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A modal expansion method is used to model a cylindrical enclosure excited by an external plane
wave. A set of distributed vibration absorbéBVAs) and Helmholtz resonatok$iRs) are applied

to the structure to control the interior acoustic levels. Using an impedance matching method, the
structure, the acoustic cavity, and the noise reduction devices are fully coupled to yield an analytical
formulation of the structural kinetic energy and acoustic potential energy of a treated cylindrical
cavity. Lightweight DVAs and small HRs tuned to the natural frequencies of the targeted structural
and acoustic modes, respectively, result in significant acoustic and structural attenuation when the
devices are optimally damped. Simulations show that significant interior noise reduction can only be
achieved by adding damping to both structural and acoustic modes, which are resonant in the
frequency bandwidth of interest. In order to be independent of the azimuth angle of the excitation
and to avoid unwanted modal interactions, the devices are distributed evenly around the cylinder in
rings. This treatment can only achieve good performance if the structure and the acoustic cavity are
lightly damped. ©2002 Acoustical Society of AmericdDOI: 10.1121/1.1514933

PACS numbers: 43.40.Tm, 43.40.At, 43.40[3N |

I. INTRODUCTION masses placed on the structure but had to assume some
o ) knowledge of the angle of the incident noise field. Jolly and
Large cylindrical structures are common in the aero-g,? ysed vibration absorbers to reduce the radiation of
space industry. The reduction of noise transmitted into sUchroadhand noise from a vibrating panel and Nagaya afd Li
enclosures is particularly challenging due to the high excitagyamined the optimization of an absorbers treatment applied

tion levels, the complex nature of the disturbance, and thg, 4 radiating plate using neural network but neither consid-
severe mass and volume constraints imposed on the desigiaq radiation into a cavity.

of the treatments. The development of lightweight structures,  Tne other approach to control the sound transmission is

made of composite materials, has lowered the acoustic trangs directly treat the sound in the enclosyistage(iv)]. Ab-

mission loss of such structures and therefore further ingqorhtive materials, such as acoustic blankets, perform well in
creased the acoustic transmission problem.

o ] the high-frequency range, but are unsuitable for low-
‘The transmission of sound into an _.enclose_d acousligrequency control due to the volume and mass constraints

cavity can be simplified into four stage) coupling be-  jhosed in aerospace applications. However, acoustic at-

tween the external noise and the structuiig, structural vi- ey ation can be obtained in the low-frequency range by the

bration, (iii) coupling between the structural vibration and use of Helmholtz resonatof$iR). Fahy and Schofieldin-

the interior fluid, andiv) the sound in the interior. Con.trol vestigated the interaction between a single optimally damped

treatments can operate at some or all of these stages in ord§k snd an acoustic mode in an enclosure and cumrings

to achieve attenuation of the interior noise levels. extended the analysis to a resonator array and its effect on
Control devices can be attached to the structure in ordef, o sound field in a cavity. Also, Doflaried to broaden the

to directly reduce the vibration levestage(ii)] and in order  g,nctional frequency range of a HR by using a resonator with

to reduce the structural acoustic couplifgtages(i) and  niiple natural frequencies. In all these studies, the acoustic

(iii)]. For example, Huang and Fulter used dynamic ab- istyrbance is generated by an arbitrary source distribution
sorbers to reduce the interior sound level in an aircraft fusel'nside the cavity and is not excited by a structure.

lage, at a single excitation frequency, by reducing the Struc- e contribution of this work lies in the simultaneous
tural velocity. Guigowet al~ extended this work by detuning appjication of both structural and acoustic control devices to
the absorbers in .orde.r to reducg the coupling between'thg fully coupled structural-acoustic systestages(ii) and
structure and the interior sound field. For broadband appllcaﬁv)]. Multiple optimally damped distributed vibration ab-
tions it becomes difficult to reduce the structural aCOUStiCsorbers(DVAs) and HRs are applied to control the sound
coupling using lightweight treatment as decoupling at 0Ngyansmission in a cylindrical enclosure over a broad fre-
frequency tends to increase coupling at another. Gardonig,,ency range containing many structural and acoustic reso-
etal’ had some success achieving this using blockingyances. A conventional modal expansion mefriscised to

describe the behavior of the cylindrical shell, excited by an
dElectronic mail: sesteve@vt.edu external acoustic plane wave, and its acoustic cavity. The
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| study, the standard Donnell-Mushtari theory, even though
I inaccurate for the low circumferential wave number, gives a
sufficient first approximation of the resonant frequencies.
The shape of then,m) structural mode shapeEﬁSmS (the

“s” superscript or subscript signifies that the variable refers
to the structurgis given by

