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The Neumann boundary value problem has been solved for the region bounded by the three perfect rigid

infinite baffles arranged perpendicularly to one another.

embedded in one of the baffles is the sound source.

The harmonically vibrating clamped circular plate

It has been assumed that the amplitude of the plate’s

transverse vibrations is small to use the linear Kelvin—Voigt theory. The Green function has been applied to
obtain the asymptotic formulae describing the distribution of the acoustic pressure within the Fraunhofer zone.
The analysis of sound radiation has been performed for some selected surface excitations and for some different
plate’s locations. The acoustic pressure distribution has been examined including the acoustic attenuation and

the internal attenuation of the plate’s material.

PACS: 43.20.Ks, 43.20.Rz, 43.40.+s, 43.20.—f, 43.20.4g

1. Introduction

Some vibrating flat surfaces generate the acoustic
waves which are very often radiated within the regions
limited by some kinds of baffles. The baftles reflect the
acoustic waves and influence the acoustic pressure distri-
bution within the region. Additionally, this effect mod-
ifies the source vibrations and its acoustic properties as
well. The baffles” influence on the sound radiation is
particularly significant when the acoustic radiator is em-
bedded in one of the baffles and its distance from the
remaining baffles is small compared with the acoustic
wavelength.

From a practical point of view, it is very important to
investigate the acoustic source radiation within the re-
gions limited by the flat baffles arranged perpendicularly
to one another. These regions are often found in many
building constructions such as industrial halls and resi-
dential buildings. Some walls of buildings can be consid-
ered as such baffles on certain conditions. The analysis of
the sound radiation for such regions allows determining,
e.g. the location of the field point at which the acoustic
pressure amplitude has the greatest value and the best
source location for noise minimizing.

The results obtained on the basis of theoretical inves-
tigations can be used for predictions of the properties of
acoustic sources and consequently for the noise reduc-
tion. However, the pure theoretical analysis of the sound
radiation is possible when some simplifying assumptions
are introduced, e.g. that the baffles are perfectly rigid
and their dimensions are much larger than the acoustic
wavelength. In this case, the Neumann boundary value
problem has been obtained. The acoustic pressure is of-
ten formulated as the double infinite series of the modal
components defined by the formulae containing double

* corresponding author; e-mail: alpha@univ.rzeszow.pl

integrals. Due to summation and integration, the acous-
tic pressure numerical calculations are time-consuming.
Therefore, it is important to obtain some approximate
formulae in their elementary forms which enable to sim-
plify the numerical calculation and perform a wide anal-
ysis of the acoustic source properties. There are many
practical cases when it is only necessary to find the acous-
tic pressure distribution at large distance from the sound
source.

The far field approximation can be used to simplify the
formulae for the acoustic pressure. The acoustic attenua-
tion influences significantly the sound radiation and this
factor should be included. However, this requires calcu-
lating the modal components of acoustic impedance and
causes some numerical difficulties, especially, when the
large number of vibrating modes is used. An error occurs
when the acoustic attenuation is neglected. The value of
this error depends on the vibration frequency and can be
large for some cases. Therefore, it is very important to
perform the numerical analysis of the error. It allows to
indicate some frequencies for which the error values are
acceptably small and the acoustic attenuation can be ne-
glected. The analysis allows determining the frequency
range within the error achieves some large values and the
acoustic attenuation has to be included.

So far, the acoustic radiation of some surface sound
sources located on a flat baffle was the main aim of the
theoretical as well as experimental studies. The acoustic
pressure distribution and the energy aspect of the sound
radiation have been often analyzed [1-10]. The influence
of the point force excitation on the acoustic radiation of
double-leaf plate has been determined in [11] where the
theoretical as well as experimental approach has been
used. The radiation efficiency for some vibrating plates of
different shapes has been obtained based on the discrete
calculation method [12]. The results presented are valid
for the low frequencies. The piezoelectric effect has also
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been used for the active sound reduction in some cases
[13-17].

