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A multiple acoustic resonator is a lumped element device composed of a set of volumes
connected by means of narrow ducts. It has a finite number of modes of vibration and
natural frequencies which can be tuned to the natural frequencies of the lower order modes
of an enclosure. This paper is aimed at studying the acoustic behaviour of a system
composed of an enclosure connected to a multiple resonator. An analytical model is
developed in which the pressure inside the enclosure is expanded in normal modes. The
natural frequencies, modes of vibration, damping ratios and forced responses of the
coupled system are calculated. Several locations of the resonator and a range of resonator
volumes are considered.

1. INTRODUCTION

Enclosures, which have acoustic modes of vibration, are present in many machines; when
sources of noise are able to excite resonance of one of these modes, acoustic emission
strongly increases. The resulting noise radiation can be controlled not only by using panels
of sound-absorptive material, but also by means of acoustic resonators.

If a sound source has a small bandwidth which encompasses only one natural frequency
of the enclosure it is possible to modify the acoustic behaviour of the enclosure by means
of a Helmholtz resonator tuned to that natural frequency of the enclosure [1]. A Helmholtz
resonator is a device composed of a volume V which is connected to the enclosure by an
orifice of area 4 and effective length / [2]. In a frequency range over which the resonator
satisfies the conditions

V'3 <, A < A, [ <A, €))

where 4 is the sound wavelength, the resonator has only one natural frequency, which is
given by the ratio between the elastic constant of the volume and the inertia of the fluid
contained into the orifice: i.e.,

w, = \/czA/lV, 2

where ¢ is the sound speed.

The interaction between a Helmholtz resonator and an enclosure was extensively studied
by Fahy and Schofield [3] and Cummings [4]. Generally speaking, this is a multi-mode
problem, since the resonator can affect many modes of the enclosure. Nevertheless, if the
modes of the enclosure are lightly damped, if modal overlap is small and if the resonator
frequency w, is chosen to be equal to the ith natural frequency of the enclosure w;, the
multi-mode problem can be reduced to the problem of the coupling between the enclosure
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mode with frequency w; and the resonator mode. On the basis of the above-mentioned
assumptions, Fahy and Schofield showed that, when the resonator is coupled to the
enclosure, the original mode with w; = w, disappears but two new modes arise, the first
of which has a lower frequency

Wi, & (1 — €/2), 3)
and the second of which has a higher frequency
o ~ o(1 + ¢/2). 4)

The parameter ¢ determines the separation between the natural frequencies of the two new
modes. It is a linear function of the coupling between the resonator and the enclosure and
increases with the square root of the resonator/enclosure volume ratio; moreover, it is a
maximum for oblique modes and a minimum for axial modes. Damping ratios of the two
new modes ({., {») are approximately equal in all cases. If the resonator damping ratio
(¢,) is much greater than the damping ratio of the original mode of the enclosure ({;), then

G Gom ()2: (5

therefore the two new modes can be damped by increasing the damping of the resonator.
On the other hand, if the resonator damping ratio ({,) is nearly equal to the damping ratio
of the original mode of the enclosure ({;), then

lam lox{~r (6)

therefore the damping of the two new modes is comparable with the damping of the modes
of the enclosure alone.

Often, the spectrum of noise sources located inside a machine excites resonances of two
or more modes of the enclosure. If the frequencies of the two modes (i and j) are very
close (2(w; — w;)/(w; + w;) & 1%) both the resonance peaks can be reduced by means of
a single resonator tuned to one of the two frequencies [4]. When the interval between the
frequencies of the modes is larger, the acoustic behaviour of the system can be modified
by introducing two or more Helmholtz resonators tuned to the natural frequencies of the
enclosure [4, 5]. This solution has the drawback of requiring a lot of room and separate
openings for the coupling of each resonator to the enclosure. A multiple resonator can
be better suited to solve the problem of noise control in this condition because it requires
only one opening for the connection to the enclosure and is more compact than a set of
Helmholtz resonators. This device comprises a group of chambers connected by means of
ducts. If the dimensions of the ducts and the volumes satisfy conditions (1), the multiple
resonator behaves like a lumped element device and its natural frequencies can be tuned
to the frequencies of the enclosure.