Incidept s 1 _ [ mngz\ | cogmgh)
ai:oustlc nam (2, 0)= \/m SN sinmgd) | @
plane wave sMs

where the mode orders aresh =<n ., 0=Mg=mMm,,, L iS

the length of the cyIinderAnsms is the normalization factor

of the (hg,ms) mode, such thaffs(\I’ﬁSmS)ZdS= S, andS
denotes the surface of the cylinder. Because of their symme-
try, cylinders have circumferential modes whose orientation
depends on the excitation location. Therefore, the cylinder is
considered to have two orthogonal circumferential modes of
the same ordemg: one sine and one cosine. These two
modes are independent and although they have the same
FIG. 1. Test cylinder mounted in an infinite baffle and excited by an externalre_sonam frque_”cy’ th_e incident aC_OUStIC field e)_(ClteS th_em
acoustic plane wave treated with HRs and DVAs. differently. This is equivalent to a single mode with an ori-
entation angle that changes depending on the excitation. The

optimization of the DVA treatment based on the studies byPut-Of-plane velocityw can be described as a modal summa-

Johnsonet al1®! is extended by analogy to the HR treat- 10N by

ment. All the elements are then fully coupled using an im-

pedance matching method to compute the interior acoustic W(6,z,w)=2>, Ungn (@) ¥} (6,2), (2
attenuation provided by the noise reduction devices. Ns

Cylinder
structure

Acoustic cavity

wherevnSmS is the complex mode amplitude, am] is the

Il. THEORY total number of structural modes considered. Once the struc-

tural natural frequenc;onSmS is obtained, the modal mobility

In this section the analytical formulation of the problem ¢\ CylinderAﬁSmS is derived using the second-order sys-

is introduced. The system being modeled is shown in Fig. 1f tion:
It is constituted of a simply supported cylinder embedded jn€m equation:
an infinite rigid baffle excited by an acoustic plane wave. To < )
control the vibration of the cylinder, DVAs can be attached ~ Anm (@)= M(02 - — 0t 2¢ i ww) 3)

. . n.m n.m n.m
anywhere on its surface except the top and bottom disks, ss sis ST
which are not excited by the exterior acoustic field due to thevhereM is the mass of the cylindeg, ,_the modal damp-

presence of the baffle. HRs can be placed anywhere insidgg ratio, andAS . denotes a modal velocity over a modal

the cylinder, but in order to maintain a simple model for theforce. In the simulations, the modal damping ratios are ad-

acoustic cavity they_ are ass“”.‘ed to lie outside and to Couzlﬁsted to be representative of the observable damping level in
to the enclosed fluid at the circumference of the structur

The behavi f the struct d th i ity is d real composite cylinders. In the case of structures vibrating
€ behavior of the structure and the acoustic cavny 'S € dense fluid such as submarines, the effect of fluid loading
scribed using a modal approach. The system is put in a m

i f d usi 1 q ohi thod is th %r radiation loading on the structure dynamics must be
rixform, and using an impedance matching method 1S e, o jnto account. In the present case, the external radiation
fully coupled with the noise reduction devices. Once the necioading can be neglected because of the low density of air.
essary components of the model are defined, the expressi

o o . e complex amplitude, ,,, of each structural mode is ob-
for the vibration and interior acoustic response of the system . o ss . s
is derived. tained by multiplying the mobility of the cyImdeﬁxnsms by

the total modal forceFnSmS applied to the cylinder. Writing
this in a matrix form yields

v=ASF, 4

A. Cylinder structural model

The dynamic behavior of thin cylindrical shells has gen-
erated a multitude of theory based on different assumptions
and approximations. The comparison of these different theowhere As is anNgXx N diagonal matrix of modal mobilities
ries has also been subject to valuable studies, such as tbbtained with Eq(3), F is anNgX 1 vector of modal forces,
work done by Leiss& For the purpose of this work, the andv is anNgXx 1 vector of structural modal velocities.
cylinder is assumed to be thin, isotropic, and made out of a  Part of the force exerted on the cylinder is due to the
homogeneous material whose mechanical properties are auhcident acoustic plane wave. In order to calculate the exter-
justed in order to match the behavior of an experimentahal acoustic pressure acting on a cylinder, it is necessary to
composite prototype. Therefore within the framework of thisaccount for the scattering caused by the cylinder. The exter-
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nal pressure at the cylinder surfaBg,, is a function of the ~cumferential orientation of an acoustic mode results from the
azimuth and elevation anglés and «; , respectively, and of combination of two independent orthogonal modes, one sine
the frequencyw of the wave, as shown in Fig. 1. Since the and one cosine, of the same oraerAt any point ¢, 6,2)
cylindrical baffle is assumed to be infinite, the scattering ighside the cylinder, the acoustic pressp, 6,z,w) is ap-
only a function of angled. The simple phase dependence inproximated by the modal summation:

the z direction can then be calculated from the axial wave

number in aik,=k sing;, wherek= w/c, andc is the speed p(r,e,z,w)=2 pnmp(w)\lfﬁmp(r,e,z), 9

of sound in the fluid. From Morse and Ingdrtthe pressure Na

around the cylinder expressed in terms of cylindrical wavesvherep,n, is the complex mode amplitude, and tie total

is the sum of the incident field pressuPe and the scattered number of acoustic modes considered. The acoustic modal

field pressurePq: impedance of the enclosed flulf,, defined as a modal
Pod 0,2,0,0;,a)=P;(6,2,0,0, )+ P 0,2,0,6, ;) pressure over a modal acoustic source strength is given by
ex 149 1Y 1 | 149 1Y 1 S 1 &9 s Y /-
(5 a pCliw
Anmp(w): (10)

