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VARIABLE STIFFNESS LIQUID INERTIA VIBRATION ELIMINATOR

Technical Field

The system of the present application relates in general to vibration control.

- More specifically, the system of the present application relates to an apparatus for

Isolating mechanical vibrations in structures or bodies that are subject to harmonic or
oscillating displacements or forces. The system of the present application is well suited

for use in the field of aircraft and, in particular, to helicopters and other rotary wing

aircratft.

Description of the Prior Art

For many years, effort has been directed toward the design of apparatus for
isolating a vibrating body from transmitting its vibrations to another body. Such
apparatuses are useful in a variety of technical fields in which it is desirable to isolate
the vibration of an osclillating or vibrating device, such as an engine, from the remainder
of the structure. Typical vibration isolation and attenuation devices ("isolators") employ
various combinations of the mechanical system elements (springs and mass) to adjust
the frequency response characteristics of the overall system to achieve acceptable
levels of vibration in the structures of interest in the system. One field in which these
Isolators find a great deal of use is in aircraft, wherein vibration-isolation systems are
utilized to isolate the fuselage or other portions of an aircraft from mechanical vibrations,
such as harmonic vibrations, which are associated with the propulsion system, and

which arise from the engine, transmission, and propellers or rotors of the aircraft.

One such isolator is a liquid inertia vibration eliminator, also referred to as a
"LIVE” isolator. LIVE isolators employ a dense, low-viscosity fluid as a “tuning” mass to
counterbalance, or cancel, oscillating forces transmitted through the isolator. Some
conventional LIVE isolators are capable of attenuating at a single vibration frequency,

known as the frequency of isolation. An example of such a LIVE isolator is found in
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U.S. Pat. No. 6,009,983, entitled “Method and Apparatus for Improved Vibration
Isolation” which was issued January 4, 2000 to Stamps et al. In other
conventional LIVE isolators, the dynamic response of the isolator can be varied
to attenuate at various vibration frequencies providing a range of isolation
frequencies. Most conventional variable LIVE isolators alter the tuning mass or
embed active actuators, such as piezoelectric actuators, in the isolator. An
example of such a LIVE isolator is found in U. S. Pat. No. 6,695,106, entitled
“Method and Apparatus for Improved Vibration Isolation” which was issued
February 24, 2004 to Smith et al. Such configurations, however, are complex
and, therefore, costly. Moreover, existing, non-variable LIVE Isolators must
either be replaced with variable LIVE isolators or internal components of the
existing, non-variable LIVE isolators must be modified if the attenuation of

various vibration modes is desired.

There are many vibration isolators well known in the art; however,

considerable room for improvement remains.

Summary

In one aspect, there is provided a variable stiffness liquid inertia
vibration isolation device, comprising:

a liquid inertia vibration elimination isolator; ana

a first variable stiffness spring operably associated with the liquid
inertia vibration elimination isolator for varying a frequency of isolation of the

liquid inertia vibration isolator, wherein the first variable stiffness spring

comprises:

an elastomeric pad exhibiting a first stiffness along a first axis and
a second stiffness, significantly greater than the first stiffness, along a second
axis that is perpendicular to the first axis; and

a coupling ring operably associated with the elastomeric pad;

wherein the elastomeric pad is rotatable with respect to the

coupling ring.
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Brief Description of the Drawings

The novel features believed characteristic of the system of the present
application are set forth in the appended claims. However, the system itself, as well
as a preferred mode of use, and further objectives and advantages thereof, will best
be understood by reference to the following detailed description when read in
conjunction with the accompanying drawings, in which the leftmost significant digit(s)
in the reference numerals denote(s) the first figure in which the respective reference

numerals appear, wherein:

Figure 1 is a cross-sectional view of an illustrative embodiment of a variable

stiffness liquid inertia vibration isolation device;
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Figure 2 is a side, elevational view of an illustrative embodiment of a
variable stiffness spring of the variable stiffness liquid inertia vibration isolation

device of Figure 1; and

Figure 3 is a top, plan view of the variable stiffness spring of Figure 2.

While the system of the present application is susceptible to various
modifications and alternative forms, specific embodiments thereof have been
shown by way of example in the drawings and are herein described in detail.
It should be understood, however, that the description herein of specific
embodiments Is not intended to limit the system to the particular forms
disclosed, but on the contrary, the intention is to cover all modifications,

equivalents, and alternatives falling within the scope of the application.

