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WI ABSTRACT 
A noise source for an aircraft engine active noise can- 
cellation system in which the resonant frequency of a 
noise radiating element is tuned to permit noise cancel- 
lation over a wide range of frequencies. The resonant 
frequency of the noise radiating element is tuned by an 
exmndable ring embedded in the noise radiating ele- - - 
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4,255,083 3/1981 Andre et al. ........................ 415/119 to Of the noise radiating 
4,689,821 SA987 Salikuddin et al. . and a signal corresponding to the blade passage fre- 
4,700,177 10/1987 Nakashima et al. . quency of the engine’s fan. In response, the controller 
4,715,559 12/1987 Fuller . determines a control signal which is sent to the ring, 
4,947,356 8/1990 Elliott et al. . causing the ring to expand or contract. Instead of a 

single ring embedded in the noise radiating panel, a first 4,947,434 8/1990 It0 . 
4,967,550 11/1990 Acton et al. ....................... 60/39.29 expandable ring can be bonded to one side of the noise 5,031,222 7/1991 Takaya . 
5,060,471 10/1991 Torkelson ........................... 415/119 radiating element, and a second ring can be 

bonded to the other side. 
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ACTIVE NOISE CONTROL USING NOISE 
SOURCE HAVING ADAPTIVE RESONANT 
FREQUENCY TUNING THROUGH STRESS 

VARIATION 5 

The U.S. Government has rights in this invention as 
provided for by the terms of contract No. NAS3-26617 
awarded by the National Aeronautics and Space Ad- 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

ministration (NASA). 10 

This application is related to the following copending 
applications: “Active Control Noise Using Noise 15 
Source Having Adaptive Resonant Frequency Tuning 
Through Stiffness Variation,” Ser. No 08/143,602, “Ac- 
tive Noise Control Using Noise Source Having Adapt- 
ive Resonant Frequency Tuning Through Variable 
Panel Loading,” Ser. No. 08/143,604, and “Active 20 
Noise Control Using Noise Source Having Adaptive 
Resonant Frequency Tuning Through Variable Ring 
Loading,” Ser. No. 08/143,603. All of these related 
copending applications are filed concurrently herewith 
and assigned to the same assignee as the present inven- 25 
tion. 

BACKGROUND OF THE INVENTION 
This invention relates generally to reducing aircraft 

engine noise with a cancellation noise field which is 30 
generated by vibrational inputs to noise radiating struc- 
tures and more particularly concerns changing the in- 
ternal stress of the noise radiating structures to produce 
adaptive tuning of the resonant frequency of the struc- 
tures. 35 

Excessive noise has always been a problem confront- 
ing the aviation industry. Noise from discrete tones 
generated by the fans and turbines of modem aircraft 
engines is a major source of the noise problems. This is 
particularly true in communities surrounding airports 40 
which are subjected to the noise of take off and landing 
operations. Lately, fan and turbine noise has become an 
even larger issue due to the louder fan noise of the 
large-thrust high bypass engines and the increased en- 
actment and enforcement of strict community anti-noise 45 
regulations. 

Turbine and fan noise has been addressed for many 
years by employing passive techniques such as noise 
absorbing liners, tuned resonators, or a combination 
thereof. Such devices are usually mounted at the inlet 50 
and outlet of the engine to reduce noise radiated from 
the engine. Some disadvantages associated with these 
passive techniques include added weight and decreased 
thrust. Also, absorbent liners are generally ineffective 
against the long wavelengths of low frequency noise, 55 
and tuned resonators are only useful at the frequency to 
which they are tuned. 