The amplitude of each scattered cylindrical wave is derived

V(wﬁmp_ w?+2i gnmp“’nmp‘”) ,
using a hard wall boundary condition. The pressure distribu- . . : . .
tion Pg, on the surface of the cylinder due to an incidentWherep Is the air density andym, the modal damping ratio.

plane wave of amplitud®, is thus expressed as a Summa_Th|s damping is incorporated to account for the absorption of

. L : . . 13 the acoustic treatment that is usually present in real applica-
tion of cylindrical waves of circumferential amplitud®,,, . . . )
tions but is typically very small at low frequencies. Once an

Pexl( 0,2,0,0; ;) N.X 1 vector of acoustic modal source strengthis defined,
- the N,X 1 vector of acoustic modal pressungesan be ex-
=Poe K290 S P (w,a;)coqm( - 6). () Pressedby
e p=A%, (1D

H ext H i
The exterior modal forcl?nSmS that excites each mode is thus where A% is the Nx N, diagonal matrix of modal acoustic

obtained by integrating the external pressure over the struGmpedances of the cylinder calculated from E0). Once
tural mode shape: the components of the structural and acoustic model are

. defined, the two models are coupled together, as described
Frm(.a; ’0i):f f Wi mPex(0.2,0,2,6)dS, (7)  below.
S

where the structural mode shapbﬁsms are given in Eq(2). 2. Structural —acoustic spatial coupling

Note that any kind of force can be decomposed on the struc- _ o
tural modal base using this method. The coupling coefficienC between a structural and an

acoustic mode is computed by integration of the product of
their shapes over the cylinder surface atR,
B. Structure—acoustic cavity coupling L (2w
. _ _ _ sz Wi (0,290 (R,0,2)Rdodz (12)
In this section, the elements of the acoustic cavity model oJo ss
are derived using a similar approz?\ch as for th? prewousl)bue to the orthogonality of the sine and cosine function, the
d_enved structural model, after which the coupling m('mh""'structural cosine circumferential mode couples only with the
nisms between the two models are presented. cosine circumferential acoustic modes and likewise with the
sine modes. The coupling coefficients have the dimension of
1. Cylinder acoustic model a surface(m?). These coefficients can thus form an>\Ng
coupling matrixC, whose elements are the result of the in-

Using Bessel functiorts J,,,, the acoustic mode shapes tegral in Eq.(12),

W2 for a circular cylindrical enclosure of radilgare given

by C([n,m,pl,[ng,ms])
) 1 cos(ma)} S(mz) 2RLIy(RKpp) Ng(—1)"—(—1)"|
W d1,0,2)= ——=J(Kmpl )| cog —|, (® - m T tmp! s
’ VAnmp P Lsinmé) - fmm (ns—n?) Ommy 13

where A,n,, IS the normalization factor such that

fffv(\[fﬁmp) dV=V, V is the volume of the cavity, and the Where the Kronecker delta symbé;nymS is zero if m#mg
superscript ‘a” signifies that the variable refers to the acous- and unity if m=mg and the Neumann symbe},, equals 1 if

tic cavity. The circumferential wave numbeqg, are derived m=0 and equals 2 im# 0. Therefore, to obtain a coupling
from the hard wall boundary conditiom/(ar)Jm(kmpr)|r=R coefficient different than zero, the circumferential ordexs
=0. The resonant frequency of th@,m,p mode is thus andm of the structural and acoustic mode must be equal and
given by wnmp= \/kn2+ kzmp, where k,=n=/L is the axial the axial ordersg andn, must define an odd—even or even—
modal wave number. As with the structural modes, the cirodd combination. Due to thenf—n?) term in the denomi-

2842 J. Acoust. Soc. Am., Vol. 112, No. 6, December 2002 S. J. Estéve and M. E. Johnson: Control of sound transmission into cylinder



/——!—\ A HR consists of a rigid wall cavity of volum¥,, and a
! neck of cross section arasg and length,, as shown in Fig.

