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Sound transmission through a double-walled cylindrical shell is studied. The solution that
describes the system response is obtained by combining the solutions of two different models
of the system. The first model, which describes the sound transmission due to the interaction
between the acoustic waves and the bending waves in the shells, is formulated by three
acoustic wave equations and two shell vibration equations. The second model describes the
sound transmission by one-dimensional waves propagating through the layers of the shells
and the air-gap. The transmission losses calculated from the two models are combined to
represent the system response in the entire frequency range. Analytical solutions are
compared to corresponding measured results, which shows reasonable agreements if the
extent of the simplifications used in the analytical model is considered. The effects of
important design parameters such as the air-gap size and the thickness ratio are studied
using analytical solutions.

© 2002 Elsevier Science Ltd.

1. INTRODUCTION

Double-walled flat or curved panels are found in many applications because they are
effective sound barriers that can increase the transmission loss (TL) over the equivalent
single-wall construction. Problems of sound transmission through panels of single or
double walls and sandwich panels have been investigated by many researchers, which are
mostly analytical efforts [1-12]. White [12] compared the analytical result with the
experimental measurement for a finite cylindrical single-walled shell for very limited cases.
In the authors’ previous work [ 13], the sound transmission through a single-wall cylindrical
shell was studied. In the work, an exact solution was obtained in a series form using
a classical shell vibration equation without ignoring any of the three directions of shell
motions.

The desire to obtain design rules of thin, double-wall shells used as the side surface of
high-end automotive mufflers served as the practical motivation for this work. In such
applications, two thin plates are combined by spot welding, and rolled into a circular or
elliptical cylinder shape. Some simplifications of the problem are made so that it can be
solved exactly. First, the length of the system is assumed to be infinite, which eliminates the
need to consider the effect of the boundary conditions at the end of the shell. Second, the
incident acoustic wave is assumed to be a plane wave. Finally, an anechoic condition is
assumed in the interior cavity. The first and second simplifications reduce the problem is
consideration to a two-dimensional (2-D) problem, as it will be explained. The second and
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third idealizations make the model a rough reciprocal of a muffler tested in an anechoic
chamber, which has an anechoic condition outside and a diffusive field inside.

Two different system models are combined to obtain the transmission loss (TL) of the
system. The first model is used to calculate the sound transmission due to the transverse
bending waves in the shells and the acoustic waves. In this model, the system equation is
composed of two sets of shell vibration equations and three acoustic wave equations for the
external, gap and internal spaces. The exact solution to these equations is obtained in series
forms, and represented in terms of TL. The second model is used to calculate the sound
transmission caused by the compression/rarefaction waves in the shell and the acoustic
space, in which the shells are treated like fluid. The model is described by a one-dimensional
(1-D) wave propagating through three layers of acoustic media, two shell layers and one
air-gap layer. It is found that the TL from the 1-D model is lower than the TL from the 2-D
model in the low-frequency range, and vice versa in the high-frequency range. Considering
the definition of the TL (lower TL means higher transmitted sound), it is easily realized that
the lower TL curve should be taken to represent the system response. Therefore, the system
TL is obtained by combining TL curves from the 1-D and 2-D models. This superposition
concept is introduced for the first time in this work.

Sound transmissions through single and double shells are measured experimentally, to
which the theoretical solutions are compared. Single- and double-walled shells used in the
experiment had the same dimensions and properties as the theoretical model except their
finite lengths. Thick end caps were used to close both ends of the cylinders to eliminate the
effect of the sound radiated from the end plates. TLs are measured in an anechoic chamber,
once with the sound source located inside the cylinder and the other time with the sound
source located outside the cylinder. If the reciprocity is considered, it is realized that these
set-ups are rough equivalents to each other. The main purpose of the experimental
comparison is to confirm that the formulation and computation procedure of the problem
are free of fundamental errors, which is always a possibility in a numerical model without
experimental validation. Utilizing the advantage of having a theoretical procedure
validated experimentally, the effect of important parameters such as thickness ratio and the
size of the air-gap are studied.