One possible active approach to fan and turbine noise 
control is to cancel the noise using secondary or cancel- 
ling noise fields generated with acoustical inputs. The 60 
cancelling noise field, which is of equal amplitude but 
180” out-of-phase with the primary field, destructively 
interferes with and cancels the primary field. However, 
standard acoustical inputs, such as loudspeakers, are 
expensive, fragile, heavy and require a relatively large 65 
amount of power. An alternative to acoustical inputs is 
disclosed in the copending application entitled “Active 
Control of Aircraft Engine Noise Using Vibrational 

2 
Inputs,” Ser. No. 08/051,810, filed Apr. 21, 1993 which 
is a File Wrapper Continuation of application Ser. No. 
07/787,471, filed Nov. 4, 1991 and assigned to the same 
assignee as the present invention. Application Ser. No. 
08/05 1,810 discloses using piezoceramic actuators in- 
stead of acoustical inputs to generate the cancelling 
noise field. The actuators are mounted either directly to 
an inner surface of an aircraft engine or to noise radiat- 
ing elements resiliently mounted to the inner surface. 
When excited, the actuators produce vibrations in their 
supporting structure (the noise radiating elements or the 
engine itself) which “shake” the structure so that it 
generates the cancelling noise field. 

The supporting structure which is shaken by the 
piezoceramic actuators may be made of low-damping 
materials because the peak vibratory response at reso- 
nance of elements fabricated with low-damping materi- 
als is very high and produces a correspondingly high 
acoustic output which is needed to cancel the engine 
noise. However, the off-resonance vibratory response 
of elements fabricated with low-damping materials is 
very low and does not result in an acoustic output suffi- 
cient to cancel engine noise. Thus, such piezoceramic- 
actuated noise cancellation is only effective over a nar- 
row frequency range. Cancellation of aircraft engine 
noise is often required over a wider range of frequen- 
cies. 

Accordingly, there is a need for an active noise can- 
cellation system which is effective over a wide fre- 
quency range. 

SUMMARY OF THE INVENTION 
The above-mentioned needs are met by the present 

invention in which the cancelling sound field is gener- 
ated using noise radiating elements which are vibrated 
by actuators mounted thereon. To accomplish noise 
cancellation over a wide range of frequencies, the struc- 
tural resonant frequency of the noise radiating elements 
is tuned by adaptively changing their internal stresses. 
Changing an element’s internal stress will alter its reso- 
nant frequency. 

Specifically, the present invention provides a noise 
source for an active noise cancellation system which 
comprises a noise radiating element mounted to the 
outer shroud of an aircraft engine and having an actua- 
tor disposed thereon. An expandable ring is embedded 
in the noise radiating element. Excitation of the ring 
causes expansion or contraction of the ring, thereby 
varying the stress in the noise radiating element. The 
ring is actuated by a controller which receives input of 
a feedback signal proportional to displacement of the 
noise radiating element and a signal corresponding to 
the blade passage frequency of the engine’s fan. In re- 
sponse, the controller determines a control signal which 
is sent to the ring, causing the ring to expand or con- 
tract. As an alternative to a single ring embedded in the 
noise radiating panel, a first expandable ring is bonded 
to one side of the noise radiating element, and a second 
expandable ring is bonded to the other side. 

Other objects and advantages of the present invention 
will become apparent upon reading the following de- 
tailed description and the appended claims with refer- 
ence to the accompanying drawings. 

DESCRIPTION OF THE DRAWINGS 
The subject matter which is regarded as the invention 

is particularly pointed out and distinctly claimed in the 
concluding part of the specification. The invention, 
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however, may be best understood by reference to the 
following description taken in conjunction with the 
accompanying drawing figures in which: 

FIG. 1 shows a schematic, cross-sectional view of an 
aircraft engine incorporating the active noise cancella- 5 
tion system of the present invention; 
FIG. 2 is a partial, cross-sectional end view showing 

a first embodiment of the noise source of the present 
invention in detail; 

FIG. 3 is a top view of the noise radiating element of 10 
the first embodiment; 

FIG. 4 is a partial, cross-sectional end view showing 
a second embodiment of the noise source of the present 
invention in detail; and 

the second embodiment; 
FIG. 5 is a top view of the noise radiating element of 15 

DETAILED DESCRIPTION OF THE 
INVENTION 

Refemng to the drawings wherein identical refer- 
ence numerals denote the same elements throughout the 
various views, FIG. 1 schematically shows the active 
noise cancellation system of the present invention as 
implemented in an aircraft engine 10. The engine 10, 
which in itself does not form a part of the present inven- 
tion, can be any typical turbine- or fan-driven aircraft 
engine. The engine 10 includes an outer shroud 12 and 
a fan 14. For the sake of clarity, the other parts of the 
engine 10 are not shown. 

