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(57) ABSTRACT 

A middle layer (22) having partitioned cavities (28) is 
sandwiched betWeen an imperforate sheet (24) and an 
optional perforate sheet (26) to form a low resistance 
acoustic liner (22). Apreferred method of manufacture of the 
loW resistance acoustic liner (20) uses aspects of the buried 
septum technique including placing an uncured imperforate 
septum (36) betWeen a support layer (32) and a partitioned 
cavity middle layer (22), pressing the middle layer into the 
imperforate sheet (24) and through the support layer (32), 
curing the imperforate septum 36 to form the imperforate 
sheet (24), removing the support layer (32), and attaching a 
perforate sheet (26) of roughly at least 15% open area to the 
top side of the middle layer. A preferred embodiment of 
inner and outer linings (47), (49) is provided. Each lining 
includes a combination of annuluses of absorptive and/or 
loW resistance liners (51), (53). A?rst arrangement of engine 
acoustic linings includes alternating sections of absorptive 
liner With loW resistance acoustic liner, one after the other. 
The loW resistance acoustic liner scatters loW mode order 
noise into a range of noise orders, including both high and 
loW mode order modes. The absorptive liner absorbs the 
high mode order noise and dissipates it as heat. A second 
arrangement of acoustic linings includes a splitter (70) 
having a portion formed of low resistance liner (72). 
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AIRCRAFT ENGINE ACOUSTIC LINER AND 
METHOD OF MAKING THE SAME 

[0001] This is a divisional of copending application Ser. 
No. 08/662,456, ?led on Jun. 13, 1996, Which is hereby 
incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] The present invention relates to noise dissipation 
panels, and more particularly to acoustic liners and arrange 
ments of liners in aircraft engines and surrounding surfaces. 

BACKGROUND OF THE INVENTION 

[0003] Aircraft engine noise is a signi?cant problem in 
high population areas and other noise controlled environ 
ments. Attempts currently focus on lining the aircraft engine 
nacelle and surrounding engine areas With acoustic liners to 
reduce the amount of noise radiating to the community. 

[0004] As background information regarding general 
engine acoustic theory, there exists a lineariZed Wave equa 
tion that describes the acoustic pressure distributions present 
in an air?oW duct. This Wave equation has a general solution 
given by a superposition (i.e., discrete summation) of eigen 
functions. Eigenfunctions vary With the boundary conditions 
at the duct Wall, i.e., the Wall’s impedance. There are an 
in?nite number of such eigenfunctions, each With an asso 
ciated eigenvalue, that are referred to as the “modes of 
propagation”, or “modes” for short. In general, loW order 
modes have eigenvalues that are loW in absolute value. High 
order modes have eigenvalues that are high in absolute 
value. Typical loW mode order values for aircraft engine 
noise are 0 to 5, though the range Will change depending on 
frequency, duct siZe, etc. Typical high mode order values for 
aircraft engine noise are 8 to 15, though, these Will also vary. 

[0005] As used in the discussions beloW, the term “loW 
mode order noise” is meant to describe noise Waves that are 
represented mathematically by relatively loW absolute value 
eigenvalues With respect to the range of noise modes present 
in a given application. When vieWed physically, the order of 
mode corresponds generally to the angle of Wave propaga 
tion in the duct relative to the duct Walls. As shoWn in FIG. 
1, engine noise Wavefronts 12 propagate along the duct 13 
at various angles 0 relative to the duct Walls 14. If the angle 
is Zero, the Wave is said to be a fundamental Wave 15, i.e., 
0=0f=0. Fundamental Waves have Wavefronts that travel in 
the axial direction of the duct and have a uniform pressure 
distribution at any particular duct cross-section. 

[0006] In addition to fundamental Waves, there are non 
fundamental noise Wavefronts Which re?ect back and forth 
betWeen the duct Walls as the Wavefronts travel along the 
duct. These non-fundamental Wavefronts create a non-uni 
form pressure distribution across the duct cross-section. The 
non-fundamental Waves are generally classi?ed according to 
their angular directions relative to the duct Walls. LoW order 
modes of noise propagation have Wavefronts 16 oriented at 
small angles as measured relative to the duct Walls, i.e., 
0=01§ approximately 30 degrees. High order modes of noise 
propagation have Wavefronts 17 oriented at relatively larger 
angles as measured from the duct Walls, i.e., 
0=0h§approximately 60 degrees. A Wide range of noise 
frequencies exists for each mode order, loW or high. For 
further discussion of theoretical considerations, see Aeroa 
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caustics of Flight Vehicles, by Harvey H. Hubbard, pub 
lished for the Acoustical Society of America through the 
American Institute of Physics, 1995. See also, Theoretical 
Acoustics, by Philip M. Morse et al., McGraW-Hill Book 
Company, dated 1968. 

[0007] In a given aircraft application, an engine Will 
generate both high and loW mode order noise. Current 
design practice focuses on reducing this noise through the 
use of absorptive acoustic liners. Absorptive liners are 
knoWn in various con?gurations, including the use of a 
honeycomb core sandWiched betWeen an imperforate sheet 
and a perforate sheet having a small amount of open surface 
area. This particular combination is sometimes referred to as 
a single degree of freedom absorptive acoustic liner. 

