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ACOUSTIC ARRAY SIGNAL PROCESSING FOR FLOW DETECTION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of, and incorporates herein by
reference in its entirety, U.S. Provisional Patent Application Serial No. 62/103,006, filed on
January 13, 2015,

BACKGROUND
[0002] During the life cycle of an oil or gas well, it is desirable to monitor and maintain well
integrity. In particular, the integrity of the well barriers {such as the production tubing, the
well casing, and the surrounding cement sheath) is important to ensure safe operation of
the well and avoid blow-out incidents or leakage of hydrocarbons to the environment.
Leaks in the well barriers can in principle be detected based on underground fiuid flows
{e.g., of oil or gas} in and around a wellbore. Monitoring downhole flows around wellbores,
such as injected water, can further be of interest in reservoir characterization. Underground
flows generally emit acoustic signals that can be measured, e.g., with fiber cables disposed
along the wellbore or with acoustic point sensors such as Fiber Bragg Grating (FBG) sensors
or hydrophones. Existing methads are, however, very limited in the accuracy and precision

with which they can localize {if at all) a detected flow.

BRIEF DESCRIPTION OF THE DRAWINGS

[8003] FIG. 1 is a schematic cross-sectional depiction of an example acoustic-sensor array
deploved within a wellbore, in accordance with various embodiments.

[8004] FIG. 2 is a schematic depiction of the relative locations of a source and three sensors,
illustrating conceptually how an acoustic source can be located in two dimensions, in
accordance with various embodiments.

[0005] FIG. 3 is a chart of various array-signal-processing methods in accordance with
various embodiments.

[8006] FIG. 4 is a schematic diagram of a planar wavefront impinging on a linear acoustic

sensor array, ilustrating receipt of a far-field acoustic signal.
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[0007] FIG. 5 is an example map of an acoustic-source energy level as a function of depth
and radial distance, determined from a fused acoustic signal by array signal processing in
accordance with various embodiments.

[6008] FIG. 6 is a graph of probability densities for flow and non-flow scenarios, illustrating a
binary hypothesis test for flow detection, in accordance with various embodiments.
[8009] FIG. 7 is a schematic diagram of an example system for acoustic-source detection
and localization in a wireline well-logging embodiment.

[80108] FIG. 8 is a schematic diagram of an example system for acoustic-source detection
and localization in a logging-while-drilling embodiment.

[6011] FIG. 9 is a flow chart of example methods for acoustic-saurce detection and
localization in accordance with various embodiments.

[0012] FIG. 10 is a block diagram of an example computing system for implementing the
computational functionality of the method of FIG. 9, in accordance with various

embodiments.

DETAILED DESCRIPTION

[8013] Described herein are tools, systems, and methods for detecting one or more
underground acoustic sources and localizing them in depth and radial distance froma
welbore, using an array of at least three acoustic sensors disposed in the wellbore in
conjunction with array signal processing. {(The term “depth” hergin generally refersto a
coordinate along the direction of the longitudinal axis of a welibore, regardless whether the
wellbore extends vertically into the formation or is tilted with respect to the vertical
direction. The term “radial distance” refers to a direction perpendicular to and away from
the longitudinal wellbore axis.) Acoustic-source detection and localization in accordance
herewith may be employed, in particular, to find underground fluid flows {e.g., resulting
from leaks in the well barriers) from which the acoustic signals emanate.

[8014] Array signal processing generally refers to technigues for estimating or calculating
parameters of one or more signal sources {such as the source locations and emitied
waveforms) by fusing data collected by an array of sensors with known geometric relations
either substantially simultaneously or, more generally, with known temporal relations

between the different sensor signals. “Substantially simultaneously” herein indicates that
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the time intervals over which signals are collected overlap significantly {e.g., by at least 90%,
preferably at least 99%;) between the different sensors. Since time shifts between the
different sensars due to different travel times of the signal from the source to the sensors
are generally small {e.g., on the order of one millisecond} compared to the total signal-
collection interval {e.g., on the order of 100 ms), significant overlap in the collection
intervals generally ensures that the emission time periods corresponding to the measured
signals likewise overlap significantly, facilitating array-signal processing. In the {rare} event
that time shifts between the different sensors are significant in comparison to the overall
collection interval, they can be compensated for by shifting the collection intervals between
the various sensors accordingly so as to ensure that all sensors measure substantially the
same emission time period.

[0015] Array-signal-processing technigues known in the art include various spatial filtering
methods, such as {without limitation} conventional beamforming, Capon’s beamforming,
Muitiple Signal Classification {MUSIC), and various parametric methods, as well as time-
delay estimation. Array signal processing generally relies on a forward model of wave
propagation from the source{s} to the sensors 1o solve the inverse problem {e.g., source
localization). in traditional application contexts, such as radar and sonar, this forward
model is generally straightforward because wave propagation occurs in a uniform
{homogenacus and isotropic) medium {e.g., air or water} and the source can be assumed, as
a practical matter, to be far away from the sensors. When fluid flows in and surrounding a
welibore are to be measured, however, the uniform-medium and far-field assumptions
break down. Accordingly, in various embodiments, the forward model is adjusted to
account for the configuration and condition of the wellbore and surrounding formation
{which collectively include various propagation media and boundaries therebetween) and
their effect on the wave field {e.g., wave refractions, reflections, and resonances), as well as
to facilitate the processing of near-field signals {i.e., signals originating from a source whose
distance from the sensors is not significantly {e.g., orders of magnitude} larger than the
spatial extent of the sensor array).

