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(57) Methods of acoustically detecting anomalous
operation of a hydrocarbon industrial infrastructure,
which may be or include a hydrocarbon well, are dis-
closed herein, as are hydrocarbon wells that include con-
trollers that perform the methods. The detection is via
analysis of an acoustic output from the hydrocarbon in-
dustrial infrastructure. The methods include receiving the
acoustic output, which includes a plurality of sounds and
a corresponding recording time for each sound of the
plurality of sounds. The methods also include analyzing
the acoustic output with an anomaly detection algorithm
to identify an anomalous sound of the plurality of sounds.
The anomalous sound is indicative of anomalous oper-
ation of the hydrocarbon industrial infrastructure. The
methods further include responding to the anomalous
operation of the hydrocarbon industrial infrastructure.
The responding is performed responsive to the anomaly
detection algorithm identifying the anomalous sound.
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Description

Field of the Invention

[0001] The present disclosure relates generally to
methods of acoustically detecting anomalous operation
of hydrocarbon industrial infrastructure and to hydrocar-
bon wells that include controllers that perform the meth-
ods.

Background of the Invention

[0002] Acoustic monitoring may be utilized to detect
sounds emitted from and/or by hydrocarbon industrial
infrastructure, such as a hydrocarbon well. These sounds
may be generated by various activities performed at, or
within, the hydrocarbon industrial infrastructure. As ex-
amples, opening and closing of valves, operation of
pumps, fluid flows, and the like each may generate cor-
responding sounds that may be detected at the hydro-
carbon industrial infrastructure. Some sounds may be
generated during normal operation of the hydrocarbon
industrial infrastructure. However, other sounds may be
generated by, or indicative of, undesired, changing,
and/or anomalous operation of the hydrocarbon indus-
trial infrastructure. A trained operator may, in some in-
stances, hear these other sounds and respond appropri-
ately. However, all operators may not have this ability.
In addition, there also may be periods of time during
which an operator is not present at the hydrocarbon in-
dustrial infrastructure and/or otherwise monitoring
sounds generated by, or within, the hydrocarbon indus-
trial infrastructure. Thus, there exists a need for improved
methods of acoustically detecting anomalous operation
of a hydrocarbon industrial infrastructure and/or for hy-
drocarbon wells that include controllers that perform the
methods.

Summary of the Invention

[0003] Methods of acoustically detecting anomalous
operation of hydrocarbon industrial infrastructure and hy-
drocarbon wells that include controllers that perform the
methods are disclosed herein. The detection is via anal-
ysis of an acoustic output from the hydrocarbon industrial
infrastructure. The methods include receiving the acous-
tic output, which includes a plurality of sounds and a cor-
responding recording time for each sound of the plurality
of sounds. The methods also include analyzing the
acoustic output with an anomaly detection algorithm to
identify an anomalous sound of the plurality of sounds.
The anomalous sound is indicative of anomalous oper-
ation of the hydrocarbon industrial infrastructure. The
methods further include responding to the anomalous
operation of the hydrocarbon industrial infrastructure.
The responding is performed responsive to the anomaly
detection algorithm identifying the anomalous sound.
[0004] The hydrocarbon wells include a wellbore that

extends within a subsurface region. The hydrocarbon
wells also include an acoustic monitoring system config-
ured to monitor an acoustic output from the hydrocarbon
well. The hydrocarbon wells further include the controller,
which is programmed to characterize the acoustic output
according to the methods.

Brief Description of the Drawings

[0005]

FIG. 1 is a schematic illustration of examples of hy-
drocarbon industrial infrastructure, in the form of hy-
drocarbon wells, which include controllers pro-
grammed to perform methods, according to the
present disclosure.
FIG. 2 is a flowchart depicting examples of methods
of acoustically detecting anomalous operation of hy-
drocarbon industrial infrastructure, according to the
present disclosure.
FIG. 3 is a spectrogram illustrating an example of
acoustic output from hydrocarbon industrial infra-
structure.
FIG. 4 is a plot illustrating an example of an anomaly
detection algorithm, in the form of a windowed sta-
tistical analysis, which may be utilized to detect
anomalous sound in acoustic output from hydrocar-
bon industrial infrastructure, according to the present
disclosure.
FIG. 5 is a plot illustrating an example of time-based
output from an anomaly detection algorithm, accord-
ing to the present disclosure.
FIG. 6 is plot illustrating an example of position-
based acoustic output that may be utilized with meth-
ods, according to the present disclosure.
FIG. 7 is a plot illustrating an example of position-
based output from an anomaly detection algorithm,
according to the present disclosure.
FIG. 8 is a spectrogram illustrating an example of
position-based acoustic output as a function of time
that may be utilized with methods, according to the
present disclosure.
FIG. 9 is a spectrogram illustrating an example of
position-based output from an anomaly detection al-
gorithm as a function of time, according to the
present disclosure.
FIG. 10 is an example of a compression scheme that
may be utilized to compress and/or store acoustic
output utilizing methods, according to the present
disclosure.
FIG. 11 is a spectrogram illustrating another example
of position-based acoustic output as a function of
time that may be utilized with methods, according to
the present disclosure.
FIG. 12 is a spectrogram illustrating an example of
position-based output from an anomaly detection al-
gorithm as a function of time that may be generated
via analysis of the spectrogram of FIG. 11, according
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to the present disclosure.

