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(57) One aspect provides a marine acoustic vibrator 100, comprising: an outer shell 104; and a variable gas flow
restrictor 102 disposed within the outer shell; wherein the marine acoustic vibrator 100 has a resonance frequency
selectable based at least in part on the variable gas flow restrictor. Another aspect relates to a method of towing an
acoustic vibrator and restricting the gas flow in the vibrator to control a first resonant frequency. A further aspect
relates to a marine vibrator with a flextensional outer shell, a fixture 109 and a driver 108 having two ends coupled
to the shell and the fixture respectively. The value of the gas spring is changed by restricting gas flow in the vibrator.
The vibrator may have at least two resonant frequencies at 10 Hz or lower when submerged in water at a depth of
0-300m. The gas flow restrictor may comprise a first and second plate with holes wherein the second plate is
movable to at least partially cover the holes of the first plate.
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GAS SPRING COMPENSATION MARINE ACOUSTIC VIBRATOR

BACKGROUND

[0001] Embodiments relate generally to acoustic vibrators for marine seismic surveys.
More particularly, embodiments relate to restriction of gas flow in a marine acoustic vibrator to
compensate for gas spring effects.

[0002] Sound sources are generally devices that generate acoustic energy. One use of
sound sources is in marine seismic surveying in which the sound sources may be employed to
generate acoustic energy that travels downwardly through water and into subsurface rock. After
interacting with the subsurface rock, e.g., at boundaries between different subsurface layers,
some of the acoustic energy may be returned toward the water surface and detected by
specialized sensors. The detected energy may be used to infer certain properties of the subsurface
rock, such as structure, mineral composition and fluid content, thereby providing information
useful in the recovery of hydrocarbons.

[0003] Most of the sound sources employed today in marine seismic surveying are of the
impulsive type, in which efforts are made to generate as much energy as possible during as short
a time span as possible. The most commonly used of these impulsive-type sources are air guns
that typically utilize compressed air to generate a sound wave. Other examples of impulsive-type
sources include explosives and weight-drop impulse sources. Another type of sound source that
can be used in seismic surveying includes marine acoustic vibrators, such as hydraulically
powered sources, electro-mechanical vibrators, electrical marine acoustic vibrators, and sources
employing piezoelectric or magnetostrictive material. Vibrator sources typically generate
vibrations through a range of frequencies in a pattern known as a “sweep” or “chirp.”

[0004] Prior sound sources for use in marine seismic surveying have typically been
designed for relatively high-frequency operation (e.g., above 10 Hz). However, it is well known
that as sound waves travel through water and through subsurface geological structures, higher
frequency sound waves may attenuate more rapidly than lower frequency sound waves, and
consequently, lower frequency sound waves can be transmitted over longer distances through
water and geological structures than higher frequency sound waves. Thus, efforts have been

undertaken to develop sound sources that can operate at low frequencies. Marine acoustic
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vibrators have been developed that may have least one resonance frequency of about 10 Hz or
lower. In order to achieve a given level of output in the water, these marine acoustic vibrators
typically need to undergo a change in volume. In order to work at depth while minimizing
structural weight, the marine acoustic vibrator may be pressure balanced with external
hydrostatic pressure. As the internal gas (e.g., air) in the source increases in pressure, the bulk-
modulus of the internal gas also rises. This increase in bulk-modulus or “gas spring” thus tends
to make the stiffness of the internal gas a function of the operating depth of the source. Further,
the stiffness of the structure and the internal gas are primary determining factors in the source’s
resonance frequency. Accordingly, the resonance of the marine acoustic vibrator may vary with
depth, especially in vibrators where the interior volume of the source may be pressure balanced

with the external hydrostatic pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] These drawings illustrate certain aspects of some of the embodiments of the
present invention and should not be used to limit or define the invention.

[0006] FIGS. 1 and 2 illustrate the effect of the gas spring as the marine acoustic vibrator
is being towed deeper in accordance with example embodiments.

[0007] FIG. 3 is a simulated amplitude spectra showing the expected effect of
compressed gas that generates a gas spring as the marine acoustic vibrator is being towed deeper
in accordance with example embodiments.

[0008] FIG. 4 illustrates an example embodiment of a marine acoustic vibrator with a
variable gas flow restrictor.

[0009] FIG. 5 illustrates an example embodiment of a variable gas flow restrictor for use
with a marine acoustic vibrator.

[0010] FIG. 6 illustrates an example embodiment of a marine acoustic vibrator with a
variable gas flow restrictor in cross-section.

[0011] FIG. 7 illustrates another example embodiment of a marine acoustic vibrator with
a variable gas flow restrictor in cross-section.

[0012] FIG. 8 illustrates yet another example embodiment of a marine acoustic vibrator

with a variable gas flow restrictor in cross-section.
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[0013] FIG. 9 1s a top view of the marine acoustic vibrator of FIG. 8 in accordance with
example embodiments.

[0014] FIGS. 10 and 11 are plots of amplitude spectra versus frequency for an example
marine acoustic vibrator at 10 meters and 100 meters, respectively, in accordance with example
embodiments.

[0015] FIG. 12 illustrates an example embodiment of a marine acoustic vibrator in
accordance with example embodiments.

[0016] FIG. 13 is an example embodiment of a marine seismic survey system using an

acoustic vibrator.