[8018] Implementing array signal processing involves, in accordance with some
embodiments, fusing the signals received by the individual sensors of the array fora
plurality of putative source locations within a predefined two-dimensional region {that, e.g.,

spans a certain length in the depth direction and extends to a certain radial distance from
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the borehole) to thereby compute a two-dimensional map of an acoustic-source energy
level, amplitude, or ather fused-signal parameter as a function of depth and radial distance.
The actual source location{s) can be determined from this map by identifying the local
maximum {or multiple local maxima) of the acoustic source energy level or other parameter.
The magnitude of the local maximum can be used to infer whether the identified acoustic
source indeed corresponds to an underground flow. Forinstance, in some embodiments,
acoustic signals are acquired under multiple flow and non-flow conditions to establish a
statistical detection threshold for flows for use in a binary-hypothesis test or similar
statistical test.

100171 FIG. 1 illustrates an example acoustic-sensor array deploved within a wellbore, in
accordance with various embodiments. As shown, the sensors 100 may be arranged linearly
along the longitudinal axis 102 of the wellbore {whose radial coordinate is zero}. They may
be uniformly spaced {as shown), or have varying spacings between adjacent sensors. The
sensor environment generally includes multiple physical barriers to fluid flow, such as the
production tubing 104 through which oil or gas may be pumped up and out of the well, one
or optionally multiple nested well casings 106, and a cement sheath 108 filling the space
between the casing(s} 106 and the formation 110 surrounding the wellbore. Additionally,
the wellbore may be divided into multiple vertical sections, e.g., by packers 112 between
the casings 106 that may separate, e.g., a lower, perforated portion of the tubing where
hydrocarbons enter from an upper {non-perforated} portion serving as an upward conduit.
Unintended flow scenarios that can occur in such a configuration include, e.g., flows across
the casing 106 or tubing 104 due to cracks or holes therein {indicated by arrows 120}, flows
past a packer 112 between adjacent vertical wellbore sections due to insufficient sealing
{(indicated by arrows 122}, and flows within the formation 110, cement sheath 108, or other
layer more or less parallel to the layer boundaries {indicated by arrows 124}, As these flows
pass through restricted paths, acoustic signals can be generated as a result of the
accompanying pressure drops. The acoustic signals propagate generally in all direction
through the formation and/or wellbore, eventually being detected at the various sensor
locations.

[0018] Acoustic sensors suitable for use in embodiments hereof include, for example and
without limitation, {piezoelectric} hydrophones, FBG sensors, or segments of a distributed

fiber-optic cable. Invaricus embodiments, the acoustic sensors are omnidirectional, Le,,
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unable to discriminate by themselves between different incoming directions of the signal,
By exploiting the spatiotemporal relations between the signals received from the same
source at multiple sensors, however, information about the signal direction and/or source
location can be obtained. For example, by using at least three sensors in a linear
arrangement along the wellbore axis, as shown in FIG. 1, it is possible, at least under certain
conditions, to determine the depth and radial distance of the source {as further explained
helow). To further localize the source in the azimuthal direction, the canfiguration of the
sensor array may be modified, e.g., by placing different sensors at different radial positions
or otherwise arrange them two- or three-dimensionally, by partially shielding sensors to
limit their detection to certain azimuthal windows {different ones for different sensors), or
by using directional sensors {i.e., sensors that inherently provide directional information).
{As a practical matter, a linear configuration as shown in FIG. 1 may be the consequence of
the spatial confines imposed by the tubing 104 in which the sensors are mounted.)

[0018] FIG. 2 illustrates, at a high conceptual level, how an acoustic source can be located in
two dimensions {e.g., radial distance r and depth 2} based on the signals received
simultaneously at three or more sensor locations R1, R2, B3, provided the medium is
uniform such that the signal travels from the source to the sensors along straight lines

{without undergoing, e.g., refraction or reflection) and at a known, constant speed of sound

v. In this case, the travel time {; of the signal from the source at (‘}g, ZS) to a sensor i at

(Tr;ir Zr,i) is simply the ratio of the distance di between source and sensor to the speed

of sound v

{
" d; «\J (7&“?"?‘,1’)2"}"(Zs""zr,i)z
i — = .

v v
As will be readily appreciated by those of ordinary skill in the art, the absolute travel time £;

cannot be measured in the passive flow-detection methods described herein because the
acoustic signal does not have a known starting point in time {as the flow typically

commences long befare the measurements take place and, in any case, at an unknown
time). However, the time delay Aﬁi}' = f; — tj(cgrrespanding to the relative phase shift}

between the receipt of a certain signal feature {e.g., a peak in the temporal wave form}ata
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sensor [ and receipt of the same feature at a sensor j can in principle be determined. With

known sensor locations and a known speed of sound v, this time delay yields a nonlinear

equation containing two unknowns, namely the coordinates (?’};, ZS)Of the source:

f ] »
‘wj (rsmrni}Z + (zsmz,..;i)z ""\ff (r,;mr.r}j)z + (zsmzr)j}z

v

/ﬁ'ﬁi’j mii“tj -

A second time delay measured between one of the sensors i, j and the third sensor k
provides a second, independent nonlinear eqguation. From these two eguations, the two-
dimensional source location can be calculated straightforwardly in a manner known to those
of ordinary skill in the art. if the speed of sound v is unknown and/or changes as the signal
propagates through different media, an array with a larger number of sensors {e.g., four or
more sensors) may be used to provide sufficient information to localize the source.