[0008] Absorptive liners are successful because pressure 
Waves cause air to pass into and out of the openings of the 
perforate sheet and to experience a suf?cient amount of 
friction, or resistance, Which is dissipated as heat energy. 
The overall impedance of an acoustic liner is a complex 
number, given by a real part, the resistance, and an imagi 
nary part, the reactance. Resistance relates to the liner’s 
ability to dissipate noise energy as heat. Reactance relates to 
the liner’s tendency to react noise energy back onto itself. 
Absorptive liners provide moderate resistance and loW reac 
tance for high mode order noise Waves. 

[0009] FIG. 2 illustrates the theoretical effect of using 
absorptive liners for a hypothetical case. A given total noise 
energy 18 is initially comprised of a combination of one loW 
and one high mode order noise 19, 21, each having equal 
energy. Starting at the beginning of the duct at position 0, the 
total noise energy 18 encounters an absorptive liner that 
quickly reduces the high mode order noise 21 and more 
sloWly reduces the loW mode order noise 19. Since high 
mode order noise attenuates quickly in the duct, only a 
relatively short duct length is needed to dissipate most of the 
high mode order noise present. In FIGS. 2 and 3, the 
vertical axis is logarithmic. A change of about —3 dB, for 
example, refers to a reduction in noise energy of about half. 
The horiZontal axis is normaliZed to be dimensionless. The 
exact values of the information shoWn in FIGS. 2 and 3 Will 
vary according to the characteristics of a particular applica 
tion, and in general there Will be energy in more than tWo 
modes. 

[0010] As is evident by FIG. 2, absorptive liners are very 
effective for absorbing high mode order noise 21, but are 
inef?cient for reducing loW mode order noise 19, i.e., those 
noise Wavefronts traveling along the duct at a loW angular 
displacement relative to the duct Walls. Propagating at loW 
angles, these loW order modes strike the absorptive liners 
feWer times in a given length of duct. Therefore, to reduce 
all of the loW mode order noise requires a greater length of 
acoustic lining than is typically possible in the space-limited 
regions of aircraft engines. Noise reduction from use of 
absorptive liners is thus practically limited to higher mode 
order noise. 

[0011] Thus, a need exists for an acoustic liner, or arrange 
ment of liners, that effectively reduces both high and loW 
mode order noise. The present invention is directed to 
ful?lling this need. 

SUMMARY OF THE INVENTION 

[0012] The present invention provides a neW type of 
acoustic liner and arrangement of liners speci?cally for use 
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in dissipating loW mode order noise. This neW liner is termed 
a loW resistance acoustic liner and includes a middle layer, 
or core layer, having partitioned cavities. The cavities aid in 
scattering a large amount of loW mode order noise into 
higher mode order noise. An imperforate sheet is attached to 
one side of the middle layer. Aperforate sheet having a large 
open surface area is optionally attached to the middle layer, 
opposite the imperforate sheet, so that the partitioned cavi 
ties of the middle layer are substantially sandWiched 
betWeen the imperforate and the perforate sheets. The per 
forate sheet stops the Whistling effect caused by high speed 
air ?oWing into the cavities and minimizes air?oW drag as 
may be required for some applications, e.g., in aircraft 
engines. The preferred middle layer material for high-speed 
commercial aircraft engines is honeycomb core having 
cavities With aXes preferably oriented perpendicular to the 
central plane of the core. 

[0013] In accordance With further aspects of the invention, 
the preferred middle layer cavity depth is approximately one 
quarter the noise Wavelength sought to be reduced. The 
middle layer cavities may also be comprised of cavities 
having varying depths. The preferred average diameter of 
each middle layer cavity is equal to or less than approXi 
mately one tenth the noise Wavelength. For noise having 
Wavelengths from 3 to 12 inches, the cavity depth is betWeen 
roughly 0.75 and 3 inches, and the cavity average diameter 
is betWeen roughly 0.3 to 1.2 inches. 

[0014] In accordance With other aspects of the invention, 
the perforate sheet includes uniformly distributed openings. 
The percent open area of the perforate sheet is preferably in 
an amount of at least 15% the entire perforate sheet surface 
area. These openings are preferably holes that have diam 
eters less than the average cavity diameter. The loW resis 
tance acoustic liner has an absorption coef?cient of about 0 
to 0.5, the preferred value being less than 0.5. The loW 
resistance acoustic liner has a resistance coef?cient of about 
0 pc to 0.5 pc, the preferred value being 0.3 pc. 

[0015] In accordance With yet further aspects of the inven 
tion, a preferred method of manufacturing a loW resistance 
acoustic liner having cavities of constant depth includes 
attaching the imperforate sheet to one side of the middle 
layer using an adhesive. The perforate sheet is attached to 
the opposite side of the middle layer also using an adhesive. 

[0016] In accordance With yet other aspects of the inven 
tion, a preferred method of manufacture for creating cavities 
of varying depth includes providing a support layer of 
hardened Wax-like material, placing an uncured imperforate 
septum on top of the support layer, placing a middle layer 
formed of a partitioned cavity material (e.g., honeycomb 
core) on top of the uncured imperforate septum, and using 
a uniform force to press the middle layer through the septum 
and the support layer until the septum is located at a desired 
cavity position. The septum is cured to form the imperforate 
sheet. After curing, the support layer is removed, such as by 
melting, and a perforate sheet is optionally attached to the 
side of the core opposite the cured septum. 

