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ABSTRACT

A marine vibrator that in a particular embodiment includes a substantially 

elliptically shaped outer shell, a driver having a first and second end, at least one outer 

spring connected between the first end and the second end of the driver, and at least one 

inner spring connected between the first end and the second end of the driver. One or 

more masses are attached to the inner spring. At least one transmission element connects 

the outer spring and the outer shell. The outer and inner springs and the masses attached 

to the inner spring are selected to generate a first resonance frequency and a second 

resonance within the frequency range between 1 Hz and 300 Hz.



20
09

20
05

70
 

12
 F

eb
 2

00
9

2/4

FIG. 2
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ORIGINAL COMPLETE SPECIFICATION 
STANDARD PATENT

Invention Title

Driving means for acoustic marine vibrator

The following statement is a full description of this invention, including the best method of 
performing it known to me/us:-

P/00/011

5102
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Cross-reference to related applications

Not applicable.

Statement regarding federally sponsored research or development

Not applicable.

Background of the Invention

Field of the Invention

[0001] This invention is related to marine geophysical exploration and in particular to a 

vibratory source useful in marine geophysical exploration.

Background Art

[0002] Seismic sources, including vibratory sources, are utilized in geophysical 

exploration on land and in water covered areas of the earth. Signals generated by these 

sources travel downwardly into the earth and are reflected from reflecting interfaces in the 

subsurface and are detected by signal detectors, typically hydrophones or geophones, on or 

near the earth’s surface.

[0003] Most of the acoustic sources employed today in marine operations 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 frequency content of such sources is controllable only to a 

small degree, and different sources are selected for the generation of different frequency 

ranges for different surveying needs. Vibratory acoustic sources, including hydraulically 

powered sources and sources employing piezoelectric or magnetostrictive material, have been 

used in marine operations. However, such sources have found only limited use. Although 

such sources can generate signals over various frequency bands, commonly referred to as

la
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“frequency sweeps”, the limited power that such sources known to the prior art have been 

able to generate have limited their use in marine operations.
!

|0004] It is well known that as sound waves travel through water and through 

subsurface geological structures, higher frequency sound waves arc attenuated 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. T here has for a long lime been a need in the seismic 

sector of the oil and gas industry for powerful low frequency marine sound sources.

[0005] Accordingly, there is a continuing need for improved acoustic sources for use in 

marine operations.

SUMMARY OF THE INVENTION

[0006] According to the present invention, there is provided a marine seismic vibrator 

comprising:

a substantially elliplically shaped outer shell;

a driver having a first and second end;

at least one outer spring connected between the first end and the second end of 

said driver;

at least one inner spring connected between the first end and the second end of 

said driver, said inner spring having one or more masses attached thereto;

at least one transmission element connecting the outer spring with said outer 

shell; and

wherein said springs and said masses are selected to generate a first resonance 

frequency and a second resonance frequency within a frequency range between 1 Hz and 

300 Hz.

[0006A] Preferably, the outer and inner springs and the masses attached to the inner 

spring are selected to generate a first resonance frequency and a second resonance 

frequency within the frequency range between 1 Hz and 300 Hz.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008| FIG. 1 shows a specific implementation of the invention as it would be 

deployed for marine operations.

[0009] FIG. 2 shows an embodiment of the invention in partial cross-section.

[0010] FIG. 3 shows the outer spring of an embodiment of the invention.

[0011] FIG. 4 shows the outer spring in combination with the driver.
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[0012] FIG. 5 shows the outer spring in combination with the driver, in combination 

with an inner spring with added mass.

[0013] FIG. 6 shows a simulated amplitude spectrum with two resonances.

DESCRIPTION OF A PREFERRED EMBODIMENT

[0014] The total impedance that will be experienced by a marine vibrator may be 

expressed as follows:

Zr = Rr + jXr (Eq. 1)

where

Zr is total impedance

Rr is radiation impedance, and

Xr is reactive impedance

[0015] In an analysis of the energy transfer of a marine vibrator, the system may be 

approximated as a baffled piston. In the expression of the total impedance that will be 

experienced, the radiation impedance Rr of a baffled piston is:

Rr =7ta-pacR\x)

and the reactive impedance is:

Xr = πα2 pocX}(x)

where

_, 4πα 2ωα
x = 2ka =-----=------

λ c

and where

X
and

4 TAj(x) = — psin(x cos a) sin 2ada 

(Eq. 2)