In the present invention, noise sources 16 are pro- 
vided to generate a secondary or cancelling noise field 
which destructively interferes with the primary noise 
field of the engine 10. FIG. 1 schematically shows a 
plurality of noise sources 16 mounted in the inner sur- 
face of the engine shroud 12. The size of the noise 
sources 16 depends on the acoustic power required to 
produce the secondary sound field. The number and 
placement of the noise sources 16 depends mainly on 
the modal order of the primary noise field to be can- 
celled. Ideally, a number of noise sources 16 will be 
distributed around the periphery of the engine shroud 
12 in a cross-sectional plane to define a “ring source.” 
One or more ring sources may be located both upstream 
and downstream of the fan 14. A plurality of ring 
sources, each designed for a different noise bandwidth, 
can be used for cancellation of multiple tones. 

The noise sources 16 are controlled by a noise cancel- 
lation controller 18 connected to each of the noise 
sources. The controller 18 receives input from a plural- 
ity of noise transducers 20 and a tachometer 22. The 
transducers 20 sense noise generated by the engine 10 
and produce an error signal corresponding to the level 
of noise sensed. The noise transducers 20 can be micro- 

20 

25 

30 

35 

40 

45 

50 

phones, piezoelectric transducers or any other type of 
device capable of sensing noise and producing an elec- 55 
trical signal output thereof. The transducers 20 are 
generally located near to wherever noise is believed to 
emanate from. Preferably, an array of noise transducers 
20 is located upstream of the fan 14 and another array is 
located downstream of the fan 14, as shown in FIG. 1. 60 
The tachometer 22 inputs the blade passage frequency 
of the fan 14 into the controller 18. In response to the 
inputs from the noise transducers 20 and the tachometer 
22, the controller 18 determines an appropriate control 
signal which is sent to each of the noise sources 16. The 65 
control signal causes the noise sources 16 to vibrate 
with the frequency and amplitude needed to create the 
proper secondary noise field for minimizing total noise. 

4 
The controller 18 can be implemented using one of a 

variety of standard control schemes known in the art. 
One preferred scheme uses a multi-input, multi-output 
(MI/MO) adaptive filtering approach based on the 
MI/MO Filtered-X LMS algorithm. Such an algorithm 
is described in the article “A Multiple Error LMS Algo- 
rithm and its Application to the Active Control of 
Sound and Vibration,” IEEE Transactions on Acoustic 
Speech and Signal Processing, Vol. ASSP-35, No. 10, 
Oct., 1987, by Stephen Elliott et al. In such a control 
scheme, the control signals which are sent to the noise 
sources 16 are adjusted in real time to minimize noise at 
the noise transducers 20. The controller 18 can react 
nearly instantly to any change in the RPM of the fan 14. 
Moreover, due to its adaptive nature, the controller 18 
is self-configuring and can self-adapt to changes in the 
system such as noise source or transducer failure. 

Turning to FIGS. 2 and 3, a first embodiment of a 
noise source 16 is shown in detail. The noise source 16 
comprises a noise radiating element 24 which is a rela- 
tively thin panel of a lightly damped material such as 
aluminum mounted to the inner wall 26 of the shroud 12 
by a number of clamps 28. The noise radiating element 
24 is preferably, but not necessarily, ctrcular; other 
shapes, such as square panels, can be used. While two 
clamps 28 are shown in FIG. 2, any reasonable number 
of clamps can be employed. The clamps 28 support the 
noise radiating element 24 in a manner that they can be 
tuned to allow the noise radiating element 24 to expand, 
contract or remain fixed at the edge. 

