o D (@)
UPIS INFRASTRUCTURE N=|tieray "
SENSING B TL TECHNOLOGY

LABORATORY
COLLABORATION W O R KSSHSIE

NETL Sensor Technologies Progress Overview

Presenter: Ruishu F. Wright, Ph.D.
Research Scientist,
Technical Portfolio Lead
NETL CORE-Sensors Capability Manager
National Energy Technology Laboratory (NETL)

UPitt Infrastructure Sensor Collaboration (UPISC)
2023 Workshop
November 8, 2023



UNNESSIRL W (©
UPISCisgiiton e N
SENSING ’ TL LABORATORY

COLLABORATION W O R KSSESE—

NETL Sensor Expertise and Capabilities for Energy Infrastructure

Advanced Sensors for Energy Efficiency, Safety, Resilience, and Sustainability
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Multiple Sensor Technology Platforms
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Multiple Sensor Platforms with Various Cost, Performance, and Geospatial Characteristics
have been developed at NETL and via collaborations.
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NETL Sensor Technologies Progress and Achievements
-Natural Gas Infrastructure

« Multiple pipeline sensor technologies were tested at pilot-scale at
Southwest Research Institute Testing Facility, including distributed optical

fiber sensors and passive wireless sensors for gas flow, pressure, corrosion
and gas leak monitoring.

« Distributed fiber/wireless sensor technologies developed at NETL awarded
DOE Energy I-Corps Program Cohort-15.

— % ENERGY
% v\ I-CORPS

Adh
AAAA US Department Of Energy

Team 188 Pipeline Sensors
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NETL Sensor Technologies Progress and Achievements
-Hydrogen Transportation and Subsurface Storage

* Pd nanoparticle (NP) incorporated SiO, coated optical fiber H, sensor was demonstrated
for a wide range of hydrogen sensing from 0.5% to 100 %.

* Anew filter layer was overcoated on the H, sensing layer to increase selectivity and
mitigate humidity interference. Under 99% relative humidity, negligible cross-sensitivity
from common cushion gas CO, or CH,

* Demonstrated at high pressure (~1000 psi) and high temperature (80 °C), relevant for
subsurface hydrogen storage.

Natural Gas Decarbonization and

Hydrogen Technology FWP (NGDH2T) H2@Scale NREL CRADA

H,-CH, blend
Underground.
Storage Reservoir

H, +CO, CH, +H,0
o iRy,
:

@ @Scale.

U.S. Department of Energy
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NETL Sensor Technologies Progress and Achievements
-Carbon Capture Amine Degradation Monitoring

« Completed a report reviewing monitoring needs, sensor technology survey, and
recommendation for cost-effective online monitoring of amine degradation.

 Identified key indicators for amine degradation as sensing targets.

« Surveyed and selected low-cost existing sensor technologies for these targeted
indicators, instead of expensive full-on laboratory chemical analysis.

» Planning for a pilot-scale field test at National Carbon Capture Center (NCCC).

Treated Gas

. Chemical Composition Monitoring COZ

System Parameter Monitoring

Absorber

Hot Rich Solvent

'.'.r..‘:..ei:

leat Exchanger
FlueGas f§| = Wessssssnsn e .
FLEEEErEEE Reboiler

Cold Rich Solvent Hot Lean Solvent 6
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NETL Sensor Technologies Progress and Achievements
-Power Grid Modernization

» “Transformer Watchman” developed and matured by NETL, UPitt, and Sensible
Photonics won 2023 R&D 100 Award.

* “Transformer Watchman” is an integrated fiber optics-based sensor system that can
monitor dissolved gases, acoustics, and temperatures of transformers simultaneously and
continuously to monitor and warn of any dangers that might be encountered.

Transformer

Temperature Sensing of

Watc h man Distribuiin T §former

-

Acousﬁc“Sensig at Dissolved Gas Analysis
Medium-voltage Transformer of Transformer Oil
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NETL Sensor Technologies Progress and Achievements

-Newly Awarded Projects in 2023

“Advanced Methane Sensor Demonstration and Deployment” under
NETL’s National Emissions Reduction Initiative (NEMRI) in support of
EPA Methane Emissions Reduction Program (MERP), to quantify and
mitigate methane emissions from oil and gas industry.

“Grid Research, Integration, and Deployment for Quantum (GRID-
Q)” funded by Grid Modernization Initiative (GMI). Multiple-lab effort
led by ORNL. NETL is leading the quantum sensing thrust for grid

anomaly detection, collaborating with UPitt. ’?i_'- ) C
“Hybrid Distributed pH, CO,, Temperature, and Acoustic Sensing 4{{’{3\2: f~1-:3nsﬁ_-w;f~r_ﬁ~_d INTIATIVE

for Monitoring and Verification of Marine Carbon Dioxide Removal
Applications” in response to ARPA-¢ 2023 DE-FOA-0002989, Sensing e o s
Exports of Anthropogenic Carbon Through Ocean Observation (SEA sl e
CO?2). Led by UPitt. NETL is collaborating on chemical and CO,

sensing and fiber optic interrogation system.

ooooo
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Summary

* Multiple complementary sensor technologies are developed to leverage the advantages
of optical, electrochemical, and microwave / wireless sensor platforms, to build an in-
situ, multi-parameter, distributed, and cost-effective sensor network, as well as quantum
sensor and networking technologies.

* A wide range of sensing materials are developed to achieve high sensitivity, selectivity,
and fast response, including MOF, polymers, metallic films, and nanocomposites.

* Sensing parameters:

Gas: CO,, CH,, H,, O,, CO, and other gases;
Chemical: pH, corrosion, water condensation, ionic strength, salinity, REE;
Physical: strain, temperature, vibration, acoustic

« Artificial intelligence-enhanced sensor network with ubiquitously embedded sensors
will ultimately achieve desired visibility across the critical infrastructure.