In this paper a study is described of the coupling of a multiple resonator to an enclosure.
First the main features of the coupled system will be described; then the influence of
resonator location and volume on its capability of modifying enclosure behaviour will be
discussed both in terms of free and forced oscillations. Finally, the effect of the resonator
on the higher order modes of the enclosure will be studied.

2. THEORY

2.1. MATHEMATICAL MODEL OF A DOUBLE RESONATOR

In this paper the double resonator represented in Figure 1 is considered. V', and V, are
the volumes of the two chambers; 4, and A4,, [, and /, are the sections and the effective
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Figure 1. A double resonator.

lengths of the ducts. The displacements &; and &, of the gas particles contained into the
ducts are the variables which define the dynamic behaviour of the system.

Since the resonator is a lumped element device, its dynamic equations are derived by
considering the equilibrium of the gas contained in the two ducts under the action of
external pressure p, of the pressures caused by the compression of gas inside the two
chambers and of friction forces: thus

phA )+ RIATE + {pc(Ai& — A:8)[ Vi } AL = pA, (7
phAly + RAE, + pcX(Ar6r| Vo) Ay — {pc (A& — A:6)[ V1A, = 0, (®)

where p is the fluid density, and R, and R, are the resistances of the resonator ducts
excluding the external radiation resistance. These equations can be arranged in the general

matrix form
5.1 51 & _ PAl
[M]{gz } ¥ [a{éz} ¥ m{ 52} _ { / } ©)

where [M], [C] and [K] are mass, damping and stiffness matrices respectively. The free
oscillations of the resonator are analyzed by setting the external pressure and the damping
matrix to zero and introducing the solutions ¢, = &, ¢’ and &, = &, €. For equation (9)
to have a solution it is necessary that

4 2 2 2
‘ij}jjz + < CVTI"Z + Cszll + ‘Vf‘”])aﬂ + hbo' = 0. (10)
The two roots of equation (10) are the natural frequencies of the double resonator, and
depend on the six geometric parameters of the device. Since the double resonator has to
be tuned to two natural frequencies of an enclosure (w; and ®,) it is necessary to seek the
values of volumes and duct dimensions which make the two roots of equation (10) equal
to the frequencies w; and w,.

To simplify the design of double resonators it is useful to have more insight into equation
(10). If the first duct and the first chamber of the double resonator were alone they would
make a Helmholtz resonator with natural frequency

w1*=\/02/41/11V1~ (11)

On the other hand, if the second duct and the second chamber were alone they would make
a Helmholtz resonator with natural frequency

wF = «/CZAZ/IZ V. (12)
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Upon dividing both sides of equation (10) by /;/, and introducing the ratio o = V,/V, it
becomes

oo + (—oi? — 0 — 0w’ + o' = 0. (13)
This expression is interesting because it shows that the natural frequencies of the double
resonator depend only on the three parameters wi¥, w5 and «; if these parameters are kept
constant it is possible to find a set of double resonators with the same natural frequencies
and different dimensions. After w{*, w# and o have been fixed, three other parameters have
to be chosen in order to define the dimensions of the double resonator. It is useful to specify
these parameters in a non-dimensional way with the ratios

p = b/, a= WV, T=10L/V"3, (14)
where V is the volume of the enclosure to which the resonator is coupled.

2.2. COUPLING OF A DOUBLE RESONATOR TO AN ENCLOSURE

The equations that describe the dynamic behaviour of the acoustic system comprising
an enclosure and a double resonator tuned to the first two natural frequencies of the
enclosure are now developed. First, the resonator modes of vibration associated with the
natural frequencies w; and w, are determined. The modal matrix [x] relates modal
co-ordinates #; and #, to physical co-ordinates &; and &;:

