roy

Approach

Ideally, these topological surface states and bulk electronic
states would act independently. The degree to which they
interact depends on the crystalline quality, material
composition, and defects present in the material. The
approach is to grow topological insulator materials having
robust topological surface states against doping/impurities
plus the capability of tuning the Fermi level. Thus, control of
the material composition and the ability to grow high-
quality crystals are required for developing effective
topological insulators as quantum devices.

Very recently Sb,Te,Se has been reported® to have the
ability of tuning the Fermi level and having the robustness
of topological surface states against impurity doping. The
crystals are also capable of tuning the Fermi level by doping
with tin to convert the material from p-type to n-type.
Undoped Sb,Te,Se acts as p-type and tin-doped (about 1 at.
%) Sb,Te,Se behaves as n-type material. The goal is to grow
p-and n-type high-quality Sb,Te,Se crystals that would allow
us to fabricate quantum devices based on p-n junctions. We
have grown un-doped Sb,Te,Se ingot by using the vertical
Bridgman growth technique. Crystals have been
characterized by single crystal X-ray diffraction and powder
X-ray diffraction to analyze the crystal structure and the
variation of the lattice constant along the length of the
ingot. The data were used to study the extent of the
compositional variation along the growth direction. The
selenium content is reported to segregate along the growth
direction in Sbh,Te,Se ingot and concentrate in the last-to-
freeze section, which is commonly observed. Energy
dispersive spectroscopy (EDS) was also carried out along the
length of the grown ingot to further understand the
compositional variation and segregation of selenium.
Figure 1a shows a photograph of the Sb,Te,Se ingot of
diameter 22mm and about 4.8 cm long. The variation of
selenium along the axial direction of the ingot is shown in
Figure 1b. The surface defects in the image are
inconsequential, the EDS measurements were carried out
on the wafer cut along the length of the ingot.
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The growth of tin-doped Sb,Te,Se ingot is underway to
obtain n-type material. If successful, we will explore the
future possibility of fabricating novel quantum devices
based on p-n junctions of Sb,Te;,Se,. Other dopants will

Concentration of Se (at. %),

0 10 20 30 40 50 60
b) Distance along the length ( mm).

Figure 1: a) Photograph of an undoped Sb,Te;Se ingot grown by the
vertical Bridgman growth technique, b) selenium concentration along the
length of the as-grown ingot.

Accomplishments

e Successfully grew an undoped Sb,Te;,Se,(nominal value
is x=1) ingot with a diameter of 22 mm by the vertical
Bridgman growth technique.

e Within the accuracy of the measurement method, the
EDS results showed a uniform composition along the
length of the ingot up to ~4 cm from the tip. After 4 cm,
the selenium segregates heavily towards the end of the
ingot.

e The powder X-ray diffraction results performed at
various lengths of the ingot show similar findings. For
example, the calculated lattice constant (“a”) at 1.6 cm
from the tip and 2.5 cm from the tip were found to be
4.1816 A and 4.1825 A respectively, indicating good
uniformity. The corresponding value for the Se
composition “x” varied between ~1.00 to 0.99, again
indicating good uniformity. Near the end of the ingot
(last to freeze), the lattice constant (“a”) was 4.1688,
and the corresponding value of x was 1.132. Thus, the
segregation of selenium near the end of the ingot is
more prominent as compared to the rest of the ingot.

also be explored to achieve n-type materials.
References
D. Mallick et al. Applied Phys. Lett. 118 (2021) 154001.
Team Members

Alex Bretana, Jonathon Baker, Binod Rai, Henry Ajo,
Catherine Housley, Patrick O'Rourke and Robert Lascola
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Figure 3: Software Supply Chain Attack Surface
Approach

Combining existing ESXI and vCenter architecture with a
VMWare virtualization platform (NSX-T), engineers focused
on developing multiple environments with tailored services
that would behave differently when the SSCA was released
into the environment. The combination of a virtual
distributed switch allowing for a flat yet intricate network
where NSX-T supports specific East-West communication.
The environment was successfully established and tested to
ensure there would be no leakage when final approval was
received to test corrupted programs and modified dynamic
link libraries (DLLs) for monitoring. While a SSCA is not
specifically characterized as malware, it is still a persistent
threat that would be released into the controlled
environment for monitoring. Beyond NSX-T related
segmentation, engineers ensured virtual machines had no
connectivity to the physical environment by using a
virtualized PFSense firewall as an added layer of security.
Combining the virtualization security of NSX-T, vCenter, and
a virtualized firewall allowed for a truly isolated testbed by
all definitions. From a continuous monitoring perspective,
Security Onion was selected- as it is open source and has the
capability to monitor a multitude of environments when
utilizing NSX-T’s segmentation properties, Figure 4. Once
fully implemented, the SIEM will be used to determine if
SSCAs can be characterized by behavior and respond to
monitoring for 10Cs.
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Figure 4: Security Onion Dashboard

Accomplishments

e Created environment fully capable of low-level
software monitoring with isolation properties.

e Garnered interest and funding of NNSA customers due
to newly established capabilities.

e Supported Savannah River Pit Production Facility by
developing capabilities to identify indicators of
compromise (IOCs) in production and development
environments.

e Enhanced technical rapport of SRNL Global Security
Directorate.
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Advanced Modeling of Tritium Embrittlement of Stainless Steel

Austenitic stainless steels are the structural material most
commonly utilized in the infrastructure for storage and
processing of tritium. In tritium, and hydrogen,
environments many alloys undergo changes caused by the
leeching of tritium into the material and lead to
fracture. Therefore, understanding these changes is
essential for predicting the limits of tritium infrastructure.

Introduction

Austenitic stainless steels are structural materials utilized in
vessels for the storage of tritium gas. This is due to the
resistance of the steel to hydrogen isotope embrittlement
[1-3]. However, exposure to tritium over long periods leads
to tritium uptake which decomposes to helium resulting in
further synergistic embrittlement effects. Figure 1,
obtained from Krentz, et al. (2021), illustrates how both the
microstructure as well as the charging environment
(noncharged vs hydrogen charged vs tritium charged) can
change the mechanical properties of stainless steel [4].
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Figure 1: Comparison of stress-strain curves for stainless steel samples
of the same composition charged in various environments and with
different microstructures.