* Advanced sensors and materials for critical infrastructure and extreme high-T
environments.
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PITT Sensor Technologies Updates and Overview
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PITT Sensor Technologies Updates and Overview
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PITT Sensor Technologies Updates and Overview

Intelligent Fiber Sensors: A Fusion of DAS & Al

* Infrastructure type: Threats analysis

* High-quality Datasets: Acoustic signatures of various threats/events

* Data processing: Pre-processing and Al/ML models
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PITT Sensor Technologies Updates and Overview
Distributed Sensing Applications @ PITT Ohodnicki Lab

O Acoustic sensing U Temperature sensing U HD Strain/Temperature

* Point and Multipoint o
Allfiber MZ1 sensor Acoustic frequency response * Distributed Temp Sensor / DTS:

1 MHz E Commercial interrogator

*  Benchtop OFDR.....PITT/NETL
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PITT Sensor Technologies Updates and Overview

Functionalized Optical Fiber Sensing @ PITT Ohodnicki Lab

L Temperature Sensing U Chemical Sensing O Magnetic Field Sensing

Temperature Response
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PITT Sensor Technologies Updates and Overview
Single Crystal Oxide Fiber Sensing @ PITT Ohodnicki Lab

O Laser Heated Pedestal Growth O Functional Crystal Oxides

Component Oxide Sintering

powders
% |
t
E 3

Compaction

re-growth

=

~1 mm/min)

SC fiber growth via

t

.

milling/mixing

Nd:YAG fiber with 120pm HoAG coated
HoAG cladding Ho, Nd:YAG fiber 330 um Nd:YAG fiber

Liu, B., Ohodnicki, P. R., Fabrication and Application of Single Crystal Fiber: Review and
Prospective. Adp. Mater. Technol. 2021, 6, 2100125, https://doi.org/10.1002/admt.202100125
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PITT Sensor Technologies Updates and Overview

Example On-Going Work: Fusion of Acoustic NDE + Fiber Optics

/ Pipeline monitoring \ Elect. Assets monitoring \

. ‘[:“Length 50 ft
» Dia. 8inch

/ Nuclear Canister monitoring

Inteffal
. fibers

Test setup for Partial discharge detection @ EPRI

) 1\2'/'1 *,
Dry Cask Storage System for Nuc. Canister monitoring

0 —

colfar excitation | Fv N
Overview of Pipeline test setup with different sensing
optical fibers deploved internally using robotic FODT

Point & Distributed Acoustic Sensing:
-Structural integrity and degradation

Q-distributed Acoustic Sensing: Q-distributed Acoustic Sensing:
Partial Discharge detection

-Internal radio-active leak detection -
- Corrosion, gas phase, and temperature monitoring and temperature monitoring

-Natural gas and oil leakages
-SHM: Internal state and corrosion
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PITT Sensor Technologies Updates and Overview

Commercialization and Technology Transfer Activities : Electrical Asset Sensing

Low-Cost Fiber Optic Sensing Technology University of Pittsburgh & National

Incorporated into existing

A Real-ti -
Low-cost sset Real-time monitoring dashboards to enhance

Low-cost detector

light source (Temperature, acoustics) utility capability Energy Technology Lab Spin-Off

Source

Transformer

Patented sensor

SENS

PHOTONICS

0A-

Electrical & Magnetic Components
Sensing (e.g. Transformers)

www.sensiblephotonics.com

Internal and External Battery Monitoring
Pre-Seed Stage : Initiating Fundraise

—Cell Voltage  —Charge/Discharge Current

Umver51ty of 2023
P1ttsburgh RD
naona [l 00

TL TECHNOLOGY
LABORATORY
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PITT Sensor Technologies Updates and Overview

Example Major R&D Programs Sponsored at University of Pittsburgh

QO Low-Cost Electrical Grid Asset 1 Spent Nuclear Fuel Waste U Distribution Pipeline Sensing

Sensing + Grid Analytics Facility Monitoring O Marine Carbon Capture

(in Negotiaton)

SOLAR ENERGY — "NJ=J?|txxiew ar’b a a ,@@
TECHNOLOGIES OFFICE ~ V/§ mm ivrsy Progrom l
e e U.S. Department of Energy  cH{ANGING WHAT'S POSSIBLE
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Size-based Molecule Discrimination and Detection via Single-Walled Carbon
Nanotube@Metal Organic Framework Composite Field-Effect Transistor

S et e TN ol o n e N x-SWCNT@UIO-67 SWCNT@Cuy(HHTP),

Discrimination of homologous carbohydrates
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Reiatve Pressure

)
ox-SWCNT@Ui0-66 BET surface area: 1577 m&/g

ox-SWCNT@UIO-66 BET surface area: 2603 mé/g EleCtI’ical sensing Of norfentanyl

Norfentanyl

* Combination of porosity and electric Ze=®

conductivity. vio-66

uUio-67

Small pore .~ " Large pore

* Novel sensing mechanism for SWCNT-based
field-effect transistor sensor.

* Analyte size-based sensing signal.




