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NETL is the Only Government Owned Government Operated DOE Laboratory

MISSION o
Advancing energy options
to fuel our economy,
strengthen our security, and Fairbanks, AK

Improve our environment

Oregon Pennsylvania West Virginia
NETL Researchers Work Closely with Program Staff in Support of the Mission.
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Needs for increased visibility span all aspects of the US Energy Infrastructure

Power
Generation

2 M:lmm power station CO, capture and separation
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[ - Flow & Phase
@ - Seismic
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Ubiquitous Embedded Sensors Combined with Geo-spatial Data Analytics is a Requirement to

Achieve Desired Visibility Across the Entire Fossil Energy Infrastructure : NETL Initiative
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Reliability & Resiliency of Natural Gas Infrastructure TECHNOLOGY
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Pipeline and
Coating
Materials

- Devices .
Chemical CHa4 Materlals

4.5
Sensor
N Sensor

Formula
U.S. DEPARTMENT OF ENERGY

Lifetime in 12 years » :
Atmosphere Natural Gas Infrastructure Data Analytics

_ Implications of Increased & Sensor
Global Warming 28-36 L Demand from the Electric .
Potential (100— FEPIRITE M power Sector Interrogation
year)

http://energy.gov/sites/prod/files/2015/02/f19/DOE%20Report%20Natural%20Gas%20Infrastructure%20V_02-02.pdf

In 2016, A Program was Established to Develop New Sensor and Material Technologies for
Monitoring, Detection, and Mitigation of Failures and Events in Natural Gas Infrastructure.
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Existing Midstream Oil & Gas Sensing Technology TECHNOLOGY
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Pipeline Explosion Caused by Corrosion

Existing Technologies : Detecting Presence of Ieaks and Failures

* Internal Leak Detection Systems: Measured Flow Rates
= ".» SR —
177 Soutly

 — R and Computational Models
Ejected Pipe . R : :
-~ * Periodic In-Line Inspections

* Monitoring of Local Geohazards
(Ground Movements and Seismic Events)

* External Inspections, Including Aerial Surveys

* Optical Fiber Based Leak Detection Systems:
Indirect Measurement (Temperature, Strain, Acoustic)

http://wvpublic.org/post/ntsb-determines-cause-december-2012-sissonville-pipeline-explosion#stream/0

Conventional Pipeline Monitoring Techniques Identify Leaks and Events Once they Have

Occurred, But are Limited in Caiabiliti to Identifi Failures Before thei Occur.
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Data Analytics, Sensors & Materials Technology |TL[ESHNQLOQY

Goal = Optimized Sensor Selection and Placement o
Gas Transmission Leak Sources

Regional Detectable leaks
o Trends in Data

H Corrosion

I Stress Corrosion
M Manufacturing
B Construction

.....

239

¥ Other Outside Force Damage
Il Cther

Significant Spatial Clusters of Incidents AL O AN ) “
‘ oL P ot bt
based off reported cause - &8 © ~ D
@ Pipeline related causes — 99% Confidence @ ~ i O O Py == Non-Detectable leaks
S N AN Y T 69
@ Pipeline related causes — 95% Confidence 5. Y . it ‘_(ﬁ‘i, TS
O Pipeline related causes — 90% Confidence ptlmlze ensor : T (4\, fﬁ((h« (1 Ide ntify M Equipment
‘ . o B, &L= ) W Operations
(0 No dominant causes Mate"al é( ' TeCh nOIOgy M Excavation
O External related causes — 90% Confidence DEVE|Opment & AL paviwiey (¢ = eevti‘ml{s Damage
T endalism
@ External related causes — 95% Confidence Deployment Needs B Natural Force
®

External related causes — 99% Confidence

Analytics Methodologies can Be Developed and Applied in Parallel with New Sensor and
Materials Research and Development Efforts to Impact Infrastructure Risks and Resiliency.
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Distributed Optical Fiber Sensors Advanced

