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(57) Abstract: Simulators and methods for simulating an acoustic field of an acoustic waveguide are provided. A sound speed pro-
file of the acoustic waveguide is generated, where the acoustic waveguide has a region of a first fluid within a second fluid, and the
first fluid has a different acoustic index of refraction than the second fluid. The sound speed profile and predetermined parameters of
a sound source and a receiver are applied to a parabolic equation (PE) model of sound propagation in the acoustic waveguide. The
acoustic field of the acoustic waveguide is determined from the PE model. The acoustic field includes an interference pattern from
interterence between an acoustic signal of the acoustic source and at least one signal refracted by the region of the second fluid.
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SIMULATOR AND METHOD FOR SIMULATING AN ACOUSTIC FIELD OF AN
ACOUSTIC WAVEGUIDE

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0001] The present invention was supported in part by Grant Number
N000141010396 from the Office of Naval Research. The United States Government may

have certain rights to the invention.
CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to U.S. Provisional Application Serial No.
61/419,484, entitled "UNDERWATER ACOUSTIC REFRACTO-INTERFEROMETER, " filed

December 3, 2010, incorporated fully herein by reference.

FIELD OF THE INVENTION

[0003] The present invention relates to the field of sound propagation modeling and,
more particularly, to methods and systems for simulating an acoustic field of an acoustic

waveguide having a region of a first fluid within a second fluid.
BACKGROUND OF THE INVENTION

[0004] Shallow water environments typically induce variability on acoustic wave
propagation due to their inhomogeneous nature. For example, acoustic signals can be
refracted (or reflected) from various boundaries including the sea surface and the sea
bottom. Acoustic signals can also be refracted (reflected) within the water column itself,
such as from temperature fronts and internal waves. Internal waves, for example, can
produce large fluctuations on shallow water acoustic signals, both in amplitude and
phase. These fluctuations may affect underwater array processing results, such as for

source localization and inverse problem (medium) studies.

[0005] In general, internal waves are gravity waves that may oscillate within a fluid
medium. (Nonlinear solitary internal waves are typically referred to as solitons.) For
example, an internal wave may propagate along the boundary between low and high

density water regions. Internal waves may propagate vertically as well as horizontally.

[0006] It is desirable to model the effects of fluctuations, such as internal waves, in

the water column.
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SUMMARY OF THE INVENTION

[0007] The present invention is embodied in a method for simulating an acoustic field
of an acoustic waveguide. A sound speed profile of the acoustic waveguide is generated
by a processor. The acoustic waveguide has a region of a.first fluid within a second fluid
and the first fluid has a different acoustic index of refraction than the second fluid. The
sound speed profile and predetermined parameters of a sound source and a receiver are
applied to a parabolic equation (PE) model of sound propagation in the acoustic
waveguide. The acoustic field of the acoustic waveguide is determined by the process or
from the PE model. The acoustic field includes an interference pattern from interference
between an acoustic signal of the acoustic source and at least one signal refracted by the

region of the second fluid.

[0008] The present invention is further embodied in a simulator for simulating an
acoustic field of an acoustic waveguide. The simulator includes a sound speed profile
generator and an acoustic field generator. The sound speed profile generator is
configured to generate a sound speed profile of the acoustic waveguide, where the
acoustic waveguide has a region of a first fluid within a second fluid and the first fluid
has a different acoustic index of refraction than the second fluid. The acoustic field
generator is configured to: apply the sound speed profile and predetermined parameters
of a sound source and a receiver to a parabolic equation (PE) model of sound
propagation in the acoustic waveguide, and determine the acoustic field of the acoustic
waveguide from the PE model. The acoustic field includes an interference pattern from
interference between an acoustic signal of the acoustic source and at least one signal

refracted by the region of the second fluid.

[0009] Systems and methods of the present invention may be used, for example, by

the navy, for oil exploration, for oceanography, etc.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The invention may be understood from the following detailed description when
read in connection with the accompanying drawing. It is emphasized that, according to
common practice, various features of the drawing may not be drawn to scale. On the
contrary, the dimensions of the various features may be arbitrarily expanded or reduced
for clarity. Moreover, in the drawing, common numerical references are used to

represent like features. Included in the drawing are the following figures:

[0011] FIG. 1is a functional block diagram of an exemplary acoustic field simulator,

according to aspects of the present invention;
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[0012] FIG. 2Ais a top plan view diagram of an exemplary underwater channel
having a region of fluid moving in the horizontal plane, according to an aspect of the

present invention;

[0013] FIG. 2B is a side view diagram of the exemplary underwater channel shown in

FIG. 2A, according to an aspect of the present invention;

[0014] FIG. 3 is a graph of sound speed as a function of depth of an exemplary
underwater channel illustrating changes to the sound speed due to a region of fluid

within the underwater channel, according to an aspect of the present invention;

[0015] FIG. 4 is a top view diagram of an exemplary underwater channel having a
region of fluid within the underwater channel, illustrating the behavior of acoustic rays in
horizontal plane (X-Y) in a vicinity of a region fluid with different sound index of

refraction, according to an aspect of the present invention;

[0016] FIG. 5 is a flow chart diagram illustrating an exemplary method for simulating
an acoustic field of an underwater channel having a region of fluid within the underwater

channel, according to an aspect of the present invention;

