wo 2017/120174 A1 [N 0000 OO 0O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

13 July 2017 (13.07.2017)

(10) International Publication Number

WO 2017/120174 A1

WIPOIPCT

(51

eay)

(22)

(25)
(26)
(30)

1

1

(72

74

International Patent Classification:

C23F 13/04 (2006.01) GOIR 33/032 (2006.01)
C23F 13/22 (2006.01) GOIN 17/02 (2006.01)
F16L 58/00 (2006.01) GOIR 15/24 (2006.01)

International Application Number:
PCT/US2017/012106

International Filing Date:
4 January 2017 (04.01.2017)

Filing Language: English
Publication Language: English
Priority Data:

14/989,582 6 January 2016 (06.01.2016) US
Applicant: SAUDI ARABIAN OIL COMPANY

[SA/SA]J; 1 Eastern Avenue, Dhahran 31311 (SA).

Applicant (for AG only): ARAMCO SERVICES COM-
PANY [US/US]; 9009 West Loop South, Houston, Texas
77210-4535 (US).

Inventor: ALJABRI, Saeed Omar; Saudi Aramco, R-
201A Floor 2, B Wing, North Park 2 (Bldg. 3301),
Dhahran 31311 (SA).

Agents: BRUCE, Carl E. et al; Fish & Richardson P.C.,
P.O. Box 1022, Minneapolis, Minnesota 55440-1022 (US).

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, S@G, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZIM, ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: FIBER OPTICS TO MONITOR PIPELINE CATHODIC PROTECTION SYSTEMS

108a-

L

1042

%‘ﬁ\“V"—%%\W ’vz
3

v . W o v iy ™
OO0 T )
_..J.___s.__.._\/__.J___A'__...._
T EARNE AN
118c 3 1i8b ,\\/\/é
<A
<
120b

 LIGHTBEAM |
112~ GENERATOR

106-")

FIG. 1

(57) Abstract: A system implementing tiber optics to monitor pipeline cathodic protection systems includes a cathodic protection
system (102) coupled to a hydrocarbon pipeline (104) and a fiber optic system connected to the cathodic protection system. The
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FIBER OPTICS TO MONITOR PIPELINE CATHODIC PROTECTION
SYSTEMS

CLAIM OF PRIORITY

[0001] This application claims priority to U.S. Patent Application No.
14/989,582, filed on January 6, 2016, the entire contents of which are hereby

incorporated by reference.
TECHNICAL FIELD

[0002] This disclosure relates to pipelines, for example, pipelines that carry

hydrocarbons, monitored using fiber optic technology.

BACKGROUND

[0003] Pipelines made of steel are used to transport hydrocarbons, for example,
as underground hydrocarbon pipelines. Such pipelines are also used in hydrocarbon
operations, for example, wellbore drilling and hydrocarbon recovery from a
hydrocarbon reservoir to the surface. Corrosion, both internal and external, is
responsible for a large quantity of failures in such pipelines. Corrosion is caused by
the degradation of metal by a chemical reaction between the metal and non-metallic
matter such as water, oxygen, sulfur, or other non-metallic matter. Corrosion causes
the metal to return to the form in which the metal originally existed as an ore with

complete loss of metallic properties.

[0004] Sometimes, cathodic protection (CP) systems are used to mitigate
corrosion in pipelines, for example, in specific locations of underground pipelines,
such as road crossings, camel crossings, or other locations. CP systems are also used
at certain locations in horizontal direct drilling strings. In a CP system, the metal
surface is made the cathode of an electrochemical cell. A sacrificial CP system is an
example of a CP system in which the surface of the metal (e.g., the hydrocarbon
pipeline) is connected to a mass of less noble metal buried or immersed into common
electrolyte. The less noble metal is a sacrificial metal that acts as an anode and
corrodes instead of the protected metal. An impressed current CP system is another

example of a CP system in which the metal surface is connected to the negative of a
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direct current (DC) power supply. The positive of the DC power supply is connected

to anumber of anodes buried in the ground or impressed in soil or water.