Electrochemical Sensors

Geospatial Targeted
! Cost .
Attributes Function

Varies, Dominated by Temperature, Strain,

Linear Sensor

o Interrogation Gas Chemistry (CH,,
ol Techngi ue Cco,, H,0 Zt((: ) ‘
E—— Optical Fiber Adjustable < 2
Sensors Distance and .
: Cost Per Sensor Early Corrosion
Rayleigh backscatter forms a permanent spatial Resolution
“fingerprint” along the length of the fiber. “Node” Can Be Low Detection

Temperature, Strain,

. . Gas Chemistry (CH,,
Surface Acoustic
Surface Acoustic Wave Sensors CO,, H,0, etc)

y1t) || probe pulse Wave Point Sensor Extremely Low
Sensors .
t ' Early Corrosion
Detection
yt) ] Reflected pulses >>>
ACIELL Humidity and Corrosion
H g Electrochemical Point Sensor Moderate y

Rate Monitorin
Sensors g

Three Synergistic Sensor Platforms with Complementary Cost, Performance, and Geospatial
Characteristics are Being Developed with an Emphasis on Corrosion & Gas Composition.




RF and Microwave Technique for Pipelines and Tubing |N=|[} 2V
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Common pipe / tubing sizes for fossil energy infrastructure 16 inch steel pipe: LABORATORY
. . Ohmic attenuation of TET1 in circular steel pipe, D=1 inch
Pipe Type Diameter | TE11 Cut off 008 Launch Frequency
(inch) Freq (MHz) wl ™ 500 MHz
Conducting Loss
Mainline 16 —48 433 - 144 _ oot <0.01 dB/m
Interstate 24, 36 288, 192 énna 1 Relative Signal Intensity at 1km
Lateral 6—16 1153 — 432 20 Attenuation of TE11 | Free Spafje (isotropic): O2|36.42dB
. . TE11 Mode in Pipe: 10dB
Wellbore casing | ~4.5 1537 oo} mode in a pipe -
Wellbore tubing | ~2.5 2767 cramel | chamnel
Frequency (GHz)
> Leak detection ~ __-=-
Interrogator )>> < Multiohase fl d ' itori
. ultiphase flow and corrosion monitoring SAW Devices
Patch antenna

One Example Mode of Telemetry for Pipeline / Tubing Instrumented Wireless Sensors.

U.S. DEPARTMENT OF




Launching RF into Pipes

m
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To be investigated:
* Angular size of the patch (0)
* Feed offset (A)

. U.S. DEPARTMENT OF

Field patterns of TE;; mode

' ENERGY

S-parameter, dB, 11 component (dB)

N: NATIONAL

«m |[ENERGY

TL TECHNOLOGY
LABORATORY

o = 29°
A = 11.5°

Input
Z =550

2.6 2.8 3 3.2 3.4 x10°
freq (Hz)

An antenna radiation into a
metal pipe




[ ] [ ]
“INATIONAL
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Antenna: Pipe:
Dielectric Material: FR4 Material: Aluminum
Patch: Copper foil Diameter: 7 cm
Frequency: 3 GHz End: Open
Feed: Coaxial feed at 1/3" of Feed: End and/or Middle

the patch length Free Space

-30

40 -

-50 4

@ @
C Z
N N
& 60 - »
-70 604 : : - -20
—— receive 5, radiate 4 J - -12 ——receive 5, radiate 4 I
—— S22 (patch 4) {| —— S22 (patch 4)
-80 T T T T T T T -14 -70 T T T T T T T -25
2.50G 2.75G 3.00G 3.25G 3.50G 2.50G 2.75G 3.00G 3.25G 3.50G
Groun d/FEEd Frequency (Hz) Frequency (Hz)

Patch antennas can launch RF into and receive from arbitrary locations in metal pipes.
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* Passive, Wireless Sensors Requiring No Active Power (Harsh Environment Compatible, Reduced Maintenance)

Surface Acoustic Wave Sensors

* Possible to Develop for Multi-Function Parameter Operation (Temperature, Chemistry, Other Parameters)

* Matured Technique: Millions of SAW Filters Produced for Use in pr1 Sensing layer o5