Detailed Description of the Invention

[0006] FIG. 1 is a schematic illustration of examples of
hydrocarbon industrial infrastructure, in the form of hy-
drocarbon wells 30, which include controllers 140 pro-
grammed to perform methods 200, according to the
present disclosure. In general, elements that are likely
to be included in a particular embodiment are illustrated
in solid lines, while elements that are optional are illus-
trated in dashed lines. However, elements that are shown
in solid lines may not be essential to all embodiments
and, in some embodiments, may be omitted without de-
parting from the scope of the present disclosure.
[0007] As illustrated in solid lines in FIG. 1, hydrocar-
bon wells 30 include a wellbore 40 that extends within a
subsurface region 20. Wellbore 40 also may be referred
to herein as extending between a surface region 10 and
subsurface region 20. Subsurface region 20 may include
a subterranean formation 22, which may include liquids
24 and/or gasses 26. Wellbore 40 may extend within the
subterranean formation and may produce, or may be uti-
lized to produce, a produced fluid stream 32, which may
include liquids 24 and/or gasses 26, from the subterra-
nean formation. Examples of hydrocarbon well 30 include
a natural gas well and/or an oil well.
[0008] Hydrocarbon wells 30 also include an acoustic
monitoring system 130. Acoustic monitoring system 130
may be adapted, configured, designed, and/or construct-
ed to monitor an acoustic output from, sounds produced
from, noises produced by, and/or vibrations produced by
hydrocarbon wells 30. Stated another way, the acoustic
output may include and/or may be defined by a plurality
of sounds, noises, and/or vibrations produced by the hy-
drocarbon wells, and the acoustic monitoring system may
be configured to monitor, to detect, to quantify, and/or to
record the plurality of sounds.
[0009] As used herein, the phrase "acoustic output"
may refer to any suitable vibration that may be emitted
from, produced from, propagated by, and/or generated
by hydrocarbon well 30. Additionally or alternatively, the
acoustic output may refer to any suitable vibration that
may be received by, detected by, and/or quantified by
acoustic monitoring system 130. The acoustic output
may have any suitable frequency, frequency range, am-
plitude, and/or amplitude range. In some examples, the
acoustic output may be audible and/or may be detected
by the human ear. Such audible acoustic output may, for
example, have a frequency range of 10 Hertz (Hz) to 20
kilohertz (kHz). However, this is not required, and it is
within the scope of the present disclosure that the acous-
tic output may have frequencies higher and/or lower than
the audible frequency range. As examples, the acoustic
output may have frequencies of at least 0.001 Hz, at least
0.005 Hz, at least 0.01 Hz, at least 0.05 Hz, at least 0.1
Hz, at least 1 Hz, at least 2 Hz, at least 4 Hz, at least 6
Hz, at least 8 Hz, at least 10 Hz, at least 25 Hz, at least

50 Hz, at least 100 Hz, at least 500 Hz, at least 1 kHz,
at least 5 kHz, at least 10 kHz, at least 20 kHz, at least
30 kHz, at least 40 kHz, at least 50 kHz, at most 100 kHz,
at most 90 kHz, at most 80 kHz, at most 70 kHz, at most
60 kHz, at most 50 kHz, at most 40 kHz, at most 30 kHz,
at most 20 kHz, and/or at most 10 kHz. Stated differently,
the acoustic output may have frequencies in the infra-
sonic, acoustic/audible, and/or ultrasonic frequency
ranges.
[0010] As examples, this may include monitoring the
acoustic output, including an amplitude of the acoustic
output and/or a frequency of the acoustic output, as a
function of time, such as during production of produced
fluid stream 32 from the hydrocarbon well. Stated another
way, acoustic monitoring system 130 may be configured
to detect the acoustic output from hydrocarbon wells 30
at least while the hydrocarbon wells produce produced
fluid stream 32.
[0011] In some examples, acoustic monitoring system
130 includes a surface acoustic sensor 132, which may
be configured to detect and/or to monitor the acoustic
output. Examples of the surface acoustic sensor include
a surface microphone and/or a surface vibration sensor.
In some examples, surface acoustic sensor 132 may in-
clude and/or be a point surface acoustic sensor, such as
may be configured to detect the acoustic output at a given
location. In some examples, surface acoustic sensor 132
may include and/or be a distributed surface acoustic sen-
sor, such as may be configured to detect the acoustic
output along a length thereof.
[0012] In some examples, the acoustic monitoring sys-
tem includes a downhole acoustic sensor 134, which may
be positioned and/or may extend along a length of well-
bore 40. An example of the downhole acoustic sensor
includes a distributed acoustic sensor 136, such as a
fiber optic cable, which may extend along at least a frac-
tion of the length of the wellbore. This may include ex-
tending linearly along the length of the wellbore, extend-
ing within a given region of the wellbore, being attached
to a structure, such as production tubing 70, which ex-
tends within the wellbore, and/or being wrapped around
the structure that extends within the wellbore. Another
example of the downhole acoustic sensor includes at
least one discrete downhole acoustic sensor 138, or even
a plurality of discrete downhole acoustic sensors 138.
Examples of the discrete downhole acoustic sensor in-
clude a downhole microphone and/or a downhole vibra-
tion sensor.
[0013] Hydrocarbon wells 30 further include a control-
ler 140. Controller 140 may be adapted, configured, de-
signed, constructed, and/or programmed to control the
operation of hydrocarbon wells 30 and/or of at least one
other component of hydrocarbon wells 30. This may in-
clude controlling the operation of, receiving one or more
signals from, and/or providing one or more signals to
acoustic monitoring system 130. As a more specific ex-
ample, and as discussed, controller 140 may be pro-
grammed to control the operation of hydrocarbon wells
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30 according to, utilizing, and/or by performing any suit-
able step and/or steps of methods 200, which are dis-
cussed in more detail herein. Stated another way, con-
troller 140 may be programmed to characterize the
acoustic output from the hydrocarbon well by performing
any suitable step and/or steps of methods 200.
[0014] Controller 140 may include and/or be any suit-
able structure, device, and/or devices that may be adapt-
ed, configured, designed, constructed, and/or pro-
grammed to perform the functions discussed herein. This
may include controlling the operation of the at least one
other component of hydrocarbon wells 30, such as via
performing one or more steps of methods 200. As exam-
ples, controller 140 may include one or more of an elec-
tronic controller, a dedicated controller, a special-pur-
pose controller, a personal computer, a special-purpose
computer, a display device, a touch screen display, a
logic device, a memory device, and/or a memory device
having computer-readable storage media.
[0015] The computer-readable storage media, when
present, also may be referred to herein as non-transitory
computer-readable storage media. This non-transitory
computer-readable storage media may include, define,
house, and/or store computer-executable instructions,
programs, and/or code; and these computer-executable
instructions may direct hydrocarbon wells 30 and/or con-
troller 140 thereof to perform any suitable portion, or sub-
set, of methods 200. Examples of such non-transitory
computer-readable storage media include CD-ROMs,
disks, hard drives, flash memory, etc. As used herein,
storage, or memory, devices and/or media having com-
puter-executable instructions, as well as computer-im-
plemented methods and other methods according to the
present disclosure, are considered to be within the scope
of subject matter deemed patentable in accordance with
Section 101 of Title 35 of the United States Code.
[0016] As illustrated in dashed lines in FIG. 1, hydro-
carbon wells 30 may include production tubing 70, which
may extend within wellbore 40 and/or may define a tubing
conduit 72. In some examples, hydrocarbon wells 30 also
may include a casing string 50. Casing string 50, when
present, may extend within wellbore 40 and/or may de-
fine a casing conduit 52. In some such examples, pro-
duction tubing 70 may extend within casing conduit 52,
and/or casing string 50 and production tubing 70 may
define an annular space 60 therebetween. Downhole
acoustic sensor 134, when present, may be positioned
and/or may extend within casing conduit 52, within tubing
conduit 72, and/or within annular space 60.
[0017] While FIG. 1 illustrates hydrocarbon industrial
infrastructure 28 in the form of hydrocarbon wells 30, it
is within the scope of the present disclosure that acoustic
monitoring systems 130, controllers 140 and/or methods
200, which are disclosed herein, may be included in
and/or utilized with any suitable hydrocarbon industrial
infrastructure 28. Such suitable hydrocarbon industrial
infrastructure 28 may, in some examples, be associated
with, utilized with, and/or proximate hydrocarbon wells