[0017] In accordance With still further aspects of the 
invention, the desired imperforate septum material is a 
thermo-plastic, resin, rubber, or rubber-like ?lm material 
With Which the middle layer can be used to “cookie-cut” 
during pressing and that Which can be later cured to form a 
seal Within each cavity. The preferred support layer material 
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is Wax. The support layer is of varying cross-sectional 
thickness in order to cause the imperforate sheet to be 
located at different heights Within the middle layer cavities. 
A mating layer may be optionally used to aid in supporting 
the middle layer as it is forced through the uncured imper 
forate septum and support layer. The mating layer is placed 
betWeen the uncured imperforate septum and the middle 
layer prior to pressing. The surface shapes of the mating 
layer and the support layer are matched. The method of 
making a loW resistance acoustic liner may optionally 
include the step of Warming the support layer prior to 
pressing so that the support layer may be more easily cut by 
the middle layer. 

[0018] In accordance With still other aspects of the inven 
tion, a ?rst embodiment of acoustic liners includes inner and 
outer linings formed of alternating loW resistance liners With 
absorptive liners. The liners are positioned side-by-side and 
eXtend Within an air?oW duct for a length as necessary or as 
space alloWs. It is preferable that an absorptive liner initially 
precede the ?rst loW resistance liner. The liners may be 
formed to replace duct Walls or may be attached directly to 
the eXisting duct Walls. All liners are placed With their 
imperforate sheets located farthest from the air?oW. The loW 
resistance acoustic liner surface area adjacent the air?oW is 
siZed approximately 5% to 25% the siZe of the absorptive 
liners. For circular engine locations such as in the bypass 
duct surrounding an turbofan engine core, the liners are 
formed as annuluses. 

[0019] In accordance With yet additional aspects of the 
invention, a second embodiment of acoustic liners includes 
inner and outer linings With a splitter positioned generally 
mid-Way betWeen the linings. The splitter may be formed 
entirely of loW resistance acoustic liner or may formed as a 
combination of both loW resistance liner and absorptive 
liner. For circular engine locations, it is preferable to use 
annular liners attached to surrounding engine structures 
using conventional attachment methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The foregoing aspects and many of the attendant 
advantages of this invention Will become more readily 
appreciated as the same becomes better understood by 
reference to the folloWing detailed description, When taken 
in conjunction With the accompanying draWings, Wherein: 

[0021] FIG. 1 is a diagrammatic side elevation illustrating 
noise Wave propagation in a duct; 

[0022] FIG. 2 is a chart illustrating theoretical reduction 
in noise energy relative to duct length When using absorptive 
acoustic liners; 

[0023] FIG. 3 is a chart illustrating theoretical reduction 
in noise energy relative to duct length When additionally 
using a loW resistance acoustic liner formed in accordance 
With the present invention; 

[0024] FIG. 4 is a fragmentary top perspective of a loW 
resistance acoustic liner formed in accordance With the 
present invention; 

[0025] FIG. 5 is a side elevation illustrating a method of 
forming a loW resistance acoustic liner formed in accordance 
With the present invention, including a bottom support layer, 
a deformable septum, and a partitioned core; 
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[0026] FIG. 6 is a side elevation of a ?rst variation of the 
support layer of FIG. 5; 

[0027] FIG. 7 is a side elevation of a second variation of 
the support layer of FIG. 5; 

[0028] FIG. 8 is a side elevation of an alternative method 
of forming a support layer in accordance With the present 
invention, using mating layers and an imperforate septum; 

[0029] FIG. 9 is a side elevation illustrating the method of 
forming a loW resistance acoustic liner of FIG. 5 utiliZing 
the mating layers and imperforate septum of FIG. 8; 

[0030] FIG. 10 is a side elevation of a portion of an 
aircraft engine With parts broken aWay for illustrative pur 
poses, shoWing a ?rst arrangement of acoustic liners formed 
in accordance With the present invention; 

[0031] FIG. 11 is a side elevation of a portion of an 
aircraft engine With parts broken aWay for illustrative pur 
poses, shoWing a second arrangement of acoustic liners 
formed in accordance With the present invention; 

[0032] FIG. 12 is a side detail illustration of a ?rst 
alternative embodiment of a splitter formed in accordance 
With the present invention; and 

[0033] FIG. 13 is a side detail illustration of a second 
alternative embodiment of a splitter formed accordance With 
the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0034] The discussion beloW ?rst focuses on a description 
of the theory underlying the present invention loW resistance 
acoustic liner and a description of its preferred con?guration 
and method of manufacture. This is folloWed by a descrip 
tion of tWo particularly useful arrangements of liners for use 
With modern aircraft engines. These arrangements are gen 
erally constructed by placing alternating sections of absorp 
tive liner With loW resistance acoustic liner, one after the 
other, lengthWise Within the engine. The loW resistance 
acoustic liner scatters loW mode order noise into a range of 
noise orders, including some high order modes. The adjacent 
doWnstream absorptive liner absorbs the high mode order 
noise and dissipates it as heat. This arrangement of loW 
resistance acoustic liner folloWed by absorptive liner is 
repeated as many times as space alloWs, or as necessary. 