N PYA 2. If all its dimensions are small compared to the acoustic
stiffness wavelength, a HR can be modeled as an acoustic equivalent
’layer to a mechanical vibration absorber, where the air in the cav-

ity acts like a spring, and the air in the neck like a lumped
}mass layer mass. The interior radiation mass effect is included by a cor-
i rection factot* added tol,,, yielding an equivalent neck
lengthl,. The external radiation loading is accounted for by
the summation of the Nacoustic modes at the HR throat.
R Since this is a near-field effect, the convergence of the ve-
k throat neck locity amplitude at the throat of the HR with increasing N
was checked. At resonance, the HR throat velocity converges
FIG. 2. Coupling between the cylinder and the noise reduction devices: HREUICkly as only a 0.16 dB magnitude difference betwegn N
and DVAs. =76 and N=273 occurs. Thus, 76 is set as a lower bound
for N,. Using a second-order spring-mass system equation,
nator of Eq.(13), modes with greatly different axial mode the HR acoustic admittance, expressed as a volume velocity

orders will be poorly coupled. As shown by Gardoeial,* ~ OVer & pressure, is given by
the properties of the coupling coefficienBsdetermine the Spiw
number of modes required in the simulations. The number of ~ Yh(®)= | [ (02— wd)—2i¢ T
acoustic modes can be reduced to those whose resonant fre- Plell®h—® h@@h
quencies lie inside a band slightly larger than the one ofvherew,=cys,/Vyl. is the HR resonant frequency, ahd
interest, however, the structural modes that are well coupleer|,,+0.85ys, /7 for a square necked resonator. The admit-
to the acoustic modes must be included, even though thetance termsy,(w) are grouped in an NNy, diagonal HR
resonant frequencies lie well outside the band of interest. admittance matrix’',, where N, is the number of HR.

The matrixC represents the link between the structural In order to couple DVAs and HRs to the structural and
and acoustic model. By means of its physical dimensioracoustic model described in the previous sections, the veloc-
(m?), it converts the I¥X 1 structural modal velocity vectar ity and pressure inputs to the impedance and admittance of
into an N;X1 modal acoustic source strength vectpror,  the DVA and HR, respectively, are expressed using a modal
reciprocally, it converts the S 1 modal acoustic pressure summation at the location of the devices. This location on
vectorp into an NJX 1 internal modal force vectdf™: the surface of the cylinder with respect to a particular mode

U=Cv (14) shape(node or aptinod)edefine.s a level of spatial couplipg

' between the device and the different modes, as shown in the
Ft=—CTp; (15)  next section.

17

C' denotes the transpose ®fand the minus sign used in Eq.
(15) yields a positive=™ in the inward normal direction. 2. Structure —DVA and acoustic —HR spatial coupling
The coupling between a DVA and the cylinder is ob-
tained by integrating each structural mode shape over the
C. Coupling of the noise reduction devices DVA rectangular surface of attachmesgj=bXxa at its de-

In this section we present the modeling of the noisesired location @y,z;) on the cylinder. The contact surface

reduction devices and their coupling to the structural ancpetwee_n the cylinder af‘d the_ DVA Is assgmed to _b_e flat.
acoustic model. Normalized bysy, the dimensionless coupling coefficients

Ph.m, are given by

1. DVA and HR modeling Zp+bi2 [Op+ A0
f ¥ n(0,2)Rdodz,
As shown in Fig. 2, a DVA consists of a distributed zg=bi2 Joo—a0  S°F
spring typically made of acoustic polyurethane foam on (18)
which is placed a distributed mass. Therefore, a DVA can bevhere A #=sin Y(a/2R). The structural modes in the mass
considered as a vibration absorber acting over a surface ar¢ayer of the DVA itself are not taken into account; it is as-

Sq- The reaction force of the DVA induced by the velocity of sumed that the DVA applies a uniformly distributed normal

1
Pham (00,20,5¢) = =

the structure represents the DVA impedadge force on the cylinder. The coe]‘ficienﬁSmS form @5, a fully
i wwi+2{40%0q populated X Ng matrix that couples NDVASs to Ng struc-
Zy(w)=my (16)  tural modes.

2_ 2\ _o; '
(0g= %) = 2i{gowq In a similar manner, the coupling between a HR and the

wherewy is the natural frequencyny the mass, and, the  enclosed fluid is computed by integrating each acoustic
damping ratio of the DVA. The ternig,(w) are grouped into mode shape over the square arga<(axa) of the resonator
an N;X Ny diagonal DVA impedance matriXy, where Nyis  throat at its desired locatiom{, 6,,2,) in the cylinder. In the
the number of DVAs. simulations the resonators are assumed to lie outside the cyl-
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inder and to couple at the circumferenag£R). This is  of the coupled system is the sum of two quantities" and
considered to be comparable to placing HRs inside the caws®. The modal source strength produced by the #Rs a
ity, as long as the HR dimensions are small compared to th&inction of the acoustic modal pressysgand the acoustic
acoustic wavelength and have a small volume. By makingnodal source strength due to the structufegiven by Eq.
this assumption, the mode shapes remain unchanged, aqt¥) is a function ofv,

this simplifies the simulation considerably. As with the DVAs

— M 15— AT
coupling, the HR throat is assumed flat ower U=u+uw=oY ®%p+Cv. (21
z79+al2 60+A(i Using Eq.(11), the acoustic modal pressure vecpodue to
@hmpl HOaZO-Sh)_ J /2 J VinR.6,2)R dodz the total acoustic source strengttbecomes
Zp—a

