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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 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 orreflect those of the United States Government or any 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. Koch, G. H., Brongers, Michiel, P. H., Thompson, N. G..

Virmani, Y. P. and Payer, J. H., “Corrosion costs and

+ 25-30% can be saved with optimal corrosion management. preventive strategies in the United States” (2002).
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Dissolution of CO,: CO,(g) <> CO,(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) + HCO3'(aq), pK;=6.35 at 25 °C

HCO5 (aq) < H*(ag) + COs*(aq), pK,=10.33 at 25 °C

Tensile stress

Cathodic reaction
2H"(aq) + 2¢" — Hy(g)
2H,CO4(aq) + 26" — Hy(g) + 2HCO;'(aq)

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

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

Acoustlc field
Distributed Sensor
Interrogator (DSI)
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: . Monitoringanamanage @
» Early Corrosion Onset Detection ; \!
. > Pipeline Structure Health Monitoring ‘

© > Infrastructure Perimeter Security

> Methane Leak Detection  Sreis
> pot detection

' > Early Corrosion Prediction and Quantlfcatlon
. > Methane Leakage Alert

A Multi-Parameter, Distributed Optical Fiber Sensor (OFS) Platform Enabling Reliability & Flexibility
Target Metrics = >100km Interrogation, <1m Spatial Resolution
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Backscattering enables distributed temperature,
strain, and acoustic sensing (DTS, DSS, DAS)

OBR measures the Rayleigh backscattering
from the fiber-under-test (FUT).

éﬁ-smkes Components Stokes Components >
1

Rayleigh

Brillouin Brillouin

Raman

A

Wavelength

, e
[ 2]
Figure 1 — LUNA OBR 4600 distributed interrogator LEFT: internal components (TLS: tunable laser source. FC: fiber

coupler, FOC: fiber optic circulator. PC: polarization controller. PBS: polarizing b plitter. PD: photodiode): RIGHT:
photo of instrument.

OBR can measure spatial profiles of either temperature or strain changes

Temperature Change = AT = —L AV or Strain= & = — A

cK, cK,

where A is the center wavelength of the scan; c is the speed of light; K; and K, are the temperature
and strain calibration constants, respectively; Av = spectral shift.
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Glass Tube with Plating Solution

Pulley

\

Untreated Fiber

. Treated Fiber Section
Fiber end (SnCl,, PdCL,)

To OBR

Schematic diagram of the experimental setup for distributed strain measurementsin
a glasstubeduring electroless plating or metallic filmdissolution

» Both the treated (sensitized and activated) section and a untreated fiber section as the control were inserted into a glass tube.

« The difference between the treated and untreated sections can provide insights into the strain changes solely caused by
plating of metallic coatings (Ni or Fe), and the effects of temperature and water-induced strains would be compensated using

the untreated control section.
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» Optical fiber cleaning » Sensitization and Activation (Twice)
Acetone 100% Sonicate <5min SnCl, 22.69/L 30 seconds at 50 °C,
rinse in DI water
Dry 3 A HCI, conc. 10mL/L
PdCl, 0.795¢/L 30 seconds at 50 °C,
HCl. conc 5mLJ/L rinse in DI water
> Electroless plating solutions and conditions
Electroless plating soln. Ni (High pH
19 g/L iSO, 6H,0 19 g/L NiSO,-6H,0 11 g/l FeSO,7H,0
8 g/L CsHsNazO;-2H,0 8 g/L CsHsNa;0;2H,0 57 g/L CeHsNazO7-2H,0
15 g/L NaH2P02H20 15 g/l_ NaH2P02H20 3.0 g/l_ NaBH4
6.5g/L NH,Cl 6.5g/L NH,CI 10 g/L H;B0;
10 @ 21.5°C 5.8@ 21.5°C 10 @ 21.5°C

~50°C ~50°C 21.5°C

U.S. DEPARTMENT OF




Corrosion Sensing Principle based on Strain Changes on Optical Fibers

which can be measured using OBR.