[8028] In the more complex scenarios typically encountered in flow-detection applications
as cantemplated herein, signal processing generally takes a more complex form. In various
embodiments, an array-signal-processing method {such as spatial filtering} is employed to
fuse the various simultaneously acquired sensor signals and localize the acoustic source.
FiG. 3 provides an overview of various possible array-signal-processing technigues.

[6021] To illustrate the principle underlying spatial filtering methods, consider a
narrowband, far-field acoustic source s{t). FIG. 4 is a schematic diagram of a planar wave
400 impinging on a linear acoustic sensor array 402, as may be received from such a far-field
source. The acoustic waves emitted from the source impinge on the linear array 402 at an
angle 8 with respect to the normal 404 to the array, such that the sensors within the array
402 measure signals {expressed as a vector X(£)):

X(@&) = a(8)s{t) +n(D),

where a(#) is a complex-valued vector expressing the amplitude attenuation and phase
shift undergone by the signal on its path from the source to the respective sensors, and n{t)
is a vector expressing the contribution of noise. Conversely, an unknown source signal can

be estimated by fusing the measured signals, in accordance with:

() = =Tl ai(0)  x;(1) =

where L is the number of sensors and the superscript H denotes the conjugate transpose

atl

(&) o
D x(@).

{i.e., the Hermitian}). The vector a(#) encapsulates the forward model of phase

3]
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propagation, and is often referred to as the steering vector. In the simple case of & uniform
medium in which the waves travel at a constant speed of sound ¢, with a wave vectork =
w/c, a{f) takes the form:

a(g) = [1 p~ikdsing g~ HL=1)kd sin Q}T’

where d is the distance between adjacent sensors of a uniform array.

[0022] More generally, array signal processing involves expressing the fused signal y(1) as a

weighted linear combination of the measured signals,
— L * . J— }‘E
y(8) = Li=awi (1) = whX(1),
and determining the complex-valued weight vector w based on a suitable heuristic. For

example, in conventional beamforming, the weights are selected to maximize the output

power of the fused signal at a given incident angie 8:

1 ; 1 N T T, TP
P(w) == N ly©)P = ;;-\;;Z;‘;l wiX(O) X% (Ow = w'Rw,

where R is the sample covariance matrix

.y 1

R = R;E?;fl X(t) X",

The resulting optimization problem takes the form

max E{w X () X" (O)w} = max{E[|s(D)|?] - w a(8)]® + wh'C,w}
w w

subject to the constraint, wl=1. The non-trivial solution to this problem is:
w8 af
GO

As another example, in Capon’s beamforming method, the optimization problem takes the

form
min EiwiX () X5 (0w} = mui;n{E{IS(t)lz] wha(@))? + whc,wl

8 and minimizes the noise contribution. The solution is:

. Etae)
(@R 1a(8)

As can be seen, Capon’s method incorporates the data {reflected in the sample covariance

matrix B} with the a-priori known forward modei, and is thus one example of so-called
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“adaptive” spatial filtering methods. Additional methods {e.g., as summarized in FIG. 3} are
known to those of ordinary skill in the art.

[8023] The above-described spatial-filtering methods apply under the assumption that the
source signal is far away from the sensor array {far-field assumption) such that the time
delays of individual sensors are a function of the incident angle 8 only. To process near-field
signals and further to include the effects of different media between the source and sensor

array {e.g., as depicted in FIG. 1}, the steering vector a{#) is suitably modified, in

accordance with various embodiments, to become a function a(@, Tspherical} of ¢ and

the range Yspperical of the source, i.e., the distance of the source from the sensor in
spherical coordinates {which differs from the perpendicular radial distance of the source
from the wellbore axis}. The modified steering vector a(@, fgphmﬂimz} may depend on a

configuration and condition of the wellbore and surrounding formation, taking into account,
e.g., the geometry and material properties of various layers and their effect on sound
propagation {e.g., the resulting sound velocities in rock, mud, cement, etc.). Further, to
process broadband signals, the measured signals are divided into narrow spectral bands,
and following processing of the narrowband signals, the resulfs are combined in manners
well-known to those of ordinary skill in the art.

[0024] Accordingly, in various embodiments, the set of acoustic signals measured at the
plurality of sensors is processed by “scanning” a two-dimensional region of interest {along

depth z and radial distance r} for possible source locations by computing, for each of a
plurality of “putative” source locations {e.g., characterized by 8 and Vsppericgl , which can

hoth be straightforwardly computed from the radial distance r and the depth z, relative 1o
the sensor location}, the fused signal v(f), using a suitable array-signal processing method
{such as, e.g., conventional or Capon’s beamforming).

[8025] FIG. 5 illustrates, in the form of a two-dimensional map, an example result of such
processing for a sensor array including seven uniformly spaced sensors, indicated by the
dots on the depth axis, and an acoustic source at the location of the cross. The grey-scale
value of the map indicates the energy level of the fused signal, i.e., the acoustic-source
energy level, as calculated by array signal processing, at the putative locations. As can be

seen, the computed energy level peaks in the vicinity of the actual acoustic source location.
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In the absence of a significant acoustic signal source, the map will show only low energy
levels. In the case of multiple acoustic sources, the map will show high energy fevels at
multiple locations. Accordingly, acoustic-signal detection and processing in accordance
herewith may facilitate simultaneously detecting multiple flows.