Description of the Preferred Embodiment

lllustrative embodiments of the system of the present application are
described below. In the interest of clarity, not all features of an actual
iImplementation are described in this specification. It will of course be
appreciated that in the development of any such actual embodiment,
numerous implementation-specific decisions must be made to achieve the
developer's specific goals, such as compliance with system-related and
business-related constraints, which will vary from one implementation to

another. Moreover, it will be appreciated that such a development effort might
be complex and time-consuming but would nevertheless be a routine
undertaking for those of ordinary skill in the art having the benefit of this

disclosure.

In the specification, reference may be made to the spatial relationships
between various components and to the spatial orientation of various aspects
of components as the devices are depicted in the attached drawings.
However, as will be recognized by those skilled in the art after a complete
reading of the present application, the devices, members, apparatuses, efc.

described herein may be positioned in any desired
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orientation. Thus, the use of terms such as “above,” “below,” “upper,” “lower,” or other
like terms to describe a spatial relations'hip between various components or to describe
the spatial orientation of aspects of such components should be understood to describe

a. relative relationship between the components or a spatial orientation of aspects of

such components, respectively, as the device described herein may be oriented In any

desired direction.

The system of the present application relates to a variable stiffness liquid inertia
vibration isolation device. The device comprises a liquid inertia vibration elimination
("LIVE") isolator operably associated with a variable stiffness spring, which allows the
stiffness of the LIVE isolator to be selectively varied. In other words, the stiffness of the
variable stiffness spring is varied to either increase or decrease the mechanical stiffness
of the LIVE isolator. In one embodiment, the variable stiffness spring comprises an
elastomeric pad exhibiting a stiffness along a first axis that is significantly greater than a
stiffness along a second axis that is generally perpendicular to the first axis. In such an
embodiment, the elastomeric pad is rotated, for example, by a stepper motor, to change

the stiffness that is seen by the LIVE isolator and, correspondingly, vary the stiffness of
the LIVE isolator.

Figure 1 depicts an illustrative embodiment of a variable stiffness liquid inertia
vibration isolation device 101. Device 101 comprises a LIVE isolator 103 operably
associated with a variable stiffness spring 105. LIVE isolator 103 comprises a housing
107 defining a hollow, generally cylindrical interior. When device 101 is in use, housing
107 is typically coupled to a body 109 being isolated from vibration, such as a fuselage
of an aircraft. A piston 111 of selected cross-sectional diameter is disposed within the
interior of housing 107. When device 101 is in use, piston 111 is typically coupled to the
source of the vibration, as represented by an arrow 112, such as a wing, engine, or
other vibration-generating element of an aircraft. An elastomeric seal and spring

member 113 resiliently seals piston 111 within the interior of housing 107.
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A fluid chamber 115 is defined by the interior of the housing 107, piston 111, and
elastomeric seal and spring member 113. A known density, vibtation-isdlation fluid 117,
also referred to as a tuning fluid, is disposed within fluid chamber 115. Tuning fluid 117
is preferably non-corrosive and environmentally safe, being low viscosity and having a
relatively high density. In addition to sealing tuning fluid 117 within fluid chamber 115,
elastomeric member 113 serves as a spring to permit piston 111 to move or oscillate
relative to housing 107 along a principal axis of motion 129, while maintaining piston
111 in generally a central location within housing 107 when no load is applied to LIVE
iIsolator 103. A tuning port 119 extends, in one embodiment, centrally through piston
111 and permits tuning fluid 117 to move from a first end 121 of fluid chamber 115 to a
second end 123 of fluid chamber 115.

Still referring to Figure 1, when in operation, oscillatory forces produced by a
vibration source, such as an engine, a transmission, a propulsion system, and/or the
like, are transmitted to piston 111 causing an oscillatory displacement of piston 111.
The displacement of piston 111 is transmitted through elastomeric member 113 to body
109 via housing 107, resulting in a displacement of body 109 that is smaller than the
displacement of piston 111. Tuning fluid 117 is displaced within tuning port 119 to

oppose the oscillatory displacement of piston 111.