(Eq. 3)

(Eq. 4)

(Eq. 5)

(Eq. 6)

where
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pQ = density of water, ω = radial frequency, k = wave number, a - radius of piston,

c = sound velocity, λ = wave length, and Ji = Bessel function of the first order

Using the Taylor series expansion on the above equations yields

4
X,(x)=- 

π 32·5 + 32·52·7
x
3

(Eq. 7)

(Eq. 8)

[0016] 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 expansion. The expressions for low frequencies, when the wave length is much 

larger then the radius of the piston, becomes

Λ,(χ)-ΑΜ (Eq. 9)

2 £77%,(.rW^· (Eq. 10)
3 π

[0017] it follows that for low frequencies R will be a small number compared to Ύ, 

which suggests a very low efficiency signal generation. However, by introducing a 

resonance in the lower end of the frequency spectrum, low frequency acoustic energy may be 

generated more efficiently. At resonance the imaginary (reactive) part of the impedance is 

cancelled, and the acoustic source is able to efficiently transmit acoustic energy into the 

water.

[0018] The present invention, in a preferred embodiment, comprises a marine vibrator 

that displays at least two resonant frequencies within the seismic frequency range of interest, 

typically a range between 1 Hz and 300 Hz.

[0019] FIG 1 shows an implementation of a marine vibrator 19, according to a 

preferred embodiment of the invention, as it would be deployed in marine operations. Marine

4
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vibrator 19 comprises vibrator source 20 mounted within frame 16. Bracket 14 is connected 

to the top of frame 16 and includes apertures 24 which may be utilized for deploying the 

vibrator into a marine environment. FIG 1 will be discussed further herein, but for a better 

understanding of the invention, reference is made to FIGS. 2 to 5.

[0020] FIG. 2 show an embodiment of the invention in partial cross-section, which 

includes driver 8, which may be a magnetostrictive driver, and which may preferably be 

formed from Terfenol-D. Although the particular embodiment of the invention described 

herein shows only a single driver, an embodiment in which a plurality of drivers are utilized 

in parallel is within the scope of the invention. The embodiment further includes outer driver 

spring 3, connected to each end 13 of driver 8. In a particular implementation of the 

invention, driver spring 3 may have an elliptical shape, in the preferred embodiment in 

which driver 8 comprises a Terfenol-D driver, driver 8 further comprises magnetic circuitry 

(not specifically shown) that will generate a magnetic field when electrical current is applied 

to the magnetic circuitry. The magnetic field will cause the Terfenol-D rods to elongate. By 

varying the magnitude of the electrical current, and consequently the magnitude of the 

magnetic field, the length of the driver 8 is varied. Typically, permanent magnets are utilized 

to apply a bias magnetic field to the Terfenol-D rods and a variation in the magnetic field is 

generated by applying a varying electrical current to the electrical coils that are formed 

around the Terfenol-D rods. Variations in the length of the drivers cause a corresponding 

change in the dimensions of outer driver spring 3.

[0021] Also shown in FIG. 2 is inner spring 4, with masses 7 attached thereto. As 

further discussed below, inner driver spring 4, with masses 7 attached thereto, is included to 

achieve a second system resonance frequency within the seismic frequency range of interest. 

Although a vibrator system that included only outer spring 3 would typically display a second 

resonance frequency, for systems having a size suitable for use in marine geophysical 

exploration, the second resonance frequency would be much higher than the frequencies 

within the seismic frequency range of interest.

[0022] Mounting brackets 28, shown in FIG. 2, are fixedly connected at the upper and 

lower ends thereof to upper and lower end plates 18 (shown in FIG. 1). Driver 8 is fixedly

5
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connected at a longitudinally central location thereof to the mounting brackets 28, to maintain 

a stable reference point for driver 8. The movement of the ends 13 of driver rod 8 is 

unrestricted with reference to mounting brackets 28.

[0022] The embodiment of the invention of Figure 2 further includes an outer shell 2, 

to which outer spring 3 is connected through transmission elements 5. The form of shell 2 is 

generally referred to as a flextensional shell. In a particular implementation of the invention, 

outer shell 2 comprises two side portions that may be mirror images of each other and two 

end beams 1, with the side portions being hingedly connected to the end beams 1 by hinges 6. 