DETAILED DESCRIPTION

[0017] It is to be understood that the present disclosure is not limited to particular devices
or methods, which may, of course, vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodiments only, and is not intended to be
limiting. All numbers and ranges disclosed herein may vary by some amount. Whenever a
numerical range with a lower limit and an upper limit is disclosed, any number and any included
range falling within the range are specifically disclosed. Although individual embodiments are
discussed, the invention covers all combinations of all those embodiments. As used herein, the
singular forms “a”, “an”, and “the” include singular and plural referents unless the content
clearly dictates otherwise. Furthermore, the word “may” is used throughout this application in a
permissive sense (1.e., having the potential to, being able to), not in a mandatory sense (i.e,
must). The term “include,” and derivations thereof, mean “including, but not limited to.” The
term “coupled” means directly or indirectly connected. If there is any conflict in the usages of a
word or term in this specification and one or more patent or other documents that may be
incorporated herein by reference, the definitions that are consistent with this specification should
be adopted for the purposes of understanding this invention.

[0018] Embodiments relate generally to acoustic vibrators for marine seismic surveys.
More particularly, in one or more embodiments, gas flow may be restricted in a marine acoustic
vibrator to compensate for gas spring effects. As discussed in more detail below, the gas flow in
the marine acoustic vibrator may be restricted to make the gas spring more or less stiff to thereby

control the first resonance frequency at depth.
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[0019] Acoustic vibrators may be used in marine seismic surveying to generate acoustic
energy that travels downwardly through water and downwardly into the earth. Embodiments of
the marine acoustic vibrators may include an outer shell that contains a gas pressure. By way of
example, a marine acoustic vibrator may include an outer shell that defines an internal volume in
which a gas may be disposed. The gas may be any gas or combination of gases (e.g., air, oxygen,
nitrogen, carbon dioxide, etc.) that is selected based on the expected operational requirements of
the device. One of ordinary skill in the art with the benefit of this disclosure should be able to
select an appropriate gas or combination of gas for use in the marine acoustic vibrator. Examples
of suitable marine acoustic vibrators may include hydraulically powered vibrators, electro-
mechanical vibrators, electrical marine acoustic vibrators, and vibrators employing piezoelectric
or magnetostrictive material. In some embodiments, the marine acoustic vibrator may be a
flextensional shell-type source. Flextensional devices including actuators and tranducers act as
mechanical transformers, which transform and amplify the displacement and force generated in
the active element to meet the demands of different applications. Flextensional-shell type sources
are generally marine acoustic vibrators having an outer shell that vibrates and flexes to generate
acoustic energy. Examples of flextensional-shell type sources can be found in U.S. Patent No.
8,446,798, which is incorporated herein by reference.

[0020] In some embodiments, the marine acoustic vibrator may have a pressure
compensation system. The pressure compensation system may be used, for example, to equalize
the internal gas pressure of the marine acoustic vibrator’s outer shell with the external pressure.
The internal gas pressure of the marine acoustic vibrator’s outer shell will be referred to herein as
the “shell internal gas pressure.” Pressure compensation may be used, for example, with marine
acoustic vibrators, where the source needs to undergo a change in volume to achieve a given
level of output. As the depth of the marine acoustic vibrator increases, the shell internal gas
pressure can be increased to equalize pressure with the increasing water pressure due to depth.
Air or another suitable gas may be introduced into the outer shell of the vibrator, for example, to
increase the internal gas pressure.

[0021] However, increasing the shell internal gas pressure may create a “gas spring”
effect that impacts the resonance frequency of the marine acoustic vibrator. In particular, the
resonance frequency may increase as the shell internal gas pressure increases. The pressurized

gas inside a marine acoustic vibrator can have a stiffness higher than that of the outer shell of the
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sound source in some embodiments. Those of ordinary skill in the art, with the benefit of this
disclosure, should appreciate an increase in the shell internal gas pressure may also result in an
increase of the bulk modulus (stiffness) of the gas (e.g., air) in the outer shell. As the resonance
frequency of the marine acoustic vibrator is based at least on the combination of the stiffness of
the outer shell and the stiffness of the gas in the outer shell, this bulk modulus increase impacts
the resonance frequency. Thus, the resonance frequency of the marine acoustic vibrator may
increase when the vibrator is towed at greater depth.

[0022] FIGS. 1 and 2 illustrate the effect of a gas spring (e.g., compressed air) on a
marine acoustic vibrator at depth in accordance with example embodiments. In FIG. 1, the shell
internal gas is represented by reference number 2. To illustrate the gas spring, the shell internal
gas 2 is shown neutral at 4, is under compression at 6, and is under expansion at 8. With respect
to FIG. 2, the curve shown at 10 is a hypothetical representation of the output of a marine
acoustic vibrator at D meters without pressure compensation, while the curve shown at 12
represents the output of the marine acoustic vibrator at D + x meters with pressure compensation.
Pressure compensation causes an increase in pressure and resulting increasing in the stiffness of
the gas spring. As illustrated, the resonance of the marine acoustic vibrator shifts higher with
pressure compensation, thus showing how a stiff gas spring may result in a higher resonance
frequency.

[0023] FIG. 3 is a simulated amplitude spectrum from a finite element simulation
showing the effect of the gas spring as a function of depth. The curves in FIG. 3 represent the
output of a marine acoustic vibrator towed at varying depth with pressure compensation. In
particular, the curves in FIG. 3 represent the output of the marine acoustic vibrator towed at 0
meters, 50 meters, 100 meters, and 120 meters, respectively, shown at 14, 16, 18, and 20 in FIG.
3. As illustrated, the increase in resonance frequency may be more pronounced at greater depths,
thus indicating that the resonance frequency increases as the gas spring is made stiffer.