[0026] In various embodiments, statistical methods are employed to detect underground
flows based on fused acoustic signal maps (such as that depicted in FIG. 5) by discriminating
hetween flow and non-flow scenarios. For this purpose, a library of fused signals for various
non-flow scenarios and a library of fused signals for various flow scenarios {including, e.g.,
different types of flows, such as oil, gas, and water flows, and different flow rates or other
flow parameters) may be established. The data for non-flow scenarios may be collected
from historical logging data or during flow-detection logging in real time in situations where
the absence of a flow can reasonably be assumed, e.g., logging in a newly completed well.
The data for flow scenarios may be collected from logging data of confirmed flow cases,
such as [eaks through casing. From the libraries, a suitable flow-detection threshold for a
binary hypothesis test or similar statistical test may be derived.

100271 FIG. 6 illustrates the binary-hypothesis test with example probability distributions for
non-flow and flow scenarios as a function of the acoustic source energy level {of a local
maximum in a two-dimensional map, e.g., as shown in FIG. 5). Integrating the non-flow
curve 600 from zero to a specified energy level yvields the cumulative probability that, if
there is no flow, the energy level of the fused signal falls below the specified energy level.
Similarly, integrating the flow curve 602 from zero to a specified energy level vields the
cumulative probahility that, if there is flow, the energy level of the fused signal falls below
the specified energy level. As shown, the acoustic energy level tends to be higher under
flow conditions; however, there may be some overlap in the energy levels that correspond
io flow and non-flow scenarios. A detection threshold 604 may be sat in this overlap region,
e.g., based on statistical metrics such as g false-alarm rate. Applying the binary-hypothesis
test, if a measured signal level exceeds the thresheld 604, a flow condition is assumed o
exist. If the signal falls below the threshold 604, it is assumed that there is no flow.
Integrating the flow curve 602 from the detection threshold 604 to infinity vields the
sensitivity {probability of true positives) of the test, whereas integrating the flow curve 602
from zero to the detection threshold 604 yields the probability for missed flows {false

negatives). integrating the non-flow curve 600 from zero to the detection threshold 604
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vields the specificity {probabiiity of true negatives) of the test, whereas integrating the non-
flow curve 600 from the detection threshold 604 to infinity vields the false-alarm probability
{false positives).

[8028] The detection and localization of underground acoustic sources {and, thus,
underground flows) in accordance herewith can be implemented in both wireline logging
and logging-while-drilling (LWD} operations. FIG. 7 illustrates an example wireline well-
logging system. The system includes a sonde tool 700 suspended from a wireline 702 inside
a cased wellbore 704. In various embodiments, the tool 700 is used inside the production
tubing 706 through which hydrocarbons are pumped out of the wellbore 704, The tool 700
includes a plurality of {at least three)} acoustic sensors 708 {such as, e.g., hydrophones), e.g.,
arranged in a linear array 710 along a longitudinal axis 711 of the tool 700 and, thus, of the
welibore 704, Further, the tool may include suitable control and processing circuitry 712,
which may, in turn, be in communication {e.g., via a wired connection or a telemetry
systern} with a surface data-processing systern 714. The data-processing facility providing
the computational functionality for processing and fusing the acoustic signals received by
the individual sensors 708 and detecting and localizing flows based thereon may be
implemented by either one of the control and processing circuitry 712 or the data-
pracessing system 714, or by both in combination. For example, in some embodiments, the
control and processing circuitry 712 pre-processes the individual sensor signals {e.g.,
through signal conditioning, filtering, and/or noise cancellation} and transmits them to the
surface data-processing system 714, where the fused signal map is computed, and any flow-
induced acoustic sources are detected and localized based thereon. Each of the control and
processing circuitry 712 and the surface data-processing system 714 may generally be
implemented in hardware, software, or a combination thereof, such as with special-purpose
circuitry {e.g., a digital signal processor, field-programmabie gate-array, etc.} or a suitably
programmed general-purpose computer including, e.g., a processor and associated memory
{as shown in FIG. 7}. In various embodiments, the processed acoustic signals are evaluated
in conjunction with measurements from other sensars {e.g., temperature and surface well-
pressure measurements) to evaluate flow conditions and overall well integrity.

[0028] Alternative sensor configurations may be employed to support acoustic-source
detection in a wireline logging operation. For example, in some embodiments, a distributed

fiber optic cable is used in place of acoustic point sensors. The fiber aptic cable can be

i0



WO 2016/115012 PCT/US2016/012806

permanently installed in the wellbore, e.g., clamped behind the casing or embedded in the
cemented annulus. A channel, corresponding to a segment of the fiber-optic cable, can be
scanned optically to detect surrounding acoustic signals. In this configuration, different
channelis at different depths correspond to different acoustic sensors.

[0030] Using a wireline logging tool 700, the acoustic sensor array 710 can search, at a given
depth of logging, a predefined two-dimensional space, for example, the array aperture
length in the depth direction and a few feet into the formation in the radial direction. This
search can be repeated as the array 710 moves to another depth of logging. Thus, within
one pass of wireline logging, a region spanning the entire length of the wellbore 704 can be
searched for flow-induced acoustic sources. In some embodiments, the acoustic sensor
array 710 is operated in a fast logging speed {e.g., at as much as 60 feet per minute) to
detect flows initially with coarse spatial resolution. Once one ar more flows have been
detected at certain depths, regions at those depths can be re-logged at a slower logging
speed, or in stationary mode, to localize the flow{s) at a finer spatial resolution. In
embodiments where an acoustic signal is emitted along an extended path {as opposed 1o
from a point source), the whole flow path may be mapped out in a two-dimensional space
of depth and radial distance.