[0017] FIG. 6A is a perspective view diagram of a water column having an example

modeled region of fluid, according to an aspect of the present invention;

[0018] FIG. 6B is a top plan view diagram of the water column shown in FIG. 6A,

according to an aspect of the present invention;

[0019] FIGS. 7A and 7B are images of an example sound speed profile of an idealized
volume of an oil patch inside a three-dimensional (3D) waveguide in the X-Y plane and

the X-Z plane, respectively, according to an aspect of the present invention;

[0020] FIGS. 8A, 8B and 8C are images of an example acoustic field ( i.e., pressure
and intensity) in the X-Y plane and the X-Z plane as a function of horizontal and vertical
distance in X-Y-Z coordinates respectively, for the oil patch inside the 3D waveguide

shown in FIGS. 7A and 7B, according to an aspect of the present invention;

[0021] FIGS. 8D and 8E are example images of acoustic intensity calculated versus
depth and distance as a function of geotime for a horizontal receiver array (HLA) and a

vertical receiver array (VLA), respectively, positioned as shown in FIG. 8A;

[0022] FIGS. 9A, 9B and 9C are images of an example acoustic field ( i.e., pressure
and intensity) in the X-Y plane and the X-Z plane as a function of horizontal and vertical

distance in X-Y-Z coordinates respectively, for the oil patch inside the 3D waveguide
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shown in FIGS. 7A and 7B, at a different geotime than shown in FIGS. 8A, 8B and 8C,

according to an aspect of the present invention; and

[0023] FIGS. 9D and 9E are example images of acoustic intensity calculated versus
depth and distance as a function of geotime for a horizontal receiver array (HLA) and a
vertical receiver array (VLA), respectively, positioned as shown in FIG. 9A for the
different geotime of FIG. 9A, according to an aspect of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0024] According to aspects of the present invention, propagation of acoustic waves
can be used to map a three-dimensional (3D) structure of a water column with a
horizontal scale of about a few tens of kilometers. If the water column has a patch of oil
intrusion, because of the vast contrast between the sound properties of the oil and water
(sound speed in oil is about 1300-1350 m/s), the index of refraction in the water column
may be changed. This change may be measured by acoustical sounding using source
and vertical and/or horizontal hydrophone receiving arrays and a 3D structure of the
water column may be constructed. To map the contours of oil patches and layers inside
the water column in the horizontal plane and its behavior in space and time, a variation
of interference pattern in the horizontal plane may be utilized. These interference
patterns may be produced in an area of multipath propagation of sound rays due to
horizontal refraction. According to an exemplary embodiment of the present invention,
an acoustic field simulator may be used for estimation of position and velocity of a
boundary of a 3D structure with a sound speed distinct from the surrounding fluid (such
as temperature front, internal waves, oil spill, etc.), using measurement of the horizontal
interference structure. According to aspects of the present invention, sound signals of
different frequencies (from 50 Hz to a few kilohertz) may provide enough accuracy for

mapping of similar inclusions.

[0025] Aspects of the invention include simulators and methods for simulating an
acoustic field of an acoustic waveguide. An exemplary method includes generating a
sound speed profile of the acoustic waveguide, where the acoustic waveguide includes a
region of a first fluid within a second fluid, and the first fluid has a different index of
refraction than the second fluid. The sound speed profile and predetermined parameters
of a sound source and a receiver may be applied to a parabolic equation (PE) model of
sound propagation in the acoustic waveguide. The acoustic field of the acoustic
waveguide for the sound source and the receiver may be determined from the PE model.
According to an exemplary embodiment of the present invention, the acoustic field
includes an interference pattern from interference between an acoustic signal of the

acoustic source and at least one signal refracted by the region of the second fluid.
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[0026] Interferometry techniques are known in optics. In particular, the Lloyd’s
mirror effect is known in optics, and relates to the detection of interfering rays due to an
approaching layer having different optical refraction properties. According to aspects of
the present invention, acoustic ray interference in the horizontal direction may be
simulated, due to a moving region with a different sound index of refraction from the

surrounding fluid.

[0027] An exemplary function of the invention is to be able to model and change in
time, the boundary of a fluid that possesses an acoustic index of refraction different from

the surrounding fluid.

[0028] Aspects of the present invention have been shown analytically, and also by
using an acoustic propagation model (e.g., a PE model). Initial modeling results using a
PE model show that when a submerged fluid (i.e., a region of fluid) with a different index
of refraction is placed within another fluid, and an acoustic field impinges upon it,

refraction and interference patterns around and within the region are generated.

[0029] A shallow water acoustic experiment was previously conducted, where a sound
source transmitted pulses about 20 kilometers away from an L-shaped receiver array.
The experiment and results are described in a related patent application entitled
“METHOD FOR DETECTION OF A PLUME OF A FIRST FLUID WITHIN A SECOND FLUID,”
U.S. Patent App. No. 13/273,852 filed on October 14, 2011, incorporated herein by
reference in its entirety. The fringe patterns of the sound measurements at the receiver
showed the existence of an interference pattern phenomenon similar to the Lioyd’s
mirror effect, indicating that it is possible to measure horizontal refraction in an oceanic

waveguide.