[0024] In accordance with present embodiments, the gas spring may be controlled by
restricting gas flow in the marine acoustic vibrator. By way of example, a variable gas restrictor
may be disposed within the marine acoustic vibrator that can change the internal gas volume to
make the gas spring more or less stiff. As the stiffness of the gas spring impacts the resonance
frequency, the gas spring may be changed to thereby control the resonance frequency. This may

be particularly desirable with a marine acoustic vibrator that may be towed at different depths. In
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some embodiments, it may be desirable to have the resonance frequency remain substantially
constant (e.g., vary by no more than 5%) regardless of depth. However, as previously described,
when the marine acoustic vibrator may be lowered down into the water, the gas may be
compressed by the pressure compensation system such that the gas spring may become stiffer at
increasing depths. For example, a marine acoustic vibrator having a resonance of 2.5 Hz at 120
meters, may have a much lower resonance at 50 meters. To compensate for this gas spring effect,
the gas flow in the marine acoustic vibrator may be restricted at shallower depths to make the gas
spring stiffer, thus increasing the resonance frequency.

[0025] In some embodiments, the marine acoustic vibrator may display at least one
resonance frequency (when submerged in water at a depth of from about O meters to about 300
meters) between about 1 Hz to about 200 Hz. In alternative embodiments, the marine acoustic
vibrator may display at least one resonance frequency (when submerged in water) between about
0.1 Hz and about 100 Hz, alternatively, between about 0.1 Hz and about 10 Hz, and alternatively,
between about 0.1 Hz and about 5 Hz. In some embodiment, the marine acoustic vibrator may
display at least two resonance frequencies of about 10 Hz or lower (when submerged in water).
In some embodiments, the first resonance frequency may be controlled by restricting gas flow in
the marine acoustic vibrator. In particular embodiments, the first resonance frequency may be
increased by restriction of gas flow in the marine acoustic vibrator. By way of example, the first
resonance frequency may be controlled to be substantially constant regardless of depth.

[0026] FIG. 4 illustrates an example embodiment of a marine acoustic vibrator 100 that
includes a variable gas restrictor 102, for example, to restrict gas flow and, thus, compensate for
gas spring effects. In the illustrated embodiment, the marine acoustic vibrator 100 is a
flextensional shell-type source. As illustrated, the marine acoustic vibrator 100 may include an
outer shell 104, which may be formed, for example, by two shell side portions 106a, 106b. While
not shown on FIG. 4, the shell side portions 106a, 106b may be joined at or near the ends of their
longer, major axes by a suitable coupling mechanism, such as hinges. As illustrated, the marine
acoustic vibrator 100 may further include one or more drivers 108, which may be an electro-
dynamic drive, for example. The outer shell 104 together with the drivers 108 may be operable to
determine a first resonance frequency for the marine acoustic vibrator. The drivers 108 may be
connected to the face of the two shell side portions 106a, 106b. As illustrated, the marine

acoustic vibrator 100 may further include a fixture 109 capable of suspending the drivers 108
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within the outer shell 104. In the lustrate embodiment, the fixture 109 may be i the form of a
frame.

[0027] In the cut-away illustration of FIG 4, the variable gas restrictor 102 is disposed
within the outer shell 104. As illustrated, the variable gas restrictor 102 may be secured to the
fixture 109. In example embodiments, the variable gas restrictor 102 has a sliding-plate structure
being movable between a closed position and an open position. In the closed or partially closed
position, the variable gas restrictor 102 may be used to restrict gas flow in the outer shell 104. In
some embodiments, the variable gas restrictor 102 may completely seal off a portion of the
internal volume of the outer shell 104. Accordingly, the gas flow may be restricted when desired
to make the gas spring stiffer, which may desired in some embodiments. By way of example, it
may be desired to make the gas spring stiffer and thus increase the first resonance frequency at
shallow depths. This type of gas spring compensation may be performed, for example, when a
substantially constant resonance frequency is desired regardless of depth. Without gas spring
compensation, the gas spring would stiffen as the marine acoustic vibrator 100 is lowered in the
water, thereby causing the first resonance frequency to vary with depth. However, present
embodiments may provide a resonance frequency for the marine acoustic vibrator 100 selected
based at least in part on the variable gas restrictor 102 such that the marine acoustic vibrator 100
may have a substantially constant resonance frequency regardless of depth.