There are only few studies focused on the sound radi-
ation within the region bounded by more than one flat
rigid infinite baffle. The simplest regions of this kind
are: the two-wall corner — quarter-space bounded by
two baffles arranged perpendicularly to one another and
the three-wall corner — region bounded by three baf-
fles arranged perpendicularly to one another. The sound
radiation of the vibrating sphere in the vicinity of the
quarter-space has been investigated in [18]. The total
power has been obtained for the two pistons system in
the case when the sound sources are located on the two
different walls of three-wall corner region [19]. The acous-
tic pressure distributions within the two and three-wall
corner regions have been analyzed for the circular pis-
ton located on one of the baffles [20]. The sound ra-
diation within the two-wall corner region has also been
investigated for the more complex source such as vibrat-
ing membrane of deformable surface. Assuming that the
membrane is located on one of the baflles, the total acous-
tic power has been analyzed [21]. Moreover, the asymp-
totic expressions for the acoustic pressure distribution
have been obtained [22]. They are valid within the Fraun-
hofer zone. The total acoustics power has been analyzed
in the case of the clamped circular plate embedded on the
boundary of three-wall corner region [23]. The analysis
has been performed for some different plate locations and
for some selected external excitations.

The acoustic pressure has not yet been analyzed in the
case of the plate located on the boundary of three-wall
corner region. Therefore, the main aim of this study is to
obtain the asymptotic formulae valid within the Fraun-
hofer zone to describe the acoustic pressure distribution
radiated by the clamped circular plate. Moreover, mak-
ing use of the results obtained in [23] enables including
the acoustic attenuation. The formulae necessary for that
purpose have been presented in Appendix for the read-
ers’ convenience. The obtained asymptotic formulae of
the acoustic pressure have the elementary form and have
been used to perform analysis of the acoustic pressure for
the two selected surface excitations and for some sample
plate’s locations. The error resulting from the negligence
of the acoustic attenuation has also been investigated.

2. The analysis assumptions

The analysis of the acoustic pressure distribution has
been performed into the region bounded by infinite baf-
fles arranged perpendicularly to one another. The global
Cartesian coordinate system has been introduced to de-
scribe an analyzed phenomenon. The origin of this co-
ordinate system is located at the common point of the
all baffles and constitutes the centre point of the three-
-wall corner region. The axes of the coordinate system
are determined by the points of the baffles intersections.
The considered three-wall corner region can be mathe-
matically defined as 2 = {0 < z < o0, 0 < y < o0,
0 < z < co}. The sound source is a vibrating clamped
circular plate embedded in the baffle located on the plane
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Fig. 1. The vibrating plate at the boundary of three-
-wall corner region: (a) the Fraunhofer zone, the leading
vector of the field point 7, the leading vector of the
source point 75, the field point P, the source point Q,
the spherical coordinates r = |r|, 9, ¢; (b) the location
of source and the vertical baffles in the global Cartesian
coordinates system, the vector of the source point ¢ in
the local coordinates system.

z = 0 (see Fig. 1). The considered plate is made of the
homogeneous and isotropic material of density p. The
plate’s radius equals a. It has been assumed that the
plate’s thickness h is much smaller than its radius which
enables to use the theory of thin plates. The plate centre
is indicated by the vector I = [I,,[,,0]. The field point P
location is described by the leading vector r = [z,y, z].
The coordinates of the source point @) are determined
by the vector ry = [xs,¥s,0]. Additionally, the local
polar coordinate system [rg, ¢o] has been introduced to
describe the source points location. The origin of the
coordinate system is located at the plate centre and its
radial axis is parallel to z axis. The relative location of
the source point @ and the field point P is determined
by the vector R. It has been assumed that the region (2
is filled by the lossless light fluid medium of density po.
The sound velocity equals c¢. There is interaction between
the plate’s vibrating surface and the medium which is
inside the considered region. The baffles of the three-
-wall corner region are perfect rigid and perfectly reflect
acoustic waves. There is a vacuum outside the region 2.
The vertical baffles cause that the plate’s vibrations are
asymmetric. The external asymmetric excitation is ap-
plied to the plate’s surface. The analyzed processes are
state and time-harmonic. They vary with respect to time
according to relation exp(—iwt), where i2 = —1 and w is
the excitation circular frequency. The acoustic pressure
amplitude has been analyzed at the field points located
at large distance from the origin of Cartesian coordinate
system when || > a. It has been assumed that the am-
plitude of the plate’s transverse vibrations is small and
the plate’s motion can be described by the linear model.
Using the Kelvin—Voigt theory the equation of motion
can be formulated as