[0035] With regard to the underlying theory of hoW loW 
resistance acoustic liners Work, it is our belief that loW mode 
order noise Waves react With the loW resistance acoustic 
liner and become scattered into both high and loW mode 
order noise. The loW resistance acoustic liner offers imped 
ance that includes a small real resistance term as Well as a 

small imaginary reactance term. Near Zero impedance, or at 
least <0.5 pc, appears to cause a portion of the loW mode 
order noise to be scattered into high mode order noise 
(Where p is the density of the air, and c is the speed of sound 
in the air). This neWly created high mode order noise may 
then be absorbed by doWnstream absorptive acoustic liners. 

[0036] Referring to theoretical FIG. 3, the total energy 18 
is initially reduced primarily by a reduction in high mode 
order noise 21 from use of a ?rst absorptive liner. Upon 
encountering a loW resistance acoustic liner formed in 
accordance With the present invention, roughly half the loW 
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order mode energy 19 is scattered into high mode order 
noise 21‘, With half remaining as loW mode order noise 19‘. 
A second absorptive liner absorbs the neWly formed high 
mode order noise 19‘. This process is continued as space 
alloWs. In this manner, the total noise energy is “ratcheted” 
doWn to values unattainable by use of absorptive acoustic 
liners only. 

[0037] FIG. 4 shoWs a loW resistance acoustic liner 20 of 
the present invention that includes a middle layer, or core 
layer, 22 generally sandWiched betWeen an imperforate 
sheet 24 and a perforate sheet 26. The middle layer 22 is 
formed of a material having partitioned cavities 28 therein. 
LoW mode order noise enters the middle layer cavities and 
eXits as a range of modes. Thus, the cavities 28“capture” 
large amounts of loW mode order noise and scatter it 
outWard into both high and loW mode order noise. The loW 
resistance acoustic liner 20 has an absorption coef?cient of 
about 0 to 0.5, the preferred value being less than 0.5. The 
loW resistance acoustic liner 20 has a resistance coef?cient 
of about 0 pc to 0.5 pc, the preferred value being 0.3 pc. 

[0038] The present invention may be practiced Without a 
perforate sheet. The perforate sheet 26 serves to stop the 
Whistling effect caused by air that Would otherWise be 
?oWing rapidly over and into the cavities. The perforate 
sheet also serves as a smooth, ?oW-directing surface that 
minimiZes drag Within the air?oW duct from air interacting 
With the loW resistance liner. When a perforate sheet 26 is 
used, a plurality of holes 30 should be formed therethrough. 
The percent open area of the perforate sheet 26 due to the 
holes 30 is preferably in the range of about 15-75% of the 
entire sheet surface area. The holes 30 are siZed less than the 
average diameter of each cavity. At these higher open area 
percentages, it has been discovered that the perforate sheet 
stops the Whistling effect and minimiZes air?oW drag While 
still alloWing sufficient amounts of loW mode order noise to 
enter the cavities and eXit in the form of both high and loW 
mode order noise. 

[0039] KnoWn con?gurations of absorptive liners also 
include a perforate sheet having a plurality of holes there 
through. See, for example, US. Pat. No. 4,433,021. Actual 
total open area amounts for absorptive liners varies betWeen 
approximately 5%-15%. Absorptive liners, hoWever, rely on 
the open area perforations to purposefully manipulate the 
noise Wave propagation in such a Way as to encourage its 
dissipation. As stated above, the present invention perforate 
sheet holes 30 are not concerned With noise dissipation, but 
rather the avoidance of Whistling and air?oW drag. 

[0040] Another type of prior art liner utiliZes a layer of 
open Weave to supply friction to noise Waves for dissipation. 
See, for example, US. Pat. No. 4,433,021. These liners 
sometimes use a perforate sheet to provide structural support 
for the layer of open Weave. These liners include perforate 
sheet layers With open areas betWeen 15%-35%. Higher 
percent open area values, hoWever, are not desirable since 
the strength is diminished as the open area increases. The 
present invention is not directly concerned With noise dis 
sipation by absorptive liner alone, but is instead concerned 
With scattering noise While avoiding Whistling and air?oW 
drag in order to promote dissipation by an absorptive liner. 

[0041] Still referring to FIG. 4, representative middle 
layer materials include honeycomb core, FleXcoreTM, ?uted 
core, etc. The preferred middle layer material for high-speed 
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commercial aircraft engines is honeycomb core having 
partitioned cavities With axes substantially perpendicular to 
the general plane of the core. A preferred cavity depth is 
approximately one quarter the Wavelength of the noise 
sought to be reduced. This siZe provides Zero pressure at the 
cavity entrance and maximum particle velocity at the imper 
forate sheet. To increase scattering for a given frequency or 
for applications having multiple frequencies present in the 
loW mode order modes, cavity depth may be made to vary 
from cavity to cavity. At least one type of variable depth 
cavity has been found to provide superior results. This 
embodiment is discussed in detail beloW With reference to 
FIG. 6. 