SUMMARY
[0005] This disclosure describes fiber optics to monitor pipeline CP systems.
This disclosure also describes monitoring of current in CP systems in certain
underground pipeline locations such as road crossings. This disclosure additionally
describes monitoring of current in CP systems in horizontal directional drilling of
pipelines. As described below, fiber optic technology is used to monitor the current of

the CP systems.

[0006] In some aspects, a system includes a cathodic protection system
coupled to a hydrocarbon pipeline. The cathodic protection system is configured to
pass a current through the hydrocarbon pipeline to control corrosion of the
hydrocarbon pipeline. A fiber optic system is connected to the cathodic protection
system. The fiber optic system is configured to measure the current flowing through

the hydrocarbon pipeline over time, and provide the measured current.

[0007] This, and other aspects, can include one or more of the following
features. The fiber optic system can include a fiber optic cable connected to the
hydrocarbon pipeline. A light generator can be connected to the fiber optic cable. The
light generator can be configured to generate light to pass through the fiber optic cable.
A polarimeter can be connected to the fiber optic cable. The polarimeter can be
configured to detect reflected light that passes through the fiber optic cable. The
reflect light can be generated in response to a reflection of the generated light. A
signel processor can be connected to the fiber optic cable, the light generator and the
polarimeter. The signal processor can be configured to determine a quantity of current
flowing through the hydrocarbon pipeline at a time instant based at least on a magnetic
field generated by the current flowing through the hydrocarbon pipeline and the
reflection of the light passing through the fiber optic cable. The signal processor can
be configured to detect multiple quantities of current at a corresponding multiple time
instants. The signal processor can be configured to determine a current density of the
current flowed through the hydrocarbon pipeline by the cathodic protection system and

compare the determined current density with a threshold current density. Based on a
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result of the comparing, the signal processor can be configured to determine that the
current density satisfies the threshold density. Based on a result of the comparing, the
signal processor can be configured to determine that the current density does not
satisfy the threshold current density and cause the cathodic protection system to
modify a specified current passed to the hydrocarbon pipeline to modify the current
density to satisfy the threshold current density. The fiber optic cable can be coiled
around a length of the hydrocarbon pipeline. The hydrocarbon pipeline can be an
underground hydrocarbon pipeline and can include a first portion and a third portion
positioned in aerated soil, and a second portion positioned in non-aerated soil and
between the first portion and the third portion. The fiber optic cable can be coiled
around each of the first portion, the second portion and the third portion. The
hydrocarbon pipeline can be a horizontal drill string in a horizontal wellbore drilling
system. The cathodic protection system can be configured to pass a specified current
to the hydrocarbon pipeline and the fiber optic system can be configured to detect the
current flowing through the hydrocarbon pipeline over time while hydrocarbons are

flowing through the hydrocarbon pipeline.

[0008] In some aspects, a method includes passing a specified quantity of
current to an underground hydrocarbon pipeline to control external corrosion of the
underground hydrocarbon pipeline. A quantity of current flowing through the
underground hydrocarbon pipeline is affected by the external corrosion of the
underground hydrocarbon pipeline. The method includes monitoring reflected light
passing through a fiber optic cable connected to the underground hydrocarbon
pipeline. The reflected light is modulated by a magnetic field produced by the quantity
of current flowing through the underground hydrocarbon pipeline. The method
includes determining, based on the monitored reflected light, the quantity of current

flowing through the underground hydrocarbon pipeline.

[0009] This, and other aspects, can include one or more of the following
features. Determining the quantity of the current flowing through the underground
hydrocarbon pipeline can include determining multiple quantities of current flowing
through the underground hydrocarbon pipeline at corresponding multiple time instants.
A current density of the current flowed through the underground hydrocarbon pipeline

by the cathodic protection system can be determined and compared with a threshold
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current density. Based on a result of the comparing, it can be determined that the
current density satisfies the threshold density. Or, based on a result of the comparing,
it can be determined that the current density does not satisfy the threshold current
density. The specified current passed to the underground hydrocarbon pipeline can be
modified to satisfy the threshold current density. To connect the fiber optic cable to
the underground hydrocarbon pipeline, the fiber optic cable can be coiled around a
length of the underground hydrocarbon pipeline. The underground hydrocarbon
pipeline can include a first portion and a third portion positioned in aerated soil, and a
second portion positioned in non-aerated soil and between the first portion and the
third portion. The fiber optic cable can be coiled around each of the first portion, the
second portion and the third portion. The hydrocarbon pipeline can be a horizontal

drill string in a horizontal wellbore drilling system.