2. ANALYTICAL SOLUTION PROCEDURE

2.1. SOUND TRANSMISSION BY BENDING WAVES IN SHELLS

Figure 1 shows a schematic of two concentric cylindrical shells of infinite length. R;, R,, h;
and h, indicate the radii and thickness of the shells, in which the subscripts i and e represent
the inner and outer shells in general. As shown in the figure, a plane wave is incident with an
angle y and reflected by the external surface of the cylinder. Only the transmitted wave is
considered in the internal cavity. The reflected waves are ignored in the internal cavity to
make the model approximate the reciprocal of a muffler tested in an anechoic chamber,
which has the incident and reflected waves internally and only transmitted waves externally.

2.1.1. Formulation of the governing equations

The fluid media in the external, in-between, and the internal space are defined by the
density and the speed of sound: {p, ¢1}, {p2, ¢2} and {p3, c3} respectively. Properties of the
shells are defined by the density, Young’s modulus, and the Poisson ratio: {p;, E;, i},
{Pe Ees tte}. The incoming noise is idealized as a plane wave p’ travelling in the x-z plane
incident with an angle y; as shown in the figure.
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Figure 1. Schematic description of the problem: 2-D model.

The acoustic pressure in the external space p; = p! + p¥, where p! is the incident wave
and p¥ is the reflected wave, satisfies the wave equation [14]

20"+ 1) _

=0, 1)

o VA" +pH) +

where V2 is the Laplacian operator. In the annular space between the shells, the pressure is
p> = pr + p%, where p? is the transmitted wave through the external shell and p% is the
reflected wave from the internal shell, which satisfies the acoustic wave equation

*(p3 + p5)

¢, V2(p3 + p5) + o

= 0. ?)

An anechoic condition is assumed in the internal cavity, therefore p; = p3, which satisfies

*p3

ot?

3 V2ps + =0. (3)
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Love’s equations, classical thin-shell equations, are used to describe the motions of the two
shells [15]. Equations of motion in the axial, radial and circumferential directions of the
inner shell are

Ly{uf, v, wi} = pihiii},  Lo{uf, v}, wi} = p;his}, (4,5)

Ly{uf, v}, wi} + (p3 + p3) — pi = pihiis, (6)

where L;, L, and Lj are differential operators which can be found in reference [15],

{u?, ), w? },i = 1,2, represent the displacements of the shell of a point on the neutral surface

in the axial, circumferential, radial directions, where the subscripts 1 and 2 denote the
variables associated with the inner shell and the outer shell.

For the outer shell, equations of motion in the direction of the axial, radial and

circumferential directions are
Ll{ug’ Uga Wg} = peheuga Lz{ug, Ug, Wg} = pehei}ga (7a 8)

L3{u$, v3, w3} + (p" + pY) — (p3 + P%) = p h, 3. )

At the interfaces between the shells and air, the following equations must be satisfied:

0 I R 82 AT R 52
(pa':pl):_plw‘/;z atr=R,, O(pza—:_p”:_pZTM;Z atr=R,, (10,11)
a T R N2 a T 62
(Pza:- pz):_p2 06:21 atr =R, §=—p3?‘21 atr=R;. (12,13)

2.1.2. Solution procedure

The solution to equations (1)—(9) that satisfies four boundary conditions in equations
(10)-(13) can be obtained using the mode superposition method. The harmonic, plane
incident wave p’ can be expressed in the cylindrical co-ordinates as [16]

o0

p'(r,z,0,1) = po Y. &a(—j)'Tu(ky,r) cos[n0]e! @ ~*e2), (14)

n=0

where p, is the amplitude of the incident wave, n indicates the circumferential mode number,

gg=1forn=0and 2forn=1,2,3..., j=./—1,],1s the Bessel function of the first kind
of order n, and w is the angular frequency. Also, wave numbers in equation (14) are defined
as

w .
ki = c_y ki, =kysin(yy), ki, = k; cos(yy), (15)
1
ky =2, kyo=hyn ko= /K3 — K., (16)
Ca
ky =2, ks, =hy k=K — KL (17)