Mobile Phones & Commercialized for Temperature Sensing

e SAW Devices Can be Functionalize for Other Parameters
Through Integration with Functional Sensing Layers pitch/4 ‘R[ezeelectric

S LN:{strate

SAW velocity can be recorded in terms of time delay, frequency

or phase and correlated with a parameter of interest. gas exposure

Av
17_0 — Atemp + Apressure + Amass + Aconductivity + Amech"’ """"

Vo fo Po e.g. Working principle of SAW gas sensors.
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P
. S e nS 0 r S m\l’y Table 1. Some common piezoelectric materials for SAW chemical sensors. An (*) is for a SAW other
than Rayleigh mode and a (t) is for a measured velocity.
Review
. Substrate Material [:lef::itfyd(ﬁg K? (%) TCF (ppm/C) £ Tmax (C)
SAW Sensors for Chemical Vapors and Gases
ST-X Quartz 3159.3 [30] 0.11 0 37 573
12 .12 . 13 Y-Z LiNbO; 3487.7 [30] 4.80 94
Jagannath Devkota =%, Paul R. Ohodnicki “~* and David W. Greve 128Y-X LiNbO; 3992 [43] 56 75 83 1150
1 National Energy Technology Laboratory, Pittsburgh, PA 15236, USA; dg07@andrew.cmu.edu f’?:'zxghl-ggoa 4;1;{_)5:{5;}1] (':1)172 gg
z Department of Matel.‘ia]s Science and Engi.n.eerin.g, Camegie. Mellon Uni\.fersitly, Pil:"tsburgtl, PA 15213, USA X.112Y LiTa303 3301 * [45] 0:64 18 50 665
Department of Electrical and Computer Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA (0, 138.5, 26.8) La;GasSiO14 2734 1 [44] 0.34 -0 18 1470
*  Correspondence: jagannath.devkota@netl.doe.gov (J.D.); paul.ohodnicki@netl.doe.gov (PR.O.); (0001) AIN 5607 [55] 0.30 19 85 2200
Tel.: +1-412-386-6927 (].D.); +1-412-386-7389 (PR.O.) (001)-<110> GaAs 2864 [52] 0.07 35 12.9
ZnO 2645 [4 1.8 15 10 1170
Academic Editors: Jikui Luo, Weipeng Xuan and Richard Y. Q. Fu - [471
Received: 23 February 2017; Accepted: 4 April 2017; Published: 8 April 2017 . o . .
‘ Mass Elasticity Conductivity
Sensors 2017, 17, 801; doi:10.3390 /517040801 S T R
0.0+ K'/2
0.3
Gas Molecules 2 * % " " sensing 05-
AT 8%, e IDT
> % 0.2 §
-1.04
= = K14
"-_.'G- 11
b= L0.1 %
< s
Piezoelectric Substrate
-2.0 1 0.0
Delay Line SAW Devices =~
0.0 0.1 0.2 0.3 0.4 0.5 -2 -1 0 1 2
aplp, AEIE log (s/v,C,)
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Popular vapor sensing materials for acoustic devices

Porous materials?

. . % ~ 9
* Metal oxides, semiconductors H, 4. CH,
CO, 00
co2 o ol
* Metals N, ©O P4  CH,
Hzo &) w H CzHG
e Polymers NH; @n|” gy CHg
SO, 8 m- ) Rt
w3 C.H
* Graphene, carbon nanotubes HS @I EY & €e6coe X X
Lee et al., Chem. Mater. 27, 668, (2015)
* Composite/hybrid materials Faclites Metal-organic
frameworks

. . ,...