[8031] Turning now to FIG. 8, it can be seen that a system for detecting and localizing
underground acoustic sources can also be implemented in a drilling system for LWD
operations. This may be useful, e.g., to detect flows for the purpose of characterizing the
formation and hydrocarbon reservoirs, and steer or atherwise adjust drilling based thereon.
As shown, the drilling system includes a drilling rig 800 located at the surface of a well 804
and, supported by the drilling rig 800, a drill string 806 for drilling a wellbore 808 through
subsurface formations 810, The drill string 8086 includes a drill pipe 812 and, generally
located at the lower end of the drill pipe 812, a bottom hole assembly {BHA) 814. The BHA
814 may include the drill bit 816 and, disposed thereabove, one or more drill collars 818,
820, which may contain a number of different tools and instruments adapted for taking
measurements during the drilling process. in accordance with various embodiments, these
tool may include an acoustic sensor array 824 {e.g., including three or more linearly
arranged sensors) and associated control and processing circuitry 826, and may be in
communication with a surface data-processing system 828. Each of the control and

pracessing circuitry 826 and the surface data-processing system 828 may generally be
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implemented in hardware, software, or a combination thereof, such as with special-purpose
circuitry or a suitably programmed general-purpose computer. Collectively, the acoustic
sensor array 824 and the control and processing circuitry 826 and/or data-processing
system 828 provide functionality for implementing the above-described methods.

[0032] FIG. 9 is a flow chart of an example method 900 for acoustic-source detection and
localization in accordance with various embodiments. The method 900 involves disposing
an array of acoustic sensors in a wellbore, e.g., as part of a sonde tool 700 on a wireline or
as part of a BHA 814 on a drill string. Further, the method involves measuring acoustic
signals substantially simultaneously with three or more sensors of the array {act 804}, The
measured signals are then processed, using a suitable array signal processing technigues
{e.g., conventional beamforming Capon’s beamforming as described in detail above), to
compute a fused-signal parameter {e.g., an acoustic source energy level) as a function of
depth in the wellbore and radial distance from the wellbore {or, more generally, in at least
two dimensions) {act 806). Computing the fused-signal parameter may involve, in some
embodiments, modelling the configuration of the wellbore and surrounding layers
{including pipe, casing, cement sheath, and formation layers) {act 908} and adjusting the
free-space steering vector steering vector based on the modelled configuration {act 910} to
properly account for potential near-field acoustic sources and/or non-uniform media
between the acoustic source{s) and the acoustic sensars. The configuration of the wellbore
and its surroundings may allow for variations in material properties (such as, e.g., the
velocity of sound) in one, two, or three dimensions. For example, in on comparatively
simple scenario, the material properties are assumed to be constant in the depth and
azimuthal directions, but to vary in the radial direction, resulting in multiple circumferential
layers of different properties in and around the borehole. Using a forward model of wave
propagation created based on the {free-space or adjusted) steering vector, the fused-signal
parameter is computed for a plurality of putative depths and radial distances {act 812},
resulting in a two-dimensional map, e.g., as depicted in FIG. 5. From this map, one or more
local maxima of the fused-signal parameter may then be identified 1o locate the acoustic
sourcels) in depth and radial distance {act 914}, In certain embodiments, the fused-signal
parameter is computed additionally as a function of azimuthal position, allowing acoustic
sources to be located in three dimensions {e.g., depth, radial distance, and azimuth). In

some embodiments, a binary hypothesis test, e.g., as described with respect to FIG. 6, is
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applied to each identified local maximum to determine whether it, indeed, corresponds o
an acoustic source resulting from flow {act 916). For example, the acoustic energy level {or
other fused-signal parameter} of an identified local maximum may be compared to a
detection threshold, and only if it exceeds the threshold, the local maximum is deemed o
helong to an acoustic source due to a flow condition.

18033] FIG. 10 is a block diagram of an example data-processing facility, in the form of a
suitably programmed general-purposes computer {e.g., as may be implemented in the
surface data-processing system 714}, for implementing the computational functionality of
the method of FIG. 9, in accordance with various embodiments. The data-processing facility
1000 includes one or more processors 1002 {e.g., a conventional central processing unit
{CPU), graphical processing unit, or other) configured to execute software programs stored
in memory 1004 {which may be, e.g., random-access memory (RAM), read-only memory
{(ROM], flash memory, etc.). Further, computing system 1000 may include user input/output
devices 1006 {e.g., a screen, keyboard, mouse, etc.}), permanent data-storage devices 1008
{including, e.g., solid-state, optical, and/or magnetic machine-readable media such as hard
disks, CD-ROMs, DVD-ROMs, etc.}, device interfaces 1010 for communicating directly or
indirectly with the acoustic sensor array {e.g., array 710, 824}, a network interface 1014 that
facilitates communication with other computer systems and/or data repositories, and a
system bus {not shown) through which the other compoenents communicate.

18034] The software programs stored in the memory 1004 include processor-executable
instructions for performing the methods described herein, and may be implemented in any
of various programming languages, for example and without limitation, C, C++, Object C,
Pascal, Basic, Fortran, Matlab, and Python. The instructions may be grouped in various
functional modules, e.g., for the purpose of re-use and sharing of the functionality of certain
modules between other modules that utilize it. In accordance with the depicted
embodiment, the modules include, for instance, a wellbore-maodelling module 1020 for
characterizing the wellbore and its surroundings and adjusting the free-space steering
vector based thereon; an array-signal processing module 1022 for fusing the acoustic signals
from multiple sensors to compute a fused-signal parameter map for a range of putative
depths and radial distances; an acoustic-source detection module 1024 for identifying one
or more local-maxima indicative of acoustic sources in the fused-signal parameter map; and
binary-hypothesis module 1026 for applying a binary-hypothesis test to the detected
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maxima to determine whether they are due to flows. Of course, the depicted organization
into modules is merely one non-limiting example of ways in which instructions that

implement the disclosed functionality can be grouped.