C3
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Owing to the circular cylindrical geometry, the pressures p¥, p3, p5 and p} are expanded
as

pR(r, z,0,1) = nio pR HE (ky,r) cos[n0] e k=), (18)
pa(r,z,0,1) = nio pAuH  (ky,r) cos[n0] el @~ k2, (19)
p(r, z,0,1) = é:o PR H 7 (ky,r) cos[n0] el @~ k2] (20)
pi(r, z,0,1) = i panH. (k3,r) cos[n0] e k=), (21)

n=0

where H! and H? are Hankel functions of the first and second kinds of order n. Note that
the expressions satisfy the wave equations (1)—(3) and the directions of the travelling waves
automatically.

Since the trace velocities of all travelling waves have to be the same, shell displacements
can be expressed as

wi(z, 0,1) Z wd, cos[n0]el @ k=2 49(z, 0, 1) Z ug,cos[n0]e!@ k=2 (22,23)

o0

19(z,0,0) = Y v, sin[nf]el @ k-2, wh(z, 0,1) = ) w3, cos[nf]el k=) (24,25)

n=0 n=0

ud(z, 0, 1) Z uy, cos[n0]el@ k2, 19z, 0,t) = Y 09, sin[nO]el@ k=), (26,27)

n=0 n=0

Reference [15] explains the choice of the displacement functions for the in-plane
displacements u and v in relation to those for w in the cylindrical shell.

Substituting the expressions in equations (18)-(27) in to six shell equations (equations
(4)-(9)) and four boundary conditions (equations (10)-(13)) provides 10 equations. These
equations can be used to solve for 10 unknowns: p®X, p%, p%, p3, uf, v, w9, u$, v3 and w$ in
terms of the amplitude of the incident wave p,. Six shell vibration equations are

K,

K1 —w]| K@+ . .
i o — ki, ~ | By B = 29)
i1+ ) K; . D
“cl)n|:2—Rl kyznj +— R, piky-nj — R—lz pik3.n
— Ki(1 — w) K; Di(1 — w) D;
+v?n|:—f fZ—R—iznz—i-T 2—i—R4n + pihw® (29)

K; Di(1 — ) D;
+W?,,|:—R—i2in—R—i2kfzn—— 31=0,
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D, K, _ D, Wil =), 5 Diy K
“gn|: _Dik?z Rz .“lk1zn + = R. .uiklz]:| + Ugn[ﬁuik%zn Tk R4 n’ _Fn]
Dy 2Di(1 — w) D; K;
+Wgn|:_F 1n? TRz in* — R4” —F‘thw + p2aHa (k2, R;)
+ piuHy (k2 R;) — p3.H, (k3,R) = 0, (30)
Ke(l - ,ue) Ke(l + ,u'e) Ke,u'e .
ugn |:pehew2 - Kek%z - 2R2 - 2R kleZn.] - R klegnJ = 0: (31)
Ke(l - tue) . Ke . De
ugn[T klzn_] + E :ueklzn_] - R_g ,uek%zn
~ K —p, K, D.(1 D,
+vgn|:—#k%z—ﬁn2 +%klz +R4n + pehe wz]
Ke De 1— e) De
—I—Wgn[—ﬁn—%kfzn—ﬁnﬂzo, (32)
D Ke D 2De(1_,ue) De Ke
ugn|:_Dek?z Rz,u klzn2 +R_6,ueklz.]:|+v2n|:R2ﬂc 22n+R—§ %znz—i_R_z.ns _R_gn

D.p. 2D, (1 — p) D, K.
+ Wgn|: - Rg k%znz - Rez klzn2 _Fn - F + peh CO
+ pllanr%(kere) - pgnH; (k2rRe) - pIZQnHrZL(erRe) = _pOSn(_j)an(kere)' (33)