Due to these differences in embrittlement effects, it is
important for tritium facilities to understand the material
limitations of stainless steel in this environment. SRNL has
been performing tritium embrittlement experiments for

Eric Hoar

decades to identify these embrittlement effects. However,
there has not been much effort in the development of a
model capable of predicting the mechanical properties of
austenitic stainless steel after tritium charging. Therefore,
due to the availability of such a large dataset, machine
learning algorithms provide an opportunity to model the
stainless-steel embrittlement due to the ability of these
algorithms to identify patterns in data sets that are difficult
and costly to identify in other manners [5].

Approach

The approach of this project begins with the development
of a machine learning ready dataset by pulling all of the
experimental data at Savannah River National Laboratory
together with literature data identified through a literature
search. This dataset will then provide a foundation for the
development of a machine learning model capable of
predicting fracture toughness. Through discussions with
experts in the field it was identified that the stainless-steel
composition, hydrogen content, tritium content, helium
content, initial yield strength and initial tensile strength
would be key parameters of interest to the model. The
machine learning algorithms will be built using python and
the open source Scikit, SciPy and NumPy libraries. These
libraries provide pre-built functions and reduce the number
of custom-built functions required for model
development. Multiple models will be developed and
trained to identify the most optimal machine learning
algorithm for the given dataset. These models include the
use of decision tree, random forest, and gaussian process
regression algorithms. Figure 2 shows a schematic of the
random forest algorithm. These algorithms each require a
different amount of training data to be viable and as such it
is expected that only some of these algorithms will show
good predictive ability. Model performance will be
described using the coefficient of determination to identify
the model’s ability to characterize the variability of the
training data. The average percent error will identify the
model’s ability to accurately predict the fracture toughness
of the test dataset.
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Figure 2: A schematic of the structure of a random forest machine
learning algorithm.

Accomplishments

e Developed asingular data repository for all SRNL tritium
embrittlement data obtained over the past 20 years.

e Performed a literature review for data which can be
utilized concurrently with SRNL tritium data for a larger
dataset.

e Developed multiple machine learning models utilizing
several algorithms including decision trees, random
forest, gaussian process regression, and multilayer
perceptron.

e An analysis of the trends of prediction error vs amount
of data was performed for each of the developed
models to identify which models were performing well
in the simulation conditions.

o This s illustrated by Figure 3 for the random forest
model.
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Figure 3: A plot of average percent error vs percent of data used in
training showing the trends of the training error and testing error. For
good models both errors should decrease to a small value as the amount
of data used in training with the testing error being larger than the
training error.

e Error analyses were performed on each of the
developed models to identify the trained model’s fit to
the training data and predictive ability for new data
points.

o The random forest model was found to provide the
best fit and predictive ability with the decision tree
model a close second.

o Table 1 describes the R? and average percent error
values for each of the developed models.

. % Error

DT 0.9591 26.6959
RF 0.9623 26.3897
GPR 0.8506 276.8863
MLP 0.4583 253.5980

Table 1: Comparison of R? and average percent error for each of the
developed models including the decision tree (DT), random forest (RF),
gaussian process regression (GPR), and multilayer perceptron (MLP)
models.

e The random forest model prediction was compared to
the actual fracture toughness values in Figure 4, where
an optimal model would have all points lie on the green
line. This illustrates the ability of the model to predict
the fracture toughness of both the training dataset and
the test dataset. The model was also compared to
specific SRNL data points in fracture toughness vs
content plots as shown by Figures 5 and 6 to illustrate
the predictive ability of the model.
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Figure 4: A comparison of actual fracture toughness values vs predicted
fracture toughness values using the trained random forest model and
showing the training dataset and test dataset with the green line showing
an optimal result.
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Figure 5: Fracture toughness vs hydrogen content plots showing the SRNL datapoints as well as the random forest model prediction line for the
F97 (top-left), H94 (top-right), F9 (bottom-left) and 98 (bottom-right) samples identified in report WSRC-TR-2007-00244.
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Figure 6: Fracture toughness vs helium content plots showing the SRNL datapoints as well as the random forest model prediction line for the F97
(top-left), H94 (top-right), F9 (bottom-left) and 98 (bottom-right) samples identified in report WSRC-TR-2007-00244.
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e Model results were presented at the 2022 Materials
Research Society Spring Meeting on May 25, 2022, in
the Advanced Reactors & Modeling of Radiation
Damage section.

Peer-reviewed Publications

“Advanced Modeling of H-isotope Embrittlement in
Stainless Steels” Eric Hoar, Dale Hitchcock, Timothy
Krentz, Lindsay Roy, 2022 Materials Research Society
Spring Meeting, May 2022. (Oral presentation)

Team Members

Dale Hitchcock, Timothy Krentz, and Lindsay Roy
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Enhancing Charge Injection Using Transition Metal Substituted Polyoxometalate-

Based Photosensitizers

A series of 3d-transition metal containing polyoxometalates
have been synthesized. These materials were successfully
characterized using a variety of spectroscopic and
electrochemical techniques. A selected polyoxometalate
was sensitized with a porphyrin-based dye to permit for
more efficient solar spectrum utilization.

Introduction

The impact of Earth’s reliance on fossil fuels and the climate
change impacts from their combustion has created a surge
in research for renewable alternatives to address the global
energy crisis. Among the promising candidates, solar
technology is at the forefront of the field. Solar cells permit
for the sun’s photons to be converted into electricity
through the photovoltaic effect, Figure 1, providing clean
energy. To mitigate some challenges solar cells face, more
emphasis has been placed on chemically and structurally
robust but cost-effective materials to make up the light
harvesting photoanode.

M Electrolyte .