[0035] The following numbered examples are illustrative embodiments:

16038] 1. A method comprising: substantially simultaneously measuring acoustic signals
with each of at least three sensors disposed in an array within a wellbore; and processing
the measured acoustic signals in combination, using an array signal processing technigue, to
determine a depth and radial distance from the wellbore of an acoustic source.

[8037] 2. The method of example 1, wherein the array signal processing technique
comprises at least one of spatial filtering, time delay estimation, or a sound-energy method.
[0038] 3. The method of example 1 or example 2, wherein processing the measured
acoustic signals comprises: computing a fused-signal parameter as a function of depth and
radial distance from the wellbore; and identifving a local maximum of the fused-signal
parameter, a depth and radial distance of the identified local maximum corresponding to
the depth and radial distance of the acoustic source.

[8038] 4. The method of example 3, wherein the fused-signal parameter comprises an
acoustic source energy level,

[0040] 5. The method of example 3 or example 4, further comprising detecting a flow based
on a binary hypothesis test applied to the fused-signal parameter.

[0041] 6. The method of any of examples 3-5, further comprising detecting a flow based on
the local maximum of the fused-signal parameter exceeding a specified threshold, the
threshold being based on statistical data for a plurality of flow and non-flow scenarios.
[0042] 7. The method of any of examples 3-6, wherein computing the fused-signal
parameter comprises, for each of a plurality of depths and radial distances, creating a
forward modsal of wave propagation.

[8043] 8. The method of example 7, wherein the forward model of wave propagation is
based at least in part on a configuration or condition of the wellbore.

[8044] 9. The method of example 7 or example &, wherein determining the forward mode!
of wave propagation comprises adjusting a free-space steering vector based on a

configuration of the wellbore.

i4



WO 2016/115012 PCT/US2016/012806

[0045] 10. The method of any of examples 3-8, comprising identifying multiple local maxima
of the fused-signal parameter, corresponding to multiple acoustic sources.

[6046] 11. The method of any of examples 1-10, wherein the acoustic sensors comprise
ompnidirectional hydrophones, FBG sensors, or fiber-optic cables.

[0047] 12. The method of any of examples 1-11, wherein the acoustic sensors form a linear
array disposed along a longitudinal axis of the wellbore.

[0048] 13. The method of any of examples 1-12, further comprising determining an
azimuthal position of the acoustic source,

(00481 14. A system comprising: a sensor array disposed within a wellbore, comprising at
least three acoustic sensors for substantially simultaneously measuring acoustic signals
received thereat; and a data-processing facility configured to process the measured acoustic
signals in combination, using an array signal processing technique, to determine a depth and
radial distance from the welibore of an acoustic source.

{00501 15. The system of example 14, wherein the array signal processing technigue
comprises at least one of spatial filtering, time-delay estimation, or a sound-energy method.
[8051] 16. The system of example 14 or example 15, wherein the data-processing facility is
configured to process the measured acoustic signals by: computing a fused-signal
parameter as a function of depth and radial distance from the wellbore; and identifying a
local maximum of the acoustic source energy level, a depth and radial distance of the
identified local maximum corresponding to the depth and radial distance of the acoustic
source.

[8052] 17. The system of example 16, wherein the fused-signal parameter comprises an
acoustic source energy level.

[0053] 18. The system of example 16 or example 17, wherein the data-processing facility is
further configured to determine whether the local maximum of the fused-signal parameter
exceeds a specified threshold, such exceeding corresponding to detection of a flow.

[8054] 19. The system of example 18, wherein the threshold is specified hased on a plurality
of flow and non-flow scenarios.

[8055] 20. The system of any of examples 16-19, wherein the data-processing facility is
configured to compute the fused signal based on a forward model of wave propagation.
[8056] 21. The system of example 20, wherein the forward model of wave propagation is
based at least in part on a configuration of the wellbore.

i5



WO 2016/115012 PCT/US2016/012806

[0057] 22. The system of any of examples 14-21, wherein the acoustic sensors comprise
omnidirectional hydrophones, FBG sensors, or fiber-optic cables.

[0058] 23. The system of any of examples 14-22, wherein the acoustic sensors form a linear
array disposed along a longitudinal axis of the wellbore.

[0058] Many variations may be made in the systems, tools, and methods described and
illustrated herein without departing from the scope of the inventive subject matter.
Accordingly, the scope of the inventive subject matter is to be determined by the scope of
the following claims and all additional claims supported by the present disclosure, and all

equivalents of such claims.

i6



WO 2016/115012 PCT/US2016/012806

{iaims

What is claimed is:

1. A method, comprising:

substantially simultaneously measuring acoustic signals with each of at least three
sensors disposed in an array within a wellbore; and

processing the measured acoustic signals in combination, using an array signal
processing technigue, to determine a depth and radial distance from the wellbore of an

acoustic source,

2. The method of claim 1, wherein the array signal processing technigue comprises at

least one of spatial filtering, time delay estimation, or a sound-energy method.