[0030] Aspects of the present invention include a modeling tool (i.e., a simulator) to
simulate the motion of a region of a first fluid released within a three-dimensional (3D)
waveguide filled with a second fluid, where the physical properties of the second fluid are
different from the first fluid. An exemplary simulator may be used to design numerical
experiments prior to investment of costly field exploration (such as in case of natural or

man-made disasters).

[0031] Referring to FIG. 1, a functional block diagram of an exemplary acoustic field
simulator, designated generally as simulator 100, is shown. Simulator 100 may include
sound speed profile generator 102, acoustic field generator 104, memory 106, controller
108, 3D fluid calculation model 110 and PE model 112. Simulator 100 may be coupled
to user interface 114 and display 116. Although user interface 114 and display 116 are
ilustrated as being external to simulator 100, one or more of user interface 114 and

display 116 may be included as part of simulator 100. Although not shown, simulator
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100 may be coupled to a remote location, for example via a global network (i.e., the

Internet).

[0032] Sound speed profile generator 102 may be configured to generate a sound
speed profile of an underwater channel (for example, underwater channel 200 shown in
FIGS. 2A and 2B) having a region of fluid with an index of refraction that is different
from the underwater channel. The sound speed profile may be generated based on an
output of 3D fluid calculation model 110. 3D fluid calculation model 110 may calculate a
fluid dynamic Lagrangian method, to track particle trajectories inside the region of fluid
(for example fluid 204 of region 202 shown in FIG. 2A) and to provide input to an
acoustic model of the underwater channel. In an exemplary embodiment, 3D fluid
calculation model 110 may use a combination of a regional ocean modeling system
(ROMS) and Lagrangian method. The ROMS component may be used to model a
background environment of the underwater channel (for example, underwater channel
200 shown in FIG. 2A). Sound speed profile generator 102 is described further below
with respect to FIGS. 5, 6A and 6B.

[0033] Acoustic field generator 104 may be configured to receive the sound speed
profile from sound speed profile generator 102, as well as parameters associated with a
sound source (for example, sound source 402 shown in FIG. 4) and a receiver (for
example, receiver 404 shown in FIG. 4) positioned within the underwater channel. The
sound speed profile and the parameters of the sound source and the receiver may be
applied to PE model 112 for modeling sound propagation in the underwater channel. In
an exemplary embodiment, PE model 112 includes a parallelized 3D PE model.
According to another exemplary embodiment, PE model 112 may include a two-way PE
model (i.e., to consider both forward and backward propagating waves). Although PE
model 112 is described, any suitable acoustic propagation model may be used in place of
PE model 112. For example, acoustic propagation models based on methods of Normal
Modes or Ray Theory may be used. These Normal Modes and Ray Theory models,
however, may not be as efficient as the PE model. Acoustic field generator 104 may
generate an acoustic field based on the PE model (for example, for sound source 402
and receiver 404 as positioned in underwater channel 200, as shown in FIG. 4), that
includes an interference pattern due to a region of fluid in the underwater channel (for
exémple, region 202 of fluid 204 within fluid 206 of underwater channel 200, as shown
in FIG. 2A). Acoustic field generator 104 is described further below with respect to FIG.
5.

[0034] Sound speed profile generator 102 and acoustic field generator 104 may be
used to model changes in the region of fluid (for example, region 202 of fluid 206 as

shown in FIG. 2A) over one or more geotimes. For example, region 202 (FIG. 2) may be
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modeled with a change in shape, position and/or physical characteristics with respect to
different geotimes. A sound speed profile and acoustic field may be determined for each
geotime (using sound speed profile generator 102 and acoustic field generator,

respectively).

[0035] Memory 106 may be configured to store parameters associated with one or
more of region 202 (FIG. 4) (i.e., the first fluid), fluid 206 of the underwater channel 200
(i.e., the second fluid), sound source 402 and receiver 404. Parameters of region 202
(FIG. 4) may include, for example, at least one of physical characteristics of fluid 204, a
shape of region 202, or a position of region 202 in underwater channel 200. The
physical characteristics, shape and/or position of the region 202 (FIG. 4) may also be
stored according to one or more geotimes. The physical characteristics of the region 202
(FIG. 4) and fluid 206 of underwater channel 200 may include, for example, salinity, a
viscosity or a temperature. Memory 106 may also store at least one of a sound speed
profile, an acoustic field, parameters associated with 3D fluid calculation model 110 or
parameters associated with PE model 112. Memory 106 may include, for example, a.

magnetic disk, an optical disk or a hard drive.

[0036] Controller 108 may be coupled to one or more of sound speed profile
generator 102, acoustic field generator 104, memory 106, 3D fluid calculation model 110
and PE model 112, to control generation of an acoustic field. Controller 108 may
include, for example, a logic circuit, a digital signal processor or a microprocessor. It is
understood that one or more functions of sound speed profile generator 102 and/or

acoustic field generator 104 may be performed by controller 108.

[0037] User interface 114 may include any suitable user interface capable of providing
parameters associated with one or more of region 202 (FIG. 4), fluid 206 of underwater
channel 200, sound source 402, receiver 404, sound speed profile generator 102,
acoustic field generator 104, 3D fluid calculation mode! 110 and PE model 112. User
interface 114 may include, for example, a pointing device, a keyboard and/or a display

device.