61 _ m( _ | Xn Xo|)m
fer-elng =L ®

The modal matrix is normalized in order to satisfy
M) =11, [XTK][x] = [07], (16)

where superscript T designates the transpose of a matrix, [1] is the identity matrix and [w?]
is the diagonal matrix of the natural frequencies squared. The resonator equations written
in terms of modal co-ordinates are

m{gi;} - [xT][C][x]{Z;} - [wZ]{Z;} - [xT]{Pg“} . (17

In general, the matrix [x"][C][x] is not diagonal, and therefore the two equations are
coupled through velocity terms; however, if the off-diagonal terms are smaller than the
diagonal terms, this coupling can be ignored and the equations become:

i + 20, .o + w%”]] = xupA, 2 + 20,0012 + 0)5772 = xpppA,, (18)

where {;, and {,, are the critical damping ratios of the resonator modes.
The pressure inside the enclosure can be expressed as [6]

p(x’yaza [):pr(t)qlf(x’ysz)’ (19)

where ¥;(x, y, z) are the acoustic modes of the enclosure and P;(¢) are time-varying modal
coefficients. If the modes are lightly damped they form an orthogonal set of functions such

that
4o, i#E g
JV P Ay = {Vi i:]}. (20)
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The property expressed by equation (20) allows the separation of the enclosure modes; each
modal coefficient has to satisfy the wave equation and initial conditions. The following
equation thus holds [6]:

2 ) 2
Pt 208+ 2P =P J % Wi(x, y, 2)dV — p;f W, 7, 2) dS. @1
[N % tJs

Here V' is the enclosure volume, S is the boundary surface, and w; is the ith natural
frequency. In general §; is a complex quantity 6; = d,x + 104; the real part accounts for wall
resistivity, while the imaginary part accounts for wall reactance [6]. Since the enclosure is
assumed to have rigid walls, only the real part (modal damping) is significant and it
accounts for dissipation due to thermal and viscous phenomena. Modal damping d: is
related to the critical damping ratio {; by the expression

o = Ciw;. (22)
The right side of equation (21) represents sources of excitation of the enclosure. Q is the
time derivative of the volume velocity of the monopole sources assumed to be distributed
inside the enclosure volume and w is the vibration acceleration of the boundary surface,
which is taken as positive if it is directed outwards from the enclosure.

Since in many real enclosures the main source of excitation is the vibration of a small
part As of the boundary surface, Q is set to zero and the first integral in equation (21)
vanishes. The surface acceleration w is assumed to have a constant value w, over the surface
As and is equal to & over the surface 4, of the external duct of the resonator; elsewhere
it is set to zero. Since both A5 and A, are small, ¥;(x, y, z) can be considered constant
over these surfaces and equal to ¥;(S) and ¥:(R) respectively. Therefore the second
integral in equation (21) gives the two terms

2 2 " 2
P i, . 2 dS = —PEA g (RyE — P s g 23)
% v 7
i s i i

and equation (21) becomes
P+ 200, P+ 0} P = —(p Ai[V)Wi(R)E — (p? As Vi) Wi(S)is. (24)
To couple the modal equations of the resonator with the modal equations of the
enclosure the acceleration ¢, in equation (24) is expressed as a function of 7, and 7,
whereas the pressure p in equations (18) is expressed as a summation of the pressures
caused by the modes of the enclosure. The following set of second order differential
equations is obtained:

P+ 20w P + o} P; = —(p* A VP (R)(x1djy + xifa) — (pPAs| Vi) Wi (S)Wws,

ﬁl + 2{1,.,\60177'1 + w%’?l = A;xy Z Pi'{/i(R),

i + 24’2,.,\0)217'2 + w%ﬁz = Axp Z P;¥:(R), i=1,n. (25)

The coupling between an acoustic mode of the enclosure and the resonator modes
depends on the resonator location (¥,(R)) on the section A4, and on V;, which is related
to the type of mode and to the volume of the enclosure. The complexity of this system
of equations increases with the number of enclosure modes () which are taken into
account. To investigate the main features of the coupled system only the first two modes
of the enclosure were taken into account; then some calculations were carried out
considering the effect of five modes of the enclosure.
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TaBLE 1

The natural frequencies of the first six modes of the enclosure alone

Frequency (rad/s) Iy iy I
o, = 24683 1 0 0
w, = 3334-5 0 1 0
w; = 40486 0 0 1
wy = 41492 1 1 0
ws = 47417 1 0 1
we = 49366 2 0 0

3. EXAMPLES AND RESULTS

3.1. CASE STUDIED

The rectangular enclosure represented in Figure 2 was considered as an example of a
machine cavity. It is filled with a refrigerating gas having density p = 3-73 kg/m® and sound
speed ¢ = 172-3 m/s. The acoustic mode shapes of a rectangular enclosure are expressed
as