® Dye

n-type semiconductor

Figure 1: Depiction of the photovoltaic effect

Promising results have been shown by utilizing
polyoxometalates (POMs) as photoanodes, given their
semiconductor-like  properties, exceptional electron
accepting abilities, and inherent structural characteristics
that promote excited state charge separation and tunable

Lauren Hanna

solar utilization. However, polyoxometalates suffer from
poor visible light absorption. Given this, POMs may be
sensitized with dyes to promote greater visible light
absorption. Porphyrins offer high molar absorptivity of the
solar spectrum which makes them optimal candidates as
photosensitizers. Additionally, introduction of 3d transition
metals to the polyoxometalate structure permits for orbital
matching with the porphyrin, which may promote efficient
charge transfer from the dye to the POM. Not only does this
hybrid material promote optimal solar spectrum utilization
but the physical distance between the photo-generated
electron and hole, upon charge injection from porphyrin
and POM, may reduce  detrimental charge
recombination. This may promote the conversion of the
solar energy to usable power.

Approach

The approach of the project is to first, synthesize a series of
3d transition metal containing polyoxometalates (POMs)
where M = Mn(ll), Fe(lll), Cu(ll), and Co(ll). These POMs are
then characterized using a series of spectroscopic and
electrochemical techniques to confirm the identity and
stoichiometry of each of the POMs. Following, the POMs
will each be covalently bound to a porphyrin
photosensitizer, monocarboxyphenyl triphenyl
porphyrin. The efficiency of the photoinduced charged
transfer will be evaluated using electrochemical
means. The photocurrent of the POM-porphyrin hybrid
material will be measured. To do this, a bias potential will
be applied and the resulting current will be measured as a
function of white light irradiation. The current produced
when the light is on compared to off will indicate whether
photocurrent has been produced. This requires that the
porphyrin transfers photogenerated electrons to the POM
moiety and the POM injects the electrons to the ITO
substrate allowing for the production of current which is
essential for the function of a dye-sensitized solar cell
(DSSC). The POM-porphyrin hybrid that produces the
optimal photocurrent and displays the longest charge
separation will be chosen to be used in a test DSSC.
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Accomplishments

1.0 e :ENOEPOM
e Synthesis of a series of 3d-transition metal . —— 4Fe-POM
polyoxometalates with the formula: = ——4Cu-POM
[Xa(H20)2(PWs034)2]> where X = Mn(ll), Fe(ll1), Cu(ll), and g 0.08 — 4Co-POM
Co(ll). E o
e The composition of the synthesized polyoxometalates z %%
were confirmed using inductively coupled plasma g 0.00 — == =
optical emission spectroscopy (ICP-OES) Table 1. This < 044
method confirmed the targeted stoichiometry shown é’
above. 02 -
POM n/a 2 18 300 400 500 600 700 800 o00
4Mn-POM 4 2 20 Wavelength (nm)
AFe-POM 4 2 10 Figure 2: UV/Vis spectroscopy of all synthesized polyoxometalates
4CU-POM 4 2 21 measured in water
4Co-POM 4 2.4 18 100

Table 1: ICP-OES results for all synthesized polyoxometalates

e All POMs were characterized using energy dispersive X-
ray spectroscopy (EDS) which supported the results of
the ICP-OES. This furthered the conclusion that the
target formula was obtained.

e Synthesized POMs were characterized using UV/Vis
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Figure 3: FT-IR of all synthesized polyoxometalates
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Figure 4: Synthesis of monocarboxyphenyl triphenyl porphyrin and POM-porphyrin hybrid material




Savannah River National Laboratory | FY22 LDRD Annual Report

e Two, porphyrin-POM hybrid materials were obtained by
reacting a polyoxometalate with the synthesized
porphyrin. Samples were confirmed using FT-IR,
Figure5, UV/Vis spectroscopy, Figure 6, cyclic
voltammetry, Figure 7, and EDS, Figure 8.

e Initial fluorescence measurements suggested possible
fluorescence quenching of a preliminary porphyrin-
POM hybrid material
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Figure 5: FT-IR of POM (black), 4Fe-POM (red), monocarboxyphenyl

triphenyl porphyrin (TCPP) (blue), and POM-porphyrin material (4Fe-

POM-CTPP) (green). Selected POM-based modes indicated with an asteris
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CIIC & SCOPE Power System Co-Simulation

With the onslaught of recent infrastructure hacking, the
ability to remotely and securely control advanced/prototype
power electronics that drive renewable energy resources will
prove to be a vital capability in future development in the
field of grid resiliency. The interconnection of the two power
system simulator capabilities between Savannah River
National Laboratory (SRNL) and University of South Carolina
(USC) will enable both labs to perform research pertaining
to distributed energy resource cyber security.

Introduction

Power electronic-based distributed energy resources (DER)
connected to distribution networks are beginning to affect
the transmission system in operations and planning.
Advanced power electronics are often deployed in settings
with high amounts of variable renewable energy, which
allows for a high degree of control over power flow and
stability on the distribution level of a power system.
Advancements in information and communication
technologies now make it possible to command and control
power electronic-based DER from supervisory control and
data acquisition (SCADA) networks, allowing for a high level
of remote control and monitoring over a wide area. DERs
have been demonstrated to be exceptionally vulnerable to
network-based attacks, requiring minimally sophisticated
cyber-attack frameworks to inflict system shutdown, cause
instability, and physically damage power system
components. To address the rising issue of DER-based cyber
security, R&D solutions need to be developed to secure
connected power grid control systems. To this extent, a
geographically distributed VPN network was developed
between the real-time power system simulators at SRNL
and University of South Carolina. This allows for realistic
network latency between simulated power systems and
physical power system components, namely power
electronic-based DERs. The unique capability of both the
power electronic prototyping and hardware-in-the-loop
capabilities at USC coupled with the VPN connectivity to the
hardware-in-the-loop  capabilities at SRNL enable
researchers at USC to connect physical hardware to power

lan Webb

system simulations at USC which directly interact with
power system simulations at SRNL.