[0010] In some aspects, a method includes coiling a fiber optic cable around an
underground hydrocarbon pipeline connected to a cathodic protection system
configured to pass a specified quantity of current to the underground hydrocarbon
pipeline to control external corrosion of the underground hydrocarbon pipeline. A
quantity of current flowing through the underground hydrocarbon pipeline is affected
by the external corrosion of the underground hydrocarbon pipeline. Light is passed
through the fiber optic cable. Reflected light passing through a fiber optic cable in
response to the light is monitored. The reflected light is modulated by the quantity of
current flowing through the underground hydrocarbon pipeline. Based on the
monitored reflected light, the quantity of current flowing through the underground

hydrocarbon pipeline is monitored.

[0011] The details of one or more implementations of the subject matter
described in this specification are set forth in the accompanying drawings and the
description below. Other features, aspects, and advantages of the subject matter will

become apparent from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG. 1 is an example of a schematic diagram of a fiber optic cathodic

protection monitoring system.
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[0013] FIG. 2 is an example of a schematic diagram of a fiber optic cathodic

protection monitoring system.

[0014] FIGS. 3A and 3B are examples of schematics of cathodic protection

systems.

[0015] FIG. 4 is a flowchart of an example process of determining current

flowing through a hydrocarbon pipeline.

[0016] FIG. 5 is a flowchart of an example process of monitoring current from

a CP system flowing through a hydrocarbon pipeline.

[0017] Like reference numbers and designations in the various drawings

indicate like elements.

DETAILED DESCRIPTION

[0018] Cathodic protection (CP) systems are used to mitigate corrosion, for
example, external corrosion, in underground pipelines, for example, in specific
locations of the pipelines, such as road crossings, camel crossings or other specific
locations. CP systems are also used at certain locations in horizontal direct drilling
strings. In such CP systems, a current (for example, direct current) is applied to the
specific location of the pipeline. This disclosure describes a fiber optics-based real-
time measurement system of the CP current. To measure the current, a length of fiber
optic cable is coiled around a section of the pipeline. The CP system passes current to
the section of the pipeline. The current that actually flows through the pipeline can be
different from the current that the CP system passes to the pipeline, in part, due to
pipeline corrosion. The light transmitted through the fiber optic cable is modulated by
the current. The modulation is measured and converted into the current that flows
through the section of the pipeline. In this manner, the current applied to the section of

the pipeline can be measured in real-time.

[0019] FIG. 1 is an example of a schematic diagram of a fiber optic cathodic
protection monitoring system. The system includes a CP system 102 coupled to a
hydrocarbon pipeline 104. The hydrocarbon pipeline 104 can be any sub-surface
pipeline that is susceptible to corrosion. For example, the hydrocarbon pipeline 104
can be made from steel or other material that can corrode when buried beneath the

surface. In some implementations, the hydrocarbon pipeline 104 can be used to
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transport hydrocarbons (for example, petroleum, natural gas, combinations of them or
other hydrocarbons) between two locations. Alternatively or in addition, any pipeline
through which fluids can be flowed (for example, drilling fluids, hydraulic fracturing

fluids, or other fluids) can be implemented.

[0020] The CP system 102 can be configured to pass a current through the
hydrocarbon pipeline 104 to control corrosion of the pipeline 104. External corrosion
of the pipeline 104 is caused by reactions between the pipeline 104 and the
surrounding environment. The corrosion occurs when electrons move from the
pipeline and combine with hydrogen atoms in the electrolyte. The electrolyte, for
example, can include the sand surrounding the pipelines which can have a
concentration of hydrogen atoms. A quantity of corrosion can depend on the
environment in which the hydrocarbon pipeline 104 is buried. For example, the
hydrocarbon pipeline 104 can be buried in a desert environment with road crossings or
camel crossings (or both). In some portions of such an environment, the possibility of

pipeline corrosion is high due to increased oxygen concentration.