3. The method of claim 1, wherein processing the measured acoustic signals comprises:
computing a fused-signal parameter as a function of depth and radial distance from
the wellhore; and
identifving a local maximum of the fused-signal parameter, a depth and radial
distance of the identified local maximum corresponding to the depth and radial distance of

the acoustic source.

4, The method of claim 3, wherein the fused-signal parameter comprises an acoustic

source energy level,

5. The method of claim 3, further comprising detecting a flow based on a binary

hypothesis test applied to the fused-signal parameter.

6. The method of claim 3, further comprising detecting a flow based on the logal

maximum of the fused-signal parameter exceeding a specified threshold, the threshold

being based on statistical data for a plurality of flow and non-flow scenarios.
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7. The method of claim 3, wherein computing the fused-signal parameter comprises,
for each of a plurality of depths and radial distances, creating a forward model of wave

propagation.

8. The method of claim 7, wherein the forward mode! of wave propagation is based at

least in part on a configuration or condition of the wellbore.

9, The method of claim 7, wherein determining the forward model of wave
propagation comprises adjusting a free-space steering vector based on a configuration of

the wellbore,

10. The method of claim 3, comprising identifying multiple local maxima of the fused-

signal parameter, corresponding to multiple acoustic sources.

11. The method of claim 1, wherein the acoustic sensors comprise omnidirectional

hydrophones, FBG sensors, or fiber-optic cables.

12. The method of claim 1, wherein the acoustic sensors form a linear array disposed

along a longitudinal axis of the wellbore.

13. The method of claim 1, further comprising determining an azimuthal position of the

acoustic source,

14. A system comprising:

a sensor array disposed within a wellbore, comprising at least three acoustic sensors
for substantially simultaneously measuring acoustic signals received theresat; and

a data-processing facility configured 1o process the measured acoustic signals in
combination, using an array signal processing technigue, to determine a depth and radial

distance from the wellbore of an acoustic source.

15. The system of claim 14, wherein the array signal processing technigue comprises at

least ane of spatial filkering, time-delay estimation, or a sound-energy method.
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16. The system of claim 14, wherein the data-processing facility is configured to process
the measured acoustic signals by:

computing a fused-signal parameter as a function of depth and radial distance from
the wellbore; and

identifving a local maximum of the acoustic source energy level, a depth and radial
distance of the identified local maximum corresponding to the depth and radial distance of

the acoustic source,

17. The system of claim 16, wherein the fused-signal parameter comprises an acoustic

source enargy level
18, The system of claim 16, wherein the data-processing facility is further configured to
determine whether the local maximum of the fused-signal parameter exceeds a specitied

threshold, such exceeding corresponding to detection of a flow.

1. The system of claim 18, wherein the threshold is specified based on a plurality of

flow and non-flow scenarios.

20. The system of claim 16, wherein the data-processing facility is configured to

compute the fused signal based on a forward mode! of wave propagation.

21. The system of claim 20, wherein the forward model of wave propagation is based at

least in part on a configuration of the wellbore.

22. The system of claim 14, wherein the acoustic sensors comprise omnidirectional

hydrophanes, FBG sensors, or fiber-optic cables.

23, The system of claim 14, wherein the acoustic sensors form a linear array disposed

along a longitudinal axis of the wellbore.

i8



WO 2016/115012 PCT/US2016/012806

1710

GRS \/ AN o R RERE R ¢ oo R
\ o] 9&\\\\ SONNUA A SN o \\9 SN\ o

o R AR R R R R ARG X ®
S AN A i

»‘chw [y -q(: \;, IOEQ' 'q P o® %, &Oh‘.\. qfrie 5 o o s ~ ¢

2 839 gyt . RS AN

Se

106




WO 2016/115012 PCT/US2016/012806

2/10

HYDROPHONES

SOURCE R1 (z,1, I'r1)

(285 rS)

(Zr2, I'r2)

FIG. 2



PCT/US2016/012806

WO 2016/115012

3/10

ONINSOZNYIE ONFIE NOILYTZ4H00-88040

!

m
NOILYWELSH AV 1T S0

%

¢ Old

(401037 4
ONRIIILS TWOMIGNT)

ONINMOANVAE ONINHOANVS

SNOdVD TYNGLINIANOD
{SSA00U WOUNYY (OSN30 % »w,
Y STYNDIS) AV STPNDIS)
QOOHATHN GOOHATIN {"'LIdS3 ‘oisni "93) m
NIV WNIAXYIN SOOHIN SUCHLEN
DILEVHDOLS SUSININEALAC (J8YH-30VdSENS Q48YE-WH1034S

1800 WNOUYINGWOD S331 LNE WWILIO-ans)
SCOHLIN J48YE-WH10ddS

ﬂ !

m
QOH1AW ONiM-ALH TVIEYdS

!

