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Sensor M aterials for Critical nfrastructure and Extreme Environments

Advanced Sensors for Energy Effic ency, Safety , Resilien ce, and ustainability I&I
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Reli &S f Natural Gas

~300.000 miles of NG Number of natural gas transmission
transmission pipelines in U.S. pipeline incidents (2010-2020)
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Real-time Monitoring and Leak Detection/Mitigation for the Natural Gas Infrastructure are
Increasingly Important for Reliability, Resiliency, and CH, emission reduction.



M ethane Leak Monitoring and C orrosion etection

ITL

Methane Leak Monitoring and In-pipe Gas Sensing
Engineered Metal-organic Framework (MOFs) Layers
Engineered Polymer Coating Layers
Nanoparticle and Nanocomposites Based Upon Polymers / MOFs

Target metrics: <1% CH, in air (external),
multicomponent H,O, CO,, CH,, H,, H,S (internal)

Early Corrosion Onset Detection and Localization
Corrosion Proxy Sensing Materials (e.g. Fe-Based Metallic Films)
Detection and Chemical Characterization of Condensed Water
Phases (e.g. pH, dissolved CO,, etc.)

Target Metrics: Early Corrosion Onset Detection,

< 0.1 mm Thickness Reduction



A roaCh:AdvancedS NSO

Distributed Optical Fiber Sensor
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Three Synergistic Sensor Platforms with Complementary Cost, Performance, and Geospatial
Characteristics are being Developed with an Emphasis on Corrosion & Gas Monitoring.
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Istributed Optical Fiber S Net Pipelines

Emphasis Within NETL Research & Innovation Center:
Optimize Interrogation System (Range, Resolution, Cost) - i
Early Corrosion On-Set Detection ~ PI_’edICtI_Ve Slgnatures
Methane Leak Detection & In-Pipe Gas Composition Monitoring — Direct Signatures

Multi-Parameter, Distributed Optical Fiber Sensor Platform to Enable Reliable and Resilient Pipelines.

Target Metrics: >100 km Interrogation, <5 m Spatial Resolution




Distributed O ptical Fiber nterrogator D evelopment

Pipeline integrity monitoring based on various distributed fiber sensor systems

In-House NETL Distributed Optical Fiber Sensor Interrogators

Kil Met S
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Met kil Milli S T

Multiple distributed optical fiber sensing platforms have been developed to
enable structural health monitoring of pipeline and other infrastructure.



a-long-distance Temperature an train Measurements

Brillouin Optical Time-domain Analysis (BOTDA) Room
temperature Temper
change
Sensing range = <150 km;
Spatial resolution = <5m;
Parameters: strain, and
temperature
BOTDA experimental test-bed at NETL PDNN processes the BGS &

BPS data in real-time (1 sec),
compared to existing BOTDA
capability (1 min)

Increased confidence in data:
propagates noise in data as
prediction uncertainty

Better than Curving Fitting and
Supervised Machine Learning

Distributed strain or T measurements inform pipeline failures and gas leaks in real-time up to 150 km.



Phase-OTDR Distributed Acoustic Sensing (DAS)

Phase-sensitive optical time domain reflectometry (®-OTDR) I&I
®-OTDR

d Sig (SNR) Patent Filed!

Custom-experimental test setup at NETL ~ Phase-OTDR interrogator box Fading noise was significantly minimized.

* Novel Approach to improve SNR in phase-OTDR for distributed measurements of acoustic waves
and vibration.
* Portable Prototype of NETL Custom phase-OTDR/DAS



ot-scale test of phase-OTDR distributed acoustic sensing in
a high-pressure natural gas pipeline

alled fiber Hgh | L
L ral gas pipeli
pipeline 9o PP as flow
Installed fiber acoustic
sensor on pipeline
Phase-OTDR (DAS)
800 psi, Sft/s 900 psi, 10ft/s 1000 psi, 15ft/s

Drop a Stainless Steel Hex
Nut on pipe

* Flow rate monitoring
e Leak detection
e Third party intrusion detection



N-line Robotic Finer Optic  eployment 00

nternal fiber deployment for retrofitting existing pipelines

ITL

ape

Patent

Automated R Fiber Optic D t Tool (FODT)

Deployed
Fiber Optic
Sensor

UPitt has developed a Robotic Fiber Optic Deployment Tool (FODT) supported by ARPA-E.

Through collaboration, distributed acoustic sensing using NETL interrogator was demonstrated
in a steel pipe.

In Collaboration with Prof. Ohodnicki, UPitt



Smart Tape o Optica 1Iber S nsor

Smart Tapes for Pipeline Deployment

TL

Rapid reel-to-reel sensor fabrication of
low-cost Rayleigh-enhanced sensors

Patent!

Fiber Packaging Technology: up to 400 °C

Smart tapes for pipeline deployments: three sensors for vibration, temperature, and
acoustic measurements;

Easy to apply onto pipelines;

Great potential for at least 10x cost reduction in Rayleigh-enhanced sensing fibers.

In Collaboration with Prof. Chen, UPitt



Al-Enhanced Distributed OFS Network

L)

Fiber Optic Based Distributed OFS Technology Integrated with Advanced Analytics Including Pattern and
Feature Recognition Can Convert Large Data Sets to Actionable Information.



Ph B d M + Al For P onitoring

Scheme CNN framework:

Multi-physics modeling

The general corrosion has a larger signal reflection area and a higher amplitude of Pipeline defect classification based on CNN framework.
defect echo signal for the same wall thickness reduction than localized corrosion.

In Collaboration with Prof. Ohodnicki, UPitt



C S

Metallic film coated optical fibers

Patent! Optical Power Based Strain Based

Ni Coating Dissolution-induced Strain Changes

Distance / m
1 min 2min 3min 4 min 5min
7 min 9min 11 min 13 min 15 min
20 min 25 min 30 min 35 min 40 min
60 min 96 min 124 min 150 min 180 min

Corrosion can be detected and located along the optical fiber, which enables distributive
corrosion monitoring for long-distance infrastructure.