[0021] The CP system 102 can be implemented to mitigate corrosion in the
hydrocarbon pipeline 104 by applying an electrical current that will pass through the
soil to the pipelines (represented in FIG. 1 by electric current lines 104a and 104b that
show a direction of the current). As described below, the CP system 102 can pass a
specified quantity of current to the hydrocarbon pipeline 104 to mitigate a corrosion in
the pipeline 104. As the resistance of the current path changes, a quantity of current
that actually flows through the hydrocarbon pipeline 104 also changes. The resistance
of the current path is affected by factors including, for example, a thickness of coatings
on the hydrocarbon pipeline 104, soil resistivity, or other factors that contribute to
external corrosion of the pipeline 104. Knowing a quantity of current flowing through
the hydrocarbon pipeline 104 not only provides information about a quantity of
corrosion in the pipeline 104 but also provides information about the coatings (for
example, a thickness of the coatings) and soil resistivity. Knowing the quantity of
current also provides information about the condition of the CP system 102, for
example, if the system is passing a required quantity of current to the pipeline 104,

The information gathered by monitoring the quantity of current flowing through the
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pipeline 104 can be used to optimize the CP system 104 based on the pipeline

coatings, pipeline contents, soil resistivity or combinations of them.

[0022] The system includes a fiber optic system 106 connected to the CP
system 102. As described below, the fiber optic system 106 is configured to measure
the current flowing through the hydrocarbon pipeline 104 over time and to provide the
detected current. For example, the quantity of current flowing through the pipeline
104 can generate a magnetic field around the pipeline 104. A strength of the magnetic
field can vary with current, which, in turn, can vary based on factors such as those
described above. A light signal carried by a fiber optic cable can be modulated by the
magnetic field. As described below, the fiber optic system 106 can determine the
quantity of current flowing through the hydrocarbon pipeline 104 based on the
modulation of the light signal. In some implementations, the system 106 can include
transmitters (not shown) that can transmit the detected current to a remote central
system over networks (for example, wide area networks, satellite networks, other
networks or combinations of them). As described in detail below, operators of the
remote central system can determine if a quantity of current flowing through the
hydrocarbon pipeline 104 is sufficient to mitigate external corrosion in light of the soil

conditions and pipeline conditions (for example, coating thickness).

[0023] In some implementations, the system can include multiple test stations
(for example, a first test station 108a, a second test station 108b, and more or fewer
test stations). The test stations can be located above the surface, for example, in
immediate proximity to the CP system 102 or the fiber optic system 106. Alternatively
or in addition, the test stations can be located above the surface, for example, at remote

locations. Each test station can be operated to measure the pipe to soil potential.

[0024] The fiber optic system 106 can include a fiber optic cable 110
connected to the hydrocarbon pipeline 104. In some implementations, the fiber optic
cable 110 can be coiled around a length L of the hydrocarbon pipeline 104. In some
implementations, the length of the underground pipeline 104 can include a first portion
118a, a second portion 118b and a third portion 118c. The first portion 118a and the
third portion 118c¢ can be positioned in one type of soil, for example, aerated soil 120a
and 120c, respectively. The second portion 118b can be positioned in a different type

of soil, for example, non-aerated soil 120b. For example, the second portion 118b can
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be a road crossing or a camel crossing sandwiched between two desert environments.
The fiber optic cable 110 can be coiled around each of the first portion 118a, the
second portion 118b and the third portion 118¢. In some implementations, a number
of coils of the fiber optic cable in each section can be varied to obtain different current
density values in different portions of the pipeline. The current density value is

representative of the resistivity of the soil in which a portion of the pipeline is buried.