30. Additionally or alternatively, such suitable hydrocar-
bon industrial infrastructure 28 may, in some examples,
be distinct from, separate from, and/or not utilized with
hydrocarbon wells 30.
[0018] Examples of suitable hydrocarbon industrial in-
frastructure 28, according to the present disclosure, in-
clude pipelines, flow lines, wellbores utilized for gas in-
jection to maintain subsurface pressures, wellbores uti-
lized for gas, such as carbon dioxide, sequestration, ris-
ers, storage vessels, and/or processing equipment. Such
hydrocarbon industrial infrastructure 28 may contain,
house, process, and/or convey hydrocarbons, liquid hy-
drocarbons, gaseous hydrocarbons, and/or solid hydro-
carbons. Additionally or alternatively, such hydrocarbon
industrial infrastructure 28 may contain, house, process,
and/or convey other materials, which may be present
within produced hydrocarbons and/or utilized during stor-
age, conveyance, and/or processing of such hydrocar-
bons. Examples of such other materials include water, a
gas, nitrogen, and/or carbon dioxide.
[0019] FIG. 2 is a flowchart depicting examples of
methods 200 of acoustically detecting anomalous oper-
ation of hydrocarbon industrial infrastructure, according
to the present disclosure, such as hydrocarbon industrial
infrastructure 28 of FIG. 1. Methods 200 detect anoma-
lous operation of the hydrocarbon industrial infrastruc-
ture via analysis of an acoustic output from the hydrocar-
bon industrial infrastructure. The acoustic output may be
monitored, detected, quantified, and/or recorded by an
acoustic monitoring system, such as acoustic monitoring
system 130 of FIG. 1.
[0020] Methods 200 include receiving an acoustic out-
put at 210 and analyzing the acoustic output at 220. Meth-
ods 200 may include determining a region at 230 and
include responding to anomalous operation at 240. Meth-
ods 200 further may include generating compressed
acoustic output at 250, repeating at 260, comparing at
270, and/or adding to a database at 280.
[0021] Receiving the acoustic output at 210 may in-
clude receiving any suitable acoustic output from the hy-
drocarbon industrial infrastructure, detected at the hy-
drocarbon industrial infrastructure, generated by the hy-
drocarbon industrial infrastructure, and/or generated
from the hydrocarbon industrial infrastructure. The
acoustic output may include a plurality of sounds and a
corresponding recording time for each sound of the plu-
rality of sounds.
[0022] The receiving at 210 may be performed in any
suitable manner. As an example, the receiving at 210
may include receiving an acoustic data file that is repre-
sentative of the acoustic output. Stated another way, the
receiving at 210 may include receiving the acoustic out-
put, such as via the acoustic data file, subsequent to de-
tection of the acoustic output at the hydrocarbon indus-
trial infrastructure.
[0023] As another example, the receiving at 210 may
include recording and/or detecting the acoustic output
utilizing an acoustic monitoring system of the hydrocar-
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bon industrial infrastructure. In some such examples, the
receiving at 210 may include receiving the acoustic out-
put in real-time, receiving the acoustic output during op-
eration of the hydrocarbon industrial infrastructure, re-
ceiving the acoustic output at least partially concurrently
with detection of the acoustic output at the hydrocarbon
industrial infrastructure, and/or receiving the acoustic
output at least partially responsive to detection of the
acoustic output at the hydrocarbon industrial infrastruc-
ture.
[0024] In some examples, the acoustic monitoring sys-
tem may include and/or be a surface acoustic sensor,
and the recording and/or detecting may include recording
and/or detecting with, via, and/or utilizing the surface
acoustic sensor, examples of which are disclosed herein
with reference to surface acoustic sensor 132 of FIG. 1.
[0025] In some such examples, the acoustic monitor-
ing system may include and/or be a downhole acoustic
sensor, which may be positioned within a wellbore of a
hydrocarbon well that at least partially defines the hydro-
carbon industrial infrastructure. In such examples, the
recording and/or detecting may include recording and/or
detecting with, via, and/or utilizing the downhole acoustic
sensor. Examples of the downhole acoustic sensor are
disclosed herein with reference to downhole acoustic
sensor 134 of FIG. 1.
[0026] In some such examples, the downhole acoustic
sensor may be positioned along a length of the wellbore.
In some examples, the downhole acoustic sensor may
include and/or be a distributed acoustic sensor that ex-
tends along at least a fraction of the length of the wellbore
and the recording may include utilizing the distributed
acoustic sensor to record and/or detect the acoustic out-
put. In some examples, such as when the hydrocarbon
industrial infrastructure includes a pipeline and/or a flow
line, acoustic monitoring system 130 may include a dis-
tributed acoustic sensor that extends along a length of
the pipeline and/or flow line. Examples of the distributed
acoustic sensor are disclosed herein with reference to
distributed acoustic sensor 136 of FIG. 1.
[0027] In some examples, the downhole acoustic sen-
sor may include and/or be at least one discrete downhole
acoustic sensor. The at least one discrete downhole
acoustic sensor, when utilized, may be positioned at a
corresponding location along the length of the wellbore.
In some examples, the at least one discrete downhole
acoustic sensor may include a plurality of discrete down-
hole acoustic sensors. In such examples, the plurality of
discrete downhole acoustic sensors may be positioned
at a corresponding plurality of locations along the length
of the wellbore, may be positioned at a plurality of spaced-
apart corresponding locations along the length of the
wellbore, and/or may be spaced apart along at least a
fraction of the length of the wellbore. Examples of the at
least one discrete downhole acoustic sensor are dis-
closed herein with reference to discrete downhole acous-
tic sensors 138.
[0028] An example of the acoustic output, in the form