Approach

SRNL and USC interconnected power hardware-in-the-loop
(HIL) and controller hardware-in-the-loop capabilities
between the two campuses through connecting the real
time digital simulator (RTDS) system at SRNL and the OPAL-
RT system at USC. To do so, an IPsec tunnel was established
between the SRNL Critical Infrastructure, ICS and Cyber
Security (S-CIIC) lab at SRNL and a server at the USC campus.
After the IPsec tunnel was established, the VILLAS
framework was utilized to interface the power system
simulators to one another, shown in Figure 1. The VILLAS
framework is a toolset that translates the socket
information from the power system simulator into UDP
packets, which are then transferred across the IPsec tunnel
to the other instance of VILLAS. Through this
interconnection, transmission simulations developed at
SRNL were connected to microgrid simulations and
hardware developed at USC. Once connectivity was
confirmed, the SRNL VILLASnode instance was configured to
transmit information from the RTDS (power system
simulator) to VILLAS, and then through the IPsec tunnel to
the USC VILLAS instance, which was configured to transmit
information between the SRNL VILLASnode and USC’s OPAL
RT (power system simulator). At that point, power system
simulations were created and loaded onto each simulator,
and the connection went through the final testing of co-
simulation.

Accomplishments

e Successfully deployed VILLASnode locally within S-CIIC
and sent information back and forth from simulator to
VILLAS

e Obtained SRS Governance Review Board approval to
operate over the Juniper SRX cellular gateway

e Established IPsec tunnel between CIIC cellular gateway
and USC VILLAS device
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Microscopic Characterization of Pu-bearing Compounds with Diffuse Reflectance

Spectroscopy

The spectra of Puy(C;04); and its thermal degradation
products were measured with diffuse reflectance
spectroscopy. PuO, was studied at several calcination
temperatures. Principal component analysis of diffuse
reflectance spectra classified the samples based on
calcination temperature producing information on the
production history of PuO,.

Introduction

Retrospective determination of the process history, age,
and storage conditions of interdicted nuclear materials is a
key goal in the fields of nuclear forensics and nuclear
nonproliferation. To accomplish this goal, it is necessary to
gain a holistic understanding of the chemical and structural
properties of nuclear materials. Despite nearly eighty years
of plutonium production and processing, the fundamental
chemical and structural properties of most plutonium
process materials is largely understudied due to a
combination of safety and regulatory considerations,
plutonium’s inherent chemical complexity both in metal and
compound forms, and a historical focus on plutonium for
weaponization and fuel applications. Thus, within the
category of compounds that are important in the nuclear
fuel cycle, plutonium and its chemical compounds are
arguably some of the most understudied from a
fundamental science point-of-view.

In industrial scale fuel and waste reprocessing plants,
plutonium dioxide (PuO,) is routinely produced via thermal
decomposition of hydrated plutonium (IV) and plutonium
(1) oxalate. Despite the longstanding utility of this chemical
process, only a few studies have utilized optical
spectroscopy to study the chemical compounds involved in
this process, primarily diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS) and Raman spectroscopy.
Hobart et. al reported diffuse reflectance spectroscopy
(DRS) for high-fired PuO, from the visible to NIR spectral
region. This research focuses on the production history of
PuO; by applying principal component analysis to diffuse
reflectance spectra in the short-wave infrared (SWIR)

Eliel Villa-Aleman

calcined at eight different

region of PuO;
temperatures.

spectral

Approach

While both DRIFTS and Raman vibrational spectroscopy
have a high utility in studying metal-containing complexes,
like PuO; and Pu oxalate, neither technique is particularly
sensitive towards assessing metal-ligand electronic
interactions, which are poorly understood and not easily
modelled for most f-block metals. DRS in the SWIR (900-
1600 nm) energy range is a spectroscopic tool that can
provide detailed information about metal-ligand electronic
interactions based on splitting of the crystal field energy
levels of the metal. Raman spectroscopy and X-ray
diffractions studies have shown that higher calcination
temperatures result in a more order crystal lattice;
therefore, the highly sensitive DRS technique will be able to
discriminate between small changes within the crystal
lattice.

In general, room temperature DRS spectra of Pu-bearing
compounds are quite complex in the SWIR region, and
spectra are usually composed of broad bands due to overlap
of numerous absorption bands. In comparison to Raman
spectroscopy, DRS is up to an order of magnitude faster
enabling the collection of substantial data sets for statistical
analysis. Principal component analysis (PCA) can simplify
complex data by revealing trends within the data. PCA has
been demonstrated to successfully discriminate samples
which possess visually similar spectra. PCA combined with
DRS can discriminate PuO, calcination temperatures
yielding information on the production history of PuO,.

Accomplishments

e Produced Puy(C;04)3 and its thermal degradation
products, PuO,, at a total of twelve temperatures.

e Contained Pu samples in a double walled cell to analyze
in a clean lab.
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Performed DRS on Puy(C,04)3 and PuO, at twelve
calcination temperatures as shown in Figure 1. Spectra
were recorded at 10 different spots on each sample for
statistical data analysis.

PCA was applied to the DRS of PuO; at eight calcination
temperatures. PCA discriminated between each
calcination temperature yielding information on the
production history of PuO;as shown in Figure 2.
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Figure 1: Diffuse reflectance spectra in the short-wave infrared for a) Pu,(C,04)3°9H,0, and b) PuO, generated from calcination of Pu,(C,04)3°9H,0

at temperatures ranging from 300 °C to 900 °C.
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Bipolar Plates Design and Testing for Alkaline Electrochemical Systems

The overall objective of this project is to develop next
generation alkaline electrochemical systems by designing
low cost, high efficiency bipolar plates (BPs) meeting current
DOE technical targets. These BPs will result in lowering
commercialization barriers of cost and ease of
manufacturing associated with electrochemical systems.