UNIVERSITY OF

l ‘ I ' ( PITTSBURGH
IS INFRASTRUCTURE

SENSING

COLLABORATION W O RKSSHSESE

Contact: Maher Khan

N=|NATONAL

TL TECHNOLOGY
LABORATORY

Simplifying the Deployment of Intrusion-Tolerant SCADA by Leveraging Cloud Resources
Maher Khan (maherkhan@pitt.edu) and Amy Babay (babay@pitt.edu)
Computer Science, SCI, University of Pittsburgh

* Supervisory Control and Data Acquisition (SCADA) systems:
* Monitor and control the power grid
e Collect and process data from various sensors
* Face anincreasing number of nation-state-level attacks

* Intrusion-Tolerant SCADA systems:
e Operate correctly even when partially compromised by
an attacker
* Are complex with multiple sites and many replicas
e Are difficult to deploy and manage

* Our Cloud-based Hybrid Management approach:
e System operators only deploy and manage their on-
premises site(s).
e Cloud providers manage additional sites
* All datain the cloud is encrypted

BFT Replication

Intrusion-Tolerant
Application
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Data-driven Local Porosity Prediction in Laser Powder Bed Fusion via In-situ Monitoring
Berkay Bostan (beb171@pitt.edu), Shawn Hinnebusch, David Anderson, and Albert C. To

Defect Predictor Geometry
Independent DNNs

R }5 ...........
2l R Ty, Ty, s

N S A S Deep Neural
s“ ok ““ [Ty, 13, .., IT o3

{Porosity %}
[1x1]

Networks

/,u :_ 21 Inputvector
’ e / [1x(nx03)]

@ @6- @i’ * VT :Cooling rate

« T :Heatmap value

¢ IT : Interpass temperature
* S :Spatter count
* o0 :Neighbor order

e n :Number of main features
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Using dark fiber can improve seismic monitoring and help predict ground acceleration.

Plate Tectonic Motion of Pittsburgh

Monitor local region for unusual seismic

activity. North America
Estimate local ground acceleration. o Tectonic Plate motion
N .
Monitor atmospheric and hydrological storm 272.41° Pittsburgh
activity. ! Rate of
. C e movement . .
Monitor earthquake and tsunami activity. Direction of
movement
Understand the earth system better. 14.93 (mmlyr)
272.41°
14.93 km/Ma (1.24 mm/mo)

Fingernails grow about 3 millimeters a month

Northridge building damage

Northridge ground acceleration

Pittsburgh CORS GPS Station: PAAP
Global Positioning Satellite (GPS) IHisburg ) ation

Plate Motion Data E 5

80" 120° 160" 200" 240" 280° 320"

80"

40°
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Machine Learning on Intermittently Powered Microcontrollers
Paul Kyros, Yukai Song, Christopher Brubaker, Inhee Lee, Jingtong Hu

e Adapting Neural Networks to low-power microcontroller boards to

perform image detection on images

Uses a STM32 Nucleo-64 board (Top Left) to run inferences

Uses a SparkFun Edge board (Red) to capture images

Powered by a solar panel and charge and fire circuit

Inferences are run using a Multi-exit Convolutional Neural Network

(Shown Below)

e Chooses Exits based upon power conditions of the system
Contributions

« Intermittent Inference Model guarantee an inference result before power failure occurs

e Power Trace-Aware Compression of multi-exit networks to fit onto MCUs while
maximizing the average inference accuracy

* Runtime Adaptation selects the exit for each event, considering the EH environment
and difficulty of processing each event '

Exit 1 Exit 2

Confidence Confidence / 7 Homo
> threshold 1? > threshold 2? [

Conv 3x3 Conv 5x5 j\ Pendant
1 - 4
J Conv 5x5 _ Conv 5x5 H Conv 3x3 _

Multi-exit neural network
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Social Sensor Network: A distributed hyper-local network of low-cost
air quality sensors and community scientists

Abhishek Viswanathan, Amy Babay, Rosta Farzan — School of Computing and Information

Partnering with local non-profit organizations (Upstream Pittsburgh and
Hazelwood Initiative) to engage residents in understanding and addressing
local air quality through low-cost air quality sensors, community science,
data storytelling, and science communication.
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Multi-Fidelity Framework for Thermal Conductivity of Al—Cu

Sara Akhavan — Hessam Babaee
Department of Mechanical Engineering, University of Pittsburgh

Multi-Fidelity model: leverage low-fidelity (LF) and
high-fidelity (HF) data sources.

High-Fidelity data points (Experiment) : expensive
but more accurate

Low-Fidelity data points (Simulation-Approximation-
Estimation) : cheap but less accurate, used to capture
the trend

LF and HF data modeled as separate Gaussian
Processes (GPs) with own kernels (square exponential
kernel)

yr(z) = ug(z) + €L
yu(z) = pur(z) + 6(z) + en

LF and HF combined into joint probabilistic model.

Integrating LF and HF improves overall prediction
performance.

Optimize sensor locations to maximize prediction
accuracy, minimized uncertainty, and used limited
Sensor.

200
°
180
£ 160
2
E
< 140 -
=)
S)
&)
= 1201
g .
= 100 ; - - Generated Data
. + Low-fidelity Data
80+ e High-fidelity Data
e Unused High-fidelity Data
Two std band
60 ‘ ' ' : :
0 200 400 600 800 1000

Temperature
Thermal Conductivity of Al-Cu as a function of temperature
Generate set of data by fix Al (0.85), fix Cu (0.15), change
temperature, predict thermal conductivity by multi-fidelity model
Low-Fidelity data are not accurate but capture the trend
High-fidelity data are accurate but expensive and limited in
number (even have noise and outlier in high-fidelity data)
Best point for next sensor location is the point that multi-fidelity
model has maximum uncertainty
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Fusion of Distributed Fiber Optics, Acoustic NDE and Physics-Based Al for Spent
Fuel Monitoring

Enrico Sarcinelli', Pengdi Zhang' Abhishek Venketeswaran?, Ruishu F. Wright?2, Khurram Naeem', Nageswara Lalam?, Paul Ohodnicki’
Department of Mechanical Engineering and Materials Science, University of Pittsburgh
2National Energy Technology Laboratory, 626 Cochrans Mill Road, Pittsburgh, PA, USA 15236

