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Reliability & Sustainability of Natural Gas Infrasiructure [N=|vAnonaL
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~300,000 miles of NG Number of natural gas transmission LABORATORY

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.
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Geospatial Targeted

Temperature, Strain,

Distributed Optical Fiber Sensor

Imperfectionsin fiber lead to Rayleigh backscatter:

Linear Sensor

e Gas Chemistry (CH
Rayleigh backscatter forms a permanent spatial Distributed Cost Per é‘ (S) I;rrgs g (etc )4’
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. . SAW Sensors
Electrochemical Sensor : Early Corrosion/pH
Detection
Water Content,
1 Advar}xlced. 1 Corrosion Rate,
Electrochemica Point Sensor Moderate T. Pittin 5-6
Sensor ’ g
Corrosion

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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Methane Leak Monitoring and Corrosion Detection [N=|rAtonaL

Natural gas containing
CO,+HS saturated
with water

R Stratified liquid

Mg 208 2 222 8

T % in GO, saturaled NaCl solulions

G

o

i} W WM 30 40 50 60 TO A0 BO 100 MO0 120

Zmam  o50nm - 100nm | TEme min

U.S. DEPARTMENT OF

T L TECHNOLOGY
LABORATORY

Methane Leak Monitoring and In-pipe Gas Sensing
v Engineered Metal-organic Framework (MOFs) Layers
v' Engineered Polymer Coating Layers
v' 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
V' Corrosion Proxy Sensing Materials (e.g, Fe-Based Metallic Films)
v' Detection and Chemical Charactetization of Condensed Water
Phases (e.g. pH, dissolved CO,, etc.)

Target Metrics: Early Corrosion Onset Detection,

< 0.1 mm Thickness Reduction
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Distributed Optical Fiber Sensor Network for Pipelines [N=|NATONAL
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Pipeline Integrated with Distributed Optical Fiber >100 km
Fiber Optic Sensing Cables
Acoustictield '

Distributed Sensor

Interrogator (DSI)
g .
oY Y9 §g§
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) |
e Operator
Monitoring and Manage ‘
ey
' > Hotspot detection :

! > Early Corrosion Prediction and Quantification :
© > Methane Leakage Alert i

Emphasis Within NETL Research & Innovation Center:

> Optimize Interrogation System (Range, Resolution, Cost) - Predictive Signatures

> Early Corrosion On-Set Detection
> 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, <1 m Spatial Resolution
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Distributed Optical Fiber Interrogator Development N=|NAToNAL
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Pipeline integrity monitoring based on various distributed fiber sensor systems

Backscattered light Fiber optic cable (km range) ---_____
ST T T ——— > Spatial_rleﬁolution Gauge length ‘
Distributed optical - i / i Hﬁ i “FH‘M FFFNW “H-" it “FH Hﬁ“‘FH qu /
fiber interrogator - » " ¥ Y
Strain Temperature Vibration &
Sensing information with location: S Ta e acoustics
. H"""--.l‘ = P

* Leak detection JI[ g e = \\
» Flow monitoring ; ki\ =) -3“ e
* Developing cracks/deformation } % ._r".l;h
» Temperature distribution along pipe (Cracks v 9% ™
* Seismic events/intrusion detection Gas leak ?

Remote monitoring

In-House NETL Distributed Optical Fiber Sensor Interrogators
Technology Sensing range Spatial Measurement Target parameter

resolution time

Meters Seconds Acoustic/vibrations

Rayleigh phase- RUWMEEES

OTDR

Brillouin- OTDA Tens of kilometer | Centimeter Minutes Temperature
o meter and strain

Rayleigh OFDR Meter to kilometer | Millimeter Seconds Temperature
to centimeter and strain

Multiple distributed optical fiber sensing platforms have been developed to
enable structural health monitoring of pipeline and other infrastructure.
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Ultra-long-distance Temperature and Strain Measurements [[\J=|[NATIONAL
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Brillouin Optical Time-domain Analysis (BOTDA) Room LABORATORY

temperature Temperature
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parameters .

propagates noise in data as
prediction uncertainty

Pulse

’ > |\ - Predicted BFS &
enerator ~sola z PDNN Optimized
= nthesizer , ; evaluation

poNn P FWHMwith * Better than Curving Fitting and

confidence intervals|

Outputs Supervised Machine Learning




Phase-OTDR Distributed Acoustic Sensing (DAS) N =|NATIONAL
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®-OTDR with wavelength diversity technique for
enhanced Signal-to-noise ratio (SNR) Patent Filed!