[0042] The optimum cavity Width is relatively small as 
compared to the Wavelength of the noise that is to be 
reduced, a nominal value being one tenth the Wavelength. 
By Way of example, for noise having Wavelengths from 3 to 
12 inches, the cavity depth is betWeen about 0.75 and 3 
inches, and the cavity average diameter is betWeen about 0.3 
to 1.2 inches. As Will be appreciated by those skilled in the 
art, the overall middle layer dimensions Will thus vary 
according to the needs of a particular application, the above 
dimensions being provided as examples only and not 
intended to be limiting. 

[0043] The imperforate and perforate sheets 24, 26 may be 
formed by any one of a number of knoWn materials, e.g., 
aluminum, ?ber glass, composites, etc. The perforate sheet 
26 is attached to the middle layer 22 using suitable conven 
tional methods, such as gluing. It is attached to that side of 
the middle layer that is to be lying adjacent the engine 
air?oW. The imperforate sheet 24 may be attached to the 
middle layer 22 also using conventional methods. For 
example, an imperforate sheet may be simply adhered to the 
middle layer using adhesives. The imperforate sheet 24 is 
positioned generally on, or near, that side of the middle layer 
Which is opposite the perforate sheet 26. 

[0044] One method for creating cavities of varying depths 
is to simply cut the middle layer surfaces in the desired 
contour prior to attaching imperforate and perforate sheets 
thereto. A preferred method for creating cavities of varying 
depths, is by using the buried septum technique. This 
method is a preferred method because it can alloW for deeper 
middle layers that may provide a structural function, and this 
method can provide a solid connection of imperforate mate 
rial to each middle layer cavity. The buried septum acoustic 
liner manufacturing technique is disclosed in US. Pat. No. 
4,257,998 and US. Pat. No. 4,265,955, both incorporated 
herein by reference, to the extent consistent With the present 
speci?cation. This method generally includes providing a 
support layer of hardened Wax-like material, placing an 
uncured perforated septum on top of the support layer, 
placing a partitioned cavity material (e.g., honeycomb core) 
on top of the uncured septum material, and pressing the core 
through the septum and support layer until the septum is 
located at a desired cavity position. The septum is cured to 
cause it to adhere to the inner Walls of each cavity at its 
selected height Without restricting the septum perforations. 
The support layer is removed, such as by melting. Aperfo 
rate sheet is glued to one side of the core, and an imperforate 
sheet is glued to the opposed core side. The result is, 
effectively, the formation of tWo perforated cavity layers 
from a single core. One layer is formed betWeen the perfo 
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rate sheet and the perforated septum, the other betWeen the 
perforated septum and the imperforate sheet. 

[0045] With regard to the present invention loW resistance 
acoustic liner, an altered buried septum technique is used, as 
shoWn schematically in FIG. 5. An uncured imperforate 
septum 36 is placed betWeen a support layer 32 and the 
partitioned cavity middle layer 22. A uniform force is 
provided to press the middle layer through the imperforate 
sheet 24 and into the support layer 32. The force is repre 
sented in FIGS. 5 and 9 as arroWs 34. After the uncured 
imperforate septum 36 is pushed to the desired cavity 
location, the uncured imperforate septum 36 is cured to form 
the imperforate sheet 24 discussed above. Using this tech 
nique, the imperforate sheet 24 is easily and permanently 
adhered to the inner Walls of the middle layer cavities 28. 
The support layer 32 is removed, e.g., by melting. The 
present invention loW resistance acoustic liner 20 is option 
ally provided With a perforate sheet 26 having at least 15% 
open area. Apreferred range of open area is betWeen roughly 
15%-75%. 

[0046] Because there is no need to form tWo perforated 
cavity layers in the loW resistance acoustic liner (as there is 
in the absorptive liners of the ’998 and ’955 patents), the 
support layer 32 does not need to be very thick. The height 
of the support layer determines only the location at Which 
the uncured imperforate septum 36 Will adhere to a cavity 
Wall. After the imperforate septum is cured, the portion of 
the middle layer extending beyond the septum may be used 
as support structure or used in attaching the loW resistance 
acoustic liner to a surface. Alternatively, the extending 
portions may be removed entirely (e. g., via cutting, sanding, 
grinding, etc.). 
[0047] In this manner, the buried septum technique is 
altered in order to provide an ef?cient method of forming 
What is basically a bottom surface to each loW resistance 
acoustic liner middle layer cavity 28. This method for 
inserting an imperforate septum Within the middle layer may 
be applied Whenever the desired imperforate septum mate 
rial is preferably of a thermoplastic, resin, rubber, or rubber 
like ?lm material to Which the middle layer 22 can be used 
to “cookie-cut” the septum material during pressing and that 
Which may be later cured to form a seal Within each cavity 
28. A preferred support layer 32 is Wax. 

[0048] In the embodiment shoWn in FIG. 6, the cross 
sectional shape of the support layer 32 is a simple Wedge. 
The cross-sectional shape of the support layer 32 of FIG. 7 
is a more complicated contour including inclinations, dec 
linations, concave curves, and convex curves. When inserted 
into the middle layer 22, the imperforate sheet 24 Will be 
located according to the height of the support layer cross 
section at that position. The present invention encompasses 
using virtually any conceivable cross-sectional shape. The 
optimal shape Will depend on the design considerations of a 
particular application. 