Introduction

Performance, cost, and durability of alkaline
electrochemical systems are the key factors that govern the
commercialization of Hy-based energy devices such as
unitized regenerative fuel cells (URFCs), fuel cells (FCs), and
electrolysis cells (ECs). While alkaline systems offer
advantages of high energy density vs. existing energy
conversion systems, their cost prevents
commercialization. Bipolar plates influence many of the
system  barriers such as cost, lifetime, and
performance. While the development of BP is recognized
by funding agencies, the research is at its early stage of
development and is not a saturated field. This project seeks
to address the major obstacles in BP design to develop
commercially friendly BP for alkaline electrochemical
systems. In this project, SRNL, in collaboration with the
University of South Carolina (USC), are working on the
development of the next generation BPs that address most
of the metrics outlined by funding agencies such as the
Department of Energy-Energy Efficiency and Renewable
Energy (DOE-EERE). Our research focused on the
development of low-cost thin BPs that perform equal to or
better than research grade BPs. We (i) developed surface
finishes and high-performance thin films for corrosion
protection applications, (ii) designed new flow fields with
improved mass transport and heat rejection, and (iii)
enhanced component test capability for the evaluation of
new experimental components being developed at
Savannah River National Laboratory (SRNL).

Hector Colon-Mercado

Approach

SRNL utilized its expertise

in electropolishing and
electroplating to coat different substrates considered as
alternate alloy materials such as aluminum and stainless, for
preparing BPs. Figure 1 shows the Scanning Electron
Microscope (SEM) image and the energy dispersive X-ray
analysis (EDAX) elemental analysis of Ni-coated Al substrate.
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Figure 1: SEM and elemental EDX analysis of Ni-coated Al substrate.

Defect free and smooth surface with a surface roughness
(Sa) value of 0.842 um is achieved which meets our target of
Sa <1 um. Figure 2 compares the potentiodynamic
polarization curves of different metal substrates and Ni-
coated Al1100 in 4.0M NaOH solution at room temperature.
Pure Ni shows the best corrosion resistance properties and
Ni-coated Al shows similar corrosion resistance with 70%
weight reduction in construction weight. The corrosion
current achieved for the Ni-coated Al substrate meets our
target of <1 pA/cm?.
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Figure 2: Comparison of potentiodynamic polarization curves of different

substrates measured in 4 M NaOH at room temperature.
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Figure 3 compares the bare Al substrate before and after
the corrosion test. Contact resistance is minimal for Ni and
nickel-based alloys, Figure 4, and their electrical
conductivity, Figure 5, meets the target of >100 S/cm.

Figure 3: Before and after corrosion test of bare AI6061 coupons.
Highlighted area shows post-test electrochemical damage
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Figure 4: Contact resistance is minimal for Ni and nickel-based alloys,
meeting DOE targets
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Figure 5: Electrical conductivity for all materials tested meets milestone

The water and heat management issues in BPs were studied
at USC by developing and testing new flow-field designs,
Figure 6, specifically designed for alkaline electrochemical
systems where water management is more demanding than
in acid systems. Improvements on the flow field design
helped reduce mass transport limitations. As shown in
Figure 7, serpentine (S) and parallel (P) flow-field designs
show the best FC performances as they lack the noise
observed in the performance curves which is indicative of
poor water management.
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Figure 6: Flow-field designs developed and tested in alkaline
environment
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Figure 7: Alkaline fuel cell testing using various flow-field designs.
Accomplishments

e Identified and developed a suitable coating for Al
substrates which showed defect-free and smooth
surface meeting the proposed milestones for surface
roughness, corrosion current, and electrical
conductivity.

e Designed and tested three different flow-fields and
identified two possible flow-fields for alkaline
electrochemical systems.
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Defining Qubit Properties in Pad+ Complexes

This research seeks to develop a detailed understanding of
the chemical and electronic properties of protactinium (Pa)
complexes in the hopes of controlling its spin-orbit and
crystal electric field effects with potential as an actinide
qubit. SRNL has a unique opportunity to not only describe
the interplay between the d and f orbital occupations, but
also make significant contributions to the community using
recently found Pa material.

Introduction

The realization of a quantum computer would change our
world by boosting computation times and cracking highly
safe encryption algorithms. In quantum information
processing (QIP), f-element systems have shown
exceptional promise. Specifically, as the actinide series
traverses from left to right the relativistic effects cause the
energetics of the 5f and 6d orbitals to change, imparting a
rich and complex chemistry wherein the control of a
guantum bit (qubit) could be possible. Protactinium is the
most interesting element in the early actinide series
because of its near degeneracy of the 6d/5f orbitals, making
it behave more like a transition metal. This proposal will
delineate the chemically engineering of high-valent 5f1
protactinium complexes as qubits by evaluating how its
unique atomic properties, including spin-orbit coupling
(S0C), crystal electric field (CEF), and nuclear spin, can be
exploited through coordination chemistry to observe long-
lived coherence times. The research will leverage both
experimental and theoretical findings to generate a set of
features to enhance quantum coherences in actinide
molecules.

Approach

Our approach can be broken down into two overarching
objectives: Purification, synthesis, and characterization of
Pa** complexes and development of first-principles
derivation of spin-orbit coupling and crystal electric field
parameters for Pa*.

Lindsay Roy

Purification:

e Identify: Using radiolysis, analyze legacy material for
unique radiological signature. This is used to not only
understand the bulk element but also its decay
daughters/granddaughters.

e Purify: Develop a method to extract the materials from
the source.

o Dissolution: Find a suitable acid/solvent to isolate
the sample from the source.

o Separation: Extract the products from the fission
elements using solvent exchange, precipitation, or
exchange resins.

e Documentation/Storage

Exploration of the Pa-Ligand chemical space:

e Exploration: Develop ab initio methods to evaluate the
metal-ligand chemical space for Pa* systems.

o Test Systems: Evaluating Walsh Diagrams for MCl,,
MClg“ and MCl; (M =Th, Pa, U, Np)

e Spin-Phonon Coupling: Establish a methodology to
qguantify the intensity as well as mechanisms and
processes for relaxation pathways in actinide qubit
complexes.

