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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 consfitute 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 orreflect those of the United States Government orany agency thereof.
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2010-2016
Transmission Pipelines

U.S. primary energy consumption by energy source, 2019

total = 100.2 quadrillion total = 11.4 quadrillion Btu
British thermal units (Btu)

s 2% - geothermal

9% - solar
nuclear
electric
poa\:;fr 22% - hydroelectric
petroleum
37%
renewable 24% - wind

energy 11%

4% - biomass waste |

20% - biofuels biomass
natural 43%
gas

32%
20% - wood

Note: Sum of components may not equal 100% because of independent rounding.
/-‘Fﬁ Source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1,
€1a’ April 2020, preliminary data

» $1.4 billion annually: direct corrosion costs in domestic oil and gas
exploration and productionin the U.S.

« $589 million: surface piping and facility costs

. $463 million: downhole tubing expenses (University of North Dakota Energy & Environmental Research Center)

« $320 million: capital expenditures related to corrosion.

. . . Ref: Koch, G. H., et al “Corrosion costs and preventive
« 25-30% can be saved with optimal corrosion management strategies in the United States” (2002). i’

.S. DEPARTMENT OF
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Dissolution of CO,: CO,(g) <> COy(aq)
Hydration of CO,: CO,(aq) + H,O(l) «> H,CO3(aq)

~ 0.2% of CO,(aq) and quite slow
Dissociation of H,COs(aq):
H,COs(aq) < H'(ag) + HCO5'(aq), pK,=6.35 at 25 °C
HCO5 (aq) <« H*(aqg) + COs*(aq), pK,=10.33 at 25 °C

Tensile stress

Cathodic reaction
2H"(aq) + 2e" — Hy(9)
2H,C0O3(aq) + 26" — H,(g) + 2HCO3(aq)

https://corrosion.ksc.nasa.gov/stresscor.htm

Ref: Jones, D. A., Principles and Prevention of Corrosion, P 237.
Han, J., Nesic, S., Yang, Y., Brown, B., Electrochimica Acta, 2011, 5396-5404.
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Pipeline Integrated with Distributed Optical Fiber >100 km
Fiber Optic Sensing Cables

Acousticfield
Distributed Sensor
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Monitoring and Manage

» Early Corrosion Onset Detection N .
. > Pipeline Structure Health Monitoring

» Methane Leak Detection | 3 ittastie fure Perimetar-Seeunty g

' > Early Corrosion Prediction and Quantification :
. > Methane Leakage Alert !

=50

A Multi-Parameter, Distributed Optical Fiber Sensor Platform Enabling Reliability & Flexibility

Target Metrics = >100km Interrogation, <1lm Spatial Resolution
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Optical Backscatter Reflectometer (OBR) . o
measures the Rayleigh backscattering from the Backscattering enables distributed temperature,

fiber-under-test (FUT). strain, and acoustic sensing (DTS, DSS, DAS).
@ () —0 =0 —0 éﬂ-smkes Components i Stokes Components >
= Rayleigh
o . Brillouin Brillouin

https://www.samm.com/en/page/86/optical-time-domain-reflectometer-otdr.html

Wavelength

Figure 1 — LUNA OBR 4600 distributed imterrogator LEFT: internal components (TLS: tunable laser source. FC: fiber
coupler. FOC: fiber optic circulator. PC: polarization controller. PBS: polarizing beamsplitter, PD: photodiode); RIGHT:
photo of instrument.

Distributed optical fiber sensors (OFS) enable continuous real-time monitoring
over the whole structure with location and sensing information.

% U.S. DEPARTMENT OF
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Corrosion Sensing Principle N=[NTNA
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. . * The metallic thin film leads to
1T ' ] broadband light absorption in the
evanescent field, which occurs at
the interface between the optical
fiber and the thin film along the fiber.
» As the metallicfilm gets thinner, the
. — light absorption of the film
1 5 decreases; therefore, the light
2= 3 T s transmission and backscattering

Increase through the optical fiber.

1—multi-mode fiber core; 2—cladding; 3—
polymer jacket; 4—coated metallic film;
5—coreless optical fiber.

, U.S. DEPARTMENT OF
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Single-mode Fiber

W N

Region of
mass loss

-95

-100

-105

Amplitude

-110

-115

Microstrain
5
o

125. T T T _50|||||=||||=||||=---:----:-|||=||||=||||
230 2.35 240 2:45 2.50 2.55 215 220 225 230 235 240 245 250 255
Length / .
il Distance/ m
— Omin L min 2min 3 min —— 1 min ——2min ——3min 4min —— 5min
— 4 mn —— 5 min — T min 9 min . . . . .
1 mi . . ——7min —9min —11 min —— 13 min —— 15 min
=] mimn = |3 min —|5mm . . . . .
—20 min —25 min =30 min 35 min 40 min
60 min —— 96 min ——124 min — 150 min —— 180 min

Rayleigh backscattered light increased as

corrosion of the metallic film proceeded. Microstrain on the fiber increased with
mass loss of coated metallic Ni film.