[0025] The fiber optic system 106 can also include a light generator 112
connected to the fiber optic cable. In some implementations, the light generator 112 is
a laser source. For example, the light generator 112 can be an opto-electronics module
light source of a fiber-pigtailed laser with a wavelength of substantially 1500 nm. The
light generator 112 can be coupled to an end of the fiber optic cable 110. The fiber
optic cable 110 can carry light generated by the light generator 112 through the fiber
optic cable 110 connected to (for example, coiled around) the length of the
hydrocarbon pipeline 104. The fiber optic cable 110 can also carry reflected light
generated in response to the light carried through the cable 110. A fiber Bragg grating
(FBG) can be used to reflect the light. For example, the FBG can be a type of
distributed Bragg reflector which reflects specific wavelengths of light while

transmitting other wavelengths.

[0026] The fiber optic system 106 can include a polarimeter 114 connected to
the fiber optic cable 110. The polarimeter can detect the reflected light that passes
through the fiber optic cable 110. The fiber optic system 106 additionally includes a
signal processor 116 connected to the fiber optic cable 110, the light generator 112 and
the polarimeter 114. The signal processor 116 can be implemented as a computer-
readable medium storing instructions executable by one or more computer processors
to perform operations described here. Alternatively or in addition, the signal processor
116 can be implemented as processing circuitry configured to perform operations

described here.

[0027] As described above, the quantity of current flowing through the
hydrocarbon pipeline 104 generates a magnetic field around the pipeline 104. The
signal processor 116 can determine a quantity of current flowing through the
hydrocarbon pipeline 104 at a time instant based on a strength of the magnetic field

and properties of the reflected light carried through the fiber optic cable 110. In some
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implementations, the light generator 112, the polarimeter 114 and the signal processor
116 can be housed in a single housing. Alternatively, each component or any
combination of the three components can be positioned in a respective housing. In
some implementations, the fiber optic system 106 can be positioned above the surface,

for example, at or near a test station.

[0028] FIG. 2 is an example of a schematic diagram of a fiber optic cathodic
protection monitoring system. The fiber optic cathodic protection monitoring system
described with reference to FIG. 1 was implemented in a hydrocarbon pipeline 104
that transported hydrocarbons between locations. The system described with reference
to FIG. 2 can be implemented in a hydrocarbon pipeline that is part of wellbore tubing
202. For example, the wellbore tubing 202 can be a drill string in horizontal wellbore
drilling system 200. Alternatively, the wellbore tubing 202 can be a production string
installed in a horizontal wellbore. In general, the hydrocarbon pipeline described here
can be part of tubing used in any hydrocarbon-related operations in which tubing are
installed vertically, horizontally or at angles such that portions of the tubing pass
through different types of underground environments. In addition, the fiber optic
system described here can be implemented to monitor, over time, current provided by
the CP system to the hydrocarbon pipeline 104 either when no fluids are flowing
through the pipeline 104 or when fluids (for example, drilling fluids, production fluids,
other fluids) are flowing through the pipeline.

[0029] FIGS. 3A and 3B are examples of schematics of CP systems. FIG. 3A
is an example of a schematic of a sacrificial CP system. In such systems, the surface
of the structure to be protected from corrosion (for example, the hydrocarbon pipeline
104) is electrically connected to a sacrificial anode 302 using a conducting material,
for example, a metallic conductor 304. The sacrificial anode 302 can be a mass of less
noble metal buried or immersed with the hydrocarbon pipeline 104 in a common

electrolyte.

[0030] FIG. 3B is an example of a schematic of an impressed current CP
system. In such systems, the surface of the structure to be protected from corrosion
(for example, the hydrocarbon pipeline 104) and a ground bed anode 312 are
connected to a negative terminal and a positive terminal, respectively, of a direct

current (DC) source 316 through metallic conductors 314. The ground bed anode 312

PCT/US2017/012106



10

15

20

25

30

WO 2017/120174

can include multiple anodes buried in the ground or impressed in the same soil or
water as the pipeline 104. In such systems, current can flow from each anode in the
ground bed anode 312 to the pipeline 104. Portions of the pipeline 104 that are
uncoated or from which the coatings have worn off (for example, due to corrosion) can
permit the current to pass through while the coated portions being dielectric media can
prevent the flow of current. In some implementations, the impressed current CP
system can include a rectifier with a positive terminal connected to multiple grounded

anodes in series and the negative terminal connected to the hydrocarbon pipeline 104.