of a spectrogram, is illustrated in FIG. 3. In FIG. 3, fre-
quency of the acoustic output is indicated on the ordinate,
and time is indicated on the abscissa. In addition, an in-
tensity at each frequency is indicated by color and/or
shade, with relatively lighter colors and/or shades being
indicative of relatively higher intensities. FIG. 3 illustrates
a change in operation of the hydrocarbon industrial in-
frastructure (more specifically in operation of a compres-
sor) between the time period from 0-50 seconds and the
time period from 70-100 seconds. More specifically, and
as may be qualitatively observed, the spectrogram of
FIG. 3 generally is lighter, indicating a higher sound in-
tensity across a range of frequencies, in the time period
from 70-100 seconds when compared to the time period
from 0-50 seconds. As discussed in more detail herein,
methods 200 may be utilized to more quantitatively detect
the presence of the change in operation and/or initiation
of the change in operation.
[0029] Analyzing the acoustic output at 220 may in-
clude analyzing the acoustic output with, via, and/or uti-
lizing an anomaly detection algorithm. This may include
analyzing the acoustic output to identify an anomalous
sound of the plurality of sounds. The anomalous sound
may be indicative of anomalous, unexpected, and/or un-
desired operation of the hydrocarbon industrial infra-
structure. In some examples, the analyzing at 220 may
include utilizing the anomaly detection algorithm to iden-
tify a plurality of anomalous sounds indicative of a shift
to anomalous, unexpected, and/or undesired operation
of the hydrocarbon industrial infrastructure. In some ex-
amples, the analyzing at 220 may include analyzing the
acoustic output utilizing windowed statistical analysis.
Stated another way, the anomaly detection algorithm
may, in some examples, include and/or utilize windowed
statistical analysis. Examples of the anomaly detection
algorithm and/or of windowed statistical analysis are dis-
closed in U.S. Patent No. 8,380,435, the complete dis-
closure of which is hereby incorporated by reference.
[0030] Anomaly detection algorithms, such as win-
dowed statistical analysis, may compare data within a
memory window, which spans a memory window time
period of a time-based dataset, to data within a pattern
window, which spans a pattern window time period of the
time-based dataset. The memory window may include a
memory window subset of the plurality of sounds, and
the pattern window may include a pattern window subset
of the plurality of sounds. Examples of the memory win-
dow and the pattern window are illustrated in FIG. 4. As
illustrated in FIG. 4, the memory window time period may
be greater than the pattern window time period. As also
illustrated in FIG. 4, the memory window time period and
the pattern window time period may begin at a common
leading time, L, with the pattern window time period ex-
tending to a pattern window trailing time, P, and the mem-
ory window time period extending to a memory window
trailing time, M, that predates pattern window trailing
time, P.
[0031] Based upon this comparison, the anomaly de-
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tection algorithms may indicate anomalous regions of the
time-based dataset. This is illustrated in FIG. 5, which
plots both anomaly intensity, A, and a dynamically com-
puted threshold, T, as a function of time. Detection of the
anomaly is triggered when the anomaly intensity, A,
crosses the threshold, T, or at approximately 57 seconds.
[0032] In some examples, the acoustic output includes
a plurality of sounds; and each sound of the plurality of
sounds may be generated in, within, and/or by a corre-
sponding region of the hydrocarbon industrial infrastruc-
ture, of the pipeline, of the flow line, and/or of the wellbore.
In some such examples, the determining at 230 may in-
clude determining a corresponding position and/or a cor-
responding location, along the length of the hydrocarbon
industrial infrastructure, for each sound of the plurality of
sounds, such as at a given time. Additionally or alterna-
tively, and in some examples, the determining at 230 may
include determining a corresponding position and/or a
corresponding location, along the length of the hydrocar-
bon industrial infrastructure, for the anomalous sound,
or for at least the anomalous sound. As discussed, the
acoustic output may be detected by an acoustic monitor-
ing system that includes a distributed acoustic sensor.
In some such examples, the determining at 230 may in-
clude determining a region of the distributed acoustic
sensor utilized to detect each sound of the plurality of
sounds. The determined location may be based, at least
in part, on the region of the distributed acoustic sensor
utilized to detect each sound of the plurality of sounds.
[0033] Stated another way, and when the receiving at
210 includes receiving the acoustic output with, via,
and/or utilizing the distributed acoustic sensor, the dis-
tributed acoustic sensor may provide information regard-
ing the time at which a given sound of the plurality of
sounds was generated, a location at which the given
sound was generated, and/or spectral information about
the given sound. As such, methods 200 may, in some
such examples, be utilized to determine, ascertain,
and/or pinpoint timing of the anomalous operation of the
hydrocarbon industrial infrastructure, the location of the
anomalous operation and/or the physical structure that
is the source of the anomalous operation, and/or spectral
information regarding the anomalous operation.
[0034] This is illustrated, for example, in FIG. 6. In FIG.
6, acoustic output, which is detected by a distributed
acoustic sensor, is plotted on the ordinate, and position
along the length of a wellbore of a hydrocarbon well is
plotted on the abscissa. FIG. 7 plots anomaly intensity,
as computed via the anomaly detection algorithm, on the
ordinate and the position along the length of the wellbore
on the abscissa. As illustrated by FIGs. 6-7, the anomaly
detection algorithm indicates a significant increase in the
anomaly intensity at positions between 390 and 440
along the length of the wellbore. This increased anomaly
intensity may be indicative of, or may be utilized to indi-
cate, anomalous sound generation, and thus anomalous
operation of the hydrocarbon well, in this region of the
wellbore.