_ . p\To,
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where
Dy
kot =
T phw?’

v(ro, o) is the velocity amplitude of the plate’s trans-
verse vibrations, p(ro, po) is the amplitude of the acoustic
pressure exerted on the plate’s surface by the medium,
p(exeit) (14, o) is the amplitude of the external excita-
tion, D = ERh3/[12(1—1?)], E, v denote Young’s modu-
lus and the Poisson ratio, respectively, 7 is plate’s internal
attenuation factor [23, 24]. The formulae which allow to
solve Eq. (1) including the acoustic attenuation and some
external excitations have been presented in Appendix.

Dr = Dg(1 — iwi). (2)

3. The acoustic pressure within
the Fraunhofer zone

The acoustic pressure can be obtained based on the
following formula:

() = ~ikopc [ o(r)Glrlr,)ds' (3)

’

where pg is the medium density, k¥ = 27/ is the acoustic
wave number, X is the acoustic wavelength, c is the sound
velocity in the medium, v(ry) is the normal component
of the vibration velocity amplitude, G(r|rs) denotes the
Green function of the Neumann boundary value problem,
S’ is the surface directly adjacent to the surface of sound
source [25]. The acoustic pressure (3) can be presented
after using Eq. (1) as the double series of the modal com-
ponents [23]

- - w C [ s S
pr)=>"3" [C%?npq(n‘?n('r) + C%?np%@?n(’r)},

wm n
m=0n=1
4
where (4)
i (c)
pzsn(’r) — _kOPOCUJm,n / ‘/I/'y(n;)n(ro7 900)
pm,n("“) S’ Wm,n(To, 990)
x G(r|rs)ds’. %)

The Green function for the analyzed problem can be ex-
pressed on the basis of the Weyl equation [20, 26]:

G(r|rs) = G, (rlrs) + Gy, (r|rs)
+Glz,,ly(7‘|’l"5) +G711,71y(’l" ’I"S), (6)

where

exp(iko Ry v
Gunrlry) = P k0 Ts), (7a)

R = [z — sgn(u)a,]? + [y — sgn(v)ys]? + 22,

(7b)
sgn () denotes the signum function. The presented form
of the Green function can also be obtained using the
method of images. The first component in Eq. (6) can
be interpreted as the Green function of the real source
when there are no vertical baffles. The remaining three
components represent the Green function for the image
sources (see Fig. 2). The quantity Ry, for u € {l,,—l,}
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and v € {l,,—l,} is a distance between the point lo-
cated on the surface of one of sources and the field point
P = P(x,y,z).
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Fig. 2. The location of the real source and the im-
age sources in the global Cartesian coordinates system.
Solid line denotes the real source and dashed lines rep-
resent the image sources.

The source point’s coordinates have been presented by
their local counterpairs as follows:
Ys = ly + 1o sinpg. (8)

Then, the distances (7b) have been written in the global
spherical coordinate system [r, ¢, 9] using the following
transformations: = = rsindcose, y = rsindsingp,
z=rcos?¥ (cf. [20, 22]):

() e (5] o () - 6

7o Lz €os po + 1y sin g

Ts = ly + 19 cos g,

+2
T r
—2sin?d [ucosap—i—vsmgp + T—O(sgn(u) COS ¢ COS g
r r
+ sgn (v) sin p sin goo)} . (9)

The acoustic pressure at large distance from the coordi-
nate system origin can be obtained assuming that r > rq.
The expression R, ,/r has been presented as the limited
to the terms of zero and first order expansion series of
variable 7o/r. Finally, the approximation for distance
(7b) can be written as