. _ . . FONZHAHHIC AT TNV IN
ONISEI00Ud TWNDIS AVHRY (46VHd QOHLIW ADHINT GNNOS

w !
|

ONISSZ00Hd TYNDIS AvydY




PCT/US2016/012806

WO 2016/115012

4/10

P Old

m pelt-T) m
: 1 1 1 :
By B

ousp ¢ e
\\f/n!.l .@Q M
6
" INOUAIAYM
v
yOY

0y



WO 2016/115012

DEPTH (INCH)

5/10

15 [reeeemeeeens e porcene e :

-15

0 5 10 15 20

RADIAL DISTANCE (INCH}

FIG. 5

PCT/US2016/012806



PCT/US2016/012806

WO 2016/115012

6/10

RELEN
ADYHANT-OUS

OOV

9 Old

SOMYNIOS MO SORMYNADS MOT4-NON

oy
"y
o
e
-
~
ey
“
“

<09

ALISNECJ
ALITIEYEOYd



WO 2016/115012 PCT/US2016/012806

7/10
714
f,—"
DATA PROCESSING
SYSTEM
-
‘“) PROCESSOR — MEMORY

M-t ,“f% ~—708 > 710
eu/ivE &yﬁ@nTQa
f @e“\
| SN
R 708
i 90;\@
‘ : 711




WO 2016/115012 PCT/US2016/012806

8/10

3
b r ] 1
R el HR R R R LR
¢ i Y N NEATNEN
ORI R

810

\\,

&

i

814 <

e
SN

¥ N

NS
Py i
Q0
o
[9:e]

:
NS
2




WO 2016/115012

PCT/US2016/012806

9/10

800
f"’

902
DISPOSE ACOUSTIC SENSOR ARRAY |/
IN WELLBORE
&
\ 904
MEASURE ACOUSTIC SIGNALS Y
SUBSTANTIALLY SIMULTANEQUSLY WITH
THREE OR MORE SENSORS
k2
COMPUTE FUSED-SIGNAL PARAMETER, | 906
BASED ON MEASURED SIGNALS, AS
FUNCTION OF DEPTH AND RADIAL DISTANCE
USING ARRAY SIGNAL PROCESSING
.............................................................. | 908
MODEL CONFIGURATION OF WELLBORE | 1/
AND SURROUNDING LAYERS ¥
N =T 10
} | ADJUST FREE-SPACE STEERING VECTOR |
’ BASE ON THE MODELLED ¥
CONFIGURATION
COMPUTE FUSED-SIGNAL PARAMETER | | 912
FOR PLURALITY OF PUTATIVE DEPTHS
AND RADIAL DISTANCES BASED ON
FORWARD MODEL OF WAVE PROPAGATION
&
914

IDENTIFY LOCAL MAXIMUM OR MAXIMA OF
FUSED-SIGNAL PARAMETER TO LOCALIZE
ACQUSTIC SOURCES IN TWO DIMENSIONS

APPLY BINARY HYPOTHESIS TEST TO
DETERMINE WHETHER ACOUSTIC
SIGNAL 1S DUE TO FLOW

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

O
-2
(o))



PCT/US2016/012806

WO 2016/115012

10/10

0L 9Old

9Z01 ¥Z0l Zeol 0201
A1NAON « AINAON « FINCAON « FINAOW
SISIHLOdAH NOILOFL3 ONISSIO0Ud ONITIZCON
"AdYNIG 30WN0S-OIL8NOJY TYNOISAYHYY F408713M
¥00L  AYOW3W
e e e 2001
0101 y101 9001
SERVERETRY ERVELEIN o (S1088300Ud
301A30 MHOMLIN
&
¥
INERY
WOSNIS x//g!maow

OILSNooY




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/012806

A. CLASSIFICATION OF SUBJECT MATTER
E21B 47/0224(2012.01)i, GO1H 17/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 47/0224; E21B 47/10; GO6F 19/00; GO1F 1/704; GO1V 1/28;, E21B 47/12; GO1F 1/66; E21B 21/08; GO1H 17/00

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

spatial filtering and time delay estimation

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: wellbore, acoustic, signal, measure, process, depth, radial distance, sensor, hydrophone, cable,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y WO 2013-008035 A2 (SILIXA LTD.) 17 January 2013 1-2,11-15,22-23
See page 3, line 3 — page 11, line 29 and figure 1.

A 3-10,16-21

Y US 2010-0262373 A1 (KHADHRAOUI et al.) 14 October 2010 1-2,11-15,22-23
See paragraph [0067] and figure 7.

A WO 2014-100272 A1 (EXXONMOBIL UPSTREAM RESEARCH COMPANY et al.) 1-23
26 June 2014
See paragraphs [0014]-[00171] and figures 1A-7.

A WO 01-49972 A1 (UNION OIL COMPANY OF CALIFORNIA) 12 July 2001 1-23
See page 9, line 10 - page 20, line 10 and figures 1-2.

A WO 2013-045941 A1 (OPTASENSE HOLDINGS LIMITED) 04 April 2013 1-23
See page 2, line 6 — page 22, line 35 and figures 1-8.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search
07 April 2016 (07.04.2016)

Date of mailing of the international search report

08 April 2016 (08.04.2016)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer s

LEE, Hun Gil

Telephone No. +82-42-481-8525

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2016/012806
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2013-008035 A2 17/01/2013 CA 2841403 Al 17/01/2013
EP 2732134 A2 21/05/2014
GB 2492802 A 16/01/2013
GB 2510494 A 06/08/2014
US 2014-0163889 Al 12/06/2014
WO 2013-008035 A3 25/04/2013
US 2010-0262373 Al 14/10/2010 US 2009-0259406 Al 15/10/2009
US 2013-0322209 Al 05/12/2013
US 8494777 B2 23/07/2013
US 8612155 B2 17/12/2013
WO 2010-116236 A2 14/10/2010
WO 2010-116236 A3 29/12/2010
WO 2014-100272 Al 26/06/2014 US 2015-0354351 Al 10/12/2015
WO 01-49972 Al 12/07/2001 AU 2001-19219 A1l 16/07/2001
US 6371204 Bl 16/04/2002
WO 2013-045941 Al 04/04/2013 EP 2761129 Al 06/08/2014
US 2014-0216151 Al 07/08/2014

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report