[0035] The acoustic output and the anomaly intensity
may be displayed in corresponding spectrograms, as il-
lustrated in FIGs. 8-9. More specifically, FIGs. 8-9 illus-
trate location along the length of the wellbore on the or-
dinate and time on the abscissa. In FIG. 8, an intensity
of acoustic output at a given location and for a given time
is indicated by color and/or shade. In FIG. 9, anomaly
intensity of the acoustic output, as computed via the
anomaly detection algorithm, is indicated by color and/or
shade.
[0036] Some sounds, such as sounds generated by
mechanical structures that are fixed in space, may have
a fixed location that does not vary with time. Other sounds
may have a variable location and/or may move with time.
As an example, a fluid phase boundary and/or sand may
move within the hydrocarbon industrial infrastructure.
FIGs. 8-9 illustrate an example in which the generated
sounds move with time. More specifically, and in the ex-
ample of FIGs. 8-9, the sounds move toward the surface
(or well top) with time and may, for example, be indicative
of a gas bubble that is traveling within the wellbore.
[0037] FIGs. 11-12 illustrate an additional benefit of
methods 200. More specifically, FIG. 11 is a spectrogram
illustrating another example of position-based acoustic
output as a function of time that may be utilized with meth-
ods 200, while FIG. 12 is a spectrogram illustrating an
example of position-based output from an anomaly de-
tection algorithm (e.g., anomaly intensity) as a function
of time that may be generated via analysis of the spec-
trogram of FIG. 11 utilizing methods 200. In FIG. 11, the
acoustic output generally appears to be random noise.
However, upon analysis of the spectrogram of FIG. 11
with an anomaly detection algorithm, it becomes clear
that, for a specific range of times and within a specific
location region, anomalous behavior is occurring. Thus,
FIGs. 11-12 illustrate that methods 200 may be utilized
to more reliably detect anomalous operation that may not
necessarily be immediately visible to the naked eye
and/or to less sensitive analysis techniques. FIGs. 11-12
also illustrate that methods 200 may be sensitive to
anomalous acoustic data, where the anomaly is con-
tained within spatial, temporal, and/or spectral aspects
of the acoustic output.
[0038] Responding to anomalous operation at 240
may include responding to the anomalous operation
when, responsive to, and/or if the anomaly detection al-
gorithm identifies the anomalous sound. The responding
at 240 may include responding in any suitable manner.
As an example, the responding at 240 may include re-
sponding in real-time, responding during operation of the
hydrocarbon industrial infrastructure, and/or responding
during, concurrently with, and/or at least partially concur-
rently with the receiving at 210 and/or the analyzing at
220. As another example, the responding at 240 may
include notifying an operator of the hydrocarbon indus-
trial infrastructure about the anomalous operation of the
hydrocarbon industrial infrastructure. As yet another ex-
ample, the responding at 240 may include displaying an
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anomalous operation indicator that is indicative of anom-
alous operation of the hydrocarbon industrial infrastruc-
ture. As additional examples, the responding at 240 may
include initiating maintenance of the hydrocarbon indus-
trial infrastructure, replacing a component of the hydro-
carbon industrial infrastructure, and/or changing an op-
erational parameter of the hydrocarbon industrial infra-
structure.
[0039] As another example, the responding at 240 may
include initiating the repeating at 260. In some examples,
the responding at 240 additionally or alternatively may
include changing and/or modifying methods 200, such
as is discussed in more detail herein with reference to
the repeating at 260. This may include changing a sam-
pling rate of the acoustic output, such as via modification
of the receiving at 210.
[0040] As discussed, methods 200 may include track-
ing the position and/or location, along the length of the
hydrocarbon industrial infrastructure, such as along the
length of the wellbore, at which a given sound of the plu-
rality of sounds is generated and/or tracking the position
and/or location of the given sound as a function of time.
In some such examples, methods 200 further may in-
clude generating a compressed acoustic output at 250.
The generating at 250 may include saving a portion of
the acoustic output, storing the portion of the acoustic
output, generating a compressed acoustic output file that
includes the portion of the acoustic output, displaying the
portion of the acoustic output, conveying the portion of
the acoustic output to another step within methods 200,
and/or utilizing the portion of the acoustic output for other
analyses. As a specific example, and as illustrated in
FIG. 9, the anomaly detection algorithm may indicate the
location of the anomaly at a given point in time. With this
in mind, the generating at 250 may include retaining, with-
in the compressed acoustic output file, the anomalous
sound and a corresponding anomaly position for each
corresponding recording time and omit a remainder of
the acoustic output. This is illustrated in FIG. 10. Such a
configuration may decrease overall storage require-
ments for acoustic data generated during and/or utilized
with methods 200, may facilitate improved display and/or
utilization of anomalous sounds, and/or may permit
anomalous sounds to be clearly tracked, displayed,
and/or stored.
[0041] Repeating at 260 may include repeating any
suitable step and/or steps of methods 200 in any suitable
manner, in any suitable order, and/or for any suitable
purpose. As an example, the repeating at 260 may in-
clude repeating the analyzing at 220 and/or repeating
utilizing a modified version of the analyzing at 220. As a
more specific example, the memory window, which is
utilized during the analyzing at 220, may be a first mem-
ory window that spans a first memory window time period
that includes a first memory window subset of the plurality
of sounds and the pattern window, which is utilized during
the analyzing at 220, may be a first pattern window that
spans a first pattern window time period that includes a