[0031] FIG. 4 is a flowchart of an example process 400 of determining current
flowing through a hydrocarbon pipeline. At 402, a specified quantity of current is
passed to a hydrocarbon pipeline. For example, a CP system can pass the specified
quantity of current to the hydrocarbon pipeline 104. In implementations in which the
CP system is a sacrificial system, current is passed to the hydrocarbon pipeline from
the sacrificed anodes. At 404, reflected light passing through a fiber optic cable
connected to the pipeline is monitored. For example, the fiber optic cable 110 is coiled
around a length of the hydrocarbon pipeline 104. Light from a light generator 116 and
reflected light in response to the generated light are passed through the fiber optic
cable 110. A polarimeter 114 detects the reflected light, particularly, properties of the
reflected light, for example, a reflection angle, a quantity of the reflected light or other

properties.

[0032] At 406, the quantity of current flowing through the pipeline is
determined based on the reflected light. For example, the signal processor 116
determines the quantity of current flowing through the pipeline based, in part, on a
strength of a magnetic field created by the current flowing through the pipeline 104.
The principle of fiber optic current measurement originated from the Faraday Effect,
which relates the magnetic field being produced by an electric current and a reflection
of a light signal traveling in a fiber optic cable. In some implementations, the
polarimeter 114 can measure the light reflection angle. Based on the light reflection
angle, the signal processor 116 can measure a polarization rotation angle according to

Equation (1).
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[0033] In Equation (1), € is a polarization rotation angle, i is permeability of
Faraday rotator material, V" is Verdet constant, B is magnetic flux density and / is the
length of interaction between magnetic flux density and light beam, for example, the
length L of the pipeline 104. The magnetic flux density is related to the measured

electrical current by Equation (2).

=

B
[0034] In Equation (2), i is the electrical current. The signal processor 116 can
transmit the measured electrical current, for example, to a test station or other location

at which the current is monitored.

[0035] FIG. 5 is a flowchart of an example process 500 of monitoring current
from a CP system flowing through a hydrocarbon pipeline. The process 500 can be
implemented to determine if a quantity of current being passed to the hydrocarbon
pipeline 104 is sufficient to mitigate pipeline corrosion. At 502, current from a CP
system is passed to the hydrocarbon pipeline, for example, the hydrocarbon pipeline
104, to mitigate corrosion in the pipeline. The fiber optic system can be connected to
the hydrocarbon pipeline 104. At 504, a fiber optic cable is coiled around a length of
the pipeline 104. The fiber optic system is then operated to pass light through the fiber
optic cable and to receive reflected light. At 506, light is passed through the fiber
optic cable. At 508, reflected light through the fiber optic cable is monitored. At 510,
a quantity of current flowing through the hydrocarbon pipeline is determined based at

least on the reflected light.

[0036] Implementing the steps above allows determining the quantity of
current flowing through the pipeline at a time instant. At 512, the monitoring and
determining steps are repeated for multiple successive time instants. At each time
instant, a respective quantity of current flowing through the pipeline is determined. At
514, a current density of current flowing through the pipeline 104 is determined based

on the currents determined at the multiple time instants.

[0037] At 516, the current density is compared with a threshold current
density. The threshold density can depend on factors including the soil in which the
hydrocarbon pipeline is buried and the coatings on the pipeline. For example, in the

absence of coatings, the threshold current density can be about 20 mA/m?. Depending
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on the type of coatings (for example, tape wrap, coal tar epoxy, fusion bonded epoxy
coating, polyethylene coating), the threshold current density can range between about
0.1 mA/m? and about 1.25 mA/m?. The threshold current density can also depend on
the soil resistivity measured in ohm.m. For example, for soil resistivity increasing
from less than 10 ohm.m to greater to 1000 ohm.m, the threshold current density can
decrease from about 20 mA/m? to about 1 mA/m?. The threshold current density can
also be determined based on a surface area to be protected as shown in Equation (3).
d wg

SORR
[0038] In Equation (3), / is the total current in Amperes, A is the surface area to

be protected and C is the current density in mA/m?.