(19 p=A} DY, D%+ Cv). (22

- a .
The coefficientsp,,, form a fully populated hx N, matrix, The total forceF exciting the cylinder is the sum of the

a ) . ) "
forent slements proviously defined. the velocity and acouseXSMal aCouStc forc™, the interal acousti force”
P y y iven by Eq.(15), and the reacting force of DVA§PA

;eei[i[)ic;rilse of the fully coupled system is derived in the nexglven by Eq.(20). Expanding the vectoF in Eq. (4) into

these three components, the structural modal velocity vector
D. Matrix formulation of the coupled system v becomes
. — T T
The coupling between all the components of the system V=AYF¥—CTp+®*TZ,d%). (23)
is achieved using an impedance matching method. Therefor
the modal forcé="" exerted on the structure by the DVAs is
; i sT

expressed as a function of the matd¥, its transposeb®, i ovstem of two equations yieldsandp as a function of
the diagonal matrixZ,, and the structural modal vibration the external acoustic modal for&&*

vectorv: Coupling of acoustic space

DVA T back onto structure
FOVA = ®S'Z,®%. (20
) ) ) ) ) ) v= [I+ AsCT[I_ Aaq)aTYh(I)a] 71Aac_ AS¢STZd¢S]7 1AsFext
Assuming the velocity distribution in the throat of the HR to
be uniform over the surfacs,, HRs act as acoustic piston . . 4 HRs DVAS

sources. Therefore, the total acoustic modal source strength (24

%’quations(ZZ) and (23) are two coupled matrix equations
defining the behavior of the fully coupled system. Solving

=[1- A*@*TY, ®*] "' A*C{[I+ A°CT[I- A*®*TY, @] ' A*C— ADTZ,®°] ' ASFY,
N . (25)
HRs v

Assuming the interior acoustic space to be relatively unfied by both HRs and DVAs. In order to obtain an average
coupled from the structure, and so neglecting the internasound pressure level independent of the location inside the
acoustic forceF™ in comparison to the external acoustic cylinder, the total time average acoustic potential enégy
force F®X, the expression fov andp can be simplified to is computed as

DVAs

1
V:[I_Asq)sTZd(I)s]flAsFeXt (26) Ep(w)= m f f f |p(w’r,0’2)|2 dv. (28)
=[1-A*®""Y, @] 'A[C[I- A Z®"] ' AF™].
HRs DVAs If the modal expression for the pressure given by &X.is

(27) substituted into Eq(28), the orthonormal properties of the
modes allow the acoustic potential enérp be computed

usingp and its Hermitian transpoga™:
Several simulations using different damping ratios for the

structure and the acoustic cavity, with different configura- Vv v
tions of DVA and HR,_have _shown that the_ difference in the Ep(w,;,0)= ﬁE |Pamp @, @ ,gi)|2:4 5pp.
obtained noise reduction using E@®6), (27) instead of Egs. c c
(24), (25), respectively, are negligible. (29

As is shown in the simplified equatior{26) and (27),
the vibration of the cylinder is only affected by the DVAs; Similarly, the total structural kinetic energy is used as an
however, the internal acoustic field representeg iy modi-  indicator of the average vibration level of the cylindrical
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TABLE |. Geometry and physical properties used in the numerical simula- (@

tions.

e M =0
0.8 — ms=1
i H =3 - =2
Density of airp o 1.19 kgm sl - :sxa
Speed of sound in air 343 ms*? ot L o
Density of structurep, 380 kg m® o4y o —liueee
Young’s ModulusE 3.5e Pa 0z} 7 e
Length of cylinderL 2.81m A ] .
Radius of cylindeR 1.23m % 100 200 300 400 500 600
Thickness of cylinder 0.01m Frequency (Hz)
b;
) (b)
- JR— ns=1
.g 15 . — ng=2 | |
structure. Due to the orthogonality and normalization of the & X T e
structural modes, the total structural kinetic endigycan be § ! > <
expressed by summing the square of thestductural modal § E 7 Sy
velocities, which is equal to the productwby its Hermitian =T D Tt
transpose/, % 1 2 3 . s P 7
le/n

FIG. 3. () Magnitude of the circumferential amplitudg,_of Fﬁ;“ms due to
an incident plane wave of 1 Paq;=70°,0,=0°) as a function of the
excitation frequency fom,=0,1,2,3.(b) Magnitude of the Fourier wave
number transform of sin{=/L) as a function of the normalized axial wave
number in air fomg=1,2,3,4.