Yi(x,y, z) = cos (ni.x/l,) cos (wi,y/l,) cos (mi.z/L.). (26)

The natural frequencies of the first six modes of vibration of the enclosure are summarized
in Table 1. The first mode is an axial mode in the x direction and is described by the
function

Yi(x,y,z) = cos (nx/L). 27)

The second mode is an axial mode in the y direction and is described by the function
¥a(x, y, z) = cos (my/l,). (28)
A double resonator tuned to the frequencies of modes 1 and 2 was designed; its parameters

are as follows:
it = 2843 rad/s, o = 0-0892, o= 00214,

w¥ =2895radfs, = 1056, T =0-107. (29)

3.2. INFLUENCE OF RESONATOR POSITION ON THE FREQUENCIES OF THE COUPLED SYSTEM

Four characteristic positions of Figure 2 were chosen: position 1 (x = 0-5/,,
y =05,z =1.) is a node both of mode 1 and of mode 2, and hence ¥, = 0 and ¥, = 0;
position 2 (x =0, y =0, z = ) is an anti-node both of mode 1 and of mode 2, and hence
¥, =1and ¥, = 1; position 3 (x =0,y = 0.5/, z= L) is an anti-node of mode 1 and a
node of mode 2, and hence ¥, =1 and ¥, = 0; position 4 (x =0.5/,y=0,z=1/)is a
node of moc}e 1 and an anti-node of mode 2, and hence ¥, =0 and ¥, = 1.

l,=0134m b

L o 0219m l,=0-162m

Figure 2. A rectangular enclosure with characteristic points.
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TABLE 2

The effect of resonator location on frequency shifts

v, (@1 — )] (Vo) (@1 — wn)fwi (Vo) (@2 — )]s (Vo) (@2 — @), (Vo)

0 0 0 0 0 0

1 1 —10-1 +77 —4-0 +7-6
1 0 -93 +87 0 +14
0 1 —20 0 —4-4 +6-7

In order to calculate the undamped natural frequencies of the coupled system the
damping and excitation terms in equations (25) were set to zero, harmonic solutions were
introduced and the eigenvalue problem was solved.

If the resonator is located in position 1 (¥, =0, ¥, = 0) it is not coupled with the
enclosure and the two systems maintain their former natural frequencies.

If position 2 (¥, = 1, ¥, = 1) is chosen the original natural frequencies of the enclosure
(w; and w,) disappear, but two pairs of new frequencies arise (w1, W1, and Wy, Wy); N
each pair the first frequency is lower than the natural frequency of the enclosure alone,
and the second frequency is higher than the natural frequency of the enclosure alone.

When the resonator is located in position 3 only the first natural frequency of the
enclosure splits into two frequencies, the second natural frequency is not modified and a
new natural frequency higher than @, appears. On the other hand, if the resonator is
located in position 4, only the second natural frequency of the enclosure splits into two
new frequencies. The shifts of the natural frequencies of the coupled system with respect
to the original frequencies of the enclosure are summarized in Table 2.

Since both the natural frequencies of the enclosure were split into two when
¥, = ¥, = 1, another test was carried out maintaining ¥, = ¥, and varying their common
value; results are summarized in Figure 3. When ¥, = ¥, are reduced both the natural
frequencies split in two even if the resonator is connected to the enclosure in a position
far from the anti-nodes of the two modes, but the frequency shifts diminishes; their
dependence on the common value of ¥, = ¥, is approximately linear. This result is in
agreement with that found in reference [3] for a Helmholtz resonator.