In the above equations, the membrane stiffness and bending stiffness K and D are defined as
follows [15]:

E;h; E.h

i=——— and K,=—"5, (34)

1 - Hi - He

E.h? E,h3
Dj=—" d D,=—— 35
ni—@ ™ P na— ey )

Four equations from the boundary conditions are

R 2 2.0 _ AV i
plan (kere)klr — P11 W3, = —p08n(—_]) Jn(kere)klrs (36)
pgnHrlll(erRe)er + pIZQnHﬁ/(erRe)er - prZWgn = O: (37)
pgnHrlll(erRi)kZV + pIZQnHr%,(erRi)er - prZW(l)n = 07 (38)
pg‘nHi,(kS}*Re)kM' - p3w2W(1)n = 09 (39)

where () = d/dr.
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Equations (28)-(39) constitute 10 equations for 10 unknowns, which can be put into
a matrix equation:

0 0 0 0 4B C 0 00-/x 0
0 0 0 0 D E F 0 00 T
D2n 0
G H I 0 J K L 0 00 J I
0 0 0 0 00 0 M N O] |ph
0 0 0 0 0 0 0 P Q R/||ul
0 S T U 0 0 0 Vv w x| \0[" o] (40)
Y 0 0 0 0 0 Z 0 0 0 | [wd J1
0 A1 BL 0 0 0 CL 0 0 O | [ul
0 DI E1 0 0 0 0 0 0 F1| |03,
Lo 0 0 GL 0 0 0 0 0 Hi] \wd,
where
A=[pehew2—1<ek%z—%_g“e)], B=[—%i“e)nkuj], =T

Ke 1— e . Ke : De
D — [(7'1,[) klz n] + R_ ,ueklz n] - F,uek%zn:|)

K. (1 —pu, K. D, . D,
E:[_ (2 u)k%z_ﬁnz (R “)k1k+R4n +pehwz]’
Ke De(l l’te) De
R IE TR
G = Hi(ky,R.), H= —H,(kyR.), 1= —H;(kyR,),
D, K, .
J = |: - Deki‘z - R2 ,ueklzn + R ﬂeklzJ:|>
D, D(l—u), D, K,
K:[R—gueklzn+Tk R3n3—ﬁn}
D.p., , 2D,(1 — ), » D, K.
Lz[— R2k R—ek R4n —Rz—l—pehw
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Ki(1 — w) . K; . Dy
P= [Tl'u ky.nj + E#ikunj - R_izllik%zn:|,

Q= [—Ki(lz ) k3, — R%"nz + %i)klk + IZ‘; n? + pihiwz],
S = Hl(ky,R), T = H2(kyR), U= —H:(ks,Ry),
V= |: — D;kt, — ll; k3. n® + ﬁiiﬂiklzj:|a
W = [Rzulk %l)k 1?;”3_1%”]’
Xz[_DIZ;ik%z %l)k —%n —%—i—pihiwz],

Y = H2 (ky,R)ky,, Z = —pio? Al = HY (ky Rk Bl = HZ (kyy Ro)ksy
Cl = —p,w?, D1 =H)(k,R)k,,, El=H;z (ks Rk,
Fl1=—p,w? Gl =H} (ks R)ks, Hl=—pi0?

I1 = —poe, (=)' Julk1,Re),  J1 = —potu(—])" Ju(ki, Rk,

The 10 unknown coefficients p®,, pL,, pX,. prw ud, 02, WS, 13, 09, and w9, are obtained in
terms of p, by solving equation (40) using Cramer’s rule [ 17]. These can be substituted back
into equations (18)—(27) to find the displacements of the shell and the acoustic pressures in

series forms.