[0028] With reference now to FIG. 5, an example embodiment of a variable gas restrictor
102 will now be described in more detail. As illustrated, the variable gas restrictor 102 may have
a sliding plate structure that comprises a first plate 110 and a second plate 112. The first plate
110 may comprise holes 114, and the second plate 112 may also comprise holes 116. The first
plate 110 and second plate 112 as illustrated may each be generally rectangular in shape in some
embodiments, but other plate configurations may be suitable including square, circular, elliptical,
or irregular-shaped structures. The number of the holes 114 in the first plate 110 and the holes
116 in the second plate 112 may be selected in order to obtain the desired amount of gas flow.
Each of the holes 114 and holes 116 may have a selected diameter and spacing based on the
desired amount of gas flow and desired resonance frequency, among others. For example, hole
size may be reduced with increased spacing if less gas flow is desired while hole size may be

increased with reduced spacing if more gas flow is desired.
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[0029] The variable gas restrictor 102 may be moveable from (or to) a closed or partially
closed position (e.g., left side of FIG. 5) to (or from) an open position (e.g., right side of FIG. 5).
In the open position, the holes 114 in the first plate 110 may be aligned with the holes 116 in the
second plate 112 such that through holes 118 are formed in the variable gas restrictor 102
allowing maximum gas flow. In the closed position, the holes 114 in the first plate 110 may be at
least partially restricted by the second plate 112 thus restricting gas flow in through holes 118.
By movement of the second plate 112, the hole size of the through holes 118 may be reduced,
restricting gas flow. In other words, the second plate 112 may be positioned to effectively limit
the size of the through holes 18. In some embodiments as shown on FIG. 5, the second plate 112
may be positioned to partially close the variable gas restrictor 102 such that the holes 114 in the
first plate 110 are substantially blocked. An electric drive, pneumatic drive, hydraulic drive, or
other suitable drive may be in used in control of the variable gas restrictor 102. A linkage (not
shown) may couple the variable gas restrictor 102 to a control system that may be operable to
control the position of the second plate 112 and thus the gas flow. The variable gas restrictor 102
may be controlled, for example, to maintain a substantially constant resonance frequency as the
depth of the marine acoustic vibrator 100 changes. For example, the variable gas restrictor 102
may be closed as the frequency increases to maintain a constant resonance frequency. In some
embodiments, the variable gas restrictor 102 may be passively driven, for example, based on a
pressure sensor. In some embodiments, the variable gas restrictor 102 may be remotely
controlled from the tow vessel or a work boat (e.g., survey vessel 200 on FIG. 13). In some
embodiment, the variable gas restrictor 102 may be fixed in place in some operations. It should
be understood that the first plate 110 may be moveable in some embodiments while the second
plate 112 remains stationary. As an alternative to the second plate 112, each of the holes 114 in
the first plate 110 may be fitted with louvers or another suitable covering (e.g., flapper, guillotine
device, etc.) that may be controlled to permit or restrict gas flow through the holes 114. Although
FIG. 5 illustrates the variable gas restrictor 102 as a sliding-plate structure, other suitable
mechanisms for restricting gas flow in the marine acoustic vibrator 100 may be used in
accordance with example embodiments, including hinged doors, roll-up doors, and the like. For
example, a device (e.g., plate, door, etc.) may be used to seal off a portion of the internal volume

available to the gas spring.
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[0030] FIG. 6 illustrates a marine acoustic vibrator 100 that includes a variable gas
restrictor 102. The marine acoustic vibrator 100 of FIG. 6 is shown in cross-section. As
illustrated the marine acoustic vibrator 100 includes an outer shell 104, which may be made from
spring steel or simtlar resilient metal, and which may be a class V flextensional transducer. In the
illustrated embodiment, the form of the outer shell 104 may be generally referred to as being
flextensional. As illustrated, the outer shell 104 may be formed, for example, by two shell side
portions 106a, 106b jomned at or near the ends of thewr longer, major axes by respective hinges

20 in particular embodiments. In particular embodiments, the outer shell 104 may act as a
spring having a first spring constant to generate a first resonance frequency. As would be
understood by one of ordmary skill 1o the art with the benefit of thus disclosure, the spring
constant of the outer shell 104 may be determined by its dirnensions, matenial make-up, and
shape i relaxed state, for example. Although FIG. 6 depicts a flextensional shell of essentially
semi-elliptical shape, flextensional shells of other shapes, including convex, concave, flat, or
combmations thereof may also be suitable. In some embodiments, the dimensions, material
make-up, and shape of the outer shell 104 may be selected to provide a soft spring constant for
vibrations of between about 1-10 Hz when the marine acoustic vibrator 100 15 submerged in
water at a depth of from about O meters to about 300 meters.

[0031] As illustrated, the marine acoustic vibrator 100 may further include a driver 108,
which may be an electro dynamue driver. The outer shell 104 together with the driver 108 may be
operable to determine a first resonance frequency of the marine acoustic vibrator 100, In some
embodiments, the driver 108 may be a “moving coil” or “voice coil” driver, which may provide
the ability to generate very large acoustic energy amplitudes. Although the particular
embodiment described herein shows a bi-directional driver, embodiments with one or more uni-
directional drivers or in which a plurality of drivers are utilized 1n parallel, are within the scope
of the mvention. The driver 108 may be connected to the face of the two shell side portions 10¢a,
106b. For example, as illustrated in FIG. 6, the driver 108 may be connected at approximately
the vertical mid-pomt of the face of outer shell 104, proximate the ends of the shorter, munor
axes of the shell side portions 106a, 106h.