Stainless-Steel Canister Monitoring System Overview

Gas Leak
Localized Corrosion

Pitting Corrosion
Generalized Corrosjon

Sensor

Schematic of Al Model Development

Configuration Axial Weld
: Excitation Sources

1 Radial Weld M ma—— e
': Guided Wave ? . te
| Collar g e
PZT Array N, T

N Experimental
Active Data = e
Active Excitation Data
Simulation i (NDE Inspection)
[ !
1 Signal Pre-Processin:
o Data | ! L_____ >
Augmentation
A 4 3
Dimensional
Numerical Reduction and
Dataset Decomposition > Damage
Methods Identification and
Classification

Multi-Physics
Passive
Events

Simulation

Event and Damage
> i lion and
Quantification

1
I
1
1
Real_ Tln_le ¥

g
(Passive events)

PZT Actuators

> Angular Profile (15 in)







UNIVERSITY OF

l |I ' ( PITTSBURGH
IS INFRASTRUCTURE

SENSING

COLLABORATION W O RKSSHSESE

tact: Dr. Dolendra Karki

il: dok51@pitt.edu

NATIONAL

TL TECHNOLOGY
LABORATORY

Dolendra Karki, Tulika Khanikar, Khurram Naeem, Paul Ohodnicki

Univesrity of Pitt
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Fiber optic current/magnetic field sensor for Power grid monitoring applications

( ivati jecti )
Motivation and Objectives m
= Current meter, monitor, control and automating the FBG o-0mR || ROTOR ||

power grids systems
= Integration to smart grid sensing network and optical
fiber communication system

= Reliable and safe delivery of

( Fiber Optic current sensor architecture)

Simulation: SNS (¢ = 80 um, air) \

Self'imaging in MMI
D2
Lyyp = P20

RI of Magnetic fluid (H, T)

Self-images

MEF filled capillary tube

NCF diameter (

x10*

SX0RG5388

0 08 16
Propagation length (um)

power to consumer level
= Low size, weight and cost
= [mmune to EMI

i

Transformer

Transformer

‘ower

T
Source: https://doi.org/10.1117/1.0E.58.7.072007

\_
( Sensing interrogation set up )

P ———)
YN Y

900
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H-field (Gauss)

200
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o
B (Gause)=27.891 (Amy 003 06 09 12 15 18 21 24 27 3 33 36 39

Current in electromagnet coil (Ampere)

E

R z

[ 1 [eoth (o 1= Hen T N ? e

nmg = |ng —nyl [coth{ o ——n—— ) = —————— ny i % e H

T a(H — Hen) g e =

= ]

§ 4 <

for H > Hep. @ ) £

Hc,n - critical field strength, no - refractive index of MF for fields lower than \m‘ " Fabricated MMI sensop” B
He,n, ns - saturated value of the refractive index of ME, H - field intensity in Gs, C i— { P S

\ /- temperature n kelvin, - the fitiing parameter T — 4 5 Propagation length (mm)

X107m

([ Method of interrogation )

= Sensor optimized for 4th self-imaging peak at
C-L band wavelength
= Intensity based interrogation
= Change in relative intensity of 4 self-
imaging peak as a function of current induced
magnetic field

Intensity (counts)

20500

18500

16500

14500

12500

10500

8500

6500

4500

2500

SNS: g=80um, L=24.5 mm, 50% MF (EMG601P)

—Air 0 Gauss

—40Gauss  —50 Gauss
90 Gauss 100 Gauss
140 Gauss —150 Gauss

—500 Gauss 600 Gauss
—1KGauss

—60Gauss —70Gauss  —80 Gauss &

110Gauss 120 Gauss — 130 Gauss I
—200 Gauss 300 Gauss  —400 Gauss [
~——700 Gauss —800 Gauss —900 Gauss [

1150 1200 1250

1300 1350 1400 1450 1500 1550 1600 1650

Wavelength (nm)

\ H-field (Gauss) Y.

: AL J
( . Y : Enhanced sensitivity Quasi-distributed sensin, h
Results 10 4y SNS sensor filled with 50% MF (EMGGO1P) Conclusion and outlook | iwsmmesvenargamesss @icem ¢
_ He, +#-80 um dia. NCF, L=24.5 mm feld ol = ’
P 0 L 0 = DC magnetic field sensing ~200 Amps o TR &*
- i-ensmvl’[y > 0.5 A)/Gafsl 130 G % *#125 pm dia. NCF, L=59 mm equivalent current in a straight wire prs B Opical
- 3 = < .
inear response range below auss g -0 T iniht (80)on dl NGE, 12245 ) » Magnetic fluid with high saturation = S Coupler
i : 2> 0.96 — ¥4t posnes 3 g L Ny .
= Linearity R*>0. £ 20 ®=09609) magnetization and magnetic nanoparticles = S e T e
z < Linear (125 um dia. NCF, L=59 mm) . : s ——7 H-feld Gauss)
g = 0.9878) concentration for higher sensitivity
Bagucte foid based SM sepsorys periormiance etrloslbased onloptiped L seIE I ¢ins condition z 0 = Magnetostrictive /magneto-optic materials )
SNS Sensor 40 self- Response Sensing range Sensitivity () E 40 layers for AC field sensing =
Specifications imaging linearity (Gauss) (% intensity =
oo () G| 5 50 Acknowledgement ]
0=125um, L=59mm | 156264 | R=0.9878 | 4010130 Gauss | 0.52 %/Gauss & This material is based upon work supported by the U.S. Department of Energy’s
-60 + m f E . .
nergy Efficiency and Renewable Energy (EERE 1 th lar Energy Technologi ffice Awar
©=80 um, L-245mm | 156828 | R*=09609 | 10t070 Gauss | 0.82 %/Gauss 0 100 200 300 400 500 600 700 800 900 1000 g CE o DEeE]gE}(I)OOQg;Z cy and Renewable Energy ( ) under the So ergy Technologies Office d
umber DE- .
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Simulation of fiber optic Multimode Interferometer with COMSOL Multiphysics and its Application

Analyte Domain

Cladding Cladding
Domain Domain
e NCF Domain

Cladding Cladding
Domain Domain
Analyte Domain

Hg
Lax10*im

10000 12000 12000

o 2000

000 6000

8000
Arc length (um)

COMSOL version 6.1
Module : Wave optics
Domain : Electromagnetic Waves, Beam
Envelopes (ewbe)
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Tulika Khanikar, Dolendra Karki, Yang-Duan Su and Paul Ohodnicki.