3.3. INFLUENCE OF RESONATOR VOLUME ON THE FREQUENCIES OF THE COUPLED SYSTEM

A set of double resonators tuned to the rectangular enclosure and having different
volumes was designed. Parameters o, w3 and o were kept constant in order to maintain

S 5+ (ow-o)o -
& (0w ey
ﬁ 0 (Cl)za—a)z)/(l)z
& -—
§ -5 =
) (015—01)
)
& 10|
-15 1 ]

| 1
0-0 02 04 06 0-8 10
Y=Y

Figure 3. The effect of resonator location on the natural frequency shifts of the coupled system.
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The effect of resonator volume on frequency shifts
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TABLE 3

o (@1 — )]wi (o) (01, — o)/ (%) (02 — W2)[ws (Yo) (@2 — @)/ (Yo)
0-0107 —-70 +5-8 —31 +5-0
0-0161 —87 +69 —36 + 64
0-0214 —10-1 +77 —4-0 +7-6
0-0268 —114 +84 —43 +8-8

the correct frequency relationships. Among the other design parameters f and © were
assumed constant, whereas ¢ = V;/V was varied, the variation of ¢ allowing modification
of the resonator/enclosure volume ratio, which is given by

Vi + M)V =0c(l+ a).

Each resonator was located at an anti-node of both mode 1 and mode 2 (position 2)
and the undamped natural frequencies (wi,, Wi, W, W) Were calculated. Table 3
summarizes the shifts of the natural frequencies of the coupled systems with respect to
the natural frequencies of the enclosure alone and shows that the increase of resonator
volume widens the frequency shifts. It is interesting to point out that the frequency shifts
increase approximately as ./o; this result is in agreement with the approximate
relationship found by Fahy and Schofield for a Helmholtz resonator [3].

(30)

3.4. MODES OF THE COUPLED SYSTEM

The double resonator with ¢ = 0-0214 was considered and the acoustic modes of
vibration associated with the four natural frequencies of the coupled system were
calculated in the case ¥, = ¥, = 1. The elements of the modal vectors X, have not the same
dimension since there are two pressures and two displacements:

P,
Y=< D
My

M2,

0

1)

A unit value of n,, was chosen and the other elements were consequently calculated.
Pressure inside the enclosure is given by

p = Py, cos (nx/l) + Py, cos (ny/l,). (32)

Enclosure
|
[oe]

Double resonator

Figure 4. The mode la pressure distribution inside the enclosure (the resonator sketch is not to scale).
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Double resonator
Enclosure
S
\
[}

Figure 5. The mode 1b pressure distribution inside the enclosure (the resonator sketch is not to scale).

Modes la and 1b have |P,]| < |P;,| and, as Figures 4 and 5 show, the pressure inside
the enclosure has a distribution similar to that of the original axial mode in the x direction.
In mode la the resonator is located close to the larger pressure anti-node of the coupled
system; in mode 1b it is located close to the smaller pressure anti-node. In modes 2a and
2b |P,,| > |P,| and hence Figures 6 and 7 show that the pressure distributions are similar
to that of the original axial mode in the y direction.

3.5. MODAL DAMPING OF THE COUPLED SYSTEM

In order to calculate the natural damped frequencies (®i,, @s,, W2, and w,,,) and the
modal dampings (d,, d15, 02, and ) of the coupled system the forcing terms were set to
zero; the solutions

P] — Plﬂ([ e(ﬁ +io)41)15 P2 — PZM e(ﬁ +io)d)t’ 1,,] — ’,’10(’ e(rs +im‘/)t’ ’72 — 1720‘] e(ri + iwg)t (33)

were introduced into equations (25) and the complex roots of the frequency equation were
calculated. The double resonator with ¢ = 0-0214 was considered and a maximum critical
damping ratio of 5% was assumed for the resonator modes, while a maximum critical
damping ratio of 2% was assumed for the modes of the enclosure, these values are in
agreement with experimental values reported in references [2—4, 6]. Several cases were
considered with different resonator locations and different values of damping; results are
presented in Tables 4 and 5.

In the first case the resonator was located in position 2 (¥, = ¥, = 1) and the critical
damping ratio of its modes was 5%, whereas the modes of the enclosure were considered
to be undamped. Results show that the two original frequencies of the enclosure split in

Double resonator
Enclosure
|

—L_IS’//;J//:

Figure 6. The mode 2a pressure distribution inside the enclosure (the resonator sketch is not to scale).
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Enclosure
f
V .
f

|
L
j

Double resonator

Figure 7. The mode 2b pressure distribution inside the enclosure (the resonator sketch is not to scale).

two as in the undamped case (see Table 4); the critical damping ratios of the new four
modes are about one half of the critical damping ratios of the resonator modes (see Table
5). This result is in agreement with that found by Fahy and Schofield for the single
resonator [3] and shows that the double resonator can increase the damping of the
enclosure.