[0032] In some embodiments, the marine acoustic vibrator 100 further may include a
fixture 109 capable of suspending driver 108 within cuter shell 104 For example, in the

illustrated embodiment, the fixture 109 extends along the major axis of outer shell 104 and may
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be coupled to the outer shell 104 with linear bearings 122. In some embodiments, the fixture 109
may be circular in cross section and may be mounted to the hinges 120 using the linear bearings
122, Such mounting may enable contraction of the major axis of the outer shell 104 when the
minor axis 1s enlarged by the motion of the driver 108,

[0033] As illustrated, the driver 108 may comprise a bi-directional, moving coil driver,
having two sets of electric coil 124, transmission element 126, and magnetic circuitry 128, which
are capable of generating a magnetic field. As illustrated, the magnetic circuitry 128 may be
connected to the fixture 109, while the transmission element 126 may connect to the outer shell
104. In some embodiments (not illustrated), this arrangement may be reversed (i.e., the magnetic
circuitry 128 connects to the outer shell 104, while the transmission element 126 connects to the
fixture 109). By attaching the heavier part (magnetic circuitry 128) of the driver 108 to the outer
shell 104, it may be easier to generate low frequencies without having to make the outer shell
104 too weak to allow for a soft spring constant. As illustrated, each transmission element 126
may transfer motion of electric coil 124 to the inner surface of outer shell 104 proximate its
minor axis. When electrical current I is applied to the electric coil 124, a force F acting on

electric coil 124 may be generated as follows:

F-IIB (Eq. 1)
Where I is the current, 1 is the length of the conductor in the electric coil 124, and B is the
magnetic flux generated by the magnetic circuitry 128. By varying the magnitude of the

electrical current and consequently the magnitude of the force acting on the electric coil 124, the

length of the driver stroke should vary. The driver 108 may provide stroke lengths of several

inches—up to and ncluding about 10"—which may allow the marine acoustic vibrator 100 1o
generate enhanced amplitude acoustic output n the low frequency ranges, for example, between
about | Hz about 100 Hz, and more particularly, between about 1 and 10 Hz when the manne
acoustic vibrator 100 15 submerged m water at a depth of from about 0 meters to about 300
meters. Often, the magnetic circuitry 128 may comprise permanent magnets, though any device
capable of generating a magnetic flux may be incorporated.

[0034] In the illustrated embodiment, the marine acoustic vibrator 100 further includes
the variable gas restrictor 102 disposed within the outer shell 104. As illustrated, the variable gas
restrictor 102 may be secured to the fixture 109. As previously described, the variable gas

restrictor 102 may be moveable between an open position and a closed position to restrict gas
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flow in the outer shell 104. By way of example, restriction of gas flow may be used to increase
the first resonance frequency by stiffening the gas spring.
[0035] As would be understood by one of ordinary skill in the art, the total impedance

that may be experienced by a marine acoustic vibrator 100 may be expressed as follows:
Z,=R.+jX, (Eq. 2)

where Z, 1s total impedance, R, is radiation impedance, and X, is reactive impedance.
[0036] In an analysis of the energy transfer of the marine acoustic vibrator 100, the
system may be approximated as a baffled piston. In the expression of the total impedance that

will be experienced, the radiation impedance R, of a baffled piston may be:
R, =ma’pocRi(x) (Eq. 3)

and the reactive impedance may be:

X, = nta’ pocXi(x) (Eq. 4)
where

x = 2ka = (4ma/L) = (2wa/c) (Eq. 5)
and where

Ri(x) =1—-(2/x)J1x and (Eq. 6)

Xi(x) = (%) | Oﬁ/z sin(x cosa)sin’ada (Eq. 7)

where p, is the density of water, ® = radial frequency, k = wave number, a = radius of piston, ¢ =
sound velocity, A = wave length, and J; = Bessel function of the first order.

[0037] Using the Taylor series expansion on the above equations yields the following:

x? x*
Ri=Zmm~ 7wt (Eq. 8)
4 .x X8 x°
X)) =2 Gt (Eq. 9)

[0038] For low frequencies, when x=2ka is much smaller than 1, the real and imaginary
part of the total impedance expression may be approximated with the first term of the Taylor
expression. The expressions for low frequencies, when the wave length is much larger than the

radius of the piston becomes:
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Ri(x) = (1/2)(ka)’ (Eq. 10)
Xi(x) —(8ka)/(37) (Eq. 11)

[0039] It follows that, for low frequencies, R will be a small number compared to X,
which suggests a very low efficiency signal generation. However, embodiments may introduce a
resonance in the lower end of the frequency spectrum so that low frequency acoustic energy may
be generated more efficiently. At resonance, the imaginary (reactive) part of the impedance is
cancelled, and the marine acoustic vibrator 100 may be able to efficiently transmit acoustic
energy into the body of water.

[0040] In some embodiments, the marine acoustic vibrator 100 may display at two
resonance frequencies (when submerged in water at a depth of from about O meters to about 300
meters) in the seismic frequency range of interest, for example, between about 1 Hz to about 200
Hz. In particle embodiments, the marine acoustic vibrator 100 may display two resonance
frequencies (when submerged in water) between about 0.1 Hz and about 100 Hz, alternatively,
between about 0.1 Hz and about 10 Hz, and alternatively, between about 0.1 Hz and about 5 Hz.
As previously described, the first resonance frequency may be controlled by restricting gas flow
in the marine acoustic vibrator 100. In particular embodiments, the first resonance frequency
may be increased by restriction of gas flow in the marine acoustic vibrator 100. By way of
example, the first resonance frequency may be controlled to be substantially constant regardless
of depth.