Accomplishments

As mentioned earlier, project work was divided into four
tasks to show progress in all areas, outlined below along
with their milestones in FY22. Results and accomplishments
are presented under each milestone.
e Task 1: Purification of 100 mg legacy protactinium (Pa)
material
o M1: Identified purification method of 231-Pa
(August 2022)
= The Pasealed source was isolated, Figure 1, and
various acid dissolution processes were used to
separate Pa from the fission products.
Additionally, actinium was found in the product
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stream and attempts are underway to separate e  Calculations were performed on MClg and MCls (M = Th-

Ac from Pa. Np) to evaluate the amount of d/f orbital character
when breaking from high symmetry complexes,
Figures 3 — 5. The results show that as you decrease the
symmetry of the system, the overall energy remains flat
until a higher degree of symmetry breaking occurs in
turn leading to higher d orbital character in the highest
occupied molecular orbital. There are several
commercial-off-the-shelf ligands available to explore
the extent of d-character mixing as a result of symmetry
breaking.

e Task 4: Spin-phonon coupling calculations

e  M4: Derivation of spin-phonon coupling in 5f1 single ion
magnets (ongoing August 2023)

e Spin- the ORCA software in FY22. Initial calculations
focus on computing the magnetic properties of the early
actinide chlorides.

Peer-reviewed Presentations

“Defining qubit properties in early actinide complexes,”
Stephanie Gamble, Lindsay Roy, Pete La Pierre, Julie Niklas,

Lo A Tom Shehee and Garret Gotthelf, MRS Spring Conference,
Figure 1: A sealed legacy source at SRNL was found to contain May 2022. (Oral presentation)
Protactinium-231 and a significant amount of decay daughters.

“Defining qubit properties in Pad+ complexes,” Stephanie
Gamble, Lindsay Roy, Pete La Pierre, Julie Niklas, Tom
Shehee and Garret Gotthelf, Rare Earth Research
Conference, July 2022. (Poster presentation)

e Task 2: Synthesis and characterization of Pa* (ongoing
through August 2023)

e Proposed scheme for isolation of a protactinium
product has been devised. The proposed synthesis will
proceed as an amide salt to then allow for ligand
metathesis with a protactinium chloride starting
material, Figure 2.

Team Members

Stephanie Gamble, Garret Gotthelf, Megan Hoover,
Thomas Shehee, Henry La Pierre?, Julie Niklas?

Pa(OH)sor Pa,05 + HCP ——— PaClsor PaCl, HCP = Hexachloropropene
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(NR,),PaClg
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(NR4),PaCls + Na/K(R) LPa(R), Metathesis of ligands = (R’)

Figure 2: Proposed scheme for protactinium synthesis.

e Task 3: Exploration of the Pa-Ligand chemical space

e M3: Validation of theoretical methods via experiment of
Pa* known complexes (August 2022)

e Complexes

e M2: Determination of new Pa* complexes
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Oh geometry, octahedral

Figure 3: (Left) The actinide hexachloride molecule ([AnCl6]%, An = Th, Pa, U, Np) began with octahedral (Oh) symmetry. (Right) Small incremental
changes to the molecular structure result in dihedral (D3d) symmetry. An**: blue atoms, CI-: green atoms.
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Figure 4: The bond energy is plotted for the series of early actinide
hexachloride molecules (An =Th, Pa, U, and Np) with (a) an overall
charge of 2-, [AnClg]? and (b) a single 5f electron (i.e., 5f1).
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Figure 5: The Highest Occupied Molecular Orbital (HOMO) energy levels
are plotted for the early actinide (An = Th, Pa, U, and Np) hexachloride
compounds with an overall charge of 2- (e.g., [AnCl6]%) and a single 5f
electron (e.g., [ThClg],, [PaClg]%, [UCl¢]?, [NpCle]*).
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Leveraging Magnetic Field Coupling for Extended Charge Separation

Lifetimes

Photovoltaics operate by light induced generation of
negative electrons and positive electron holes, which are
separated to generate electricity. These charges can
recombine before electricity can be generated resulting in
lower solar conversion efficiencies. Herein, we study the
impact of magnetic fields on mitigating charge
recombination to increase photovoltaic efficiencies.

Introduction

Perovskites are well established as one of the most
promising candidates for next generation photovoltaics due
to their reasonably high solar conversion efficiencies and
low-cost production potential. One of the factors which
limits photovoltaic efficiencies, is the recombination of
positive electron holes and negative electrons before they
reach their respective electrodes. Our intention is to
demonstrate enhancement in the performance of these
materials through the application of a magnetic field to
induce Lorentz forces on these charged particles. When a
moving charged particle is subjected to a magnetic field,
that charged particle experiences a force called the Lorentz
force according to the following equation:

F" =q(V"xB")

The Lorentz force (F~) depends on the strength  of  the
magnetic field (B ), the velocity of the charged particle
(V7), and the charge of the particle (q). Since the direction
of the applied Lorentz force is the result of the cross product
of the velocity, magnetic field strength, and the sign of the
charge q, positive and negative particles will have an
induced Lorentz force in opposite directions. Figure 1
provides a simplified illustration of the concept. Herein, we
develop methodologies to carryout fundamental studies
and a deeper understanding on the potential that applied
magnetic fields can have on the overall enhancement of
photovoltaic efficiencies. Novel variable magnetic field
sample cells were constructed to pair with transient
absorption spectroscopy measurements to systematically
evaluate the influence of magnetic field strength and

Patrick Ward

direction on the lifetimes and degree of charge separated
states.
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Figure 1: Simplified illustration of Lorentz force on photoinduced charge
carriers.

Approach

In our work, we aim to quantify the influence of the
magnetic field strength and direction on charge
recombination mitigation to increase the solar conversion
efficiency of perovskite solar cells. By evaluating various
perovskite thin films under fixed illumination and under
various external magnetic field strengths and directions, the
influential factors and magnitude of performance
enhancement can be ascertained. Additionally, slight
differences in enhancement between different perovskite
solar cells provide insight into the influence of electron
transfer pathways and interfaces on the recombination of
electrons and electron holes within an applied magnetic
field. Furthermore, the alteration of the charge transfer
pathway by the influence of an externally applied magnetic
field can be evaluated to provide more fundamental insight
into these systems, Figure 2. We leveraged a custom built
variable magnetic field sample cell in conjunction with
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UV/visible transient absorption spectroscopy (UV/Vis TAS)
to monitor electronic state absorption differences on the
femtosecond time scale. This information provides an
understanding of the electron transfer pathways, quantity
of electron transfer, and lifetimes of charge separated
states.