2.1.3. Solution in terms of the transmission loss (T L)

The sound power transmitted to the interior cavity per unit length of the shell is

© 2n
wh= Z Re{psna/ﬁt wi)*} x f cos? nR; do
= 0
= 30 0/t (W1,)*}, (41)

n=0

where Re{-} and the superscript * represent the real part and the complex conjugate of the
argument, ¢, = 1 forn =0 and ¢, = 2 for n = 1,2,3, .... Substitution of equations (21) and
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TABLE 1

Parameters to calculate TLs of the double shell at the muffler condition

Outside air Outer shell Air-gap Inner shell Inside air
Temperature (°C) 20 — 70 — 103
Density (kg/m?) 04 1-21 0. 7750 0, 1-03 0; 7750 03 0-94
Speed of sound ¢, 343 C, 6100 c, 371 ¢ 6100 c; 389

(m/s)

(22) for p3 and w9 into equation (41) yields an expression for W7

] = nR; ;
wh= % 7;8 -x Re {p3, x H, (k3 Ry) (joow',)*}. (42)
n=0 n
TL is defined by
w,r
TL = —10logio 77 (43)

where W is the incident power per unit length of the shell in the axial direction

V2
_cosrupd
P1€1

w! 2R,. (44)

Thus, an exact expression for TL can be obtained by substituting equations (42) and (44)
into equation (43) as follows:

TL = — 10 1o i Re{p3, x H, (k3,R)) X (jow?,)*} x pyeim x R;
B0 n=1 4&,R o cos(y1)p3 .

(45)

The TL curves of single-walled and double-walled shells calculated in this manner are
shown in Figure 3. The geometry of the shells used in the calculation are R, = 0-1 m,
R; = 009949 m, h, = 0-6 mm, h; = 0-4 mm, h, = 0-01 mm, for the double-walled shell, and
0-1 m radius and 1 mm thickness for the single-walled shell. The material of the shells is
steel, whose Young’s modulus and the Poisson ratio are E = 19 x 10! Pa, and p = 0-3. The
temperature of the interior cavity is taken as 103°C, which is a typical operating condition
of the automative muffler. The incident angle of 45° is used for the figures. Parameters used
in the calculation to obtain Figure 3 are listed in Table 1 for the double-shell case, from
which parameters for the single-shell case can also be obtained by ignoring the parameters
corresponding to one of the shells and the air-gap. The condition in Table 1 is referred to as
the muffler condition.

2.2. SOUND TRANSMISSION ANALYSIS BY PLANE WAVE MODEL

In this case, the problem is idealized as a 1-D wave propagation problem as shown in
Figure 2.
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Figure 2. Schematic description of the problem: 1-D model.

The four-pole method can be used conveniently for this type of analysis [18]. The
four-pole equation between the system’s input and output variables are

COoS kAlA jrA sin kAlA COSkBlB jrB sin kBlB COS kclc jrC sin kclc
{PA} _|. . . {pb}
v 5

Uy J—sinkAlA cos k,ly, isinkBlB cos kg lg J—sinkclc cos k¢ l¢ D
Fc

T4 I'p

(46)

where p and v are the acoustic pressure and particle velocities, k, r and [ indicate the complex
wave number, characteristic impedance, the thickness of each layer respectively. Subscripts
A, B and C refer parameters corresponding to the outer shell, the air-gap and the inner shell
respectively. On multiplying matrices in equation (46), the system equation is contained as

1
A A
{PA}=|: 11 1z:| . (47)
Ua Ay A ]| —
I'p

Since the total particle velocity and pressure v, and p, can be expressed as

i~ Pr A
Uy =0; — U, = B <i + Azz)l’p, (48)
r4q 1))
therefore
A
Di— Dr=Talqg =Ty <% + A22> Pp- (49)
D
Also
A
Pa=Di+ D= <%+A12>PD- (50)
D

From equations (49) and (50), the incident pressure p; and the reflective pressure p, can be
separated, and the reflection coefficient R can be obtained as

:&:A11/VD+A12—”A/VDAzz—VAAzz 51)
pi Anfrp+ Ay +rafrp Ay +r4dsy

R
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Figure 3. TLs calculated from 2-D model at muffler condition: - - - - - , single shell (R = 0-1 m, h = 1-0 mm); ——,
double shell (R, = R; = 0-1 m, h; = 0:6 mm, hy = 0-4 mm).