The previously developed analytical formulation is ap-

plied to a cylinder whose geometry and physical propertiepnly half of a wave along the length of the cylinder and so
are summarized in Table |. The incident acoustic wave €Xhas its main lobe d(z: 0. This axial Component d?en

. . . ° nsms IS
C'tes the structure with an elevation angie="70 gnd an plotted in Fig. 3b) as a function of the normalized axial
azimuth angled,=0°. The structural and acoustic cavity

. - . ) ave number in air. Although 36 structural modes with cir-
damping ratios are set to 1% in order to be representative ({%’

) _ - tumferential order as high as 13 resonate below 200 Hz, Fig.
the damping levels encountered below 200 Hz in a typicaly gy that only modes with circumferential oraay<3
composite cylindrical enclosure.

and axial ordeng=<5 are well excited by the incident field.
This is confirmed by Fig. 4, which shows that the structural

In this section we present the main sound transmissiohinetic energy of the bare cylinder, computed using all the
: . : : modes resonating in the band, is dominated by only three
mechanisms in agreement with the detailed study by Gar- S Tes ng | 'S ! y only

donioet al* The coupling between the external field and theIower—order modes. This filtering effect allows a reduction in

) o . . _the number of structural modes necessary to obtain conver-
structural modes characterizes the excitation of the cylinder, .
ence of the simulated results.

This external acoustic—structural coupling is represented b The internal acoustic response, plotted on top of the

1 1
E(0,,0)0=5 M X [vnm(o,a,6)]°=5 MV'v. (30

Ill. NUMERICAL SIMULATION

A. Bare cylinder response to incident acoustic field

the external modal forc&*, | which, after integration of

nSmS,
Eq. (7), reduces to

structural kinetic energy in Fig. 4 is composed of both acous-
tic resonances and structural resonances well excited by the
incident acoustic field. The level of coupling between a

2Rmwe 't ngm/L
rnsms k2—(ngm/L)?

X[(~1)e" et~ 1]Pp (0,a)). (3D

FX (0,a;)=Pq structural and an acoustic mode is both spatial and frequency
= related. In Fig. 4, thél,2) structural mode is well coupled to

the (0,2,0 acoustic mode due to a maximum of the spatial

The circumferential amplitud@ms denotes the scattering of

the wave by the cylinder, and is plotted in Figagfor dif-
ferentmg as a function of frequency. This amplituciens,

behaves like a “high-pass filter” whose cut-on frequency
increases with the circumferential mode ordey, except for

the breathing mode¢=0, which has a maximum value at O
Hz. The axial component represented by the term
{ngm/LI[k2— (ngmr/L)?T}[(—1)"se’s-— 1] is the Fourier
wave number transform of the axial mode shapensiti().

It represents the spatial coupling between the axial wave -
number in airk,=k sing; and the axial modal wave number . . . ; ‘ . .
kn,=nsm/L in the cylinder. This coupling is therefore char- R mmydn
acterized by a main lobe near the coincidence frequency be-

. - . FIG. 4. Overlay of the structural kinetic and total acoustic potential energy
tweenk, andk”s and sidelobes of decaying amplitude. How curves due to an incident plane wave;€ 70°,6,=0°), with structural

ever, forng=1, the axial modal wave numbtzz;;S represents mode order(bold italic) and acoustic mode order.

10dB
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coupling coefficienC([0,2,0],[ 1,2]) given by Eq.(13), and
also due to the proximity of the two resonances, 112 Hz for
the (1,2 mode, and 137 Hz for thé,2,0 mode. Therefore,
the (0,2,0 acoustic mode is responsible for nearly all of the ,
response in the 100—150 Hz range. Similarly, in the 160—200 ©
Hz range, the coupling between tk@&3) structural and the
(1,3,0 acoustic modes is responsible for the majority of the

40 60 80 100 120 140 160 180 200

interior noise. Frequency (Hz)
% ®)
. . . _ _. bare j o
B. Noise reduction mechanisms L GT2% K
. . 0| —0o. c_hopt=7% .
In this section we present the HRs’ and DVAs’ effects on

the system and the strategies developed to optimize the noise% o
attenuation. The mechanism of both HRs and DVAs is based
on the dynamic vibration absorber systé‘?TConsider a vi- ‘ , ) ‘ , , ,
bration absorber of massy and natural frequencwy at- 0 4 50 55 60 65 75 80
tached to a mass-spring system with massand natural Frequency (Hz)

frequencyw,. Tuning the vibration absorber such tha FIG. 5. (a) Influence of the damping ratio of the DVA%, , on the structural