Department of Mechanical Engineering and Materials Science, University of Pittsburgh, PA, USA.

2
Lymr = P —nlD;MF

n, is the R of core,

Dy is the diameter of MMF,

Ly is the MMF length,

P=1,2,3....is an integer, representing the self-image

order.

‘When light is coupled from a SMF to a MMF/NCEF, the
modes that are supported by the MME/NCF are excited

and interferes with each other giving rise to an
interference pattern along the MMF/NCF.

At a certain length, light interferes constructively along

the MMF/NCF central axis forming replicas of the
input light field (self-image).

If another SMF is connected to the MMF/NCF at the
self-image point, multimode interference (MMI)
information can be obtained.

The self-imaging peaks are dependent on refractive
index, wavelength, length and diameter of the
MMEF/NCF.

This material is based upon work supported by the U.S. Department of Encrgy’s Office of Energy Efficiency and Renewable Energy (EERE) under the Solar Energy

Technologies Office Award Number DE-EE0009632

o

Axial strain
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Single crystal fiber growth via LHPG method with focus on material melting properties

Edward Hoffman'!, Dolendra Karki', Jun Young Hong!, Travis Olds? Paul Ohodnicki'
Department of Mechanical Engineering and Materials Science, University of Pittsburgh, 2Carnegie Museum of Natural History

LHPG Setup at Pitt =MaltenZone_ __ _ — —
| Theptrody S
o @@) T | Pll s ()

expander Seed fiber
f—

Laser power control (PID feedback

W/0 P¥9Redback

CO,laser power log over 4 h
(PWM voltage duty cycle 95%)

Mirror

LabVIEW machine

vision based in-situ

«»Diameter tracking and

measurement

«¢In-situ molten zone
contour tracking and
volume estimation

Parabolic
Mirror

ROI

Laser power (Watt)

Power fluctuation

Duty cycle =95% 4% (Tot 5%)

Laser power (Watt)

a
2 000
o . <t point
: ‘M%
o

95
000000 010029 020058 030126 040155

Time from cold start (minutes)

Time stamp (hh:mm:ss)

Sapphire Fiber Grown at TGG Fiber Grown at Pitt TGG Fiber Grown at Pitt
Varied Material Growth pitt _

CoFe Fiber Grown at Pitt YIG Fiber Grown at Pitt
«»*High temperature ceramic oxides

+»*Versatility in growing refractory oxides fibers
e.g. sapphire, YAG, MO-oxides (YIG/TGG), EO-
oxides (LN, BaTiO3)
++Crucible free, high purity, diameter > 100 um
+»Specific focus on magnetic properties for novel
magnetic field sensing applications 1mm
+»*Greater understanding of growth
characteristics of materials based on melting
characteristics; e.g. congruence vs

Crystal Structures of TGG
XRD of Mixed Phase TGG

TGG Crystal Structure S (7

«» Overcoming the GaO evaporation issue

% Fabrication of different Ga ratios via
powder processing methods

< Avoid gallium depleted regions with
different crystal structures

< Evolution of elongated grain structures
along the direction of growth

«»» Examined by SCXRD/MicroPXRD to
reveal a roughly even mixture of phases

| b 1086910A
| & n3sEA
B 1085392y
o Volumo: 859753

|
o ™ | {1 BSSEES/Y RS ESpRT (X EE0
o | o e de | cet sy 4 : ! i

B | 2000w 109335 mm 173 um
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Pipeline Health Monitoring using Fiber-optic Sensor Technology and Ultrasonic Guidedwave ~ 'NZU?::.
Khurram Naeem?, Dolendra Karkil, Pengdi Zhang?, Enrico Sarcinellil, Nageswara Lalam?, Ruishu Wright?, and Paul Ohodnicki?:3 o
NATIONAL

IMechanical Engineering & Materials Science, University of Pittsburgh, USA ; ?National Energy Technology Laboratory, Pittsburgh, USA; 3Electrical and Computer Engineering, University of Pittsburgh, Pittsburgh, USA Izggug%ggy

( Net) l:!;of major U.S. natural gas pipelines in 2009 > ( . ’/,f"mcal I \

1 |Pipelines Infrastructure (%{W il v o 3 !)an.iage detection TR
- . . I\ 5 . adial weld 1
Monitoring in USA ; in Pipe ) ] <:0 i

on Allfiber MZI sensor Se--250 D288 ::d"

[ it aft

Local Corrosion pothole 1
- Length: ~ 2 inch (Radial direction)
- Width: ~ 0.75 inch (Axial direction)
- Depth: ~ 25 % of pipe thickness

Pipe schematics
and Test setup

UGW Collar & Electrical
Transceiver

°
. Natural Gas’ OiI Transport & Storages https://www.nbcnews.com/id/wbna39107965 §
¢ >300k miles of distribution network : T ﬁ §
+  >50% built after World war II U 23
. . . 1 1 4 o
* Aging and tend to deteriorate due to corrosion. | 1 b L 5
i Raptures occurs -> Leaks -> Explosion!! L; EET — \f
2 ( Fiber-optic Sensor 4( Our Results 2
- Ultrasonic Source: Guided wave collar Q
Technology e ) 2
-> Torsional mode (symmetric wave =
. . . . . i i h W coll h Q
* Lightweight / embeddable in composite material Is excited by.t & UGW collar on the =
-~ pipe surface. o
* Explosion- and electrical-proof @ 4 & ) ) ) el
o < Fiber-optic Acoustic Sensor >
*Can WOFk UptO 1000 °C temperature U “ﬂ M Collar Source: Guided wave collar Collar 4t 2sn st