The clamps 28 are attached to a portion 26a of the 
inner wall 26 by resilient mounting members 30; the 
inner wall portion 26a is flush with the inner wall 26 and 
may be a separate plate removably attached to the inner 
wall 26 in order to permit access to the noise source 16. 
The resilient mounting members 30 are preferably elas- 
tic members disposed between the clamps 28 and the 
inner wall portion 26a which prevent noise generating 
vibrations of the noise source 16 from propagating to 
the critical parts of the engine 10. The clamps 28 extend 
from the inner wall portion 26a into the hollow interior 
of the engine shroud 12 so that the noise source 16 is not 
in the main flow of the engine 10. This arrangement 
assures that the noise controlling structure does not 
interfere with engine perfomance. A sound port 32 is 
formed in the inner wall portion 26a to permit the can- 
celling noise field generated by the noise source 16 to be 
transmitted into the engine interior. The sound port 32 
is preferably covered with a mesh or similar structure to 
prevent ingress of foreign materials. 

The clamps 28 support the noise radiating element 24 
in a manner which permits the noise radiating element 
24 to vibrate. Vibration of the noise radiating element 
24 is produced by an actuator 34 which is connected to 
the noise cancellation controller 18. The actuator 34 is 
preferably a thin sheet of piezoceramic, electrostrictive 
or magnetostrictive material disposed flat on the noise 
radiating element 24. The thin sheet exerts an oscillating 
force in the plane of the noise radiating element 24 
when excited by the control signal sent from the con- 
troller 18. Structure-borne noise is then generated when 
in-plane vibrations change the shape of the noise radiat- 
ing element 24 and produce bending motions. The high- 
est, and thus most effective, acoustic output is achieved 
when the noise radiating element 24 is vibrated at one of 
its natural resonant frequencies. 

In the present invention, the resonant frequency of 
the noise radiating element 24 is adaptively tuned by 
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changing its state of internal, in-plane stress, thereby 
providing effective noise cancellation over a wider 
frequency range. To this end, a thin annular, expandable 
ring 36 is embedded in the noise radiating element 24. 
The ring 36 can comprise piezoceramic, electrostrictive 
or magnetostrictive material and has a median diameter 
armroximatelv one-third to two-thirds of the diameter 
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the rings 36, thereby changing the tensile or compres- 
sive stresses in the noise radiating element 24. This tunes 
the resonant frequency of the noise radiating element 24 
so that it tracks the blade passage frequency of the fan 

5 14. The noise cancellation controller 18 then sends con- 
trol signals to the actuator 34 which cause the noise 
radiating element 24 to vibrate at resonance and gener- 
ate a noise field which tends to cancel the primary field 
produced by the engine 10. 

The foregoing has described an active noise control 
system in which the cancelling noise is generated 
through vibrational inputs to noise radiating elements 
which have adaptively changing internal stresses to 
allow adaptive tuning of the resonant frequency of the 

efficiency. AI- 

aY for use with an aircraft engine, the invention can be 
used in almost any device where figh-order acoustic 

$^the circuli noise radiating element 24. Excitation Of 
the ring 36 with a DC voltage Will cause the ring 36 to 
expand Or contract, depending on the nature of the 10 
applied voltage. Expansion or contraction Of the ring 36 
will induce tensile or compressive stresses in the noise 
radiating element 24, thereby changing its resonant 
frequency- This arrangement has the advantage that the 
total stiffness of the noise radiating element 24 is in- 15 noise radiating elements for 