= w, splits the resonance of the system into two new resokinetic energy of the cylinder, the optimal damping raff'is given by Eq.
nances of similar amplitude on either side«gf. The bigger ~ (32- (b Influence of the damping ratio of the HRE,, O”Bt‘_he acoustic
the mass ratio, the farther apart the two resonances of t Ot.egt"lil energy of the cylinder; the optimal damping ra® is given by
coupled system appear. By adding damping to the absorber

(i.e., between the system and the absorber assth o ) ) )

“new” resonances are well damped and significant broad-tion is a weak function of the damping ratio, and thus a
band attenuation can be achieved. Depending on the type §Mall variation about the optimal level only marginally de-
excitation, several formulas for damping raffd¥ lead to  9rades the performance of the HRs and DVAs.

optimal vibration reduction. For a wide band random excita- 10 illustrate the mechanisms of the noise reduction de-
tion, the optimal damping ratigd” derived by Korenev and  ViCeS, Fig. 5 shows the effect of the DVA and HR damping

Reznikov® is expressed as ratio on the structural kinetic energy) and the acoustic
potential energy(b) response of the cylinder, respectively.
opt_ . [V(110.75) 3p  With low damping, the two ‘new” modes are both fairly
bd'= 4(1+v)3 (32) lightly damped and only small broadband noise reduction is

achieved. Alternatively, if the damping is too high, the de-

wherev=my/m. Once coupled to a continuous structure of ~. .
. . . vices become uncoupled from the structural/acoustic mode
massM, the effective mass ratio is weighted by the nor- o
and no longer dissipate energy.

maliz m h r h rber | ion . . . .
alized mode shape squared at the absorber locatio In both cases the devices are split into several identical

(00,20), units distributed evenly around the circumference and tuned
s , My to the resonant frequency of the targeted mode: 112 Hz for
v=[¥nm(00.20)] ™ (33 the 13 DVAs and 61 Hz for the 5 HRs. Multiple devices are
used for two reasons. First, using a symmetric ring of ab-
sorbers allows the treatment to be independent of the azi-
muth angled; of the incident field that is assumed to be
unknown. Consequently, only the axial mode shape compo-
nent is used in the computation of the effective mass or vol-
ume ratio, which is weighed by 44, since half the mass or
1 4 4u [ 1)\3 2 volume of the devices is effectively acting on circumferential
M (zé«ﬁpt) + §nmp( 20 +,U«( zgﬁpt) —1=0, (34  modes different than zero. Second, the devices act as discon-
tinuities that can couple modes together by shifting energy

where¢,n, is the damping of the enclosure apdhe effec-  from one circumferential mode to another. For instance, a
tive volume ratio, given by

The coupling between a HR of volunvg, and an acous-
tic mode of an enclosure of volum¥ obeys the same
mechanisms. By analogy with den Hartog’s optimized dy-
namic absorbef Fahy and Schofieldderive an optimal HR

damping levelZ?* as a solution of

a 5> Vh TABLE Il. Amplitude of the (1,2) and(3,8) mode[normalized by th&1,2)
M:[\anp(ro 100.,20) ] v (39 mode amplitude of the bare cylindeat 112 Hz for a 3 DVAs and 13 DVAs
ring treatment tuned to 112.5 Hz.

In reality, the damping of the resonator is created by viscous
losses of the air moving in the neck. Therefore the damping

Normalized mode amplitude at

X . ) 112 Hz(dB)
can be adjusted by placing small amounts of porous material \jode order Bare Ring of Ring of 13
in the HR throat. In a DVA, the damping is produced by (frequency cylinder 3 DVAs DVAs
sFructuraI losses in the acoustic fogm as it compresses. L_Jsmg 12(112.5 Ha o 55 _185
different types of foam leads to different levels of damping 351127 1y 131 85 112

for the DVASs. In both cases, the amount of vibration attenu
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TABLE Ill. Acoustic modes below 160 Hz. o time averaged acoustic potential energy

bare
Mode order(n,m,p Resonant frequenciHz)

(1,00 61 o

(0,1,0 82.4

(1,1,0 102.5 651

(2,00 122 &

0,2,0 136.6 o770}

(2,1,0 147 2

(1,2,0 149.6

i !
.