[0038] Display 116 may include any suitable display device capable of presenting at
least one of the sound speed profile and the acoustic field for one or more geotimes.
Although user interface 114 and display device 116 are illustrated as separate devices, it
is understood that the functions of user interface 114 and display device 116 may be

combined into one device.

[0039] Suitable sound speed generator 102, acoustic field generator 104, memory
106, controller 108, 3D fluid calculation model 110, PE model 112, user interface 114

and display 116 may be understood by the skilled person from the description herein.
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[0040] In general, simulator 102 may be considered to operate in two stages.
Mathematical models of region 202 (FIG. 4) (such as an oil spill (i.e. an irregularly
shaped fluid volume with boundary 208 changing in time and space)), underwater
channel 200, sound source 402, and receiver 404 may be developed and stored (such as

in memory 106).

[0041] In a first stage, simulator may prepare all of the parameters of the problem
including the geometry and the physical parameters of the components (i.e. region 202
(FIG. 4), underwater channel 200, source 402 and receiver 404).

[0042] In the second stage two numerical models may be used. 3D fluid calculation
model 110 may calculate the fluid dynamic Lagrangian method, to track particle
trajectories inside a fluid volume of region 202 (FIG. 2A with density of p;) and to
provide input to the acoustic field generator 104 (and PE model 112). PE model 112
may be used to calculate the 3D acoustic field. A 3D PE numerical model may be used
to obtain the acoustic field due to the interaction of sound with the fluid volume obtained

in the previous calculations.

[0043] It is understood that acoustic field generator 104 may check the acoustic field
for detection of recognizable acoustic interference patterns that result from the
movement of region 202 (FIG. 4) of fluid 204 within fluid 206. If a prescribed
convergence criterion is met, for example, if the pattern is associated with a known
condition of the fluid temporal and spatial geometry, then the results will be passed on
to the higher level (i.e., for visualization such as by display 116). Otherwise, the

computation of the acoustic field may continue by acoustic field generator 104.

[0044] For any of the model runs there may be some possible variability, governed by
a set of parameters. For example, if a model of an oil spill is considered to have a shape
of an ellipse with semi-axes a, and b (such as region 602 shown in FIGS. 6A and 6B), a
center of this ellipse may be placed at the point (Xg,Yo), and other parameters such as
the thickness and depth of the ellipse may also be considered. A model of the water
column 600 (FIG. 6A and 6B) may also include parameters, which may be changed, such
as the depth H and the sound speed profile c(z) (for example, the sound speed profile
may have a linear depth dependence: c¢(z)= - z+cy, where ¢, is a background (reference)
sound speed). A model of source 402 (FIG. 4) may include parameter depth zs, and a
model of receiver 404 may include a length L of an array of receiving elements, as well

as the direction of the array.

[0045] In general, the above-described models may generate multiple results in which
a variety of scenarios, such as different sound source and receiver positions and different

background oceanographic conditions. Final results of these calculations may be stored
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in memory 106. Simulator 100 may use these data, for example, for visualization and

demonstration purposes.

[0046] Referring to FIGS. 2A and 2B, an exemplary underwater channel 200 having
region 202 of fluid 204 (i.e., a first fluid) within fluid 206 (i.e., a second fluid) is
described. In particular, FIG. 2A is a top plan view diagram of underwater channel 200,
in the X-Y plane; and FIG. 2B is a side view diagram of underwater channel 200, in the
X-Z plane. Underwater channel 200 includes top surface 210 and bottom surface 212,
with a depth h therebetween. It is understood that region 202 represents a 3D volume
of fluid 204.

[0047] As shown in FIG. 2A, underwater channel 200 may include region 202 of fluid
204 moving in a horizontal direction (i.e., the X-Y plane), designated generally by arrow

A. Region 202 may have an irregularly shaped boundary 208.

[0048] Region 202 may include an internal wave (including nonlinear internal waves),
a temperature front, or any oceanographic feature that may be moving within
underwater channel 204 in the horizontal direction. In general region 202 of fluid 204
(i.e., a first fluid) represents any fluid having an acoustic index of refraction different
from fluid 206 (i.e., a second fluid) of underwater channel 200. Fluid 206 may be, for
example, for a shallow water region, for an underwater channel or for a water column.
Although underwater channel 200 is described herein, it is understood that underwater

channel 200 may represent any 3D acoustic waveguide.

[0049] Region of fluid 202 having density p1 with soft (flexible) boundary 208 that is

moving in fluid 206 of different density p, may be modeled, for example, using a

Lagrangian formulation. In the X-Y plane (FIG. 2A), region 202 with irregular boundary

208 may move in any arbitrary direction.