=

1: single-mode fiber core;
2: cladding;

3: polymer jacket;

4: coated metallic film
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 Inherent internal stress in the electrolessly plated
metallic films can induce strains on the fiber.

« As the metallicfilm gets corroded, the internal
stress will be released, causing changes in strains
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Polymer coatingremoved

90 T 140 +
= - a 100% RH
80 T 120 + @
70 : 75% RH
60 + 100 ¢
g 50 | %0 _
% 40 T =
S 2 5
= 30 ¢ o 60
20 + %
10 + 40
0 T 20 -
B e R R
1.7 1.8 1.9 20 21 22 23 24 25 26 0
Length/m
— — -atm weight x1-ref 1 min ——5 min o S S S S S S S
— 1Omin —30min —— 60min 0 a0 120 180 240 300 360 420 480 540
——95min —— 100min

Time / min
» The intrinsic hygroscopic polymer jacket coating of SMF-28Ultra serves as the water sensing layer due to
expansion/swelling from water absorption.

* Reversible humidity sensing and linear correlation between humidity levels and strain along the fiber at room

temperatu re. | rRr Wright, et al. "Fully distributed optical fiber sensor for water and humidity monitoring," Proc. SPIE 11000, Fiber Optic
Sensors and Applications XVI, 1100007 (14 May 2019)
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(2) High-pH Ni Plating (b) High-pH Ni Plating-Induced Strain LABORATORY
300 200
100
200 < 0
c 1o = g -100 Treated subtracted
S o= e e s lgd 5 200 by untreated
£ 100 -300
= 200 «—— Untreated Treated — :22
-300 35 3.6 3.7
Length/ m
400 A . L P P P P ol = s
1.8 2.0 2.2 24 2.6 . 21.:?1/ 3.0 3.2 34 3.6 3.8 (C) H|gh-pH Ni P|ating: Strain vs Time
ength /m
——0min —1min ——2min 3min —4min ——5min 250
—7min —9min ——11 min ——13min  ——15min ——20 min 200
—25 min ~——30 min 1240 min 1364 min
_% 150 No heating. T drops to RT.
Rectangles highlight the solution region inside the tube. £ 100
Grayareas highlight the treated and untreated sections. g s0 '
Untreated section: strainincreased due to ~50 °C Ni = 0 Negative Strains due to Ni Plating '
plating solution and water-induced swelling; then -50
decreased as the solution cooled down (no heating). -100 61 — 5 10 — 15 — 20 — 25 T
Treated section: strain decreased comparatively due to Ni _ Time / min
. . Add Plating
platlng. 30 min: -36 HE, 22 hr: -430 HLE. Soln. ~50 °C —e—Untreated —e— Treated —— Difference
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Microstrain

(a) High-pH Ni Coating: Dissolution in pH 1 Soln.

150 +

“T Untreated Treated ™

3

a1
o
I
T

o
I.I‘

50 +
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 34 3.6
Length/m
——0min =——1min -——2min 3min ——4min ——5min
—7min =—9min =——11 min ——13 min ——15 min —— 20 min
——25min ——30 min 60 min 90 min ——129 min

After plating, high-pH Ni coating was exposed to pH 1 HCl soln.
Untreated section: at room temperature (RT), strain showed a

minimal decrease to -36 pe.

3.8

Microstrain

Treated section: strainincreased up to 233 pe due to Ni

dissolution. Two preferable dissolution locations, corresponding

to Ni deposition strains.

U.S. DEPARTMENT OF

(b) High-pH Ni Coating Dissolution-caused Strain
Changes

3.3 34 35 3.6 3.7

Lengfh /'m
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Treated subtracted
by Untreated

(c) High-pH Ni Coating Dissolution: Strain vs Time

Microstrain

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Time / min

—o— Untreated —e— Treated

—o— Difference
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(@) Low-pH Ni Plating

TL

(b) Low-pH Ni Plating-Induced Strain LABORATORY

Treated subtracted
by Untreated

400 250
350 200 -
300 .% 150 i
.%250 =
m -
gzoo o 100
.§150 §
=100
50
O = '50 L —
2.85
08 10 12 14 16 18 20 22 24 26 28 30 32 34
Length/ m
——0 min ——1min 2 min 3 min =4 min
—5min ——7min ——9 min ——11 min =13 min

* Untreatedsection:strainincreased due to ~50 °C Ni plating
solution and water-induced swelling.