Since the cross-sectional area of the input and output side of the system are the same in this
case, the power transmission coefficient becomes

T,=1—|R (52)

Finally, the transmission loss can be estimated from the power transmission coefficient:

1
TL(dB) = 10 logyo (53)

U3

The TL curves calculated by this 1-D model are shown in Figure 4 for the same system at
the same condition used to obtain Figure 3.

2.3. COMBINED SOLUTIONS

The TL curves in Figures 3 and 4 can be combined to represent the system response in
the entire frequency range. Considering that lower T L means higher transmitted noise, the
rule to combine two TL curves should be picking up the lower TL at each frequency.
Figure 5 shows the TL curves of the single shell and the double shell obtained by combining
the curves in Figures 3 and 4. These combined T'Ls are used for comparisons of the the
analytical results and the experimental results.

3. COMPARISON WITH EXPERIMENTAL RESULTS

3.1. MEASUREMENT SET-UP

Figure 6 shows the experimental set-up to measure TLs of the shells in an anechoic
chamber. The single shell is shown, which has the same appearance as the double shell.
A pair of microphones shown in the figure is used to measure the sound intensity on the
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Figure 4. TLs calculated from
shell (h; = 0-6 mm, hy = 0-4 mm).
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Figure 5. Combined TLs from Figures 3 and 4: ----- , single shell; ——, double shell.

Figure 6. Experimental set-up of TL measurement.
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TABLE 2

Parameters to calculate TLs of the double shell at the test condition

Outside air Outer shell Air-gap Inner shell Inside air
Temperature (°C) 20 — 20 — 20
Density (kg/m?) 01 1-21 0, 7750 05 121 0; 7750 03 1-21
Speed of sound ¢, 343 C, 6100 c, 343 ¢ 6100 c; 343

(m/s)

external surface. One more pair of microphones is located at the same position on the
internal surface of the shell to measure the sound intensity on the internal surface.

The geometry of the shells used in the experiment is that, with reference to Figure 1,
R,=01m,R; =009m, h, =1 mm, h; = 1 mm, h, = 1 mm, for the doubles shell, and 0-1 m
radius and 1 mm thickness for the single-walled shell. The shells were made of steel, which
has the Young’s modulus E = 1-9 x 10'! Pa and the Poisson ratio u = 0-3. The temperature
was 20°C throughout the entire system during the measurements. The parameters
corresponding to this condition are listed in Table 2 for the double-shell case, from which
parameters for the single shell can be easily obtained. The condition defined by Table 2 is
referred to as the test condition. Obviously, the parameters at the test condition were as
used in the simulations that were compared to the measurements in Figures 7(a-c)
and §(a-c).

For both shells, the measurement was conducted once using an internal sound source,
and the other time using an external source. The internal source was a 3-in speaker and the
external source was a B&K (Type 4296) decahedral speaker. A white noise with the
maximum frequency of 6400 Hz was used to drive the sound sources. The frequency
resolution of the measurement was 16 Hz.

The internal sound source set-up represents the theoretical model better because it has an
anechoic condition externally and reverberant condition internally. This set-up is a rough
reciprocal of the theoretical model. The external sound source set-up has incident as well as
reflected waves both internally and externally.

3.2. SINGLE SHELL MEASUREMENT

The analytical solutions of the sound transmission through the single shell can be
obtained by ignoring the equations corresponding to one of the shells and the annular
space. Figures 7(a,b) compare the measured and calculated TLs of the single shell. The
calculation was carried out using the test condition (see Table 2 for parameters). The
incident angle of 70° was used in the calculation, which was estimated based on the relative
location between the sound source and the intensity probes. Figure 7(a) is the comparison of
the calculation and the test with the source inside and Figure 7(b) is the comparison of the
calculation and the test with the source outside.