[0050] Referring to FIG. 2B, in the vertical plane (i.e., the X-Z plane), region 202 may
occupy a volume of underwater channel 200. Depending on densities p; and p2, a
region of fluid may occupy a volume of underwater channel 200 on top surface 210

(illustrated as region 202) (for p1<p2), in a mid-portion of underwater channel 200
(illustrated as region 202) (for p1 approximately equal to p2) or near the bottom surface

212 (illustrated as region 202") (for pi1>p2). Accordingly, region 202 can float toward
top surface 210, region 202’ can float along in a mid-portion of underwater channel 200
or region 202" can sink toward bottom surface 210. Therefore, the physical properties
of underwater channel 200 can change, causing the sound speed profile (C (z)) to

change.
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[0051] Referring to FIG. 3, a graph of example sound speed profile 302 as a function
of depth (Z) is shown. Sound speed profile 302 illustrates a typical sound speed profile
in shallow water. Sound speed profile 302 may vary (for example, as sound speed
profile 302’ or sound speed profile 302”). Variations in sound speed profile 302 may
induce temporal and spatial variability of the acoustic field. For example, a moving
region 202 of fluid 204 (FIG. 2A) with a different temperature than fluid 206 may refract

(reflect) sound rays and may cause a multipath arrival that is detectable by a receiver.

[0052] In general, sound speed profile 302 may be a function of temperature, salinity
and hydrostatic pressure. For a typical shallow water channel, hydrostatic pressure and
salinity may provide a small contribution. Accordingly, sound speed profile 302 may be
determined by the temperature of underwater channel 200 (FIG. 2A) (based on both
fluid 204 and fluid 206) as a function of depth Z.

[0053] Referring to FIG. 4, a top view diagram of underwater channel 200 including a
simulated sound source 402 and receiver 404 are shown. FIG. 4 illustrates the behavior
of acoustic signals (also referred to herein as acoustic rays) 408 and 410 in a vicinity of
region 202. Acoustic signal 408 represents the direct signal transmitted by sound source
402, which propagates through fluid 206 of underwater channel 200 (without being
influenced by region 202). Acoustic signal 410 represents an acoustic signal transmitted
by sound source 402 that is refracted (or reflected) at boundary 208 between region 202
and fluid 206. Interference between direct signal 408 and refracted signal 410 may
produce an interference pattern, which may be detected by receiver 404. Both modal
contents and horizontal ray contents of acoustic wave propagation may be affected by
interaction with region 202, causing a received signal at receiver 404 to have a

fluctuating intensity.

[0054] The problem of refraction of the acoustic field in the horizontal plane and
multipath formation is similar to what occurs in optics where a light beam refracts due to
the medium’s variability in the light index of refraction, resulting in multipath arrivals of
the refracted light beams. In the case of fluid 204 and fluid 206, the boundary 208
between the two fluids (fluid 204 and fluid 206) with different sound speeds c; (region
202 of fluid 204) and ¢, (fluid 206 of underwater channel 200), creates the necessary
condition for the refraction of a sound beam. When two fluids are placed inside an
acoustic field, under the right conditions, sound beam refraction can occur in the
acoustic field and therefore the sound intensity due to interference between the direct

arrival and the refracted arrival occurs.

[0055] In an exemplary embodiment, sound source 102 may be modeled to transmit
acoustic signal 408 of low frequency (i.e., having a low frequency component). Acoustic

signal 408 may be generally between about 50 Hz to a few kilohertz. Acoustic signal
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408 may be a narrdwband or a broadband signal. Acoustic signal 408 may include a
plurality of pulses repeated periodically, such as a linear frequency modulated (LFM)
signal (e.g., a chirp) or may include a continuous signal, such as a pseudorandom binary

sequence (e.g., a maximum length sequence (MLS)).

[0056] Receiver 404 may include one or more receiving elements (not shown). A
plurality of receiving elements may be arranged as a horizontal array, a vertical array or

a combination of a vertical array and a horizontal array (i.e., an L-shaped array).

[0057] Referring next to FIG. 5, an exemplary method for simulating an acoustic field
of an underwater channel having a region of fluid (i.e., a first fluid) within fluid (i.e., a
second fluid) of the underwater channel is shown. The steps illustrated in FIG. 5
represent an example embodiment of the present invention. It is understood that

certain steps may be performed in an order different from what is shown.

[0058] At step 500, a geotime index j is set to 1, for example, by controller 108 (FIG.
1). At step 502, parameters may be received for a first fluid (i.e., region 202 (FIG. 4)),

a second fluid (i.e., fluid 206), sound source 402 and receiver 404. For example, the
parameters may be received from user interface 114 (FIG. 1) and stored in memory

106. In general, a boundary 208 (FIG. 2A) of region 202 may be assumed based ona
priori data including, for example, a background fluid velocity in underwater channel 200
(FIG. 2A), an initial shape of region 202, a concentration of fluid 204, and other physical
properties of region 202. This information may be translated into a sound speed profile

in steps 504 and 506.

[0059] At step 504, a 3D fluid calculation model may be processed based on the
parameters received in step 502, for example, by 3D fluid calculation model 110 (FIG.
1).

[0060] At step 506, a sound speed profile of underwater channel 200 (FIG. 4) having
region 202 is generated based on the 3D fluid calculation model output, for example, by
sound speed profile generator 102. An example of modeling a fluid shape within an
underwater channel and obtaining a sound speed profile for the underwater channel is
described further below with respect to FIGS. 6A and 6B.

[0061] At step 508, the sound speed profile, and the parameters for sound source 402
(FIG. 4) and receiver 404 are applied to a PE model, for example, PE model 112 (FIG.
1). At step 510, the PE model is processed to generate an acoustic field for geotime

index j, for example, by acoustic field generator 104 (FIG. 1).