first pattern window subset of the plurality of sounds. In
such an example, the repeating at 260 may include re-
peating the analyzing at 220 utilizing a second memory
window that spans a second memory window time period
that includes a second memory window subset of the
plurality of sounds and a second pattern window that
spans a second pattern window time period that includes
a second pattern window subset of the plurality of sounds.
[0042] The first memory window time period may differ
from the second memory window time period. As an ex-
ample, the first memory window time period may be
greater than the second memory window time period.
Such a configuration may cause methods 200 to be less
sensitive to small changes in the acoustic output during
the repeating the analyzing at 220 when compared to the
analyzing at 220. As another example, the first memory
window time period may be less than the second memory
window time period. Such a configuration may cause
methods 200 to be more sensitive to small changes in
the acoustic output during the repeating the analyzing at
220 when compared to the analyzing at 220. As yet an-
other example, the first pattern window time period may
be greater than the second pattern window time period.
Such a configuration may cause methods 200 to be more
sensitive to global changes in the acoustic output during
the repeating the analyzing at 220 when compared to the
analyzing at 220. As another example, the first pattern
window time period may be less than the second pattern
window time period. Such a configuration may cause
methods 200 to be more sensitive to location, time, and/or
spectrum-specific changes in the acoustic output during
the repeating the analyzing at 220 when compared to the
analyzing at 220.
[0043] In some examples, the analyzing at 220 and the
repeating the analyzing at 220 may be performed utilizing
the same, or a single, acoustic output from the hydrocar-
bon industrial infrastructure. In some examples, the an-
alyzing at 220 may be performed utilizing a first acoustic
output from the hydrocarbon industrial infrastructure, and
the repeating the analyzing at 220 may be performed
utilizing a second, or later detected, acoustic output from
the hydrocarbon industrial infrastructure. In some such
examples, the sampling rate, or resolution, may differ
between the first acoustic output from the hydrocarbon
industrial infrastructure and the second acoustic output
from the hydrocarbon industrial infrastructure. Such dif-
ference in sampling rate, or resolution, may, for example,
be caused by and/or responsive to the responding at 240,
as discussed in more detail herein.
[0044] Comparing at 270 may include comparing the
anomalous sound detected, or as detected, during the
analyzing the acoustic output to the anomalous sound
detected, or as detected, during the repeating the ana-
lyzing the acoustic output. Such a comparison may, for
example, permit and/or facilitate improved identification
of the anomalous sound and/or of a corresponding
source of the anomalous sound.
[0045] Comparing at 270 additionally or alternatively
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may include comparing the anomalous sound to an
anomalous sound database, such as to identify the cor-
responding source of the anomalous sound. In some
such examples, the responding at 240 additionally may
include notifying the operator of the hydrocarbon indus-
trial infrastructure of the corresponding source of the
anomalous sound and/or identifying the corresponding
source for the operator. Stated another way, methods
200 further may include identifying the corresponding
source of the anomalous sound.
[0046] Adding to the database at 280 may include add-
ing any suitable information to the anomalous sound da-
tabase. As an example, the adding at 280 may include
adding the anomalous sound to the anomalous sound
database. As another example, the adding at 280 may
include adding the corresponding source of the anoma-
lous sound to the anomalous sound database. As yet
another example, the adding at 280 may include corre-
lating the corresponding source of the anomalous sound
to the anomalous sound in and/or within the anomalous
sound database.
[0047] The hydrocarbon industrial infrastructure and
methods, which are disclosed herein, have been de-
scribed in the context of analysis of acoustic output, which
may be detected with, via, and/or utilizing an acoustic
monitoring system. It is within the scope of the present
disclosure that the disclosed hydrocarbon industrial in-
frastructure and/or methods additionally or alternatively
may utilize, or may analyze, one or more other values
and/or parameters that may be generated from, by,
and/or within the hydrocarbon industrial infrastructure.
[0048] As an example, the acoustic monitoring system
may be, instead may be, or may more generally be re-
ferred to herein as a sensor system; and the acoustic
output may be, instead may be, or may more generally
be referred to herein as sensor output from the hydro-
carbon industrial infrastructure. In such examples, the
sensor system may record and/or detect the sensor out-
put in a manner that may be analogous to that disclosed
herein with reference to recording and/or detecting the
acoustic output utilizing the acoustic monitoring system.
Examples of sensor output that may be detected and/or
quantified by the sensor system and/or that may be an-
alyzed utilizing methods disclosed herein include any
suitable physical, mechanical, and/or chemical parame-
ter. More specific examples of the sensor output include
temperatures, pressures, and/or strains proximate
and/or within the hydrocarbon industrial infrastructure. In
the present disclosure, several of the illustrative, non-
exclusive examples have been discussed and/or pre-
sented in the context of flow diagrams, or flow charts, in
which the methods are shown and described as a series
of blocks, or steps. Unless specifically set forth in the
accompanying description, it is within the scope of the
present disclosure that the order of the blocks may vary
from the illustrated order in the flow diagram, including
with two or more of the blocks (or steps) occurring in a
different order and/or concurrently. It is also within the