[0039] If the threshold is satisfied (decision “YES” at check 518), then, at 522,
the CP system is continued to operate to pass the same quantity of current to the
hydrocarbon pipeline 104. If the threshold is not satisfied (decision “NO” at check
518), for example, the determined current density is less than the threshold density,
then, at 520, the CP system is adjusted to pass a different quantity of current to the
hydrocarbon pipeline 104. After either step 520 or step 522, the steps to determine the
current density by monitoring and determining currents at different time instants are
continued to determine that the current density continues to satisfy the threshold

current density.

[0040] In some implementations, the fiber optic system described here can
determine and provide current flowing through the hydrocarbon pipeline in real-time.
In other words, instead of gathering current measurements over a duration and
providing the measurements at the end of the duration, the fiber optic system can
provide current or current density measurements (or both) at multiple time instants
within the duration. In addition, a time interval between a determination of current or
current density (or both) and output of the same by the signal processor, for example,
to a test station or other receiving unit, can be very small (for example, of the order of
micro- or nano-seconds). For example, the time interval can be as fast as the

processing resources of the signal processor will allow the signal processor to operate.

[0041] Real-time knowledge of current flowing through the hydrocarbon

pipeline or the current density (or both) can allow monitoring the condition of the CP
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system. Based on the knowledge, the current passed by the CP system to the
hydrocarbon pipeline 104 can be maintained at or above industrially recommended
current density values based on the soil types, pipeline coatings, or other conditions.
Alternatively or in addition, maintenance and repair operations can be performed on
the CP systems using the knowledge of current or current density. For example, in
sacrificial CP systems, a decrease in current or current density over a period of time
can indicate that the sacrificial anode needs to be replaced. Real-time knowledge of
the decrease in current or current density measured using the fiber optic systems

described here can enable a faster response to such maintenance and repair.

[0042] Thus, particular implementations of the subject matter have been

described. Other implementations are within the scope of the following claims.
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CLAIMS
1. A system comprising;

a cathodic protection system coupled to a hydrocarbon pipeline, the cathodic
protection system configured to pass a current through the hydrocarbon pipeline to
control corrosion of the hydrocarbon pipeline;

a fiber optic system connected to the cathodic protection system, the fiber optic
system configured to:

measure the current flowing through the hydrocarbon pipeline over
time, and

provide the measured current.

2. The system of claim 1, wherein the fiber optic system comprises:

a fiber optic cable connected to the hydrocarbon pipeline;

a light generator connected to the fiber optic cable, the light generator
configured to generate light to pass through the fiber optic cable;

a polarimeter connected to the fiber optic cable, the polarimeter configured to
detect reflected light that passes through the fiber optic cable, the reflected light
generated in response to a reflection of the generated light; and

a signal processor connected to the fiber optic cable, the light generator and the
polarimeter, the signal processor configured to determine a quantity of current flowing
through the hydrocarbon pipeline at a time instant based at least on a magnetic field
generated by the current flowing through the hydrocarbon pipeline and the reflection

of the light passing through the fiber optic cable.

3. The system of claim 2, wherein the signal processor is configured to detect a

plurality of quantities of current at a corresponding plurality of time instants.

4. The system of claim 3, wherein the signal processor is configured to:
determine a current density of the current flowed through the hydrocarbon
pipeline by the cathodic protection system; and

compare the determined current density with a threshold current density.
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5. The system of claim 4, wherein, based on a result of the comparing, the signal
processor is configured to determine that the current density satisfies the threshold

current density.

6. The system of claim 4, wherein, based on a result of the comparing, the signal
processor is configured to:

determine that the current density does not satisfy the threshold current density;
and

cause the cathodic protection system to modify a specified current passed to the
hydrocarbon pipeline to modify the current density to satisfy the threshold current
density.