Figure 2: lllustration of applied variable magnetic field sample cell.

To assist in identifying spectral features found in the
transient absorption spectroscopy measurements, time
domain density function theory (TD-DFT) calculations will be
performed to predict the energy of different electronic
transitions within the materials. To enable transient
absorption measurements, thin film perovskite materials
are needed to provide systems for study. Various
methodologies are employed, including electrophoretic
deposition, spray casting, magnetron sputtering, and spin
casting to produce viable samples for evaluation. Figure 3
illustrates one of these samples.

Figure 3: Perovskite thin films with various concentrations of CsPbBrs.

Accomplishments

e Designed and produced a novel variable magnetic field
sample cell for transient absorption spectroscopy
measurements

e Synthesized core shell perovskite nanoparticles for
transfer dynamic measurements

e Established spray coating techniques to produce
homogenous and phase pure perovskite thin films

e Developed electrophoretic deposition techniques for
the evaluation of perovskite thin films

e Submitted invention disclosure on a novel photovoltaic
device

e Characterized photovoltaic cell performance in applied
variable magnetic fields

Intellectual Property
Ward, P.; SRS-22-008, BSRA-228-S
Team Members

Zachary Duca, Rachel Lindvall®, Chris Pakhanyan?, Nicholas
Porcellino?, Joseph Teprovich?, Alex Robb
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Development of an Advanced Compact Nuclear Detector with Ultra-High

Energy Resolution
Utpal Roy

The presence of a high density of performance-limiting
defects along with compositional inhomogeneity in Cd;.
ZnxTe restricts the materials ability to achieve ultra-high-
resolution germanium-like detector performance. CdZnTeSe
successfully mitigates these “killer” defects and provides
improved homogeneity. Our goal is to achieve <0.6% energy
resolution for 662-keV gamma rays by purifying the
material.

Introduction

The development of CdixZn«Te (CZT) has been revolutionary
in the semiconductor industry, especially for X-ray and
gamma-ray radiation detector applications. However, due
to the presence of high concentrations of performance-
limiting intrinsic defects, such as Te inclusions and sub-grain
boundary  networks, along  with  compositional
inhomogeneity, CZT has been unable to achieve ultra-high-
resolution detector performance. The newly discovered
material, CdZnTeSe, was found to be free from sub-grain
boundary networks with reduced density of Te inclusions
and possess better compositional homogeneity. These
properties ensure spatial charge collection homogeneity,
which is an essential parameter to achieve ultra-high energy
detector resolution at lower production cost. Because of the
excellent material quality, the detectors produced from as-
grown CdZnTeSe ingots showed an energy resolution of
1+0.1% at 662 keV for 10-mm-thick Frisch grid geometries.
The best energy resolution obtained was 0.77 % at 662 keV.
However, the material showed the presence of a high
concentration of performance-limiting deep level impurities
responsible for degrading the detector energy resolution.
The starting material CdSe was found to be the main source
of the impurities in the resulting CdZnTeSe. To study the
effects of point defects, we performed Photo-Induced
Current Transient Spectroscopy (PICTS) for estimating the
energy levels, concentrations and capture cross-sections of
electrically active carrier traps present in CdZnTeSe. The
goal is to grow CdZnTeSe with higher purity starting material
(CdSe). We have already acquired higher purity

CdSe from an established vendor based on a special request.
Such purity of CdSe is not otherwise available in the
commercial marketplace.

Approach

The approach to achieve ultra-high energy resolution
CdZnTeSe detectors is to grow the crystals with higher
purity starting material. Most of the present day CdZnTeSe
material contains high concentrations of extrinsic
impurities, which are responsible for deep levels within the
band-gap of the material and represent the foremost cause
for degradation in detector performance. The high
concentrations of impurities are mainly from the CdSe
starting material and have been encountered by crystal
growers around the globe. We have been successful in
acquiring high-purity CdSe from an established vendor
based on a special request. The results of Glow Discharge
Mass Spectroscopy (GDMS) of CdSe showed higher purity as
compared to conventional Traveling Heater method (THM)
grown CdZnTeSe, as shown in Table 1.
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Table 1: Impurity concentrations of THM grown CdZnTeSe and CdSe raw
material
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The THM is a self-purifying technique since Te is known to
be an effective agent for gettering impurities, and it is
expected to absorb many impurities from the feed material.
Thus, the purity level of THM-grown CZTS is expected to be
much higher as compared to the purity of CdSe raw
material. It is worth noting that high-purity CdZnTe starting
materials are available and standard even for industrial
production of CdZnTe detector material. The energy levels,
concentrations, and capture cross-sections of different
electronically active defect levels for THM grown and
vertical Bridgman grown CZTS samples have been quantified
using the PICTS technique in collaboration with the
University of South Carolina. Figure 1 shows a typical PICTS
spectrum of a THM-grown CZTS detector grade sample and
Arrhenius plots of the two dominant detected levels named
T: and T,. A straight-line fitting to the plots revealed
activation energies of 0.16 eV and 1.14 eV measured with
respect to the conduction band minimum corresponding to
the peaks T; and T,, respectively. The concentration and
capture cross-section of the shallow defect T, is found to be
1.61 x10% cm™ and 5.91 x10%° cm?, respectively. For the
deep level T, the values are 1.08 x10%* cm™ and 6.42 x10?
cm?, respectively. The values will be compared for THM-
grown CZTS ingots using higher purity starting material and
will be correlated with the detector performance.
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Figure 1: (a) A PICTS spectrum obtained for a THM-grown

Cdo.9Zno.1Teo 98Se0.02 detector. (b) Arrhenius plots corresponding to peaks
Ty and T,. The solid lines are the linear fits to the Arrhenius plots.