Figure 2 shows one of the side portions of outer shell 2, denoted in Figures 2 as shell side 

portion 2a. When fully assembled the second shell side portion (not shown in FIG. 2), 

comprising substantially a mirror image of shell side portion 2a will be hingedly connected 

by hinges 6 to end beams 1, to complete a flextensional shell surrounding the assembled 

driver 8 and outer spring 3 and inner spring 4.

[0023] With reference to FIG. 1 marine vibrator 19 further comprises top and bottom 

end plates 18. The assembled outer shell 2, comprising the two shell side portions and the 

two end beams 1 are sealingly attached to the top and bottom end plates 18. Although outer 

shell 2 is sealingly engaged with top and bottom end plates 18, when the marine vibrator 19 is 

in operation, the outer shell 2 will display movement with respect to the end plates 18, so the 

connection between the end plates 18 and the outer shell 2 will be a flexible connection, that 

might be provided, for example, by a flexible membrane 22 (not shown in detail).

[0024] Additional details of a particular implementation of the invention are shown in 

FIGS. 3, 4 and 5. FIG. 3 shows the outer driver spring 3. This spring has two functions. 

One is to transform changes in the length of the magnetostrictive driver 8 into movement of 

the outer shell 2. The second function is to form a resonant system for more efficiently 

generating acoustic energy in a marine environment. As the length of driver 8 is shortened, 

the center portion of driver spring 3 will move outwardly from driver 8, and as driver 8 is 

lengthened, the center part of driver spring 3 will move inwardly toward driver 8. This 

movement of the center part of outer spring 3 is transferred to outer shell 2, by mean of 

transmission elements 5. The movement of the outer shell will thereby be enhanced with

6
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respect to the movement of the driver, with the amount of the enhancement, normally referred 

to as the “transformation factor”, determined by the radius 10 of the elliptical driver spring 3. 

The value of the transformation factor typically varies from 2 to 5, depending on the radius of 

the elliptical spring. If larger amplitudes with less force are desired, a larger transformation 

factor is selected. The two sections of driver spring 3 are interconnected by driver plates 9, 

which form the upper and lower end 13 of the driver 8, when the vibrator 20 is assembled.

[0025] FIG. 4 shows the outer driver spring 3 with the driver 8. FIG. 4 shows driver 

spring 3 connected to driver 8 through a driver plate 9, which is affixed to each end of driver

8. The characteristics of outer driver spring 3, driver 8 and outer shell 2 substantially 

determine the first resonance frequency. By selecting the spring constant of driver spring 3 a 

resonance frequency can be achieved at the desired frequency within a seismic frequency 

range of interest.

[0026] FIG. 5 shows the marine vibrator apparatus with inner driver spring 4 with 

masses 7 attached thereto. This inner driver spring 4 with masses 7 attached thereto will 

interact with driver 8 to determine a second resonance frequency. By selecting the spring 

constant of inner driver spring 4 and the mass of masses 7 a second resonance frequency can 

be achieved at a desired frequency within the seismic frequency range of interest. This 

second resonance will boost the acoustic output of the marine vibrator and generate a nearly 

flat amplitude spectrum between the first and second resonance. Outer spring 3 and inner 

spring 4 may each be formed from steel, glass fiber, carbon fiber or other suitable flexible 

material.

[0027] FIG. 6 shows the results from a finite element simulation of a marine vibrator 

according to a preferred embodiment of the invention. The first resonance frequency 11 

results substantially from interaction of the outer driver spring 3, the driver 8 with the outer 

shell 2. The second resonance frequency 12 results substantially from the interaction of the 

inner driver spring 4 with its added masses 7 and the driver 8.

[0028] In constructing any specific implementation of the invention, finite element 

analysis may be utilized as known to those of ordinary skill in the art. In any such analysis,

7
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the following principles of operation are relevant. If outer shell 2 is approximated as a piston, 

then, for low frequencies, the mass load, or the equivalent fluid mass acting on the shell is:

M = (Eq. 11)

where, M is mass load,

p0 is density of water, and

a is the equivalent radius for a piston which corresponds to the size of outer shell 2.

[0029] The outer shell 2 has a transformation factor Tshell between the long and short 

axis of its ellipse, so that the deflection of the two shell side portions (side portion 2a in FIG.