[0041] FIG. 7 illustrates another embodiment of a marine acoustic vibrator 100 including
a variable gas restrictor 102. In the illustrated embodiment, the marine acoustic vibrator 100
further includes a spring 130 inside the outer shell 104 with masses 132 attached thereto along
the ends of the major axis and slidably supported on the fixture 109 using linear bearing 134. As
illustrated, the spring 130 may be generally elliptically shaped. The spring 130 may be coupled
to the outer shell 104 proximate the minor axis of each. In the illustrated embodiment, the driver
108 may be coupled to the outer shell 104. The spring 130 with the masses 132 may cause a
second system resonance frequency when the marine acoustic vibrator 100 is submerged in water
at a depth of from about O meters to about 300 meters within the seismic frequency range of
interest (e.g., between about 1 Hz and about 10 Hz). Although a marine acoustic vibrator 100 as
shown i FIG. 6 that mcluded only the outer shell 104 acting as a spring would typically display
a second resonance frequency, for svstems having a size suitable for use in geophysical
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exploration, the second resonance frequency when the marine acoustic vibrator 100 s submerged
i water would typically be much higher than the frequencies within the seismic frequency range
of mterest.

[0042] FIG. 8 illustrates yet another embodiment of a marine acoustic vibrator 100
having a variable gas restrictor 102. In the illustrated embodiment, the major axis ends of the
spring 130 may be coupled to the major axis ends of the outer shell 104 at the hinges 120
Masses 132 may be affixed to the spring 130 proximate its minor axis. As ilustrated 1 FIG. 9,
the spring 130 may be vertically divided into two springs 130a, 130b, each with added masses
132, In the illustrated embodiment, one spring 130a 1s disposed above driver 108, while the other
mner spring 130b 18 disposed below driver 108, and driver 108 remams coupled to outer shell
104, as shown on FIG. 8.

[0043] In evaluating gas spring effects, finite element analysis may be utilized as known
to those of ordinary skill in the art. In such an analysis, the following principles may be relevant.
If the outer shell 104 of the marine acoustic vibrator 100 is approximated as a piston, then, for

low frequencies, the mass load, or the equivalent fluid mass acting on the shell may be:
Mhert = po(8a*/3) (Eq. 12)

where Mgy 1s the mass load of the outer shell 104, p, is the density of water, and a is the
equivalent radius for a piston which corresponds to the size of the outer shell 104. The outer shell
104 may also have a spring constant, for example, in the direction of the moving electrical coils
of the marine acoustic vibrator 100.

[0044] The stiffness of the entrained gas (gas spring) may be described by the following
general formula:

Kvariablegasspring = AVolume/Volume * P * y (Eq. 13)
where: Kyariablegasspriing 15 the gas spring value, Volume is the internal volume of the marine
acoustic vibrator 100, AVolume is the change in volume due to the action of the marine acoustic
vibrator 100, P is the absolute pressure of the gas inside the marine acoustic vibrator 100, and y
is the adiabatic constant which is a unique property dependent on the chemical composition of
the gas.

[0045] Therefore, when accounting for the gas spring effects, the first resonance
frequency, fresonance-1, due to interaction of the outer shell 104 acting as a spring may be

substantially determined by the following mass spring relationship:
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1 |KspetitKyariableairspring (Eq ]4)

fresonance-l =T
2m MghetitMariver

where K 15 the spring constant of the outer shell 104, Kyariablegasspring 15 the gas spring value
determined by the change in gas volume using, for example, Equation 13 above, Mgiiver 1S the
mass load of the driver, and Mgpen 1s the mass load of the outer shell 104. Accordingly, it may be
possible, as shown above, to adjust the first resonance frequency by compensating for the gas
spring. By restriction of the gas flow in the outer shell 104, the effective volume of gas can be
changed, which results in a change in the gas spring value. The first resonance frequency should
also change as the gas spring value has also changed. For example, a stiffer gas spring due to an
increase in pressure or a reduction in basic volume of gas will have a higher gas spring value
thus causing a corresponding increase in the first resonance frequency.

[0046] To achieve efficient energy transmission in the seismic frequency range of
interest, it may be desirable to achieve a second resonance frequency within the seismic
frequency range of interest. In the absence of the spring 130 with its added masses 132, the
second resonance frequency would occur when the outer shell 104 has its second Eigen-mode.
This resonance frequency, however, is normally much higher than the first resonance frequency,
and accordingly, would typically be outside the seismic frequency range of interest. As is evident
from the foregoing equation, the resonance frequency will be reduced if the mass load on the
outer shell 104 1s increased. However, in order to add sufficient mass to achieve a second
resonance frequency within the seismic frequency range of interest, the amount of mass that
would need to be added to the outer shell 104 may make such a system less practical for use in
marine seismic operations.

[0047] In some embodiment, the spring 130 is included inside the outer shell 104 with
added masses 132 on the side of the spring 130. The spring 130 may have a transformation factor
Tspring between the long and short axis of its ellipse, so that the deflection of the two side
portions will have a higher amplitude than the deflection of the end attached to the outer shell
104 and the driver 108.

[0048] The effect of such added masses 132 may be equivalent to adding mass in the end
of the driver 108 where it is attached to the outer shell 104.

Mspring = (Tspring)z "Maadea (Eq. 15)
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Wherein Mgyring 1S the mass of the spring, Tqping 15 the spring’s transformation factor, and Maqded
is the mass of the added mass 132.

[0049] Use of the spring 130, with the added masses 132, may allow the second
resonance frequency of the system to be tuned so that the second resonance frequency is within
the seismic frequency range of interest, thereby improving the efficiency of the marine acoustic

vibrator 100 in the seismic band.