The figures show that the calculated TL curves agree reasonably with the measured TL
curves if the differences between the experimental and theoretical models are considered. It
is believed that the measured TL in Figure 7(a) has weaker frequency components in the
low frequency range as compared to that in Figure 7(b) because of the limitation of the
performance of the 3-in speaker used for the former. On the other hand, the former has
stronger frequency components than the latter in the high frequency range, which is
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Figure 7. Calculated TL compared with measured TL. (a) Single shell, inside source, —, calculated; ----- X
measured. (b) Single shell, outside source, ——, calculated; ----- , measured. (c) Single shell, TL averaged for

random incident angles (line legends).

believed to be the effect of the stronger direct field of the internal source set-up used in the
former. The analytical TL curve generally falls between the two measured TL curves.

The calculated TL obviously depends on the choice of the incident angle in the analysis.
This dependency can be removed by averaging TL over all possible incident angles.
According to the Paris formula [19, 20], the average power transmission coefficient 7 is
given as

O
T=2 f 7(0)sin 6 cos 6 d6, (54)

(0]

where 7(0) is the power transmission coefficient calculated for the incident angle 6, and 6,, is
the maximum incident angle, which is chosen as 80° according to the suggestion by
Mulholland et al. [9]. Then, the average TL is obtained as

1
TL,, =10log —. (55)
T

The integration in equation (54) is conducted numerically by Simpson’s rule using an
integration step-size of 2°. Figure 7(c) compares TL,,, to the two measured TLs in a third
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octave format, which shows that the T'L,,, lies between the two measured T'L curves. Bigger
differences between the curves in the low-frequency range may be attributed to the effect of
the boundary condition, a major difference between the experimental and theoretical
models, which becomes more significant in low-frequency modes.

3.3. DOUBLE SHELL MEASUREMENT

Figures 8(a, b) show comparisons between the calculated and measured T'L curves of the
double-walled shell. Trends similar to the single-shell case are found in the double-shell
case. Figure 8(c) compares to two measured T'L curves and TL,,, curve using a third octave
band format for the double-walled shell.

4. PARAMETER STUDIES

Effects of design parameters and system parameters are studied analytically in terms of
their effects on the TL. The simulations for the parameter studies are made at the muffler
condition (see Table 1).
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Figure 8. (a) Calculated TL compared with measured T'L using inside source, double shell (R, = R; = 0-1 m,
h; = hy = 1:0 mm): ——, calculated; ----- , measured. (b) Calculated TL compared with measured TL using
outside source, double shell (R, = R; = 0-1 m, h; = hy = 1:0 mm): ——, calculated; - - - - - , measured. (c) Averaged

TLs compared with measured TLs, double shell.
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Figure 9. Effect of the incidence angle in TLs of the double shell (R, = R; = 0-1 m, h; = 0-6 mm, h, = 0-4 mm):
----- , 30% - —- -+, 40% ——, 60°.

4.1. CHOICE OF INCIDENT ANGLE IN ANALYSIS

The averaging process in equation (54) is very time consuming, which becomes a problem
in design iterations, in which the T Ls have to be calculated numerous times. Therefore, the
effect of the choice of the incident angle is studied to see if the calculation using only one
angle can be used for relative comparison purposes. Figure 9 compares the T Ls obtained
for the incident angles of 30, 45 and 60°. Notice that the T'Ls in parameter studies shown in
Figures 9, 10 and 11 were obtained using only the 2-D model. It is known that the general
trend of the TL curves remains the same, although the curves become different as different
incident angles are used. Therefore, the incident angle of 45° is chosen for parameter studies
later in this work.