[0062] At step 512, it is determined whether an interference pattern is detected in the
generated acoustic field for example, by controller 108 (FIG. 1). If an interference

pattern (or a boundary) is not detected, step 512 proceeds to step 514.
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[0063] In general, steps 504 and 506 generate boundary 208 (FIG. 2A) and the
sound speed profile of the region 202 based on a combined oceanographic model (such
as ROMS ocean model) and the Lagrangian method. The output of step 506 is a sound
speed profile for underwater channel 200 (FIG. 2A) with a position of the region 202 at a
fixed geotime. Steps 508 and 510 generate an acoustic field. At step 512, the result of
the acoustic field may be checked (for example, using processing tools depending upon

receiver 404 (FIG. 4) for detection of boundaries or acoustic field interference patterns).

[0064] At step 514, region 202 of fluid 204 (FIG. 2A) is modified, for example, via
user interface 114 (FIG. 1). Region 202 (FIG. 2A) may be modified, for example, by
changing a shape of region 202, a position of region 202 in underwater channel 200, a
physical characteristic of fluid 204 or any combination thereof. Step 514 proceeds to
step 504. Steps 504-510 may be repeated until an interference pattern (or a boundary)
is detected. For example, if a prescribed condition is not satisfied, then the boundary
208 (FIG. 2A) may change slightly and steps 504-510 may be repeated. A final
termination process for the method shown in FIG. 5 may be prescribed by a set of
oceanographic conditions that include a level of mixing between the two fluids (fluid 204
and fluid 206 as shown in FIG. 2A) and the position of region 202.

[0065] If, at step 512, an interference pattern (or boundary) is detected, step 512
proceeds to step 516.

[0066] At step 516, the acoustic field and sound speed profile for geotime index j may
be stored, for example, by memory 106 (FIG. 1). In an exemplary embodiment, the
parabolic equation may be based on a split-step Fourier algorithm that calculates the

acoustic field in spatial and temporal domains.

[0067] At step 518, it is determined whether geotime index j is equal to J (where J
may be greater than or equal to 1), for example, by controller 108 (FIG. 1). If geotime
index j is not equal to J, step 518 proceeds to step 520.

[0068] At step 520, geotime index j is set to j+1, for example, by controller 108 (FIG.
1). At step 522, region 202 of fluid 204 (FIG. 2A) is modified, for example, via user
interface 114 (FIG. 1). Region 202 (FIG. 2A) may be modified, for example, by changing
a shape of region 202 , a position of region 202 in underwater channel 200, a physical
characteristic of fluid 204 or any combination thereof. Step 522 proceeds to step 504.
Steps 504-516 may be repeated until geotime index j is equal to J.

[0069] If, at step 518, geotime index j is equal to J, step 518 proceeds to step 524.
At step 524, the acoustic field is displayed over one or more geotimes, for example, by
display 116 (FIG. 1). At optional step 526, the sound speed profile over one or more
geotimes may be displayed, for example, by display 116 (FIG. 1).
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[0070] Due to present computer speed limitations, an instantaneous model run at this
time is typically not possible, as the simulations for the combined movement of the
volume of region 202 (FIG. 2A), and the corresponding acoustic field calculation may
take up to several hours. However, the processing speed may be improved by the
process of using parallel Graphic Processing Units (GPU) instead of existing Central

Processing Units (CPU).

[0071] Referring next to FIGS. 6A and 6B, an example of obtaining a sound speed
profile for modeled region 602 of fluid 604 within fluid 606 of water column 600 is
shown. In particular, FIG. 6A is a perspective view diagram of water column 600, in the
X, ¥ and z directions; and FIG. 6B is a top plan view diagram of water column 600, in the
x-y plane. In FIGS. 6A and 6B, fluid 604 may have a different density than fluid 606.

[0072] As shown in FIG. 6A, region 602 is positioned in fluid 606 at a position
between top surface 608 and bottom surface 610, where water column 600 has a depth
H. Sound source 612 is illustrated as being placed at position z; at the z-axis. In the
description below, a Cartesian coordinate system is assumed. As shown in FIGS. 6A and
6B, region 602 is illustrated as a cylinder having an elliptical shape, for ease in
explanation of a relationship between region 602 and calculation of the sound speed
profile. Although region 602 as a cylinder having an elliptical shape is described, it is

understood that region 602 may be any regular or irregular polygonal shape.

[0073] Parameters of water column 600 that may change with geotime may include: a
depth h of an upper boundary of region 602, a thickness d of region 602 (where
h+d<H), semi-axes a, b of region 602 (i.e., of the ellipse) (where a=b), coordinates Xo,
yo of a center of region 602 (i.e., of the ellipse) and an angle of rotation o of region 602

(i.e., of the ellipse) (where 0<a<m).
[0074] The canonical equation of an ellipse may be represented as:

xr?  yr? _
= T = )

[0075] A connection between coordinate systems in the horizontal plane (i.e., the x-y
plane) may be represented as:

{ x" =(x—xp)cosa+ (y—yy)sina
y'" = —(x—xp)sina + (y — yy) cosa

(2)

[0076] The sound speed profile outside of region 602 may be represented as c(z).
The sound speed profile inside of region 602 may be represented as c(z)+Ac. The sound

speed profile as a function of three dimensions c(x, y, z) may be represented as:
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L .oxn? oy
c(2),if ?+F>1or z<horz>h+d

c(x,y,2) = (3)

"2 12
c(z) + Ac,if %2—+yb—2§1and h<z<h+d

[0077] The above three-dimensional sound speed profile may be used as an input to
PE equation model 112 (FIG. 1), for example, to analyze the effect the sound speed

profile may have on the acoustic field.