A feedback sensor 38 is optionally disposed on the 
noise radiating element 24. The feedback sensor 38 can 

creased rather than only the local boundary stiffness* though the present invention has been described prima- 

be 
Proportional to the 

type Of device which produces a signal that. is modes propagating down a waveguide are to be &mi- 
(% we' % the veloclty 2o nated. Examples of such devices include heat, ventila- or acceleration) of the noise radiating element 24. Suit- 

able devices include an accelerometer, a strain gauge or tion, and air conditioning (HvAc) systems and 
devices. a patch Of piezoceramic material. The feedback signal 

produced by the feedback sensor 38 is fed to a fie- While specific of the present invention 
have been described, it will be apparent to those skilled quency tuning controller 40. The tuning controller 40 25 

also receives input of the blade passage frequency from 
the tachometer 22. In response to these inputs, the con- 
troller 40 determines an appropriate control signal (in 
the form of a DC voltage) which is sent to the ring 36. 
The tuning controller is implemented 
scheme in which the gain is adjusted in accordance with 
the inputted blade passage frequency. 
In operation, the tuning controller 40 applies the 

control signal to the ring 36 causing the ring 36 to either 

in the art that various modifications thereto can be made 
without departing from the spirit and scope of the in- 
vention as defined in the appended claims. 

What is 
1. A noise source for use in an active noise cancella- 

tion system which minimizes noise emanating from an 
aircraft engine having an outer shroud and a fan, said 
noise Source comDrising: 

a control 3o 

expand or contract, thereby changing the tensile or 35 
compressive stresses in the noise radiating element 24. 
This tunes the resonant frequency of the noise radiating 
element 24 so that it tracks the blade passage frequency 
of the fan 14. The noise cancellation controller 18 then 
sends control signals to the actuator 34 which cause the 40 
noise radiating element 24 to vibrate at resonance and 
generate a noise field which tends to cancel the primary 
field produced by the engine 10. 

Turning to FIGS. 4 and 5, a second embodiment of 
the present invention is shown. The noise source of the 45 
second embodiment is the same as that of the first em- 
bodiment except that a ring is not embedded in the noise 
radiating element 24. Instead, a thin annular expandable 
ring 36 is bonded on each side of the noise radiating 
element 24. The rings 36 have equal median diameters 50 
which are approximately one-third to two-thirds of the 
diameter of ihe noise radiating element 24. Excitation of - -  
the rings 36 with a DC voltage will Cause the rings 36 to sensor disposed on said noise radiating element, said 
expand or contract, depending on the nature of the Sensor producing a feedback signal proportional to dis- 
applied voltage. Expansion or contraction of the rings 55 placement of said noise radiating element, said control- 
36 will induce tensile or compressive stresses in the ler having another input connected to said sensor. 
noise radiating element 24, thereby changing its reso- 3. The noise source of claim 1 wherein said means for 
nant frequency. adjusting stress in said noise radiating element com- 

The remaining elements of the second embodiment prises an expandable ring embedded in said noise radiat- 
are the same as those in the first embodiment and func- 60 ing element. 
tion in the same manner. Thus, the feedback sensor 38 is 4. The noise source of claim 3 wherein said noise 
disposed on the noise radiating element 24 and sends a radiating element is circular and has a diameter which is 
feedback signal to the tuning controller 40. In response approximately 2-3 times the diameter of said ring. 
to the feedback signal and the blade passage frequency 5. The noise source of claim 1 wherein said means for 
input from the tachometer 22, the controller 40 deter- 65 adjusting stress in said noise radiating element com- 
mines appropriate control signals (in the form of a DC prises a first expandable ring bonded to one side of said 
voltage) which are sent to the rings 36. The control noise radiating element and a second expandable ring 
signals cause appropriate expansion or contraction of bonded to another side of said noise radiating element. 

a noise radiatkg egment mounted to said outer 
shroud; 

means for adjusting stress in said noise radiating ele- 
ment; 

means for producing a blade passage frequency signal 
corresponding to the blade passage frequency 'of 
said fan; and 

a controller having an input connected to said means 
for producing a blade passage frequency signal and 
an output connected to said means for adjusting 
stress in said noise radiating element, said control- 
ler being responsive to said blade passage fre- 
quency signal to determine a control signal which 
is sent to said means for adjusting stress in said 
noise radiating element, said control signal causing 
said means for adjusting stress in said noise radiat- 
ing element to vary the stress of said noise radiating 
element. 