[0049] The scattering ef?ciency of loW resistance acoustic 
liners is a function of Whether the proper liner cavity depth 
is present for a particular frequency. Because there are 
multiple frequencies in loW mode order engine noise, the 
imperforate sheet should be preferably attached to the 
middle core at varying heights in order to enhance the range 
of frequencies affected and the modes scattered by the liner. 
The optimum support layer shape is a Wedge, as shoWn in 
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FIG. 6. The preferred Wedge angle of inclination is betWeen 
about 30 to 60 degrees. The Wedge should ultimately be 
oriented in the duct such that cavity depth decreases in the 
direction of noise propagation. This Wedge cavity depth 
variation also enhances scattering relative to the 1A0» constant 
cavity depth liner at a single frequency. This is apparently 
because the Wedge cavity acts as a better “re?ector” at 
scattering noise into higher mode order than occurs Without 
the Wedge shape. 

[0050] Minor distortions of the septum and/or cavities 
because of non-uniform stresses during pressing are not 
critical to the acoustic performance of the loW resistance 
acoustic liner. If more signi?cant forces or distortions are 
present, as Would be the case for a support layer having a 
very complex cross-sectional shape, the above method may 
be further altered as shoWn in FIGS. 8 and 9. In particular, 
after placing an uncured imperforate septum 36 on top of the 
support layer 32, a mating layer 32‘ is placed on top of the 
uncured imperforate septum 36. Thus, the imperforate sep 
tum is held ?rmly betWeen the mated layers 32 and 32‘. 
Pressing and curing is done as usual, With the middle layer 
22 core being inserted from the top surface of the mating 
layer 32‘, as illustrated in FIG. 9. The step of removing the 
support layer is also accomplished as described above, With 
the addition of removing the mating layer as Well. As Will be 
readily appreciated by those skilled in the art, this alternative 
method of construction provides additional structural sup 
port for the septum 36 and middle layer 22 as the middle 
layer is forced through the layers 32, 32‘ and the uncured 
imperforate septum 36. 

[0051] FIG. 10 is a side elevation of a portion of an 
aircraft engine With parts broken aWay for illustrative pur 
poses, shoWing an arrangement of acoustic liners positioned 
circumferentially about an engine core 46 of a turbofan 
engine Within a bypass duct 44 de?ned generally by an outer 
structure 50, such as a fairing or nacelle, and an engine 
casing 52. The arrangement generally includes inner and 
outer linings 47, 49. The linings of FIG. 10 include alter 
nating annuluses, or rings, of absorptive liner 51 and loW 
resistance liner 53 preferably connected end-to-end using 
conventional methods, e.g., gluing, connecting With brack 
ets, etc. The creation of alternating absorptive and loW 
resistance liners may alternatively be constructed by using a 
single liner having distinct regions of loW open surface area 
(to act as the absorptive liner) and high open surface area (to 
act as the loW resistance liner). Each loW resistance acoustic 
liner annulus 53 scatters loW mode order noise into a range 
of noise orders, including some high order modes. The high 
mode order noise is absorbed by adjacent absorptive liners 
51. The loW resistance liners are formed using the methods 
described above. The annuluses may be formed either as a 
single piece or as a combination of joined arcs, Wherein each 
arc is formed separately. Other methods of forming the 
linings 47, 49 may be used, such as attaching the liners 
directly to a single annular backing. This method is not 
preferred because it adds unnecessary Weight. 

[0052] The inner and outer linings 47, 49 may be formed 
to replace an eXisting duct Wall, may be attached directly to 
an eXisting duct Wall, or may be connected betWeen station 
ary structures to de?ne a neW duct Wall. ShoWn in FIG. 10, 
the outer lining 49 de?nes a duct Wall Where none previously 
eXisted, While the inner lining 47 replaces a portion of the 
pre-eXisting engine casing 52. ShoWn in FIG. 10, the 
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forWardmost edge of the outer lining 49 is connected to a 
radial ?ange 54 using conventional techniques, e.g., fasten 
ers, brackets, etc. The aftmost edge of the outer lining 49 is 
connected directly to the outer structure 50. The inner lining 
47 connects to the remaining portion of the casing 52. 

[0053] Still referring to FIG. 10, it is recommended to use 
an absorptive liner as the ?rst liner encountered relative to 
the direction of noise propagation. Such an initial absorptive 
liner immediately absorbs a quantity of high mode order 
noise, leaving the doWnstream liners to address attenuation 
of loW mode order noise. As many alternating liners are 
provided as necessary, or until the aft end of the engine 
nacelle is reached. All liners are placed With their perforate 
sheet facing the region of air?oW. The preferred liner surface 
area lying adjacent to the air?oW is such that the annulus of 
loW resistance acoustic liner 53 is actually shorter in length 
than its doWnstream adjacent annulus of absorptive liner 51. 
Arange of acceptable ratios is betWeen about 5% to 1% (i.e., 
the loW resistance liner surface area is about 5-25% that of 
the absorptive liner surface area), With 15% being generally 
suf?cient. This is because loW resistance acoustic liners are 
needed to scatter loW mode order noise modes, Which 
requires a relatively short distance. The absorptive liners, 
that actually perform the task of dissipating the higher order 
noise modes, require relatively more distance. 