Ref: Wright, etal. Sensors 2019, 19, 3964 Ref: Wright, et al., Proc. SPIE 11739, Fiber Optic Sensors and Applications XVII, 117390E, 2021
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~50 cm MM Fiber 10 cm Coreless Fiber ~50 cm MM Fiber

A 4
A
A\ 4
A

Light source — [ | R —]

) : Solution Reservoir
Fixture Clip Fixture Clip

Spectrometer

Schematic diagram of the experimental setup for light transmission measurements
in an engraved PTFE holder during electroless plating or metallic film dissolution.

U.S. DEPARTMENT OF




Optical Fiber Preparation and Electroless Plating N=|NATionAL
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» TEOS sol-gel recipes for $iO, thin film > TEOS sol-gel recipes for $SiO, Spheres

Chemical | Amount | Dip/ravel Dip/fravel
Dl ImL
Dl 1mL

~5 travels Overnight
of coreless
fiber Ethanol 4.5mL

TEOS 4.5mL

~5 travels Overnight
of coreless
fiber

Ethanol 4.5mL
TEOS 4.5mL

TEOS: Tetraethyl orthosilicate

L o , > Electroless plating solutions and conditions
» Sensitization and Activation (Twice)

. . Electroless plating soln.
11 g/L. FeSO,7H,0
nCl,  2269L s atoom ST gL CoHbNE0r 210
ure. Rinse i
HCl, conc. 10 ml/L X 3.0g/L NaBH,
DI water
10 /L HBO;
PdCl, 0.795 g/L 30 seconds at room 10 @ 21.5°C
temperature. Rinse in '
HCl, conc.  5mL/L % 21.50C

DI water

U.S. DEPARTMENT OF
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Bare fiber Si0, thin film SiO, Spheres

HV [ det mag O WD HFW  |spot

HV det | mag 10.00 KVI(ETD| 1976 x |10.0 mm 130 ym | 3.0

10.00 kV|ETD | 2 030 x [18.4 mm| 126 um | 3

"HV | det [mag O] WD | HFW | spot
10.00 kV|ETD | 1 862 x |18.3 mm| 138 pm | 3.0

Smooth SiO, thin film coating
Sphere size: sub-micron ;|

* Different SiO, layer morphologies were obtained from different TEOS gel-sol recipes.
* SiO, thin film vs SiO, spheres.

‘_&ﬁ U.S. DEPARTMENT OF
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Fe Plating on SiO, Coated Optical Fibers =

SEM images TL

Fe on SiO, spheres
1 u

Multi-mode Fiber Coreless Fiber Multi-mode Fiber

Bare fiber SiO, thin film SiO, Spheres
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After Fe Dissolution in pH 2.5 Solution N=|NATionaL
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SiO, spheres

Multi-mode Fiber Coreless Fiber Multi-mode Fiber

Bare fiber SiO, thin film SiO, Spheres

— =
HV det mag O WD HFW | spot
10.00 kV ETD | 1 727 x um

« Fe coatingwas dissolvedinpH 2.5.

« The SiO,layerwas revealed after Fe dissolution.

=% U.S. DEPARTMENT OF
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1% Decreased as Fe was Coated onto SiO, Layers = |NATIONAL
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Bare Fiber: Fe Deposition SI10, Thin Film: Fe Deposition

140 120
120 100
100 80
80 6
60
40
20

40

Transmittance %
Transmittance %

20

Time (min) Time (min)

Si0O, Spheres: Fe Deposition

120
100
80
60
40
20

* T% decreased as Fe was deposited onto the
SI0O, coated optical fibers due to the light
absorption.

 Different SIO, coating morphologies didn’t
affect the Fe plating induced T% decrease.

Transmittance %

Time (min)

—&—500 nm —®—700 nm
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Si02 Thin Film: Fe dissolution
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SiO2 Spheres: Fe dissolution
120
100
80
60
40
20

* T% increased as Fe was dissolved, which enables
corrosion monitoring.

« Si0O, spheres coating extended the time for Fe
coating to fully dissolve, compared to bare fiber
and SiO, thin film coating.

Transmittance %

Time (min)

=500 nm —®—700 nm
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* The Fe/SIO, composite coating was studied as the sensing film where the SIO, layer
provides roughness/porosity and light coupling and the Fe layer serves as the corrosion
sensing element.

« The composite film was prepared through a sol-gel and electroless plating combined
process.

* The SIiO, layer morphology was controlled: SiO, thin film and SiO, spheres.

* T% decreased after Fe deposited on the fiber due to the light absorption of Fe. Different
SI0,, coating morphologies didn’t affect the Fe plating induced T% decrease.

* T% increased as Fe dissolved, which enables corrosion monitoring using the Fe/SIO,
coated optical fiber. SIO, spheres coating extended the time for Fe coating to fully
dissolve, compared to bare fiber and SiO, thin film coating.
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