2 and its mirror image on the other side of outer shell 2) will have a higher amplitude than the 

deflection of end beams 1 (which interconnects the two side portions of shell 2) caused by 

movement of transmission elements 5. Further, the outer spring 3 creates a larger mass load 

on the driver 8 since the outer spring 3 also has a transformation factor between the long axis 

and short axis of its ellipse, with the long axis being substantially the length of the drive 8 

and the short axis being the width of the elliptically shaped spring. Referring to this 

transformation factor as Tsprins, the mass load on the drive 8 will be

8rz3
Mdr.ver =(Tshel,y--(Tspnngy ·(Eq. 12)

[0030] The first resonance, fre,nnmce , for the acoustic emitter will be substantially 

determined by the following mass spring relationship:

8
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f
J resonance

where:

\ Mdril
(Eq.13)

K = spring constant, and

Mnuter= mass l°ad θπ the drive 8.

K represents the spring constant for the outer spring 3 combined with the drive 8, where the 

outer spring 3 is connected to the outer shell 2, through the transmission elements 5, end 

beam 1 and hinges 6.

[00311 To achieve efficient energy transmission with the seismic frequency range of 

interest, it is important to achieve a second resonance frequency within the seismic frequency 

range of interest. In the absence of the inner spring, the second resonance frequency would 

occur when the outer driver spring 3, acting together with driver 8, has its second Eigen­

mode. This resonance frequency, however, is normally much higher than the first resonance 

frequency, and accordingly, would be outside the seismic frequency range of interest. As is 

evident from the foregoing equation, the resonant frequency will be reduced if the mass load 

on outer spring 3 is increased. This mass load could be increased by adding mass to driver 8, 

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 

driver would make such a system impractical for use in marine seismic operations.

[0032] In accordance with the present invention, a second spring, the inner driver 

spring 4, is included inside the outer driver spring 3 with added masses 7 on the side of the 

inner spring 3. The effect of such added mass is equivalent to adding mass in the end of the 

driver 8.

M.mer=(Tinny-Madded (Eq. 14)

0033] The extra spring, the inner driver spring 4, will have a transformation factor

Tmmr as well and will add to the mass load on the Terfenol driver 8. Use of the inner spring

9



4, with the added mass 4, allows the second resonance of the system to be tuned so that the 

second resonance with within the seismic frequency range of interest, thereby improving the 

efficiency of the acoustic emitter in the seismic band.

(Eq. 15)

Where Kmner = spring constant of inner spring

Kdmer = spring constant of outer driver assembly.

[0034] Not only will the invention create two resonances in the frequencies of interest, 

it will also make it possible to create large amplitudes for this type of acoustic transmitters.

[0035] While the invention has been described with respect to a limited number of

embodiments, those skilled in the art, having benefit of this disclosure, will appreciate that 

other embodiments can be devised which do not depart from the scope of the invention as 

disclosed herein. Accordingly, the scope of the invention should be limited only by the 

attached claims.

Throughout this specification and the claims which follow, 
unless the context requires otherwise, the word "comprise", 
and variations such as "comprises" and "comprising", will 
be understood to imply the inclusion of a stated integer or 
step or group of integers or steps but not the exclusion of 
any other integer or step or group of integers or steps.

The reference in this specification to any prior publication 
(or information derived from it), or to any matter which is 
known, is not, and should not be taken as an acknowledgment 
or admission or any form of suggestion that that prior 
publication (or information derived from it) or known matter 
forms part of the common general knowledge in the field of 
endeavour to which this specification relates.

10
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A marine seismic vibrator comprising:

a substantially elliptically shaped outer shell;

a driver having a first and second end;

at least one outer spring connected between the first end and the second end of said 

driver;

at least one inner spring connected between the first end and the second end of said 

driver, said inner spring having one or more masses attached thereto;

at least one transmission element connecting the outer spring with said outer shell; 

and

wherein said springs and said masses are selected to generate a first resonance 

frequency and a second resonance frequency within a frequency range between 1 Hz and 

300 Hz.

2. The apparatus of claim 1 wherein said driver comprises a magnetostrictive driver.

3. The apparatus of claim 2 wherein said magnetostrictive driver comprises 

Terfenol-D.

4. The apparatus of claim 1 wherein the outer spring together with the driver and the 

outer shell determine a first resonance frequency of the marine vibrator.

5. The apparatus of claim 4 wherein the inner spring and the masses attached thereto 

and said driver determine a second resonance frequency of the marine vibrator.

6. The apparatus of claim 1 wherein said outer shell is a flextensional shell.

7. A marine seismic vibrator, substantially as hereinbefore described with reference to 

the accompanying drawings.
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FIG. 4
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FIG. 5
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