7. The system of claim 2, wherein the fiber optic cable is coiled around a length of the

hydrocarbon pipeline.

8. The system of claim 7, wherein the hydrocarbon pipeline is an underground
hydrocarbon pipeline comprising:

a first portion and a third portion positioned in aerated soil, and

a second portion positioned in non-aerated soil and between the first portion
and the third portion,

wherein the fiber optic cable is coiled around each of the first portion, the

second portion and the third portion.

9. The system of claim 7, wherein the hydrocarbon pipeline is a horizontal drill string

in a horizontal wellbore drilling system.

10. The system of claim 1, wherein the cathodic protection system is configured to
pass a specified current to the hydrocarbon pipeline and the fiber optic system is
configured to detect the current flowing through the hydrocarbon pipeline over time

while hydrocarbons are flowing through the hydrocarbon pipeline.
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11. A method comprising:

passing a specified quantity of current to an underground hydrocarbon pipeline
to control external corrosion of the underground hydrocarbon pipeline, wherein a
quantity of current flowing through the underground hydrocarbon pipeline is affected
by the external corrosion of the underground hydrocarbon pipeline;

monitoring reflected light passing through a fiber optic cable connected to the
underground hydrocarbon pipeline, wherein the reflected light is modulated by a
magnetic field produced by the quantity of current flowing through the underground
hydrocarbon pipeline; and

determining, based on the monitored reflected light, the quantity of current

flowing through the underground hydrocarbon pipeline.

12. The method of claim 11, wherein monitoring the reflected light passing through the
fiber optic cable connected to the underground hydrocarbon pipeline comprises:
connecting the fiber optic cable to the underground hydrocarbon pipeline;
passing light generated by a light generator through the fiber optic cable;
detecting the reflected light that passes through the fiber optic cable, the
reflected light generated in response to a reflection of the generated light; and
determining the quantity of the current flowing through the underground
hydrocarbon pipeline based at least on a magnetic field generated by the current
flowing through the underground hydrocarbon pipeline and the reflection of the light
passing through the fiber optic cable.

13. The method of claim 12, determining the quantity of the current flowing through
the underground hydrocarbon pipeline comprises determining a plurality of quantities
of current flowing through the underground hydrocarbon pipeline at a corresponding

plurality of time instants.

14. The method of claim 13, further comprising:
determining a current density of the current flowed through the underground
hydrocarbon pipeline by the cathodic protection system; and

comparing the determined current density with a threshold current density.
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15. The method of claim 14, wherein, based on a result of the comparing, determining

that the current density satisfies the threshold current density.

16. The method of claim 14, wherein, based on a result of the comparing:
determining that the current density does not satisfy the threshold current
density; and
modifying the specified current passed to the underground hydrocarbon

pipeline to satisfy the threshold current density.

17. The method of claim 12, wherein connecting the fiber optic cable to the
underground hydrocarbon pipeline comprises coiling the fiber optic cable around a

length of the underground hydrocarbon pipeline.

18. The method of claim 17, wherein the underground hydrocarbon pipeline
comprises:

a first portion and a third portion positioned in aerated soil, and

a second portion positioned in non-aerated soil and between the first portion
and the third portion,

wherein the fiber optic cable is coiled around each of the first portion, the

second portion and the third portion.

19. The method of claim 17, wherein the underground hydrocarbon pipeline is a

horizontal drill string in a horizontal wellbore drilling system.

20. A method comprising:

coiling a fiber optic cable around an underground hydrocarbon pipeline
connected to a cathodic protection system configured to pass a specified quantity of
current to the underground hydrocarbon pipeline to control external corrosion of the
underground hydrocarbon pipeline, wherein a quantity of current flowing through the
underground hydrocarbon pipeline is affected by the external corrosion of the
underground hydrocarbon pipeline;

passing light through the fiber optic cable;

17
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monitoring reflected light passing through a fiber optic cable in response to the
light, wherein the reflected light is modulated by the quantity of current flowing
through the underground hydrocarbon pipeline; and

determining, based on the monitored reflected light, the quantity of current

5  flowing through the underground hydrocarbon pipeline.
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