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

Amplitude (a.u)
o

VOA Coupler Zﬂé dH@SA’ﬂ-

BPF LPF
B-PD
V'D L

Custom-experimental test setup at NETL Phase-OTDR interrogator box : : . .
S Fading noise was significantly minimized.
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—N=1

—N=2
80 N=3

60
40

JT

0 04 1.6 2
Flber dlstance (km)

Standard deviation (mV)

* Novel Approach to improve SNR in phase-OTDR for distributed measurements of
acoustic waves and vibration.

* Portable Prototype of NETL Custom phase-OTDR/DAS
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Pilot-scale test of phase-OTDR distributed acoustic sensing in

. . . NATIONAL
a high-pressure natural gas pipeline
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* Flow rate monitoring
* Leak detection
* Third party intrusion detection

o

l Induced leak
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In-line Robotic Fiber Optic Deployment Tool [N=[M e
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Internal fiber deployment for retrofitting existing pipelines

, L
__ Tape unit -
e = r lj-'

aP atent Fill £
i :4{'- [

Deployed
Fiber Optic
Sensor

Fiber unit =

*  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.
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Smart Tape of Optical Fiber Sensors = [ManaY:
LIRSS
Smart Tapes for Pipeline Deployment Rapid reel-to-reel sensor fabrication of

A

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

Al-Enhanced Distributed OFS Network

Fire =~ Gas Leak Earthquake

Big Data,
Machine Learning,
Deep Learning,

rati

pipe b

Vib

Acoustic, etc.)

Corrosion

Distributed Fiber Optic Sensor Data
(Distributed Temperature, Strain,




Physics Based Modeling + Al For Pipeline monitoring

Scheme

Multi-Physics

CNN framework:
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constraints ROM, :-.....".....".."....."..".....".."....."........."........""""""""""."E
(conservation Multi-Physics Surrogate - ; ) .

laws, boundary Simulation (High- - Model . . ] .
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data) . E
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.| Localized /General/Pitting/Clamp/Welding

Confusion matrix:

@ | 9802 | 105 045 | 023 025
C
Generol corrosion Localized corrosion T @ 017 9867 076 021 019

002t lﬂ Defect echo receive area :g::lég?g:gzn - = 0.021 ‘ Defect echo receive area & eﬂe‘ta\ 0 0 28.6 0.8 0.6
Eo.m—”“ 4‘-———.’11 - O-O’ﬂ I \h 1 e
g Al - T —— ,T;ﬂ ([T at® 02 352 061 951 053
goor i *J R 1 qodf® 022 036 008 03  99.04

-0.02 - . i

0.03 “] __Similary_. ‘ . . . 0_030 0-2 0.4 0\6 ola 1 1‘2 o Clamp Local General Pitting Welding

0 0.2 0.4 0.6 0.8 1 1.2 1 B E . R . R -
time(s) 10 time(s) 103 Predicted

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.
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Corrosion Sensing and Early On-Set Detection [N=[\nova
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Metallic film coated optical fibers
Patent!

Optical Power Based Strain Based

e N —— o

Ni Coating Dissolution-induced Strain Changes

1LOE-09 300

Corrosion 250

0E-10 Location End of >2000 200 :
2 meter Fiber £ Region of
=
E gL £150 mass loss
: . - o, eET 173
Natural gas containing 5 £100
CO,+H,S saturated 2
with water LOE-12 + = 50
0 e
: 10E13 _SOIIIIIIIIIIIIIIIIlll:llll:llllll } 1
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- — Di Distance / m
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_____ Ref L min water 2min pH2 —_—1 m%n —) m@n —3 mig 4 mir} — mip
— min — Amin — SR ——7min ——9min ——11min 13 min 15 min
— fimin ——— Tmin —— | (min =20 min =——25 min 30min =—35min 40 min
— | 2min — ] Tmin — | Emin 60 min ——96min 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.
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Distributed Water Condensation/Humidity Monitoring

Water provides electrolytes for corrosion onset
and is an indicator of potential corrosion.
Patent Filed!