* Treatedsection:strainincreased similarly to the untreated
section, leading to minimal strains due to Ni plating.
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Two-Step Ni Plating: High-pH Ni Plating Induced Negative Strains N =|NATIONAL

ENERGY
TL TECHNOLOGY
(a) Two-step Ni Plating-High pH (b) Two-step Ni Plating-Induced Strain LABORATORY
200 +
100 + H
= s 7 | Treated subtracted
£ 5 -100 +
2 2 : by Untreated
: S
S-100 £ = g0 k
r <— Untreated Treated :
-200 § -400 +
; . 2500
~300 s prap e s p ey Ty e 215 220 225 230 235 240 245 250 255
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 Length/m
Length/m . . . .
——1min ——2min ——3min 4min ——5min ——6min (c) Two-step Ni Plating: Strain vs Time
——7min ——8min ——9min ——10 min ——1200min  —— 1205 min

* Two-step Ni plating: Low-pH plating solution for 6 min to deposit
the initial layer; then high-pH plating solution with a faster
plating rate.

e Untreatedsection:strainincreased due to ~50 °C Ni plating
solution and water-induced swelling; then decreased as the
solution cooled down (no heating).

* Treatedsection:strain decreased comparatively due to high-pH Time / min
Ni plating. 10 min: -88 pg; 20 hr: -407 pe. —®~ Untreated e Treated < Difference

U.S. DEPARTMENT OF
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(a) Two-step Ni Coating: Dissolution in pH 1.5 Soln. (b) Two-step Ni Coating: Dissolution-induced Strain LABORATORY
250
200 +
_150 Untreated  Treated = Treated subtracted
£ C < reated —|— =
£100 2 by Untreated
3 )
S 50 S
= -
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'50 -50|II o T T T T T  E—
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—20 min — 25 min =30 min ———35 min 40 min ® ¢ - 1 S
60 min ——— 06 min ———124 min ——150 min ——180 min = 200 o —e -
gg 150
After plating, two-step Ni coating was exposed to pH 1.5 HCI soln. é 100
. . . S 50
Untreated section: at RT, strain showed minimal changes. =
Treated section: strainincreased comparatively up to ~260 pe due 50 * . —e ]

to Ni dissolution. Two preferable dissolution locations,
corresponding to Ni deposition strains.
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(a) Fe Plating (b) Fe Plating-Induced Strain LABORATORY
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swelling.
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D
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* Treatedsection:strainincreased similarly to the untreated
section, leading to minimal strains (near-zero) due to Fe plating.

0O 10 20 30 40 50 60 70 80 90 100
Time / min

—eo— Untreated —e— Treated -—o— Difference
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A distributed optical fiber corrosion sensor was demonstrated based on strain changes on the

optical fiber, interrogated using an OBR.

Electroless plating leads to inherent internal stress in the metallic coating, and induces strains on
the fiber. As the metallic film gets corroded, the internal stress will be released, causing changes
In strains, which can be used as an indicator for dissolution/mass loss.

The difference between the treated and untreated sections can provide insights into the strain
changes solely caused by plating of metallic coatings (Ni or Fe), and the effects of temperature
and water-induced strains would be compensated using the untreated control section.

High-pH Ni plating had a faster deposition rate and induced negative strains, and the dissolution
induced positive strains in the corresponding coating locations.

Low-pH Ni plating and Fe plating had a relative slow and smooth coating, which induced minimal
strains.

Two-step Ni plating includes low-pH plating to deposit an initial layer and then high-pH plating
with a faster deposition rate. The high-pH Ni plating induced negative strains.
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