Afzal et al., Anal. Chim. Acta 787 (2013) 36— 49

* Key component for sensor’s performance Covalent-organic Porous Porous

frameworks organic polymers molecular solids

« Interaction with analytes: physisorption/chemisorption (rate, reversibility, strength, selectivity) g

e Coupling with transducers: adhesion and other interfacial properties Slater et al, Sci. 348 aaa8075 (2015)

U.S. DEPARTMENT OF

ENERGY




Integrating Porous Materials w/ Functional Devices|N=[\IoNAL

Shape and.size selé
Zeolites
Inorganic framework
High thermal stability
Rigid framework

Pore sizes (3-12 A)

HydrophlI|C|ty/Hydr3phoblC|ty
Low framework density

Tuneable crysta%cs(nm -4m)
) Wales et al., Chem. Soc.” RévVead, 4790, (2015)

Can these materials be integrated with functional devices?
» Compatibility: Growth of the materials suitable forms

» Methods: Easy/Difficult? Fast/Slow?

» Quality: Smooth/Rough? Mechanically adhesive?

TL TECHNOLOGY
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Magneto- Work
clasticity

function

Impedance

Potentiometry

(
Piczo- _}
clectricity |

- Refracto-
Calorimetry  metry

SPR

Zeolites MOFs

Wales et al., Chem. Soc. Rev. 44, 4290, (2015)

Thousands of MOFs and Zeolites are yet to be
characterized.

Integration with sensitive transducers can open up a
possibility of developing robust sensors.

L




MOF-Coated SAW Devices
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MOF sensing layers (Typical):
* Non-Conducting, stiff
* High gas adsorption capacity with tunable pores

Demonstrative Experiment:

L]
¢ ¢ ¢ (Gas mixture
L) L]

i
SAW delay line et

(] L]
° L °
4 ¢ ¢ (bas mixture

T L TECHNOLOGY
LABORATORY

Antenna for wireless interrogation
L

N

Y-Z LiNbO;  7|F-8 MOF
sensing layer

Reference delay line
(to account the
environmental effects)

SAW Device Specifications:

* One port delay line

* Center frequency: f, =436 MHz
* Two channels: L; =2.38 mm, L, =3.08 mm
* Aperture: 780 um

e |DT electrodes: Al (120 nm)

Device Dimension: <10 mm X5 mm




Gas Adsorption Properties of ZIF-8 N= v
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—_—
jh]
—

Pore size: ~11.6A (b)

CO,N, ] CH.N,
m’E‘ 351 m 100:0 W’E" | m 1000 o
Sl § > T-05C g 4| & 7528 T-2C - ;g
) : . o 50:50 B SR
£ ¥ 30:70 o E 3] w 3070 "y oy e
= 214 15:85 = : e S g C
EM-:O:")O §2:351gg§§:
Aperture: ~ 3.4A §7_ 2 ] i§f<‘
z g I = T . T : - 8 13 ! by
\( S o4 & Fiieleaas @ 04
% 9 00 02 04 06 08 10 1.2 © 00 02 04 06 08 10 1.2
Pressure (bar) Pressure (bar)
e Structural and gas adsorption properties are known (c) (d)
. — 304 P ]
 Methods to grow as films are known e o 4.0
o S
. . D D 3.6
* Relatively hydrophobic and stable E 20, £
T 45 T 39
a8 8
Gas | Kinetic Critical Temp. g 101 - g 2.8 :
Diameter (A) (°C) i Pressure = 1 bar 3 2_4: Pressure = 1 bar
[1y] o
Co, | 3.30 31.0 > 0 20 40 60 80 100 © 0 20 40 60 80 100
CO, concentration (vol-%) CH, concentration (vol-%)
CH, | 3.80 -82.6
N, |3.64 -140.9 Bulk gas adsorption isotherms measured by gravimetric methods




Finite Element Analysis of SAW Devices with ZIF-8 Layer  |N=|MToNAL
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= AWAWAS Displacement on free surface
5|\ zero cha rge,
S| symmetry Predicted for a 200nm ZIF-8 Sensing Layer
5\ .| periodic =~ =189.3X 10° (CO,)
Ay _ P
FEA — fixed, ground v 25.6 X10 (CH4)
Structure | -7

Predicted f, = 436.27 MHz

Y-Z LiNbO3:

SAW velocity = 3487.8 m/s
(parameters from COMSOL’s inbuilt library)