Variable stiffness spring 105 is operably associated at a first end 125 thereof with
housing 107 and at a second end 127 thereof with piston 111. Variable stiffness spring
105 provides stiffness in a direction generally corresponding to principal axis of motion
shown by an arrow 129 to LIVE isolator 103 in addition to the stiffness provided by
elastomeric seal and spring member 113. Increasing the stiffness of variable stiffness
spring 105 slightly increases the overall stiffness of LIVE isolator 103 in direction 129
and Increases the frequency of isolation, while decreasing the stiffness of variable
stiffness spring 105 slightly decreases the overall stiffness of LIVE isolator 103 in

direction 129 and decreases the frequency of isolation thus providing a range of

Isolation frequencies.
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Figures 2 and 3 depict an illustrative embodiment of variable stiffness spring 109.
In the illustrated embodiment, variable stiffness spring 105 comprises elastomeric pads
201a and 201b bonded between central block 204 and inner ring'202, and operably
associated with a coupling ring 203. Elastomeric pads 201a and 201b exhibit a first
stiffness along a first axis 301 and a second stiffness, significantly greater than the first
stiffness, along a second axis 303 that is perpendicular to first axis 301. Fach
elastomeric pad 201a and 201b is preferably of a solid elastomeric material, such as
rubber. However, alternative embodiments of elastomeric pads 201a and 201bmay
Include metal shims or other layers to tailor the compressive and shear stiffnesses.
Variable stiffness spring 105 is coupled with housing 107, for example, at 305 and is
coupled with piston 111, for example, at the center of block 204 where first axis 301 and
second axis 303 intersect. Inner ring 202 along with elastomeric pads 201a and 201b,
and central block 204 s rotatable with respect to coupling ring 203, as indicated by an
arrow 309, to vary the stiffness imparted to the connection between housing 107 and
piston 111. Inner ring 202, elastomeric pads 201a and 201b, and central block 204, are
rotatable with respect to coupling ring 203 by a rotating actuator 311, such as a stepper
motor. A screw drive 210 may be used to convert power from actuator 311 to impart
rotational force upon inner ring 202; however, a variety of devices may used to effect a

controllable rotation of inner ring 202, elastomeric pads 201a and 201b, and central

block 204, in relation to coupling ring 203.

The first stiffness is obtained through shear loading of elastomeric pads 201a
and 201b. The second stiffness, which is greater than the first stiffness, is obtained
through compressive loading of at least one of the elastomeric pads 201a and 201b. As
such, elastomeric pads 201a and 201b are configured to provide a higher stiffness in
compressive loading, and a lower stiffness in shear loading. Loading is imparted upon
block 204 via a vibratory load, also experienced by piston 111, along principal axis of
motion 129 (shown In Figure 1). During operation, when inner ring 202, elastomeric
pads 201a and 201b, and central block 204, are rotated about Point A (shown in Figure

3) such that axis 303 is aligned with principal axis of motion 129, then a vibratory load
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Subjects at least one of elastomeric pads 201a and 201b to a compfessive load, thereby
resulting in the first stifiness, and hence a first frequency of isolation. During operation,
when inner ring 202, elastomeric pads 201a and 201b, and central block 204, are
rotated about Point A such that axis 301 is aligned with principal axis of motion 129,
then a vibratory load subjects elastomeric pads 201a and 201b to a shearing load,
thereby resulting in the second stiffness and hence a second frequency of isolation. A
first void 206 and a second void 208 are configured to allow space for deflection of
elastomeric pads 201a and 201b. Furthermore, inner ring 202, elastomeric pads 201a
and 201b, and central block 204, can be rotated about Point A such that principal axis of
motion 129 aligns with a resultant axis, the resultant axis being a combination of axis
301 and axis 303. Such a positioning of inner ring 202, elastomeric pads 201a and
201b, and central block 204, produces a resultant stiffness that is a combination of the
first stiffness and the second stiffness. It should be appreciated that alternative

embodiments may have a greater number of elastomeric pads 201a and 201b.