In the second case the resonator was located in position 2 again, but both the resonator
modes and the enclosure modes had a critical damping ratio of 2%. The critical damping
ratios of the four modes of the coupled system were found to be equal to the critical
damping ratios of the original modes of the resonator and the enclosure; the frequency
shifts (with respect to the damped natural frequencies of the enclosure) were equal to those
calculated without damping.

In the third case the resonator was located near a node of both enclosure modes
(Y, =Y, =0-2), and a critical damping ratio of 5% was assumed for the resonator, while
the enclosure modes were considered undamped. In this case the resonator damping
strongly reduces the effect of the resonator on the enclosure; in fact frequency shifts
are very small. Modes la and 2a have a large critical damping ratio and probably
involve large pressure fluctuations inside the resonator, while modes 1b and 2b have a very
small critical damping ratio and probably involve large pressure fluctuations inside the
enclosure.

In the last case the resonator was located in position 3 (¥, =1, ¥, = 0) and a critical
damping ratio of 5% was assumed only for the resonator. As in the corresponding
undamped case, the first natural frequency of the enclosure splits in two. The second mode
of the enclosure is not coupled to the resonator; it maintains its original frequency and
is not affected by resonator damping. The fourth mode, which has frequency higher than
the second natural frequency of the enclosure, exhibits a high critical damping ratio.

TABLE 4

Frequency shifts caused by the double resonator in the presence of damping

(W14, — ®1) (w1, — w1) (w2, — 02) (W, — @)
Clm Zz Cl Cz wq wy [O)) (023
Yoo ¥ (%) (%) (%) (%) (%) (%) (%) (%)
1 1 5 5 0 0 —-99 +7-4 —36 +71
1 1 2 2 2 2 —10-1 +77 —4-0 +7-6
02 02 5 5 0 0 —0-17 —0-05 —0-06 +0-08
1 0 5 5 0 0 -90 +83 0 +1-3
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TABLE 5
The damping ratios of the coupled system

oo G, (%) 6, (%) L (%) L% Lo (%) L (V) La (V) Gy (%)

1 1 5 5 0 0 2-5 23 27 2:4
1 1 2 2 2 2 20 2-0 2-0 2-0
02 02 5 5 0 0 4-1 0-8 47 0-3
1 0 5 5 0 0 2-4 2-8 0 4-8

3.6. FORCED RESPONSE OF THE COUPLED SYSTEM

The forced response of the coupled system was calculated with the assumption of
harmonic excitation. In this case the excitation terms in the dynamic model are

V.V.'s = dy e““f’, (34)

where oy is the frequency of vibration and a, is the acceleration amplitude, and the steady
state responses of the enclosure modal pressures and of the resonator modal displacements
are

P1 — le eiw/.z’ Pg — PZO/ eizu/t7 711 — 1,]10/ eiwfr’ 172 — ’120, eiw,t’ (35)

where P, P, 1, and n,, are complex quantities which depend on the frequency «, . If
the excitation terms (34) and the solutions (35) are introduced into equations (25), they
become a set of algebraic equations which can be solved to seek P, Py, 1, and n,, . The
pressure p(x, y, z) at a point (x, y, z) inside the enclosure is

p(xa Vs Z) = ('II](X, Vs Z)PIO/ + qu(x’ Vs Z)PZO/) eiw,z; (36)

since P, and P,, are complex quantities, the pressure amplitude is the modulus of
('Pl(xs Vs Z)le + l]/z(x) Vs Z)PZUf)'

The following parameters were chosen: A, = 0-0005m? a =20m/s’, {, =0-01,
6L=1001,8,=00520,=005%(R) =1,"(R)=1, P:«(S) =1, ¥,S) = 1 and pressure
was calculated at a corner of the enclosure (¥,(x, y, z) = ¥.(x, y, z) = 1). In order to have
a good insight into the forced behaviour of the coupled system, a wide range of forcing
frequencies and four values of resonator/enclosure volume ratio were considered.

or

105 T T T

Enclosure

95

85

75

Pressure level (dB)