ZIF-8 parameters from literature

U.S. DEPARTMENT OF

Normalized Displadement Field

Modeling gas sensing response:

1.0

0.8 - Rayleigh SAW on Y-Z LiNbO;:
X Displacement
0.6 —— Y Displacement

* The ZIF-8 mass density change upon gas
adsorption was modeled as

Pnet = p +Ap = p + KC,

* Dimensionless Henry’s constant as the

o 1 2 3 4
Depth (1)

. .. Cs
5 — =5
partition coefficient K c, A
From Bulk Isotherms




Integration of ZIF-8 with SAW/QCM Devices ¥E ?%é%%;égv

One cycle dip coating produces ~100 nm thick ZIF-8 layer

0 Uncoated
Coated (one delay line)
-30- ZIF-8(2 cycle)/SAW

011

| — 7 |F-8 film
800+ (3-cycle dip coating)

Intensity (a.u.)

6 8 10 12 14 16 18 20 Time (ps)
20 (Degree
. SAW delay line coated with 200-nm thick ZIF-8




Response of ZIF-8-Coated SAW Delay Line to Gases ¥E ENERGY
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. N, cp, co i * Distinct response to various gases with good
' CO, - -
W reversibility and repeatability.
~ 007 * Response determined by the adsorption potential and
© 522
a i %20 molecular weight of the gases.
" i**’ﬂfgcymySAW * Response to lighter H, molecules in o ite directi
M 5 pposite direction.
1 200 3('?21 . njior;o 500 - -
. Predicted for a 200nm ZIF-8 Sensing Layer
! As measured (wired)
20 ZlF'IS(S clzycle?/SA\lN = Slmootlhed | : ' A_v = 189.3 X 10_6 (COZ)
0 100 200 300 4000 500 A ;
Time (min) - = 25.6 X 10° (CH,)
Specifications: ) .
~ One port delay line Experlmentz\l for a 200nm ZIF-8 Sensing Layer
- Center frequency, f, =431.4 MHz L 152.66 X 10° (COZ)
- Active area: 2.464 mm? vAv
- Wired measurement — = 8.48X 10 (CH,)

q,e U.S. DEPARTMENT OF




ZIF-8 SAW Delay Line for CO, and CH, N=[MfRNA
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29 0.8- * SAW sensor output
' CO,:CH, ratio ~18
2.0 0.6
S ol * Gravimetric isotherm
16 5 02 CO,:CH, uptake : ~17
14 = ZIF-8(2 cycle)/SAW 0.0{
0o e 500 S P e e Mass uptake (mg/cm3-vol-%)
Time (min) CO, concentration (vol-%)
1 Gravimetric 0.257 0.015
7 QCm 0.595 0.025
= SAW 0.304 0.016
=% ZF-82oycleySAW) 0.021 deg/vol-% SAW QM

ST sy a0 el =80 00T ﬂ:_ﬂ f Am f__2 fn(ﬁm)
Time (min) CH, concentration (vol-%) Vo mJo ﬁ] VPH 4
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05 03 02 01 LABORATORY
3.0- 05 03 02 0.1 354 CO; CO; co, coO, cCo, ¢
1 Co, CO CO CO )
250 4§ 5 oy 3.0 H
2.0+ N 25
B 15- LN 8 20
Z1.0- A 2 2 151
- N, .
0.5 1.0 -
! |
0.0 e 05- A A Wireless Measurement
. A A Wired Measurement e N, N
'05 i r?lz T '?12' T i T i T " T ! 0.0 T T T T Y T Y T Y T y T "
0 40 80 120 160 200 240 0O 40 80 120 160 200 240
Time (min) Time (min)

Response of a 500 nm thick ZIF-8 film
coated SAW sensor to CO, via wired
and wireless measurements