scope of the present disclosure that the blocks, or steps,
may be implemented as logic, which also may be de-
scribed as implementing the blocks, or steps, as logics.
In some applications, the blocks, or steps, may represent
expressions and/or actions to be performed by function-
ally equivalent circuits or other logic devices. The illus-
trated blocks may, but are not required to, represent ex-
ecutable instructions that cause a computer, processor,
and/or other logic device to respond, to perform an action,
to change states, to generate an output or display, and/or
to make decisions.
[0049] As used herein, the term "and/or" placed be-
tween a first entity and a second entity means one of (1)
the first entity, (2) the second entity, and (3) the first entity
and the second entity. Multiple entities listed with "and/or"
should be construed in the same manner, i.e., "one or
more" of the entities so conjoined. Other entities may
optionally be present other than the entities specifically
identified by the "and/or" clause, whether related or un-
related to those entities specifically identified. Thus, as
a non-limiting example, a reference to "A and/or B," when
used in conjunction with open-ended language such as
"comprising" may refer, in one embodiment, to A only
(optionally including entities other than B); in another em-
bodiment, to B only (optionally including entities other
than A); in yet another embodiment, to both A and B
(optionally including other entities). These entities may
refer to elements, actions, structures, steps, operations,
values, and the like.
[0050] As used herein, the phrase "at least one," in
reference to a list of one or more entities should be un-
derstood to mean at least one entity selected from any
one or more of the entities in the list of entities, but not
necessarily including at least one of each and every entity
specifically listed within the list of entities and not exclud-
ing any combinations of entities in the list of entities. This
definition also allows that entities may optionally be
present other than the entities specifically identified with-
in the list of entities to which the phrase "at least one"
refers, whether related or unrelated to those entities spe-
cifically identified. Thus, as a non-limiting example, "at
least one of A and B" (or, equivalently, "at least one of A
or B," or, equivalently "at least one of A and/or B") may
refer, in one embodiment, to at least one, optionally in-
cluding more than one, A, with no B present (and option-
ally including entities other than B); in another embodi-
ment, to at least one, optionally including more than one,
B, with no A present (and optionally including entities
other than A); in yet another embodiment, to at least one,
optionally including more than one, A, and at least one,
optionally including more than one, B (and optionally in-
cluding other entities). In other words, the phrases "at
least one," "one or more," and "and/or" are open-ended
expressions that are both conjunctive and disjunctive in
operation. For example, each of the expressions "at least
one of A, B, and C," "at least one of A, B, or C," "one or
more of A, B, and C," "one or more of A, B, or C," and
"A, B, and/or C" may mean A alone, B alone, C alone, A
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and B together, A and C together, B and C together, A,
B, and C together, and optionally any of the above in
combination with at least one other entity.
[0051] In the event that any patents, patent applica-
tions, or other references are incorporated by reference
herein and (1) define a term in a manner that is incon-
sistent with and/or (2) are otherwise inconsistent with,
either the non-incorporated portion of the present disclo-
sure or any of the other incorporated references, the non-
incorporated portion of the present disclosure shall con-
trol, and the term or incorporated disclosure therein shall
only control with respect to the reference in which the
term is defined and/or the incorporated disclosure was
present originally.
[0052] As used herein the terms "adapted" and "con-
figured" mean that the element, component, or other sub-
ject matter is designed and/or intended to perform a given
function. Thus, the use of the terms "adapted" and "con-
figured" should not be construed to mean that a given
element, component, or other subject matter is simply
"capable of’ performing a given function but that the el-
ement, component, and/or other subject matter is spe-
cifically selected, created, implemented, utilized, pro-
grammed, and/or designed for the purpose of performing
the function. It is also within the scope of the present
disclosure that elements, components, and/or other re-
cited subject matter that is recited as being adapted to
perform a particular function may additionally or alterna-
tively be described as being configured to perform that
function, and vice versa.
[0053] As used herein, the phrase, "for example," the
phrase, "as an example," and/or simply the term "exam-
ple," when used with reference to one or more compo-
nents, features, details, structures, embodiments, and/or
methods according to the present disclosure, are intend-
ed to convey that the described component, feature, de-
tail, structure, embodiment, and/or method is an illustra-
tive, non-exclusive example of components, features,
details, structures, embodiments, and/or methods ac-
cording to the present disclosure. Thus, the described
component, feature, detail, structure, embodiment,
and/or method is not intended to be limiting, required, or
exclusive/exhaustive; and other components, features,
details, structures, embodiments, and/or methods, in-
cluding structurally and/or functionally similar and/or
equivalent components, features, details, structures, em-
bodiments, and/or methods, are also within the scope of
the present disclosure.
[0054] As used herein, "at least substantially," when
modifying a degree or relationship, may include not only
the recited "substantial" degree or relationship, but also
the full extent of the recited degree or relationship. A sub-
stantial amount of a recited degree or relationship may
include at least 75% of the recited degree or relationship.
For example, an object that is at least substantially
formed from a material includes objects for which at least
75% of the objects are formed from the material and also
includes objects that are completely formed from the ma-

terial. As another example, a first length that is at least
substantially as long as a second length includes first
lengths that are within 75% of the second length and also
includes first lengths that are as long as the second
length.

Industrial Applicability

[0055] The systems and methods disclosed herein are
applicable to the oil, gas, carbon sequestration, and car-
bon storage industries.
[0056] It is believed that the disclosure set forth above
encompasses multiple distinct inventions with independ-
ent utility. While each of these inventions has been dis-
closed in its preferred form, the specific embodiments
thereof as disclosed and illustrated herein are not to be
considered in a limiting sense as numerous variations
are possible. The subject matter of the inventions in-
cludes all novel and non-obvious combinations and sub-
combinations of the various elements, features, func-
tions, and/or properties disclosed herein. Similarly,
where the claims recite "a" or "a first" element or the
equivalent thereof, such claims should be understood to
include incorporation of one or more such elements, nei-
ther requiring nor excluding two or more such elements.
[0057] It is believed that the following claims particu-
larly point out certain combinations and subcombinations
that are directed to one of the disclosed inventions and
are novel and non-obvious. Inventions embodied in other
combinations and subcombinations of features, func-
tions, elements, and/or properties may be claimed
through amendment of the present claims or presentation
of new claims in this or a related application. Such
amended or new claims, whether they are directed to a
different invention or directed to the same invention,
whether different, broader, narrower, or equal in scope
to the original claims, are also regarded as included within
the subject matter of the inventions of the present disclo-
sure.