65

55 | | ] | ]
1500 2000 2500 3000 3500 4000 4500

Frequency (rad/s)

Figure 8. Forced respbnses.
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TABLE 6
The effect of higher order modes on the frequencies of the coupled system

Enclosure alone Enclosure (two modes) Enclosure (five modes)
(rad/s) plus resonator (rad/s) plus resonator (rad/s)
w, = 24683 Wy, = 2218-0 Wy, = 2169-1
— W1y = 26581 M1y = 26218
w, = 33345 Wy, = 32013 Wy, = 3171-8
7 W = 3589-3 Wy = 3469-5
w; = 40486 — w; = 40749
wy = 4149-2 — ws = 43179
ws = 4741-7 — ws = 4900-4

The results are summarized in Figure 8, where for comparison the forced response of
the enclosure alone is also represented. The double resonators strongly affect the forced
response of the enclosure since they cut down the two resonance peaks at frequencies w,
and w, and produce four new peaks at frequencies w,, @, w, and wy. When the
resonator/enclosure volume ratio is increased (¢ increased), the frequency shifts between
the frequencies of the new peaks and the frequencies of the original peaks increase; this
result is in agreement with the free oscillations analysis presented in section 3.3. The
increment of ¢ deepens the “‘valleys™ at the frequencies w, and w, and significantly reduces
the amplitude of the central peaks. Hence an increment of the resonator/enclosure volume
ratio reduces the forced response of the coupled system and is advisable.

3.7. INTERACTION BETWEEN THE RESONATOR AND THE OTHER MODES OF THE ENCLOSURE

The undamped natural frequencies of the coupled system were then calculated with
account taken of five modes of the enclosure. The resonator with ¢ = 0-0214 was located
at position 2 (¥, = ¥, = 1) and its natural frequencies were tuned to the first and the
second natural frequencies of the enclosure. The results are summarized in Table 6, where
the seven natural frequencies of the coupled system are compared with the five natural
frequencies of the enclosure alone and with the four natural frequencies of the coupled
system that were calculated with account taken only of the first two modes of the enclosure
(see section 3.2).

The first two modes of the enclosure split in two, as in the previous calculation, but the
new frequencies are slightly lower than those calculated in section 3.2, the maximum
difference being about 3-5%.

Since every mode of the enclosure has an anti-node at position 2, the resonator influences
the other modes of the enclosure and their frequencies increase; this result is in agreement
with those found by Cummings in the multi-mode analysis of the coupling of a Helmholtz
resonator with an enclosure [4]. In the case treated here, the natural frequency of the
third mode increases less than the natural frequencies of the fourth and fifth modes.
This result can be explained by considering that the third mode is axial, whereas the
fourth and the fifth modes are tangential. Since in a rectangular enclosure of volume V
one has

J P2 dy = g (axial mode), f P dy = % (tangential mode), (37)
v 14

equations (25) show that the fourth and the fifth modes are more tightly coupled to the
resonator than the third mode.
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4. CONCLUSIONS

A double resonator was tuned to the first two natural frequencies of an enclosure to
modify its acoustic behaviour. The effectiveness of the resonator depends strongly on the
location. If the resonator is connected to the enclosure at a position near an anti-node of
its modes, the original first two modes of the enclosure split and the frequency shifts are
large; moreover, resonator damping increases enclosure damping.

Since an anti-node of the first two modes of the enclosure may be an anti-node of higher
order modes too, the resonator affects, and is affected by, higher order modes. There is
a small effect of higher order modes on the splitting of the first two modes, but the
resonator increases the frequencies of the higher order modes; this effect can be useful in
some applications.

From the noise control viewpoint the most important result is that the forced response
of the enclosure is affected strongly by the double resonator: the original resonance peaks
disappear and they are replaced with pairs of peaks having lower amplitude.

The resonator/enclosure volume ratio influences the behaviour of the coupled system.
If it increases, the frequency shifts widen and the amplitudes of the forced responses at
the frequencies of the original enclosure modes diminish.

Since the construction of a double resonator which is well tuned to two natural
frequencies of an enclosure is not easy, further studies will include the influence of tuning
errors on the behaviour of the coupled system and the development of methods for
optimum design of multiple resonators.
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