U.S. DEPARTMENT OF




Effect of Sensing Layer Thickness N=[mRvA
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2.0+ -
. 0.08 -
15 O 1cycle | O 1cycle
* 1 0O 2cycle 006d © 2cycle
1 0 1 4 3cycle . A 3cycle
s 8 0.04-
= a =
= -~ 002-
0 0 - = E i 45
- 0.00- -
0O 20 40 60 80 100 200 40 60 80 100
CO, concentration (vol-%) CH, concentration (vol-%)
* lcycle ZIF-8 =100 nm * Can we increase sensitivity

e Sensor sensitivity increased with ZIF-8 film thickness.

indefinitely by increasing thickness?
(Sensitivity to CO2: 0.14 deg/vol-% 100 nm, 1.26 deg/vol-% 500 nm)

Devkota, Ohodnicki et al., Nanoscale 2018, 10 (17), 8075 - 8087

i U.S. DEPARTMENT OF
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“Rubbery” Polymer Sensing Layer TL LABORATORY
Analytic Solution Finite Element Modeling
f @=109+j10°Pa, v = 0.48 3480 | cololr =xdisplacément | R
(]
o 20 \140 nm Au E | - —.—
g ) S 3460
< -40 g
= [ =
- 0 3440
g -60 _ g
C ~ >YZ—L|NbO3 S a0
-30 periodic B.C, 9
©
- Lt 3400
-100 " 1 . 1 . 1 N 1 N a
0 50 100 150 200 250 Bum |
Film thickness / nm B 3380 : : : : -
Axy _ Aa -jAV _ jzszc,an‘ tanas(hy — h)] : polymezll‘ film thickneess (m) ° <107
ko ko % —~ " w w
Wen Wang, Shi-tang He, Yong Pan, Chinese J. Transverse wave
Chem. Phys. 19 47-53 (2006). in p0|ymer

0.8 um sensing layer
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NERGY




. o ° o ° = INATIONAL
Simulation with Thicker ZIF-8 Sensing Layer ¥E ENERGY
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* simulated using COMSOL 5.3a I —71F-8

e eigenmode simulation
e coupled solid (piezo) mechanics
and electrostatics
e YZ-LINBO, ~—LiNbO,
e varying ZIF-8 thickness
= F=3GPa
mv=04
= p =950 kg/m3

Note: Elastic properties of MOF-based materials are

not well characterized in the literature ( )
neriodic BC




N: NATIONAL

Two Surface Wave Modes in Thicker Films =[ENeRGY
TL | AsORATORY

4600} | | — - | 4600! | | \ | + |

4400} ‘+'E'I':: o 44001 \ *”hFF m%z "l’

42007 == 4200; '
4000; j 4000;

> ———— ~
3800 ~ 3800 —

3600t !w " 3600 E
3400 -

3400
3200 ! 3200
3000 ! 3000/
2800 ! 2800}

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4
ZIF-8 thickness (micrometers) ZIF-8 thickness (mlcrometers)
color = y displacement

Beyond ~0.5 Microns New Propagation Modes Become Possible

velocity (m/s)
velocity (m/s)

High Frequency Mode - Greater Energy Storage and Propagation Within the Sensing Layer

U.S. DEPARTMENT OF
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Energy Stored in Piezoelectric Subsirate N=[E0ERY
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o= = i
90¢
80¢
70}
o0,
50}
40¢
30}
20}

10t
color =
Ote e © o & d

> 4 6 3 %10~/ y displacement
ZIF thickness (micrometers)
Greater Energy Propagation Within the Sensing Layer and Larger Displacements May Also Be

More Sensitive to Surface Roughness and Film Quality (Under Investigation)

~% piezo (LF) |
<% piezo (HF)

% energy stored in piezo

U.S. DEPARTMENT OF
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Pulse Propagation N=[E0E2Y
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. jX= 200 um LABORATORY
y displacement at piezo surface
“a=12 - - 3 ' A
xx.-.l n:]’.‘2_1|3 F ' ' A n' n ' l B
Xx-. A-12 [ ' ' A ' i

2 ' | |
x10 > ZIF Thickness = 800 nm ﬂ |

. . . | . .
0 2 4 6 8 x107®
Time (s)

eUnusual behavior can be observed in SAW sensors for thicker sensing layers
e For ZIF-8, sensing layers thicker than ~0.5 um begin to show complex behavior
eMore detailed investigations are required, including for non-ideal film microstructure