[0054] FIG. 11 is a side elevation of a portion of an 
aircraft engine With parts broken aWay for illustrative pur 
poses, shoWing a second arrangement of acoustic liners, also 
located Within the bypass region of a turbofan engine. The 
inner and outer linings 47, 49 of FIG. 10 are formed entirely 
of an annulus of absorptive liner 51. A splitter 70 having at 
least one portion formed from loW resistance liner is 
included. For this arrangement, it is recommended to place 
a portion of the inner and outer linings forWard of the splitter 
70. In this Way, high mode order noise is initially absorbed 
by the inner and outer linings leaving the remaining arrange 
ment to reduce loW mode order noise. 

[0055] The splitter 70 should include aerodynamically 
ef?cient leading and trailing edges 76, 78, and should be 
relatively short in length as compared With the overall duct 
length. The splitter 70 is preferably annular and is positioned 
mid-Way betWeen the outer and inner linings in order to 
balance the noise lessening capabilities betWeen opposed 
splitter sides. Conventional components are used to secure 
the splitter to a stationary engine structure. In FIG. 11, a 
plurality of radial brackets 66 connects the splitter 70 to the 
outer structure 50 by extending through openings in the 
outer lining 49 and bolting to the outer structure. Any one of 
a number of knoWn splitter attachment methods may be 
used. 

[0056] The splitter of FIG. 11 includes a ?rst section 
formed of tWo loW resistance liners 72 positioned back-to 
back such that their imperforate sheets are adjacent one 
another. In FIG. 11, line 80 indicates the general location of 
the adjacent imperforate sheets. For Weight savings, it is 
recommended that a single imperforate sheet be used and 
shared betWeen the adjacent loW resistance liner annuluses 
72. The loW resistance liners 72 of the splitter 70 precede a 
section of absorptive liners 74. This arrangement of loW 
resistance liner With absorptive liner may be repeated. 

[0057] FIG. 12 is a side detail illustration of a ?rst 
alternative annular splitter 70‘ formed entirely of loW resis 
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tance liner material 72‘. There are two low resistance liner 
annuluses shown in FIG. 12, though, a different number 
may be used. Line 80‘ indicates the general location of the 
adjacent (or shared) imperforate sheets. FIG. 13 is a side 
detail illustration of a second alternative of an annular 
splitter 70“ formed entirely of low resistance liner having 
cavities with varying depths. There are four separate low 
resistance liners shown in FIG. 13, though again, a different 
number may be used. Line 80“ indicates a linear inclination 
to each imperforate sheet, thus providing cavities of various 
depths. 
[0058] While the preferred embodiment of the invention 
has been illustrated and described, it will be appreciated that 
various changes can be made therein without departing from 
the spirit and scope of the invention. For example, the 
present invention low resistance liner may be used in various 
engine locations, not just in the bypass duct of a turbofan 
engine. Likewise, the basic arrangement of providing low 
resistance liner to scatter low mode order noise, with absorp 
tive liner to absorb high mode order noise, may be used in 
non-engine applications. In addition, the con?guration 
aspects described above with regard to FIGS. 10-13 may be 
combined in various ways to suit a particular application. 

The embodiments of the invention in which an exclusive 
property or privilege is claimed are de?ned as follows: 
1. A low resistance acoustic liner for scattering low mode 

order noise partially into higher mode order noise, the liner 
comprising: 

(a) a middle layer having a multiplicity of partitioned 
cavities and top and bottom sides; and 

(b) an imperforate sheet having a surface attached to the 
middle layer near the middle layer bottom side; 

(c) wherein the resistance coefficient of the low resistance 
acoustic liner is in the range of about 0 to 0.5 pc in 
order to cause low mode order noise to scatter into a 
combination of both higher and lower mode order noise 
when reacting with the cavity. 

2. The low resistance acoustic liner formed according to 
claim 1, further including a perforate sheet having a lower 
surface attached to the top side of the middle layer, the 
perforate sheet for reducing air?ow drag across the low 
resistance liner, the perforate sheet including an open sur 
face area of at least 15%. 

3. The low resistance acoustic liner formed according to 
claim 1, wherein the low resistance liner has an impedance 
of an amount not greater than about 0.5 pc. 

4. The low resistance acoustic liner formed according to 
claim 1, wherein the low resistance liner has an absorption 
coefficient of about 0 to 0.5 pc. 

5. The low resistance acoustic liner formed according to 
claim 1, wherein the partitioned cavities of the middle layer 
are oriented substantially perpendicular to one of the top 
side and the bottom side. 

6. The low resistance acoustic liner formed according to 
claim 1, wherein the partitioned cavities are of a length 
approximately one quarter the noise wavelength to be 
reduced. 

7. The low resistance acoustic liner formed according to 
claim 1, wherein the partitioned cavities are of a width 
approximately one tenth the noise wavelength to be reduced. 
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8. The low resistance acoustic liner formed according to 
claim 1, wherein the imperforate sheet is located within the 
middle layer at varying heights relative to the bottom side. 

9. The low resistance acoustic liner formed according to 
claim 8, wherein the imperforate sheet is located within the 
middle layer at an angle of roughly 30 to 60 degrees relative 
to the middle layer bottom side. 