Strain-based, fully distributed sensor using
polymer jacketed commercially available fibers

Glass core — 8 um diameter

Glass cladding — 125 um diameter

Inner Primary — 190 um diameter
Soft, Cushioning Layer

-
il
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150 + Y
130 £ -
110 E Reglons of Quter Primary — 250 um diameter
90 - Local Water Hard, Abrasion-Resistant Layer
4 7 £Condensatio
;E': 50 160
e : 140
30 + 100% RH
Lo E 140 . g °
10 £ Diwater 0+ Humidity
3 = e 120
-10 £ el
-30 £ 1min| | 1mi 8mi g 100 80 +
50 + . L . | . E %0 g H
2,023.5 2,024.0 2,024.5 g g 60 |
Distance / m = 60 b %0 [
-===- Ref = 1lmin ~———2min = 3min 40 5
Smin Smin 12min 15min 20
1 7min 21min 23min 0 4
0 & il 1 1 L
0 50 100 150 200 250 300 -20 t f t t t t t t
Time / min 0 60 120 180 240 300 360 420 480 540
dryN2 Time / min

Local Humidity and Water Condensation Monitoring Due to Swelling of

Polymer Jackets on Optical Fibers, as an Indicator for Corrosion.
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Early Field Test of Distributed OFS Sensor Inside a High- NATIONAL
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A single optical fiber with multiple functions Pressure and Humidity Sensing

A . .
) | Humidity Sensor | Corrosion Sensor | ) Humidity Response to Dry Nitrogen Purge
P e 1 D . o D R 20
© 415em | 26em | 32em | 36 cm 1T iem | 30 cm T 10 ¢cm 0 0 26cm 32cm 36 cm
- Coreless Fiber -. SMF 28 Ultra Unjacketed SMrzs
| | Polymer Jacket | | Polymer Jacket L | Polymer Jacket 2 S O
Fiber Ml 57 D o
5 E i i = < d
Ribbon SMEF-28 Ultra SME-28 ';.’lﬁ Multimode Fiber °12 ‘ \v, @:‘A",{ S ::.3:3::'”5 ::zgg:{f?‘&:‘
s L\ oA\
[ | | | - N Pressure
3 VAV, AR,
<1 Drying sensing Drying
-50
%0 - - - - - - - - -
7.4 75 76 77 78 79 8 8. 82 83
Length (m)
1 min 2 min 3min 5min 6min ——7min ——8min ——9min ——10mn
—— 11 min——13min—— 15 min——17 rrin——19 rrin —21 rin——23 min——25 min——27 rin
—— 28 min——29 min — 31 min——33 rrin——37 rin — 39 rin—— 41 min—— 43 rrin — 45 rrin
—— 47 rin——49 min— 51 min—— 53 rrin—— 55 rin — 57 rin—— 59 min— 61 min—63 rin
Gas Temperature Sensing No significant corrosion was detected
. Strain Response to Temperature Increase at 800 PSI Corrosion Response to Testing
150 F 3 2 OC -120
160 % 32cm -125
140 F SMF 28 Ultra \Aﬁ%,‘/\w\/—\/\/— =
Z 100 E
5 2135 |
H H S s0f E
* Pressure, Temperature monitoring . :
F~ T "\ L= 40 L
H H A 3 L—v——vvvvv-wvm
* Water content monitoring J19€C 900 50N FUN VOO NN DU O o
N | | | | | | | 835 84 845 85 855 86 865 87 875 88
° ° ° Length (m)
* Corrosion monitoring R e

——21°C4.57mps ——32°C4.57mps ——21°C 4.57 mps
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Optical Fiber Methane Sensing N=|NTNAl

T L TECHNOLOGY
LABORATORY

Functional Sensing Layer Integrated

Fiber Optic Evanescent Wave CH, Detection Limit: < 5% in N,
— Y Absorption Based Sensors 101
e i | Bascline stabilized by sorbent inclusion |
I, (2)=1, exp|-ya(2)CL] 100

0.3

98 -

T%

Reversible

é o2 § 97 1 Physisorption
. . £ E Fast kinetics
Porous Metal Organic Micro-porous Gas B .= % o
Framework (MOF) Permeable Polymers 2 = 95— —r
s —" 0.0 Time (min)
- 4Oi)NaveIeBr(:;th / nnfoo . 4 (d)
‘E
Gas adsorption in the sensor 3 a
coating causes Rl y,n0) > Rl giper), =, | i .o
inducing optical power changes. _.~ Linear
Pug . .
"I a7 Calibration
. L) ° ﬂ_f T T T T T
* Light Intensity Based Methane Sensing Technology. * "cu concentration (%]

* Integration of Fiber Optic Sensors with Engineered Porous Sensing Layers by Design.
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Optical Fiber Methane Sensor in Humid Conditions and Scale-up |[N=|NATIONAL