1 KspringtKsnell
fresonancez - _\/ (Eq~ 16)

2m (Tspring)2 ‘MaadedtMsheu

where Kg,ring 15 the spring constant of spring 130, Kgpey; 1s the spring constant of outer shell
104, Tpring 1s the spring’s transformation factor, Magdeq 15 the mass of the added mass 132, and
Mien 1s the mass load on the outer shell 104,

[0050] Accordingly, it may be possible, as shown above, to select the added mass 132 on
the spring 130 to tune the second resonance frequency. It may also be possible to select the
extent of influence the second resonance frequency should have on the system. By way of
example, if the spring 130 has a low spring constant compared to the outer shell 104, and a
matching mass 132 is added to the spring 130, the spring 130 with its mass 132 will function
relatively independently from the outer shell 104. In such cases, the second resonance frequency

may be as follows:

1 Ksprin
fresonancez = _J g (Eq~ 17)

2m (Tspring)2 ‘Maaded

[0051] In the same way, it may also be possible in some embodiments to make the
second resonance frequency very large by selecting a high spring constant for the spring 130
with a matching mass 132 such that the second resonance frequency will have a larger amplitude
than the first resonance frequency.

[0052] In some embodiments, the marine acoustic vibrator 100 may be towed relatively
deep, for example, from about 10 meters to as deep as 100 meters or more. FIG. 10 and 11 are
plots showing the attenuation for a model of a marine acoustic vibrator 100 due to the source
ghost. FIG. 10 shows the attenuation due to the source ghost at 10 meters. FIG. 11 shows the

attenuation due to the source ghost at 100 meters. Accordingly, the marine acoustic vibrator 100,
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in particular embodiments, must be towed deeper as can be seen in FIGS. 10 and 11 to avoid
undesirable attenuation of the signal by the source ghost.

[0053] The dimensions of the marine acoustic vibrator 100 may vary as needed for a
particular application. With reference to FIG. 12, an example embodiment of a marine acoustic
vibrator 100 may have a shell size as follows: 1) Shell Height Hy ranging from about 0.5 meters
to about 4 meters, for exaruple, about 1.59 meters; 2) Shell End Height H; of shell end ranging
from about 0.3 meters to about 1 meters; 3) Shell Width W, ranging from about 0.5 meters to
about 4 meters, for example, about 1.75 meters, 4} Shell Thickness T ranging from about 0.2
meters to about 3 meters, for example, about 2.5 meters. As illustrated, the Shell Height H; s the
height of the outer shell 104 at or near 1ts nudline while Shell End Height H 1s the height of the
outer shell 104 at us longitudinal end. In particular embodiments, the marine acoustic vibrator
100 may have a shell size as follows: 1} Shell Height H; of 1.59 meters; 2) Shell End Height H)
of 1.0 meters; 3} Shell Width W of 1.75 meters; 4) Shell Thickness Ty of 2.5 meters,

[0054] FIG. 13 illustrates an example technique for acquiring marine seismic data that
can be used with embodiments of the present techniques. In the illustrated embodiment, a survey
vessel 200 moves along the surface of a body of water 202, such as a lake or ocean. The survey
vessel 200 may include thereon equipment, shown generally at 204 and collectively referred to
herein as a “recording system.” The recording system 204 may include devices (none shown
separately) for detecting and making a time indexed record of signals generated by each of
seismic sensors 206 (explained further below) and for actuating one or more seismic sources (as
illustrated, a marine acoustic vibrator 100) at selected times. The recording system 204 may also
include devices (none shown separately) for determining the geodetic position of the survey
vessel 200 and the various seismic sensors 206.

[0055] As illustrated, the survey vessel 200 (or a different vessel) may tow the marine
acoustic vibrator 100 in the body of water 202. A source cable 208 may couple the marine
acoustic vibrator 100 to the survey vessel 200. The marine acoustic vibrator 100 may be towed in
the body of water 202 at a depth ranging from 0 meters to about 300 meters, for example. While
only a single marine acoustic vibrator 100 is shown in FIG. 13, it is contemplated that
embodiments may include more than one seismic source (e.g. marine acoustic vibrators or air
guns) towed by the survey vessel 300 or a different vessel. In some embodiments, one or more

arrays of seismic sources may be used. At selected times, the marine acoustic vibrator 100 may

-16 -



10

15

20

25

be triggered, for example, by the recording system 204, to generate acoustic energy. The survey
vessel 200 (or a different vessel) may further tow at least one sensor streamer 210 to detect the
acoustic energy that originated from the marine acoustic vibrator 100 after it has interacted, for
example, with rock formations 212 below the water bottom 214. As illustrated, both the marine
acoustic vibrator 100 and the sensor streamer 210 may be towed above the water bottom 214.
The seismic streamer 210 may contain seismic sensors 206 thereon at spaced apart locations.
While not shown, some seismic surveys locate seismic sensors 206 on ocean bottom cables or
nodes in addition to, or instead of, a sensor streamer 210. The seismic sensors 206 may be any
type of seismic sensors known in the art, including hydrophones, geophones, particle velocity
sensors, particle displacement sensors, particle acceleration sensors, or pressure gradient sensors,
for example. By way of example, the seismic sensors 206 may generate response signals, such
as electrical or optical signals, in response to detected acoustic energy. Signals generated by the
seismic sensors 206 may be communicated to the recording system 204. In some embodiments,
more than one sensor streamer 210 may be towed by the survey vessel, which may be spaced
apart laterally, vertically, or both laterally and vertically. The detected energy may be used to
infer certain properties of the subsurface rock, such as structure, mineral composition, and fluid
content, thereby providing information useful in the recovery of hydrocarbons.