10. Amethod of making a low resistance acoustic liner for 
scattering low mode order noise into a range of mode orders 
including high and low mode orders, the method comprising 
the steps of: 

(a) providing a partitioned cavity middle layer having a 
bottom side and a top side; 

(b) attaching an imperforate sheet to the middle layer 
bottom side; and 

(c) attaching a perforate sheet to the middle layer top side, 
the perforate sheet having a distributed open area of at 
least 15%, the low resistance acoustic liner having a 
resistance coefficient in the range of about 0 to 0.5 pc. 

11. The method according to claim 10, wherein the step of 
attaching the imperforate sheet to the middle layer includes 
adhering the imperforate sheet to the middle layer using an 
adhesive. 

12. Amethod of making a low resistance acoustic liner for 
scattering low mode order noise into a range of modes 
including high and low mode orders, the method comprising 
the steps of: 

(a) providing a support layer having top and bottom sides, 
the support layer being formed of an easily-cut mate 
rial; 

(b) placing an uncured imperforate septum on the support 
layer top side; 

(c) placing a partitioned cavity middle layer on top of the 
uncured imperforate septum, the middle layer having a 
bottom side adjacent to the uncured imperforate septum 
and a top side opposite the bottom side; 

(d) pressing the middle layer through the uncured imper 
forate septum and into the support layer until the 
uncured imperforate septum is positioned at a desired 
position internally in the middle layer; 

(e) stabiliZing the uncured imperforate septum until the 
septum is self-supporting within each cavity of the 
middle layer and then removing the support layer, 
thereby forming a permanent internal septum; and 

(f) attaching a perforate sheet to the middle layer top side, 
the perforate sheet having a distributed open area of at 
least 15%. 

13. A method of making an acoustic liner according to 
claim 12, further including the steps of providing a mate 
layer having a bottom side shaped to match the support layer 
top side and placing the mate layer between the middle layer 
and the uncured imperforate septum prior to pressing the 
middle layer into the septum. 

14. A method of making an acoustic liner according to 
claim 13 wherein the mated sides of the support layer and 
mate layer include an angle of inclination of about 30 to 60 
degrees relative to the bottom side of the support layer. 

15. An improvement to an aircraft engine having an 
air?ow duct with inboard and outboard walls, the improve 
ment comprising: 
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(a) an inner duct lining comprising at least one absorptive 
liner located near the inboard Wall of the air?ow duct, 
the absorptive liner for absorbing high mode order 
engine noise; 

(b) an outer duct lining comprising at least one absorptive 
liner located near the outboard Wall of the air?oW duct, 
the absorptive liner for absorbing high mode order 
engine noise; and 

(c) a splitter located approximately midWay betWeen the 
inner and outer duct linings, the splitter including at 
least one loW resistance acoustic liner for scattering loW 
mode order engine noise into both high and loW order 
noise; the loW resistance acoustic liner including a 
middle layer having a multiplicity of partitioned cavi 
ties, an imperforate sheet having a surface attached to 
one side of the middle layer, and a perforated sheet 
having a surface attached to the opposite side of the 
middle layer. 

16. The improvement formed according to claim 15, 
Wherein the aircraft engine is a turbofan engine and the 
air?oW duct is an annular fan bypass duct, and Wherein the 
inner duct lining is an annular lining attached to an engine 
core casing and the outer duct lining is an annular lining 
attached to an outer engine structure. 

17. The improvement formed according to claim 15, 
Wherein the splitter includes at least tWo loW resistance 
acoustic liners, at least one loW resistance liner perforate 
sheet facing the inner duct lining, at least one loW resistance 
liner perforate sheet facing the outer duct lining. 

18. The improvement formed according to claim 15, 
Wherein the inner and outer duct linings each further 
includes at least one loW resistance liner. 
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19. The improvement formed according to claim 18, 
Wherein the inner and outer duct linings each further 
includes at least tWo absorptive liners, the at least one loW 
resistance liner being positioned betWeen the at least tWo 
absorptive liners. 

20. The improvement formed according to claim 18, 
Wherein the splitter further includes at least one absorptive 
liner. 

21. A method of reducing noise in an aircraft engine, the 
noise initially comprising at least loW mode order noise, the 
method comprising the steps of: 

(a) scattering the loW mode order noise into a combination 
of both high and loW mode order noise With a loW 
resistance acoustic liner attached to the engine, the loW 
resistance acoustic liner including a middle layer hav 
ing a multiplicity of partitioned cavities, an imperforate 
sheet having a surface attached near one side of the 
middle layer, and a perforated sheet having a surface 
attached to the opposite side of the middle layer; the 
loW resistance liner having a resistance coefficient of 
about 0 to 0.5 pc; and 

(b) absorbing the scattered high mode order noise With an 
absorptive acoustic liner positioned near the loW resis 
tance liner, the absorptive liner having an absorption 
coefficient of about 0.7 to 1. 

22. Amethod of reducing engine noise according to claim 
21, Wherein the noise initially further comprises high mode 
order noise, the method further comprising the step of 
absorbing the initial high mode order noise With an initial 
absorptive acoustic liner prior to scattering the loW mode 
order noise. 