* Passive devices

Fiber sensor

* Point, quasi-distributed
e

* Fully-distributed sensing

[T e

i J
!

o o At k 1 } E
R e e ) 1088 — =3 -
Dare a7 oas 2002 2404 2008 2408 208 2
\ Length (m) Distanca (km) Length (m) j
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Towards Portable and Simultaneous Gas/Temperature Fiber Optic Point Sensor Interrogator for

Electrical Assets Health Monitoring
Yang-Duan Su', Atieh Shirzadeh', Heather Phillips', Jeffrey Wuenschell®and Paul Ohodnicki'2
'Department of Mechanical Engineering and Materials Science, University of Pittsburgh
2Department of Electrical and Computer Engineering, University of Pittsburgh
3Site Support Contractor, National Energy Technology Laboratory, Pittsburgh, PA

»  Electrical connection
= Optical connection
. Wireless connection

l

s Fiber
sensor

Energy Harvesting Circuit

TIA-microcontroller
integrated circuit

Power Source

Phasor
*  Measurement Unit

Nanocomposite
Sensor Film

00— M/l N/
0 15 _30 45 60 75
Time (sec)

Wireless
Transmission

llllll> i

/Wideband
MM
Circulator

@ 65606666006606066008 ©

@ Giss0s000ss0000000H @)

Light Source Plasmonic Fiber Optic

Interrogation Circuit Wireless Transceiver Set
Sensor Probe

This material is based upon work supported by the U.S. Department of Energy’s
Office of Energy Efficiency and Renewable Energy (EERE) under the Solar //—\/,
Energy Technologies Office. This work is also supported by the Grid Modernization \\\\\_
Lab Consortium, a partnership between the Department of Energy and Lawrence

Livermore National Laboratories.

o, | Energy Eff SOLAR ENERGY,
ENERGY | S | g |
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Distributed Fiber Optic Sensor Systems for Multi-Parameter Monitoring
Nageswara Lalam (NETL), Ruishu Wright (NETL), Michael Buric (NETL), Hari Bhatta (NETL), and Paul Ohodnicki (Pitt)

Distributed fiber optic sensors allow the measurement of /~ Backscattered light Vibration &

. Strain Temperature .
structural parameters; such as strain, temperature and — . mper acoustics
ibrations at thousands of locations along a single fiber cabl Distributed fiber ¢ T optle cable T G

vibrations a ousands ot locations along a single Tipber caple. sensor system 3 =/

The distributed/quasi-distributed fiber sensors include; \ m—————— - mor Aoofcations ~~ -1
. . . . . . t i:5 Aajor 1cations

+* Brillouin optical time domain analysis (BOTDA).  AUML-SMART  Cracks Leaks Temperature TP " Flow  Intrusion detection

o .. . . . j infrastructure sensing - " . F

+* Phase- sensitive optical time domain reflectometry (¢-

.

|

OTDR), also called distributed acoustic sensor (DAS). 15
+* Single-mode—multi mode-single-mode (SMS) fiber sensor. 2 g
oz
....[BoTDA | . o [ GOTOR/DAS | (22
Sensing range = >100 km; Sensing range = >30 km; PR —
: Spatial resolution=<5m; ! Spatial resolution=<1m; i Frequency range=1Hz
i Measurable parameters: Measurable parameters: i to 1.2 MHz;
i strain, and temperature : i vibration/acoustics ii Resolution=<1to 2 Hz; i \
go:; Multi peak fiber BOTDA traces /Advantag.es \ | Field validation
% 04 " Compact size Power Transformer
£ 02 " EMlresistance | Oiland Gas Pipeline
" = Withstand harsh
. environment \

* Real-timeand £ Transf Drat 3 EEERES 8 =
2 (07 108 10 remote monitoring || ranstormer viorations Core/winding defects, partial - B
%, 105 10 ey (GH2) -zn . . Phase-OTDR (DAS)
2 Brmoum frequ = High accuracy and discharge, breaker failure. i itoerogatod —
gzz qSOTDR/'DAs traces ' ' I stability \ e |y el .
E.‘s “ J‘ W w ] L Enhanced = _ llnducedleak E
=1 E] !
210 w }\‘ U) N m ] structural safety | H i
= PHMM J’ ’W 1\ J |
<, ; | : |
<
23.2 234 23.6 23.8 24 0 100 200 300 400 500 100 !
Fiber distance (km) \\ Frequency (Hz) Time (s) Time (s) ]

\,
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Sandeep Reddy Bukka', Nageswara Lalam' , Hari Bhatta' , Ruishu F. Wright'
'National Energy Technology Laboratory, 626 Cochrans Mill Road, Pittsburgh, PA, USA 15236

&
R

Wmﬁleg::iuéd ;

= =

Digging  Excavator Jackhammer Pipe Spil  Gas Leak

e

Pipeline Infrusion Detection

——

Brillouin frequency shift(GHz)
Brillouin frequency shift(GHz)
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Fiber distance (Km)

SNR comparison

Denoised data
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N
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25

x

&

Deep Neural
Network Assisted

Signal Processing
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N
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-- Noisy data
Denoised data
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BFS uncertainity comparison
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I
— .
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Input
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Passive Wireless Sensing of Methane Leak and Monitoring Corrosion in Pipelines