ENERGY
| e
Humid conditions, at visible Optimize coating for near 1 | 1 .
wavelength 630nm Patent Filed!  infrared CH, sensing Early-stage recl-to-reel coating
— ndy  — In75%RH 105 " ' |
— In45% RH — In>95% RH
100
= g5
95% RH § . NETL reel-to-reel
,;; o fiber coating
P 75% RH oL , _ capability
s 1000 1500 2000 2500
o Wavelength (nm)
45% RH NIR wavelength
sensing band
Dry
R 1 = s | CH, sensing with :
o 2 80 . 2
3\; .0 % increasing R-to-R Coat|ng Qf
T = coatin g
(@) . |_| — ory thicknegss Sl
0 100 200 300 400 500 600 " . . . . . . S

400 500 600 00 800 900 1000

. . Time (hours)
Time (mm) Wavelength (nm)

Successful demonstration of optical fiber methane sensor in humid conditions up to 95% relative humidity (RH)
Tune the wavelength to NIR range to be readily compatible with commonly used distributed OFS interrogators,.
Demonstrated early-stage reel-to-reel coating of methane sensing materials onto optical fibers.




Surface Acoustic Wave (SAW) Sensors N=|NanonaL
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* Passive, Wireless, Matured Devices

» Sensitive, Cheap Point Sensors

* Possible for Multi-Parameter Operation
(Temperature, Pressure, Strain, Chemical
Species, Corrosion etc.)

»—

- — — A =
Interrogator ))) U Phase/pressure of flow, corrosion, temperature ()
= ! J'*\ - - — -
b

’ . %
| ’ » Fad .

ﬁﬂ 0O [

SAW sensor array functionalized for
corrosion, chemistry, temperature

VW Probe pulse

iy Reflected pulse

Signal
Processing and

Advance Data

Analytics Antenna

Patent!

SAW Velocity (v) and Attenuation (a):

* Mass, Elasticity, Conductivity
* Environmental factors including Temperature, Pressure

ov ov

Av = —Am+£Aa+—Ae +W

om
Aa = 6a(o,€,c,T, P)

Target Metrics: Small (~5x5 cm?), Low Cost (< $1.00 /device + antenna installed)
Ubiquitous Wireless Sensors can be Deployed External and Internal to the Pipeline
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Wireless SAW Sensors for Gas Sensing N=|NAnoNAL
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Wireless CO,, CH, Sensing ensor Array ror mu IP e Gases:
CH, cmd CO,
A (L =) uhDuHDuH
N, €0 i ; 4 CH, 401 2l 3k
W0<,>, :‘A ¥ 4 CH, é; § N
::j O ‘\ | A ;5’:-60-
us )8 FEEEETTEO( ' on :
Lee et al., Chem. Mater. 27, 668, (2015) ) o -80 1 o
_as-uswe  POtent Filed! .
Nanoporous Sensing Materials ; T PCA Analysis of Sensor Data
Time (}.IS) Windowed SAW Sensor Data
. = -2 IITI‘ilri-lsel\g's-'Z100m :;:gﬂgleiOIGG(thin) il Soxs o N
—~ 4_3__ Z_f LI) T 7PIM1(-L(J:I),OCG§6(thick) 1? o coz
o] ] Q .
B 421 o 3 £ os|
o ] ' Yy g o
% 4.1 é J 00 o g E-os
L i colc =<2 g -0
o 40 g ———— |
e T LT - "l
2345678 9101112 ' - o
Tlme (hrS) -8 FO2 1 1st Principal Component

120 180 240 300 360 420 480 540 600 660
Time (min)

Wireless detection of gas components using a Sensor Array Device was demonstrated

Advanced data analytics method was applied for classification of multi-element sensor array data
for simultaneous monitoring of multiple gases.
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SAW Sensors for Liquid Applications N=[NaTonAL
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Shear Horizontal Surface Acoustic Waves DT LABORATORY
R1
pH Solution I ze&émm 3,08Lrim
I sensing Layenrr=m——y
IDT (Au/Al) Reflector
36 Y-X (AU/AY)
LiTaOs

X
“Z

Simulation (finite element analysis)

5.098

.= Resonant Frequency versus

R 0.8 \
ron Thickness (non-zero)

Atftenuation versus Iron
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o)

o

@

@
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o
o
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30 35 40 45 %10 iron thickness (m)

25
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T T T T T T 1
=00 505 s10 515 50 =25 530 535

Frequency (MHz)

SAW Sensors were developed for liquid phase application and Demonstrated the capability for
monitoring iron film corrosion in low pH (acidic) solutions via both simulation and experiments.
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Enabling Telemetry for SAW Devices and Pipelines [N=|vanonat
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Read Range ‘ Wireless Coupling:
) | SAW Device + EM Radiator/Receiver

« Antenna Gain

« Thermal Noise R - -%Egéilm |
* Insertion Losses AGEINNN ) =S
Reader . Radiated o X} N |
Frequency & gl \p gy -
Power AN =
* Telemetry of wireless and passive SAW sensors NS : | |
is similar to radar operation. - Y L vicless and
« Low loss SAW devices and higher the radiated i N
power to improve the range. Long Range Telemetry and Interrogation F==——mry

Antenna Design and Fabrication:
Top View

Wireless Interrogation of
SAW Sensors Inside Metal
Pipe for 12 meters (40 ft) was
Demonstrated in the lab.