[0078] Referring next to FIGS. 7A-9E, an example of simulating an acoustic field for
an idealized volume of an oil patch inside a 3D waveguide is shown. Results are
provided for two different geotimes. In particular, FIG. 7A is an image of a sound speed
profile of the idealized volume in the X-Y plane; FIG. 7B is an image of the sound speed
profile of the idealized volume in the X-Z plane; FIG. 8A is an image of the acoustic field
of the waveguide having the oil patch in the X-Y plane as a function of pressure at the
bottom of the X-Y plane; FIG. 8B is an image of the acoustic field in the X-Y plane as a
function of intensity; FIG. 8C is an image of the acoustic field in the X-Z plane as a
function of pressure at a center of the X-Z plane; FIG. 8D is an image of the acoustic
field in the vicinity of a horizontal line array (HLA) as a function of depth and geotime;
and FIG. 8E is an image of the acoustic field in the vicinity of a vertical line array (VLA)
as a function of distance and geotime. FIGS. 8A-8E represent simulation results for a
first geotime. FIGS. 9A-9E are similar to FIGS. 8A-8E, except the simulation results are
for a different geotime where a shape of the oil patch has changed. In FIGS. 7A-9E,
color corresponds to the intensity of acoustic field as defined by the color key to the right

of each figure.

[0079] FIGS. 7A-8E show a 3D waveguide calculation when a sound source is placed
at an x,y,z position (0 km,0 km,50 m) in a 3D waveguide with dimensions (X=20 km,
Y=3 km, Z=100 m). A patch of oil with dimensions (x=3 km, y=2 km, z= 20m) is
pulsating inside the waveguide while the sound source is emitting sound at a monotone
frequency of 300 Hz. In FIGS. 7A and 7B, the concentration of the material inside of the
patch is considered at the center, and gradually tapers off at the edges (dimensions of

the patch is to the scale with the waveguide dimensions).

[0080] The acoustic field before and after it hits the oil patch is considered for further
examination. Modal calculation shows a drastic change in the modal energy distribution
inside the water column due to the existence of the fluid inclusion. As shown in FIG. 8A,
fringe patterns are observed around the edges of the inclusion, depicting that the
horizontal Lloyd’s mirror effect is changing as a function of the boundary movement in
geotime, Tg. This feature is related to the oceanographic changes occurring in the water

column.
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[0081] FIGS. 9A-9D are simulation results for a different geotime. As shown in FIGS.
9A and 9B, the shape of the oil patch and its dimensions, as well as its position within

the water column has changed as compared with FIGS. 8A and 8B.

[0082] The example acoustic fields described with respect to FIGS. 7A-9E are
calculated by using realistic values for the sound speed measurement in oil using the
elliptically-shaped oil spill volume mentioned above. The sound speed profile for the
waveguide as well as the acoustic field in the waveguide calculated for different spatial
and temporal instances of the oil patch in the oil patch volume are shown in FIG. 7A-SE.
The oil patch volume is moving up and down and its boundaries are changing in geotime.
FIGS. 7A and 7B show the sound speed profile at a fixed geotime. FIGS. 8A-8C and
FIGS. 9A-9C indicate two different geotime instances of the waveguide where the oil
patch has moved in the waveguide. FIGS. 8D, 8E, 9D and 9E show the acoustic field on a
vertical (VLA) and horizontal (HLA) arrays respectively for two different geotimes. The
positions of these arrays are indicated in respective FIGS. 8A and 9A. FIGS. BA-9E show
that the acoustic field is drastically changed when the oil patch is in a different position
in the water column. The fringes observed in the acoustic intensity across the VLA and
HLA may be used as representative diagnostic tools for detecting the boundaries of the
oil volume patch. For example, related patent application entitled "METHOD FOR
DETECTION OF A PLUME OF A FIRST FLUID WITHIN A SECOND FLUID” describes
methods for detecting a velocity and physical characteristics of a plume of fluid from the

interference pattern measured at the receiver.

[0083] Although the invention has been described in terms of methods and
simulators for simulating an acoustic field of an acoustic waveguide having a region of a
first fluid within a second fluid, it is contemplated that one or more steps and/or
components may be implemented in software for use with microprocessors/general
purpose computers (not shown). In this embodimeht, one or more of the functions of
the various components and/or steps described above may be implemented in software
that controls a computer. The software may be embodied in non-transitory tangible
computer readable media (such as, by way of non-limiting example, a magnetic disk,

optical disk, hard drive, etc.) for execution by the computer.

[0084] Although the invention is illustrated and described herein with reference to
" specific embodiments, the invention is not intended to be limited to the details shown.
Rather, various modifications may be made in the details within the scope and range of

equivalents of the claims and without departing from the invention.