[0056] In accordance with an embodiment of the invention, a geophysical data product
indicative of certain properties of the subsurface rock may be produced from the detected energy.
The geophysical data product may include processed seismic geophysical data and may be stored
on a non-transitory, tangible computer-readable medium. The geophysical data product may be
produced offshore (i.e. by equipment on a vessel) or onshore (i.e. at a facility on land) either
within the United States or in another country. If the geophysical data product is produced
offshore or in another country, it may be imported onshore to a facility in the United States.

Once onshore in the United States, geophysical analysis may be performed on the data product.
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CLAIMS

1. A marine acoustic vibrator, comprising:
an outer shell;
a variable gas flow restrictor disposed within the outer shell;
wherein the marine acoustic vibrator has a resonance frequency selectable based at least

in part on the variable gas flow restrictor.

2. The marine acoustic vibrator of claim 1, further comprising:

a driver disposed at least partially within the outer shell and coupled thereto.

3. The marine acoustic vibrator of claim 2, wherein the driver comprises an electro dynamic
driver.
4, The marine acoustic vibrator of any of the preceding claims, wherein the marine acoustic

vibrator has at least two resonance frequencies of about 10 Hz or lower when submerged in

water at a depth of from about O meters to about 300 meters.

5. The marine acoustic vibrator of any of the preceding claims, wherein the variable gas
flow restrictor comprises a first plate comprising holes, and a second plate comprising holes, the

second plate being moveable to at least partially cover the holes in the first plate.

6. The marine acoustic vibrator of claim 5, wherein the variable gas flow restrictor has an
open position and a closed position, the holes in the first plate being at least partially obstructed
by the second plate in the closed position, and the holes in the first plate and the holes in the
second plate being aligned in the open position for maximum gas flow through the variable gas

flow restrictor.

7. The marine acoustic vibrator of any of the preceding claims, wherein the variable gas
restrictor is attached to a fixture in the marine acoustic vibrator, the fixture being coupled to the

outer shell.
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8. The marine acoustic vibrator of any of the preceding claims, further comprising a fixture
coupled to the flextensional shell, wherein the driver has a first end attached to the outer shell

and a second end attached to the fixture.

0. The marine acoustic vibrator of any of the preceding claims, further comprising a spring

coupled to the outer shell, and masses attached to the spring.

10. A marine acoustic vibrator, comprising:

a flextensional outer shell;

a fixture coupled to the flextensional outer shell;

a driver having a first end and a second end, wherein the first end is attached to the
flextensional shaped outer shell, and the second end is attached to the fixture;

wherein a gas spring is adapted together with a mass to generate a first resonance
frequency, and wherein the value of the gas spring is changed by restriction of gas flow in the

marine acoustic vibrator to thereby control the first resonance frequency at depth.

11. The marine acoustic vibrator of claim 10, wherein the marine acoustic vibrator has at
least two resonance frequencies of about 10 Hz or lower when submerged in water at a depth of

from about 0 meters to about 300 meters.

12. The marine acoustic vibrator of claim 10 or claim 11, further comprising a gas flow

restrictor disposed inside the outer shell.

13. The marine acoustic vibrator of claim 12, wherein the variable gas flow restrictor
comprises a first plate comprising holes, and a second plate comprising holes, the second plate

being moveable to at least partially cover the holes in the first plate.

14. The marine acoustic vibrator of claim 13, wherein the variable gas flow restrictor has an
open position and a closed position, the holes in the first plate being at least partially obstructed

by the second plate in the closed position, and the holes in the first plate and the holes in the
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second plate being aligned in the open position for maximum gas flow through the variable gas

flow restrictor.

15. The marine acoustic vibrator of any of claims 12 to 14, wherein the variable gas restrictor

1s attached to the fixture.

16. A method comprising:
towing an acoustic vibrator in a body of water;
triggering the acoustic vibrator to generate acoustic energy in the body of water;
restricting gas flow in the acoustic vibrator to control a first resonance frequency of the
acoustic vibrator; and

detecting the acoustic energy originating from the acoustic vibrator.

17. The method of claim 16, wherein the acoustic vibrator is towed at a first depth of from

about 0 meters to about 300 meters.

18. The method of claim 17, further comprising;:

towing the acoustic vibrator at a second depth, wherein the gas flow is restricted in the
acoustic vibrator when towed at the first depth such that the first resonance frequency of the
acoustic vibrator is substantially constant when towing depth varies from the first depth to the

second depth.

19. The method of any of claims 16 to 18, wherein restricting gas flow in the acoustic

vibrator comprises moving a plate to at least partially obstruct holes in another plate.
20. The method of any of claims 16 to 19, further comprising opening a variable gas flow

restrictor to allow increased gas flow in the acoustic vibrator as the acoustic vibrator is lowed in

the body of water.
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21. The method of any of claims 16 to 20, further comprising increasing an shell internal gas
pressure of the acoustic vibrator to equalize the shell intemmal gas pressure with the water
pressure at depth.
22. The method of any of claims 16 to 21, further comprising;

producing a geophysical data product from the detected acoustic energy indicative of

certain properties of subsurface rock below the body of water.
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