2. The noise source of claim 1 further comprising a 
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6. The noise source of claim 5 wherein said noise quency tuning controller having another input con- 
radiating element is circular and has a diameter which is nected to said sensor. 
approximately 2-3 times the diameter of said first and 11. The apparatus of claim 9 wherein said means for 
second rings. adjusting stress in said noise radiating element com- 

7. The noise SOuCe of claim 1 wherein said noise 5 prises an expandable ring embedded in said noise radiat- 
radiating element is resiliently mounted to said outer ing element. 
shroud. 12. The apparatus of claim 11 wherein said noise 

8. The noise Source of claim 1 further comprising an radiating element is circular and has a diameter which is 
actuator disposed on said noise radiating element. approximately 2-3 times the diameter of said ring. 

9. An apparatus for minimizing noise emanating from 10 13. The apparatus of claim 9 wherein said means for 
an aircraft engine which has an outer shroud and a fan, adjusting stress in said noise radiating element COm- 
said apparatus comprising: prises a first expandable ring bonded to one side of said 

a noise radiating element mounted to said outer noise radiating element and a second expandable ring 
shroud; bonded to another side of said noise radiating element. 

means for 14. The apparatus of claim 13 wherein said noise 
ment; radiating element is circular and has a diameter which is 

corresponding to the blade passage frequency of second rings. 
said fan; and 

nected to said means for producing a blade passage 
frequency signal and an output connected to said 
means for adjusting stress in said noise radiating 
element, said frequency tuning controller being 25 plurality of noise radiating elements. 

to said means for adjusting stress in said noise radi- 

stress in Bid noise radiating ele- 15 

means for producing a blade passage frequency signal approximately 2-3 times the diameter of said first and 

15. The apparatus of claim 9 wherein said noise radi- 
a frequency tuning controller having an input con- 20 ating element is resiliently mounted to said outer 

16. The apparatus of claim 9 further comprising an 

17. The apparatus of claim 9 further comprising a 

shroud. 

actuator disposed on said noise radiating element. 

responsive to said passage frequency to 
determine a frequency signa1 which is sent 

18. The apparatus of claim 17 wherein each one of 
said plurality of noise radiating elements is disposed 
inside said outer shroud. 

sting said frequency signal 19. The apparatus of claim 17 wherein a first portion 
ing said in said noise 30 of said plurality of noise radiating elements is located 
radiating element to vary the stress Of said noise upstre- of said fan, and a second portion ofsaid plural- 

for adjusting 

radiating element; ity of noise radiating elements is located downstream of 
said fan. means for sensing noise generated by said engine, said 

means for sensing noise producing an error signal 
corresponding to the level Of noise sensed; and 

20. The apparatus of claim 9 wherein said noise radi- 
35 ating element is disposed inside of said outer shroud 

a noise cancellation controller having an input con- near a sound port formed in said outer shroud. 
netted to said means for sensing noise, another 21. A method for adjusting the resonant frequency of 
input connected to said means for Producing a a noise radiating element used in an active noise cancel- 
blade passage frequency signal, and an output Con- lation system which minimizes noise emanating from an 
nected to said noise radiating element, said noise 40 &craft engine having an outer shroud and a fan, said 
cancellation controller being responsive to said method comprising the steps of: 
error signal and said blade Passage frequency Signal sensing the blade passage frequency of said fan; and 
to determine a noise control signal which is sent to changing the stress in said noise radiating element in 
said noise radiating element, said noise control accordance with the blade passage frequency of 
signal causing said noise radiating element to gen- 45 said fan. 
erate a noise field which minimizes the total noise 22. The method of claim 21 further comprising the 
emanating from said engine. step of sensing the displacement of said noise radiating 

10. The apparatus of claim 9 further comprising a element said step of changing the stress in said noise 
sensor disposed on said noise radiating element, said radiating element also being in accordance with the 
sensor producing a feedback signal proportional to dis- 50 displacement of said noise radiating element. 
placement of said noise radiating element, said fre- * : * e * *  

55 

60 

65 