4.2. EFFECT OF THE DOUBLE-WALL CONSTRUCTION

Figures 3 and 5 compare the TLs of the single shell of 1 mm thickness and the double
shell composed of 0-6 mm walls 0-4 mm apart by a very air-gap (0-01 mm). Since the total
thickness of the shells is the same, the comparison shows the effect of the double shell design.
From Figures 3 and 5, it is known that the double-wall structure does not help in increasing
the TL in the frequency range lower than the coincidence frequency (about 5500 Hz in this
case). It will be shown later that the double-wall construction provides better noise
insulation as the air-gap size increases, therefore a double-wall construction with large
air-gap has an advantage as an acoustic barrier. A large air-gap design in mufflers is not
available because the double-wall is made by spot welding, which leaves a very small
air-gap. Figure 10 compares the T Ls of the single shell of 1 mm thickness and the double
shell of two 1 mm walls. In this case, the double shell provides better sound insulation,
however, at the cost of doubling the weight.

Based on this study, it is believed that the perceived advantage of the double shell muffier
over the single shell counterpart stems not from the better sound isolation characteristics
but from the increased damping effect of the double shell.
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Figure 10. TLs of the single shell (R =01 m, h = 1-0 mm) and double (R, = R; = 0-1 m, h; = hy = 1-0 mm):
————— , single shell; ——, double shell.
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Figure 11. TLs of the double shell (R, = R; = 0-1 m) with respect to thickness combination: --- - - , double shell
(h; = 1:0 mm, hy = 1:0 mm); ——, double shell (h; = 0:6 mm, hy = 0-4 mm).

4.3. EFFECT OF THICKNESS

Figure 11 compares the TLs calculated by the bending wave model for the shell
composed of two 1 mm walls and the shell composed of 0-4 and 0-6 mm walls. It is known
that the effect of the thickness increase is over a broad range of the frequency.

4.4. EFFECT OF THE AIR-GAP

Figure 12 compares the transmission losses calculated from the bending model for the
double shells of different air-gap sizes. Sound transmission through the double shells of 0-6
and 0-4 mm with three air-gap sizes of 0-01, 1 and 10 mm are considered. The figure shows
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Figure 12. Effect of air-gap in TLs of the double shell (R, = R; = 0-1m, h; = 0:6 mm, hy = 0-4 mm): —,
t, = 0-01 mm; ------ ,t,=10mm; —-—-—- , ty, =10 mm.

that the transmission loss can be increased quite significantly by enlarging the air-gap size,
which is not a possible option for mufflers.

The first two dips in the T'L curves in Figure 12 are noteworthy. It is believed that the first
dip at around 100 Hz is caused by the lowest overall system natural frequency. The second
dip observed at around 770 Hz in Figure 12 corresponds to the first ring frequency of the
annular air-gap. This frequency can be estimated as

(ccavity/cos(y 1)) cphase —speed
cavity = = 5 56
f v 27TRO 27TRO ( )

where ...y 1S the sound speed in the cavity, y, is the incidence angle, R, is the radius of the
shell and ¢ppase—speea Stands for the phase speed in the circumferential direction. The
frequency is calculated to be approximately 770 Hz at the muffler operating condition.

5. CONCLUSION

An exact solution procedure is developed to study the sound transmission through
a double-walled cylindrical shell. The solutions obtained from two models, the first of which
describes the sound transmission caused by the bending waves travelling in the shell and the
second describes the sound transmission by the plane waves travelling across the layers of
two shells and the air-gap. For the bending wave solution, three acoustic wave equations
and two shell vibration equations are solved simultaneously, which provides a series
solution. This is considered to be the first exact solution to this type of a problem obtained
using the full shell vibration equations. To solve the plane wave model, the four-pole
method is used. Both solutions are represented in terms of the transmission loss (T L), which
are then combined into a single T'L curve. Also, the idea of combining the solutions is used
for the first time in this work. The analytical solutions obtained are compared with the
measured TLs, which show reasonable agreement. The effects of important design
parameters such as the air-gap size and the thickness ratio are also studied using the
analytical solutions.
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