Generally variable stiffness spring assembly 105 is preferably employed in pairs
that are counter-rotated about Point A In the direction of arrow 309, that is, one variable
stiffness spring assembly 105 is rotated clockwise while the second variable stiffness
spring assembly 105 is rotated counterclockwise. Using two juxtaposed variable
stiffness spring assemblies concentrically operated precludes complications with
changes in off-axis stiffness not aligned with the principal axis of motion 129. For
example, a first variably stiffness spring assembly 105 may rotate inner ring 202,
elastomeric pads 201a and 201b, and central block 204 at a 45 degree angle in a
clockwise rotation. Conversely, a second variably stiffness spring assembly 105 may
rotate Inner ring 202, elastomeric pads 201a and 201b, and central block 204 at a 45
degree angie In a counterclockwise rotation. As a result, any lateral forces from
shearing In the first spring assembly 105 will be cancelled by lateral forces from
shearing Iin the second spring assembly 105. It should be noted, however, that the
present application contemplates variable stiffness springs having configurations other

than that shown in Figures 2 and 3.
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The system of the present application provides significant advantages,
including: (1) providing a variable frequency of isolation LIVE device that Is
less complex than conventional, variable frequency of isolation LIVE Isolators;
(2) providing a variable frequency of isolation LIVE device that is less costly
than conventional, variable frequency of isolation LIVE Iisolators; and (3)
providing a way to modify existing, non-variable frequency of isolation LIVE
isolators to have variable frequency of isolation without modifying internal

components of the existing LIVE isolators.

The particular embodiments disclosed above are illustrative only, as
the system may be modified and practiced in different but equivalent manners
apparent to those skilled in the art having the benefit of the teachings herein.
Furthermore, no limitations are intended to the details of construction or
design herein shown, other than as described in the claims below. It Is
therefore evident that the particular embodiments disclosed above may be
altered or modified and all such variations are considered within the scope of
the application. Accordingly, the protection sought herein is as set forth in the
claims below. It is apparent that a system with significant advantages has
been descriped and illustrated. Although the system of the present
application is shown in a limited number of forms, it is not limited to just these

forms, but is amenable to various changes and modifications.
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CLAIMS:

1. A variable stiffness liquid inertia vibration isolation device, comprising:

a liquid inertia vibration elimination isolator; and

a first variable stiffness spring operably associated with the liquid
inertia vibration elimination isolator for varying a frequency of isolation of the liquid
Inertia vibration isolator, wherein the first variable stiffness spring comprises:

an elastomeric pad exhibiting a first stiffness along a first axis and a
second stiffness, significantly greater than the first stiffness, along a second axis that
IS perpendicular to the first axis; and

a coupling ring operably associated with the elastomeric pad;

wherein the elastomeric pad is rotatable with respect to the coupling

ring.

2. The variable stiffness liquid inertia vibration isolation device of claim 1,
wherein the liquid inertia vibration elimination isolator comprises:

a housing defining an interior;

a piston disposed within the interior of the housing;

an elastomeric seal disposed between the housing and the piston;

a fluid chamber defined by the housing, the piston, and the elastomeric
seal, the piston defining and separating two portions of fluid chamber on opposite
sides of the piston;

a tuning fluid disposed in the fluid chamber; and
a tuning port communicating between the two portions of the fluid

chamber.

3. The variable stiffness liquid inertia vibration isolation device of claim 2,
wherein the housing is configured to be coupled with a body to be isolated from

vibration.

4. The variable stiffness liquid inertia vibration isolation device of claim 2

or 3, wherein the piston is configured to be coupled with a source of vibration.
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5. The variable stiffness liquid inertia vibration isolation device of any one

of claims 2 to 4, wherein the tuning fluid is non-corrosive.

6. The variable stiffness liquid inertia vibration isolation device of any one

of claims 2 to 5, wherein the tuning fluid 1s environmentally safe.

7. The variable stiffness liquid inertia vibration isolation device of any one

of claims 2 to 6, wherein the tuning fluid exhibits a low viscosity and a relatively high

density.

8. The variable stiffness liquid inertia vibration isolation device of any one
of claims 2 to 7, wherein the first variable stiffness spring is operably associated with

the housing and the piston.

9. The variable stiffness liquid inertia vibration isolation device of any one

of claims 1 to 8, further comprising:

a rotating actuator for rotating the elastomeric pad with respect to the

coupling ring.

10. The variable stiffness liquid inertia vibration isolation device of claim 9,

wherein the rotating actuator is a stepper motor.

11. The variable stiffness liquid inertia vibration isolation device of any one

of claims 1 to 10, further comprising:
a second variable stiffness spring concentrically positioned and

operably counter rotated with respect to the first variable stiffness spring.
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