WO 2012/128798 PCT/US2011/063062

16

What is Claimed:

1. A method for simulating an acoustic field of an acoustic waveguide, the

method comprising:

generating, by a processor, a sound speed profile of the acoustic
waveguide, the acoustic waveguide having a region of a first fluid within a second fluid,

the first fluid having a different acoustic index of refraction than the second fluid;

applying the sound speed profile and predetermined parameters of a
sound source and a receiver to a parabolic equation (PE) model of sound propagation in

the acoustic waveguide; and

determining, by the processor, the acoustic field of the acoustic waveguide
from the PE model, the acoustic field including an interference pattern from interference
between an acoustic signal of the acoustic source and at least one signal refracted by the

region of the second fluid.

2. The method according to claim 1, wherein the acoustic field represents

the acoustic waveguide for a first geotime and the method further includes:

changing at least one of a position or a shape of the region of the first fluid

within the second fluid to represent the acoustic waveguide for a second geotime;

modifying the sound speed profile based on the changing of the region to

form a modified sound speed profile; and

repeating the applying of the sound speed profile and the determining of
the acoustic field for the modified sound speed profile to form a further acoustic field for

the second geotime.
3. The method according to claim 2, the method further including:
displaying at least one of the acoustic field or the further acoustic field.

4. The method according to claim 1, wherein the interference pattern

indicates a boundary between the region of the first fluid and the second fluid.

5. The method according to claim 1, wherein the acoustic field is

determined in three-dimensions.
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6. The method according to claim 1, wherein the first fluid includes at

least one of an internal wave, a temperature front or an oceanographic feature with a

sound speed different from a sound speed of the second fluid.

7. The method according to claim 1, wherein the generating of the sound

speed profile includes:

determining a first sound speed profile representing the region of the first

fluid based on a physical characteristic of the first fluid;

determining a second sound speed profile representing the second fluid

based on a physical characteristic of the second fluid; and

combining the first sound speed profile and the second sound speed profile

to form the sound speed profile of the acoustic waveguide.

8. The method according to claim 7, wherein the physical characteristic of
each of the first fluid and the second fluid includes at least one of a salinity, a viscosity

or a temperature.
9. The method according to claim 1, the method further comprising:

generating a three-dimensional (3D) fluid calculation model of the acoustic
waveguide based on at least one of the first fluid, the second fluid, the sound source or
the receiver, the 3D fluid calculation model being used to generate the sound speed

profile of the acoustic waveguide.

10. The method according to claim 9, wherein the 3D fluid calculation
model uses a combination of a regional ocean model system (ROMS) and a Lagrangian

method.

11. The method according to claim 1, the method comprising, prior to
generating the sound speed profile, modeling a boundary between the region of the first

fluid and the second fluid as a flexible boundary.

12.The method according to claim 1, wherein the PE model includes at

least one of a parallelized three-dimensional (3D) PE model or a two-way PE model.

13. A simulator for simulating an acoustic field of an acoustic waveguide

comprising:
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a sound speed profile generator configured to generate a sound speed
profile of the acoustic waveguide, the acoustic waveguide having a region of a first fluid
within a second fluid, the first fluid having a different acoustic index of refraction than

the second fluid; and
an acoustic field generator configured to:

apply the sound speed profile and predetermined parameters of a
sound source and a receiver to a parabolic equation (PE) model of sound

propagation in the acoustic waveguide, and

determine the acoustic field of the acoustic waveguide from the PE
model, the acoustic field including an interference pattern from
interference between an acoustic signal of the acoustic source and at least

one signal refracted by the region of the second fluid.

14. The simulator according to claim 13, further comprising a memory
configured to store at least one of a physical characteristic of the first fluid, a physical
characteristic of the second fluid, a shape of the region, a position of the region, the
predetermined parameters of the sound source and the receiver, the sound speed profile

or the acoustic field.

15. The simulator according to claim 13, further comprising a user
interface configured to receive an indication for at least one of a physical characteristic of
the first fluid, a physical characteristic of the second fluid, a shape of the region, a
position of the region, or the predetermined parameters of the sound source and the

receiver.

16. The simulator according to claim 13, wherein the acoustic field
represents the acoustic waveguide for a first geotime and the simulator is configured to
change at least one of a position or a shape of the region of the first fluid within the
second fluid to represent the acoustic waveguide for a second geotime and to determine

a further acoustic field for the second geotime.

17. The simulator according to claim 16, further comprising a display
configured to display at least one of the sound speed profile, the acoustic field or the

further acoustic field.

18. The simulator according to claim 13, wherein the sound speed profile
generator is configured to generate the sound speed profile based on a physical

characteristic the first fluid and a physical characteristic of the second fluid.
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19. The simulator according to claim 18, wherein the physical
characteristic of each of the first fluid and the second fluid includes at least one of a

salinity, a viscosity or a temperature.

20. The simulator according to claim 13, wherein the first fluid includes at
least one of an internal wave, a temperature front or an oceanographic feature with a

sound speed different from a sound speed of the second fluid.

21.The simulator according to claim 13, wherein the receiver includes at

least one of a vertical line array or a horizontal line array.

22.The simulator according to claim 13, wherein the sound speed profile
generator is configured to generate the sound speed profile of the acoustic waveguide

using a three-dimensional (3D) fluid calculation model of the acoustic waveguide.
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