’,1’ Attenuation: 3.8 dB (HR)

/ 7.7dB (HR+DVA)

ring of Ny DVAs targeting a mode of circumferential order
ms=i redistributes the energy to athy=|i = gNy| modes, sl 115 , _ , _ )
where g is an integer. Thus, a DVA treatment is likely to 40 60 8o 100 Freq::n"cy(mw 160 180 200

excite structural modes that are not forced by the incident

acoustic field. The closer the resonant frequency ofrthe  FIG. 6. Acoustic potential energy inside the cylinder excited by 1 Pa. Plane
=li=qNy| mode is to the DVAS' tuning frequency, the Wave before and after treatment.

higher the excitation. Therefore, a large number of DVAs per

ring ensures a weak modal coupling since only modes with ) ) o
greatly different circumferential order, which in most cases2n axial antinode of the targeted mode shape to maximize the
implies greatly different resonant frequencies, can interacteffective volume ratiqu or mass ratia. The total volume of

As an example, Table Il presents the performance on thie HRs represents 6% of the cavity volumeand the total
targeted(1,2) structural mode of two different treatments, Mass of the DVAs 2% of the cylinder mass. The characteris-
both weighing 2% of the total mass of the cylinder. A ring of tics of this treatment are detailed in Table IV. Using sets of
13 DVAs leads to an attenuation of 18 dB at the resonance/6 acoustic modes and 36 structural modes, including the
whereas a ring of 3 DVAs only reduces it by 5 dB and in- tWo orthogonal modes of the same circumferential order, the
creases the amplitude of th®,8 mode, which is barely effect of the HRs and DVAs on the acoustic potential energy

excited by the external acoustic field. is plotted in Fig. 6. Although the optimally damped HRs
reduce the acoustic resonances by more than 10 dB, almost
C. Control of the 50—160 Hz band with DVAs and HRs half of the energy transmitted in the 50—160 Hz band is due

_ _ to the (1,2 structural resonance, as shown in Fig. 6. The
In this section we present an example of a treatmenpbyAa treatment is therefore necessary to improve the noise
designed to control the interior acoustic level from 50 to 160reduction. Once the damping, the frequency, and the location
Hz. In this frequency band, the enclosure presents only sevest the devices are optimized, the performance of a treatment
separated and so are targeted individually by three indepeiiyyas and the total volume of HRs, as shown in Table V.
dent rings of HR, whereas targeting two out of the last four\gte that for each case, the damping is optimized with the
modes ensures good reduction. Because the highest circUaw mass and volume ratios.
ferential order below 230 Hz im=3, five HRs per ring is As explained previously, the DVA and HR noise reduc-
sufficient tg obtain a negligible excitation .of higher-order tjion mechanism is based on adding damping to sharp struc-
modes. A ring of 13 DVAs tuned to 112 Hz is used to targetyra| and acoustic resonances responsible for the majority of
the structural1,2) mode. Each ring of devices is placed on the interior noise. Therefore, such treatment can be adapted
to a different type of excitation by targeting in each different
TABLE IV. Noise reduction device characteristics for the treatment used incase the unfavorable resonances. However, the performance

Fig. 6. of these devices is directly related to the amount of damping
Ring of 13 DVAs total mass 1.6 Kg initially present in the structure and in the acoustic cavity.
Tuning
Targeted frequency  Mass/M v Sy o z
mode (H2) (%) ©) () (%) (m) TABLE V. Attenuation in the 50—160 Hz band of the acoustic potential
1.2 1125 2 5 200 10 1.49 energy using the treatment described in Table IV for a different total mass of
' DVAs and total volume of HRs with optimal damping ratios computed ac-
; cordingly.
Rings of 5 Hrs total volume 0.8 n? ingy
Tuning o 50-160 Hz Total volume of HRs
Targeted frequency Volume/V Sh ¢h z attenuation(dB) (% of cavity volume
mode (Hz) (%) ®%) M (% (M)
Total mass of DVA
(1,00 61 0.5 1 22 67 002 (% of cylinder mass 3% 6% 9% 12%
(0,1,0 82.4 0.5 2 22 9.6 1.43
(1,10 102.5 1 8.3 223 18.7 0.07 1% 6.2 7.2 7.8 8.6
(0,2,0 136.6 2 14.8 354 24.6 15 2% 6.7 7.7 8.3 9.1
(1,2,0 149.6 2 14.7 346 24.6 0.07 4% 7.3 8.3 8.8 9.6
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TABLE VI. HR-DVA treatment performance with different initial acoustic natural frequency of the targeted modes and by using optimal
and structural damping ratios. damping ratios for both DVAs and HRs. The devices were

Acoustic and structural Noise attenuation used in rings to avoid unfavorable modal interactions and to
damping ratiog%) from 50—160 Hz(dB) obtain a treatment independent of the azimuth angle of exci-
0s 99 tation. Such treatment is also.rqbust to variatior_1$ in the gl—
1 77 evation angle of excitation as it is based on adding damping
3 4.4 to sharp structural and acoustic resonances, and not on re-
5 31 ducing the structural-acoustic coupling. In conclusion, this
ig 1-8 work has shown that lightweight DVA and small HR treat-

ment can significantly reduce the sound transmission in an
enclosure as long as the structure and the cavity are lightly
The higher the damping ratios of the system, the less reduc(:j-amped’ V\|/h|cth is usually the case at low frequency in aero-
tion the treatment can provide. This is illustrated by Table>Pace applications.
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