U.S. DEPARTMENT OF




SAW Sensor Array for Gas Components Analysis N =|VATIONAL
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SAW Array with Functional Layers Data Analysis
Statistical and Neural Network Techniques

Principal Component Analysis Cluster analysis

N TFE z |

- . 1,
g: I

=]
>

= 06 FmE % '
S bt Slie—=——
g [ M * e — !
o BIL + g 27___|—|_| c
@ 0.2 ﬁx"ﬁ- -~ §c ié I T
0. o il 5 15 — :
" b A%‘%‘ == F—
. . . VA% F o2 0 02z 04 06 FI311 = -
Computational Design of MOF arrays for Gas sensing 3”‘*‘2 on T“Ch Rey. 2000. 100 ;‘g“;‘;*“““;@g
. . rate, Chem. Rev. , , -
(Grand Monte Carlo Simulation : RASPA Software)
(@) IRMOF-1  HKUST-1  NU-125 Uio-66 ZIF-8 | @ 45
f < > : -z P =1 bar HkusT-1 ] vio-e6
g4 Percent increase in
S a5 P25 | 2Fs
830 - sensor performance
825 - score with addition of
w20 4 . . 4.
£ ] an MOF in an existing 3-
(b) 2
210 - MOF sensor array.
.- 5
Surface acoustic wave sensor (b) 0 - INU INZ |uz

~

Gustafson and Wilmer, J. Phys. Chem. C 2017, 121, 6033- 6038

.S. DEPARTMENT OF




Wellbore Integrity Monitoring Sensor Technology  [N=&2V
Distributed Optical Fiber Distributed Optical Fiber Sensors Fiber O_ptic Chemical Sensor TL LABORATORY
Chemical Sensors (Additively Embedded in Casing)

(Embedded in Cement)

WELL CASING

FILLCEMENT
Functionalized Surface
Acoustic Wave Sensor

Y(t) || probe pulse
t
y(t)]  Reflected pulses >>> AN
H >

[TTTET
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SAW Devices for Liquid Phase Applications N= R
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Rayleigh SAW Shear Horizontal-SAW g, ciications:

* One port delay line, two channels

* Center frequency: f, =520 MHz

e AIIDT: aperture 780 pm, thickness 120 nm;
width 2 um; spacing 2 um

Device Dimension: < 10 mm X5 mm
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Fabricated SH-SAW Devices ¥E ENERGY. v
LABORATORY

I T

0 A

-20 —— LT(AI120nm)-Air
—— LT(AlI120nm)-LongChannelWater

40 -

(o) In Air
a .
= -60- Reference In DI water
7 _
-80 -
-100 -
-120 SN | | S SN B
0 1 2 3 4

Time (us)

SAW Devices Compatible with Aqueous Sensing Are Being Functionalized for pH Sensing.
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Harsh Environments Sensors for Power Generation |N= E‘ﬁg&%%‘:;m
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e.g. Oxy-Fuel Combustion System ifterrogation antennia
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Surface Acoustic Wave Devices for Harsh Environment
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Key Take-Away Messages N= [
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e NETL Has an Established Program on Sensor Technology Development Across the Fossil Energy Infrastructure
e Oil & Gas (Emphasis Natural Gas Infrastructure)

e Carbon Storage pr1 Sensing layer o,

e Power Generation

e Surface Acoustic Wave Sensor Technology is Being Developed

e Emphasis on Chemical Sensing pitdh/a  Riezoelectric
ITC \

S LN;{strate

e Integrated Sensing Layers
e Device Design, Optimization, and Fabrication
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e Wireless Telemetry gas exposure

e Key Accomplishments
e Wireless CO, and CH, Sensing
e Aqueous Phase SAW Devices Using SH-SAW
e Simulated Wireless Telemetry Strategies to Be Confirmed with Experiments
e Multi-Element Array Development Integrating Computational Chemistry

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, 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 authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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