Accomplishments

e Prepared high-purity CdSe in collaboration with an
external vendor on special request. The stated purity of
CdSe is not available commercially.

e Estimated the energy levels, concentrations and
capture cross-sections of electrically active defects
present in both vertical Bridgman and THM grown
CdZnTeSe.

e Fabricated two-inch diameter quartz ampoules for THM
growth of detector-grade CdZnTeSe.

e Developed a convolutional neural network to analyze
individual pulses from room-temperature CdZnTeSe
radiation detectors.
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Advanced Plasticity Theory and Machine Learning Technology for

Determining Burst Strength of High Pressure Vessels

This work developed an advanced strength theory, obtained
an exact solution, performed sixty finite element analyses,
and created machine learning models of burst pressure from
a combined experimental and numerical database. New
models can predict more accurate burst strength of pressure
vessels, improve their design and operation, and ensure
safety and reliability of these energy infrastructures.

Introduction

Pressure vessels and pipelines, made of steels and subject
to high internal pressure, are critical infrastructures for
storage and transportation of hazardous liquid, natural gas,
or other fluids for energy systems. Their maximum pressure
bearing capability characterized by burst strength is
essential in the structural design, safe operation, and
integrity management in practices. Current industry codes
or standards were empirically developed from limited
experiments on particular steels or a simple strength theory
and did not accurately determine the burst strength. This
includes ASME Boiler and Pressure Vessel Code, ASME
B31.G, Modified B31.G and RSTRENG® models. However,
those codes use either the classical Tresca or von Mises
strength theory without considering plastic flow effect of
metals. Thus, a significant error can be resulted from an
estimation scheme in these codes.

An advanced plasticity theory is desired for developing a
more accurate burst pressure solution with consideration of
the plastic flow or strain hardening effect. Alternatively, the
plastic flow theory should be used to determine an exact
burst pressure solution, but some complicated
mathematical calculations and integrations have to be
overcome. In addition to theoretical modeling, elastic-
plastic finite element analysis (FEA) may be carried out for a
case-by-case investigation or for a parametric study on
different pressure vessels or line pipes. With the FEA results,
supplemented by existing full-scale burst test data for
pressure vessels, machine learning modeling may be
explored for a wide range of pressure vessels with various

Xiankui Zhu

geometries and materials using the artificial neural network
(ANN) technology.

Approach

This work adopted a combined technical approach of
theoretical, numerical, and experimental analyses with a
goal to achieve the project objectives. Full-scale burst test
data were collected from literature, and three small tubes
for Grade-B steel are prepared to pressure test at Savannah
River National Laboratory (SRNL). An advanced strength
theory was developed in terms of Zhu-Leis yield criterion,
and the associated burst solution was obtained for thin and
thick-walled pressure vessels. In the meantime, an exact
solution of burst pressure was obtained using the flow
theory of plasticity for pressure vessels in power-law
hardening materials. Both theoretical solutions were
evaluated using burst test data for large-diameter pipes and
small-diameter tubes. To supplement the test database,
numerical burst data were determined using the
commercial software ABAQUS from 2D and 3D elastic-
plastic finite element analyses (FEA, see Figure 1) for a well-
designed matrix of 60 vessel cases covering a wide range of
pipeline geometries and steel grades, where Python and
Matlab codes were written to generate FEA input files and
extract/analyze FEA burst pressures, see flowchart in
Figure 2.

Based on the large database containing measured and
numerical burst pressures, machine learning models were
explored using ANN architectures, Figure 3, for predicting
burst strength. Microsoft Excel Solver was used to create
ANN models with one or two hidden layers, while Matlab
was utilized to create and optimize ANN architectures with
multiple hidden layers through deep learning. Typically, an
ANN may have multiple input variables, but only one output
variable, i.e., burst pressure. Figure 4 compares three
machine learning predictions with regression results, exact
burst solutions and measured test data.
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Figure 1: Finite element models of end-capped pressure vessel: (a) 2D

model, and (b) 3D model
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Figure 3: lllustration of a typical artificial neural network model
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Figure 4: Comparison of machine learning predictions with regression
results, exact burst solutions and measured test data (ANN1 has 1 input
variable and 1 hidden layer with 3 hidden neurons; ANN2 has 3 input
variables and 1 hidden layer with 5 hidden neurons; ANN3 has 3 input
variables, two hidden layers with 3 hidden neurons for the first hidden
layer and 2 hidden neurons for the second hidden layer)

Accomplishments

Collected a large database of about 300 burst pressure
tests for a wide range of pressure vessels from small
diameter tubes to large diameter line pipes in carbon
steels.

Developed an advanced strength theory and
determined a more accurate burst strength solution for
both thin and thick-walled pressure vessels. This new
solution filled the technical gap and provided an
improved formula for structural design and integrity
assessment.

Obtained an exact solution of burst strength for thick-
walled pressure vessels in a power-law hardening
material using the flow theory of plasticity for ductile
metals. This exact solution verifies the proposed
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advanced strength theory and the associated burst
pressure solution.

e Developed a Python script-based FEA code and
obtained the FEA results for 60 matrixes of thin and
thick-walled pressure vessels and pipes in various
pipeline steels. The FEA results are consistent with
those predicted by the existing thin-wall model and the
proposed thick-wall model.

e Developed machine learning models of burst strength
for large-diameter defect-free pipelines using Microsoft
Excel Solver. Machine learning models improve the
existing analytical models.

e The machine learning models of burst strength are to be
optimized using Matlab with combined test and
numerical database for a variety of pipelines. Compared
to a regression tool, Matlab is easy to use to develop a
deep learning prediction model for a large database
with multiple variables.

e Burst pressure tests are underway for small-diameter (2
inches) tubes with three different thick-walls (D/t = 5.8,
9.2, 13.0) in Grade B steel. Its tensile properties will be
also measured.

e Published five conference papers and two journal
papers with two other journal papers submitted.
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