Jagannath Devkota! ?; David W. Greve'?; Laura Schwendeman?; Richard Pingree'?; Krista Bullard"?; Nathan Diemler'2; Badri Mainali*?; Ruishu Wright*
INational Energy Technology Laboratory, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA; 626 Cochran Mill Road, Pittsburgh, PA 15236, USA; 3Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213, USA

Contact: Ruishu Wright Email: ruishu.wright@netl.doe.gov

Motivation Pipeline Monitoring with Passive Wireless Sensors

Acousticfield

Pore size: ~ 11.64
b v e

Passive Wireless Sensors

2]

Wireless

1 H
Aperture: ~ 344

RF A MOF (ZIF-8) nanoporous material (left)

PEXSTSTIR | terrogator and coated SAW sensor (right)
RF Launch .._5]' = Bpm SAW 4'4] ER-
= == B4 - 4umsaw 7 [ 4% 8 ’ o
£ 5| e |t Wit
.| ” & 41 ]
11 . B ool N Y
o o L it
. Conventional monitoring techniques are ohe—— ) AT
. . . RF/Microwave Passive 0 XN 4 & 20 w0 23465678 9101112
Infrequently performed maklng predICtlon of Wireless Point Sensors CO, Conc (%) Time (hes.)
potential events difficult.
+ Continuous and real time monitoring Advantages Other Applicable Industries
echnologies are helpful to better identify, . . .
locate, and quantify methane leaks and PaSS|.v.e, Wireless, l\/!atured Devices Subsurface Wellbores
corrosion events. » Sensitive, Cheap Point Sensors * Harsh Environments in
+  Passive wireless sensors and their network  Possible for Multi-Parameter Operation Energy Generation
are emerging Ipla'fforms for remote and (Chemical Species, Corrosion, » Automotive
real-time monitoring of long pipelines. Temperature, Pressure, Strain, etc.) - Aerospace

Small (~5x10 cm?), Low-Cost, Passive Wireless SAW Sensors to enable Ubiquitous
Wireless Sensor Network for Energy Infrastructure Monitoring

Disclaimer: This project was funded by the Unued States Department of Energy, National Energy Technology Laboratory, in part, through a site support contract. Neither the United States Government nor any agency thereof, nor any of their employees, nor the support contractor, nor any of their employees, makes any warranty, express or implied, or assumes any legal liabilty or responsibility for
the accuracy, of a apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency herot, The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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Optical Fiber Sensors Capable of Monitoring Harsh Subsurface Conditions for H, Storage Applications

Daejin Kim'2, Krista K. Bullard2, Alexander Shumski®2, Ruishu Wright!

(*National Energy Technology Laboratory; 2NETL Support Contractor,
626 Cochran Mill Road, Pittsburgh, PA 15236, USA)

(edx.netl.doe.gov/shasta)

Optical fiber sensor
data collection

H,-CH, blend

Underground
Storage Reservoir

» In-situ optical fiber sensors for real-time
monitoring of , , and

at subsurface hydrogen storage conditions.

» Ensure the integrity of the underground

hydrogen storage facilities.

» Demonstrates reversible H, sensing
capability (0.5% to 100% H,) at 80 °C,
99% RH with a filter layer-coated
optical fiber sensor.

» Successful demonstration of
optical fiber methane sensor
with a polymeric composite
material at 80 °C, 99% RH.

oeee@

I Filter Layer (polymer)
| Pdy/sio, Layer

Coreless“ e - Coreless Fiber
- EY
Fiber

Filter Layer + Pd/SiO, Layer

i core

Multimode Fiber

Multimode Fiber
(1m) (10ecm) (1m)

Coreless Fiber
Spectrometer

Light Source

Fiber sensor

lightsource .= g Detector

Composite-coated optical fiber

Soem [ sem ‘
Polymer Jacket TiO, Coating

Jaz Spectrometer

Polymer Jacket

Light
Source

:>‘ Multi-Mode Fiber (MMF) Coreless Fiber

Multi-Mode Fiber (MMF) “ \

Reactor

» TiO,-coated optical fiber pH sensor was demonstrated at 80 °C, 1000 PSI.



Contact: Matthew Brister

Email: matthew.brister@netl.doe.gov

IIP C RSESReL T M@
IS INFRASTRUCTURE = A N = |VATIONAL
SENSING » T L [Ectinoocy

LABORATORY
COLLABORATION W O RKSSHFNEES

Review of Sensors for In-Situ Amine Degradation Monitoring in Post-Combustion Carbon Capture

Matthew M. Brister'2; Alexander Shumskil?; Chet R. Bhatt3#; Jeffrey Culp'?; Krista Bullard'2; Dustin MclIntyre3; Benjamin Chorpening3;
Nicholas Siefert!; Ruishu F. Wright (PI1)*

INational Energy Technology Laboratory, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA; 2NETL Support Contractor, 626 Cochran Mill Road, Pittsburgh, PA 15236,
USA; 3National Energy Technology Laboratory, 3610 Collins Ferry Road, Morgantown, WV 26505, USA; *NETL Support Contractor, 3610 Collins Ferry Road,
Morgantown, WV 26505, USA

Post Combustion Carbon Capture Design Current Chemical Sensing Technology
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* Solvent monitoring is needed for carbon capture plant
operation due to continuous thermal and oxidative Location Equipment SHEL 56 Single lon Mass Spectrometry

Parameter Monitoring Monitoring
degradation.
8 . . . . 123 p G Pressure of Gas Electric L Aerosol Measurements
* Current solvent monitoring hardware is expensive and 2 EESS (S and Liquids 5,6 ectric Low- (Size Distribution and

Pressure Impactor

Count)

requires sampling. .
1,2 Volumetric Flow Rate of Gaseous Flow Si [ Iv L C d
* Degraded solvents form dark colored heat stable salts Rate imultaneously Low-Cost an
(HSSs) which reduce carbon capture efficiency. 4567 Viscosity Flow Rate of Solvent Continuous Degradation Monitoring is