- Ct eander Dipole
Various Approaches have been Desighed and Demonstrated to

Achieve Wireless Interrogation of SAW Sensors in Pipelines.
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Field demonstration of Electromagnetic(EM) Wave Propagation N=]anonat
Inside a steel Pipe TL [EstnoLoey
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« 230 ft long straight pipes with ﬁ
various diameters

« Curved pipes with flanges

Successful antenna Wireless communication of Successful antenna
communication (434 SAW sensor with antenna communication (856
MHz in 20” OD) MHz in 10” OD)

20-in pipe, End1-Meander Dipole, End2—l34MHz_SAW +Meander Dipole

30 —— s11(DB)

—40

—&0

S11(DB}

—&0

—100

DICI DIS 1 ICl 1 I5 2‘0 2 I5 3‘0 3. I5 4‘0
Time (s) 1le—6

Successful demonstration of wireless RF propagation inside ~70 m long steel pipes

" U.S. DEPARTMENT OF
.Y/ ENERGY
I U




Advanced Electrochemical Sensor (AES) N = |NATIONAL

T L TECHNOLOGY

LABORATORY
Traditional electrochemical sensors Advanced electrochemical sensor Perforated Steel Plate
X No ionic current path (open circuit error) v lonic current provided by membrane = P]Etxg:l;df;m —
Corrosion \O_ . ﬂvusr:ceiﬂgsgueftlsmdej R\Mmmm
still occurs™, PTFE Body

Top View Side View

Electronic
current

Potentiostat Potentiostat

X No electrochemical monitoring v Electrochemical monitoring

Integration of Ion-conducting Membrane Makes AES Capable of Real-
Time In-Situ Monitoring of Water Content, Steel Corrosion Rate, and PennState
Pitting / Localized Corrosion Parameters Inside Natural Gas Pipelines.
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AES for Water Content & Corrosion Rate Monitoring IN_‘NATIONAL
T

TECHNOLOGY
2nd Gen. Membrane-based AES prototype Patent Filed! 't APARATORY

fabricated via sputtering and additive Reference Couple

manufacturing, with embedded thermocouples.

Middle

Bottom

2nd generation AES during
testing in water-saturated
natural gas at CEESI multi-
phase flow facility in 2020.

Electrochemical testing
equipment is in weather-
proof container.

-10%

-15%

Q 30 60 90 120 130 180 210 240
Time / days

v' AES easy to install by facility operators

v Capable of remote data collection New solid-state reference electrodes PennState
v’ Successfully monitored increased humidity (SSRE) outperformed commercial probes P*-:
and corrosion rate in wet natural gas in multi-month testing

T,
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Key Accomplishments and Outcomes N =|NATIONAL
TL TECHNOLOGY
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* Prototyping and pilot-scale field tests of phase-OTDR optical fiber interrogator. Successful detection of pipeline operation,
third-party intrusion, and simulated gas leaks. BOTDA and OFDR interrogators are being packaged.

* New CH, sensitive coatings with improved hydrophobicity have been demonstrated in humidity up to 95% RH. Early-stage
reel-to-reel coating was performed.

* FEarly-stage field test of optical fiber-based corrosion sensors inside a pressurized natural gas flowing pipe.

* Passive wireless SAW sensors have been demonstrated for simultaneous sensing of multiple gases with PCA analysis.

* Established NETL capability of antenna fabrication and field test of RF propagation along 70-meter pipe.

* Novel solid-state reference electrodes (SSRE) for AES outperformed commercial probes in multi-month testing.

* Through collaboration, promising optical fiber deployment onto pipelines includes Robotic Tool and/or Smart Tape.
*  Multi-physics modeling of guided wave along the pipeline and AI/ML framework for pipeline defect classification.
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* 16 Provisional / Non-Provisional Patent Applications (2 issued) s -
* >20 Published Scientific Manuscripts '
* 4 Published Major Literature Reviews

* >42 Conference Proceedings Published

e >53 Presentations at Technical Conferences
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