Claims

1. A method of acoustically detecting anomalous oper-
ation of hydrocarbon industrial infrastructure via
analysis of an acoustic output from the hydrocarbon
industrial infrastructure, the method comprising:

receiving the acoustic output, wherein the
acoustic output includes a plurality of sounds
and a corresponding recording time for each
sound of the plurality of sounds;
analyzing the acoustic output with an anomaly
detection algorithm to identify an anomalous
sound of the plurality of sounds, wherein the
anomalous sound is indicative of anomalous op-
eration of the hydrocarbon industrial infrastruc-
ture; and
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responsive to the anomaly detection algorithm
identifying the anomalous sound, responding to
the anomalous operation of the hydrocarbon in-
dustrial infrastructure.

2. The method of claim 1, wherein the receiving the
acoustic output includes recording the acoustic out-
put utilizing an acoustic monitoring system of the hy-
drocarbon industrial infrastructure.

3. The method of claim 2, wherein the acoustic moni-
toring system includes a downhole acoustic sensor
that is positioned within a wellbore of a hydrocarbon
well, which at least partially defines the hydrocarbon
industrial infrastructure, and further wherein the re-
cording includes utilizing the downhole acoustic sen-
sor to detect the acoustic output, optionally wherein
the downhole acoustic sensor includes a distributed
acoustic sensor that extends along at least a fraction
of a length of the wellbore, optionally wherein the
recording includes utilizing the distributed acoustic
sensor to detect the acoustic output.

4. The method of claim 3, wherein the acoustic output
includes a plurality of sounds, and further wherein
the method includes determining a region of the dis-
tributed acoustic sensor utilized to detect each sound
of the plurality of sounds, optionally wherein the
method further includes at least one of:

(i) determining a corresponding position, along
the length of the wellbore, for each sound of the
plurality of sounds based, at least in part, on the
region of the distributed acoustic sensor utilized
to detect each sound of the plurality of sounds;
and
(ii) determining a corresponding position, along
the length of the wellbore, for the anomalous
sound based, at least in part, on the region of
the distributed acoustic sensor utilized to detect
the anomalous sound.

5. The method of any of claims 1-4, wherein the ana-
lyzing the acoustic output includes analyzing the
acoustic output utilizing windowed statistical analy-
sis.

6. The method of any of claims 1-5, wherein the ana-
lyzing the acoustic output includes utilizing the
anomaly detection algorithm to identify a plurality of
anomalous sounds indicative of a shift to anomalous
operation of the hydrocarbon industrial infrastruc-
ture.

7. The method of any of claims 1-6, wherein the ana-
lyzing the acoustic output includes comparing the
acoustic output within a memory window, which
spans a memory window time period that includes a

memory window subset of the plurality of sounds, to
acoustic output within a pattern window, which spans
a pattern window time period that includes a pattern
window subset of the plurality of sounds.

8. The method of claim 7, wherein, during the analyzing
the acoustic output, the memory window is a first
memory window that spans a first memory window
time period that includes a first memory window sub-
set of the plurality of sounds and the pattern window
is a first pattern window that spans a first pattern
window time period that includes a first pattern win-
dow subset of the plurality of sounds, and further
wherein the method includes repeating the analyzing
the acoustic output utilizing a second memory win-
dow that spans a second memory window time pe-
riod that includes a second memory window subset
of the plurality of sounds and a second pattern win-
dow that spans a second pattern window time period
that includes a second pattern window subset of the
plurality of sounds, optionally wherein the respond-
ing to the anomalous operation of the hydrocarbon
industrial infrastructure includes initiating the repeat-
ing.

9. The method of claim 8, wherein the method further
includes comparing the anomalous sound detected
during the analyzing the acoustic output to the anom-
alous sound detected during the repeating the ana-
lyzing the acoustic output.

10. The method of any of claims 1-9, wherein the re-
sponding includes at least one of:

(i) notifying an operator of the hydrocarbon in-
dustrial infrastructure about the anomalous op-
eration of the hydrocarbon industrial infrastruc-
ture; and
(ii) displaying an anomalous operation indicator
that is indicative of anomalous operation of the
hydrocarbon industrial infrastructure.

11. The method of any of claims 1-10, wherein the re-
sponding includes at least one of:

(i) initiating maintenance of the hydrocarbon in-
dustrial infrastructure;
(ii) replacing a component of the hydrocarbon
industrial infrastructure; and
(iii) changing an operational parameter of the
hydrocarbon industrial infrastructure.

12. The method of any of claims 1-11, wherein the re-
sponding includes increasing a sampling rate of the
acoustic output.

13. The method of any of claims 1-12, wherein the meth-
od further includes comparing the anomalous sound
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to an anomalous sound database to identify a cor-
responding source of the anomalous sound, wherein
the responding includes notifying an operator of the
hydrocarbon industrial infrastructure of the corre-
sponding source of the anomalous sound.

14. The method of any of claims 1-12, wherein the meth-
od further includes identifying a corresponding
source of the anomalous sound, optionally wherein
the method further includes adding the anomalous
sound and the corresponding source of the anoma-
lous sound to an anomalous sound database.

15. A hydrocarbon well, comprising:

a wellbore that extends within a subsurface re-
gion;
an acoustic monitoring system configured to
monitor an acoustic output from the hydrocar-
bon well; and
a controller programmed to characterize the
acoustic output according to the method of any
of claims 1-14.

19 20 



EP 4 155 503 A1

12



EP 4 155 503 A1

13



EP 4 155 503 A1

14



EP 4 155 503 A1

15



EP 4 155 503 A1

16



EP 4 155 503 A1

17



EP 4 155 503 A1

18



EP 4 155 503 A1

19

5

10

15

20

25

30

35

40

45

50

55



EP 4 155 503 A1

20

5

10

15

20

25

30

35

40

45

50

55



EP 4 155 503 A1

21

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 8380435 B [0029]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