Not Currently Available

4,5,6,7 Temperature Temperature of Solvent
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Multi-parameter Optical Fiber Sensor for Simultaneous Monitoring of Humidity, Pressure, CO,, and Corrosion

Badri P Mainali'%; Alexander Shumski'%; Nathan Diemler'2; Ruishu Wright!
"National Energy Technology Laboratory, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA; 2NETL Support Contractor, 626 Cochran Mill Road, Pittsburgh, PA 15236, USA
Contact: Ruishu Wright Email: ruishu.wright@netl.doe.gov

Pipeline Monitoring Concerns Humidity and Corrosion Monitoring
120 - - .
Pipeline Integrated with Distributed Optical Fiber > 100 km 100 4 &4 Jacketed Unjacketed Jacketed m -100.0
Acousticfield £ 3 -110.0 A Increased
X © 80 A - - Cprrosion
& Vibration -l: - % 120.0
8 60 - 2 -130.0 4
S 40 P T -140.0 4
S 20 4 Humidiy £ -150.0 . . .
o increases < 3.5 3.6 3.7 3.8 3.9
3.2 3.3 3.4 35 3.6 3.7 3.8 3.9 4.0 4.1 Length (m)
Length (m) ——0min ——1min 5 min 7 min
RH: ==100% ===75% e==50% ===25% ——10min ——12min ——13min —— 14 min

——15min ——20min ——25min ——30min

+ Single-mode fiber (SMF) jacket detects humidity and CO,
concentration using swelling-induced strain.

» Unjacketed fiber detects only pressure-induced strain.

+ Changes in backscattered light intensity of a thin Fe coating
acts as a continuous distributed proxy for pipeline corrosion.

* Pipeline corrosion costs billions of dollars annually.

* Increased humidity and CO, can predict corrosion
favoring conditions, and pressure drops can indicate
leaks.

 Periodic methods like couponing collect average
corrosion rates over a long period of time.

Optical fiber sensors provide long distance distributed sensing of humidity, pressure,
CO,, and corrosion in natural gas pipeline conditions.

Disclaimer: This project was funded by the United States Department of Energy, National Energy Technology Laboratory, in part, through a site support contract. Neither the United States Government nor any agency thereof, nor any of their employees, nor the support contractor, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, o favoring by the United States Government o any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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Laser-heated Pedestal Growth and Raman DTS for Harsh-environment Applications
* Single crystal fiber (SC) superior to silica fiber in regard to stability under harsh conditions.
* Grow SC fiber via laser-heated pedestal growth (LHPG).
* Sol-gel coated fiber used in two-step LHPG process to create cladding layer.
* Raman DTS system can use grown fiber for distributed temperature sensor.

Coat pure fibers
via dip-coating

Grow pure fibers
in YAG, Sapphire, Prepare sol-gel-
etc. (LHPG #1) based dopants

TEST clad fibers in
application
environment

Re-grow coated
fibers (LHPG #2)

!
i




Contact: Jeffrey Wuenschell

Email: jeffrey.wuenschell@netl.doe.gov

l | I ’ ( 3#'¥SE§3$EYH°F W (
IS INFRASTRUCTURE N\ N = |NATINAL
SENSING - TL TECHNOLOGY

LABORATORY
COLLABORATION W O RKSESEEEE

Modeling and Experimental Testing of High-Temperature Stable Sensor Materials for Gas Monitoring

Jordan Chapman?, Jeffrey Wuenschell?, Yueh-Lin Lee!2, Dan Sorescu?, Michael Buric!, Yuhua Duan?"
!National Energy Technology Laboratory, Pittsburgh PA /Morgantown WV; 2NETL Site Support Contractor, Pittsburgh PA / Morgantown WV

a. . 0,Sensing
SFTO-based sensor ::: . S /

*  Doped perovskite oxide thin films on the optical fiber platform show promise for ”‘i’;i;i:igrfff;‘e’f‘a' i '

gas detection in extreme environments (paired with single crystal fiber, may 0-19%0,at800°C [ °

e>.<cefed 1000 °C oper.atiorj for some applications). Provides a pathway to ——) §§: 2 £

distributed gas sensing via approaches such as OTDR. o ‘
*  La-doped SrTiO; demonstrated for H, sensing up to 900 °C on sapphire fiber. “p- I

type” doped systems (SrFe, Ti, ,O,) demonstrated for O, sensing up to 900 °C. .
. Density functional theory (DFT): PAW-PBE(+U) exchange-correlation in H, Sensing

generalized gradient approximation (GGA) used to evaluate optical properties of

doped SrTiO; systems.
. Better understanding of (1) impact of dopants, (2) impact of defects (e.g.,
vacancies, interstitial H), and (3) diffusion pathway energetics needed for fast,
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Disclaimer

This project was funded by the United States Department of Energy, National Energy Technology
Laboratory, in part, through a site support contract. Neither the United States Government nor
any agency thereof, nor any of their employees, nor the support contractor, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and opinions of

™ o0 authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Quantum for Energy Systems and Technologies
Growing interest in quantum sensing, quantum computing and quantum networks for processes pertaining

to energy production, distribution, and consumption.
Published three open-access comprehensive review articles on quantum computing, quantum networking,
and quantum sensing for energy sector applications, with a fourth in preparation.

Constructed apparatus capable of optically detected magnetic resonance and spin relaxometry using NV
centers in nanodiamonds for ultra-sensitive magnetic field, electric field, temperature, and pressure
sensing.

Perform ab initio density functional theory (DFT) calculations on the bulk and surface properties of the N
and NV defective bulk and diamond surfaces.
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