Ru,v ~ Qu,v + TO(Au,v COS Yo + Bu,v sin 4100)7 (10)
where
Qup = \/7"2 +12 412 — 2rsind(u cos ¢ + vsin @),
(11a)
A= lx — sgn(u)rsind cos ¢
u,v Qu,v y
Bu = l, — sgn (g)r sinﬁsinap. (11b)

The approximation from Eq. (10) enables to obtain the
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asymptotic formula for the expression given by Eq. (7a)
and consequently for the acoustic pressure. The de-
nominator in Eq. (7a) is slowly varying with change of
R, , and can be replaced by only first component from
Eq. (10). The approximate formula can be presented in
the form of

Guu(r|rs) =

P (7)
P (7)
where

~(¢) .

mon (T, U, U exp(ikoQu,v

Zj(s) ( ) = —kopocwm,n Pik0Qu,0)
pmyn(”.?U’?U) Qu,v

a (c)
EFp, (7"0)
X W (7 o rodr 14
/0 ’(O){F}S@)(ro)}o 0 (14)
and

{ F7(nC) (TO)

exp(ikoQu,v)
27TQ1L,1)

Q

~(s)

27
} = %/0 exp(ikoro( Ay, cOs @o

ng)(ro)
+Bu,v sin 900)){ C.OS e }dQOO (15>
sin my

In order to perform the integration in Eq. (15) it is nec-
essary to introduce the following substitutions:

koAy o = Ajacosw, koBy, = A/asinw. (16)

Making use of the following formulae:

2 .
/ cos(a) cos(b) { C_OS e } de
0 sin mep
cos ma
0 b

27
/ cos(a) sin (b) { C.OS g } de
0 sinmy

0

sinma’

2
/ sin(a) cos(b) { C,OS e } de
0 sinme
cos mao
O )

=27 cos(mW/Q)Jm(Z){
= 2w sin(mn /2)J(2) {

= 2w sin(mn/2) I (2) {

=(s)

ﬁgﬁ?n(’r, lys ly) + ﬁgﬁ?n(?ﬂ —ly, ly) + ﬁg'i)’n
ﬁgri)n(r, Ly ly) + P (7, —lu, ly) + Pmin

(’l", e, _ZU) + ﬁsﬁ?/fl(r’ —lz, _ly)
(r,l, ’
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x exp(ikoro(Au,w cospo + By, singp)). (12)

The modal quantities (5) related to the acoustic pressure
can be formulated on the basis of Egs. (6) and (12) as
follows:

(s (13)
1) + Pt (1 1, —1y)

27
/ sin(a) sin (b) { C,OS e } de
0 sinmep

0

. ’
simmao

=27 cos(mW/Q)Jm(Z){

where @ = Z cosacos p, b = Zsinassin ¢, leads to

Fy(np)(T’()) _ .
{ F7(,f)(7“0) = exp(imn/2)

sin mw

X T (Ao /a){ cosmmtw } (17)

The values of A and w should be found from Egs. (16).
Inserting Eq. (17) into Eq. (14) and performing integra-
tion over the radial variable yields

~(c)
m,n\T, U,V
{ Ij(sﬁ ( ) } = 7ﬂap06wmyn

pmvn(r’ U, U)

exp(ikoQu,v)V2Em B2 n
« )
Qu,v (B;Ln,n - A4)

X (BmnQm,nIm(A) = Adm11(A))

X exp(imﬂ'/Q){ cosmw }, (18)

sin mw

where B = koa, Q. on = m-‘rl(/Bm,n)/Jm(/Bm,n)

After obtaining constants c,(ﬁ),n, c$;°;)n from Eqgs. (A.8),

the acoustic pressure within the Fraunhofer zone can be
calculated including the acoustic attenuation on the basis
of the formulae given by Eqs. (4), (13) and (18). The
presented expressions can also be used for the acoustic
pressure calculations in the special cases i.e. when there
are no vertical baffles or when only one vertical baffle
exists. The formula (13) limited to the first component
is valid when the vertical baffles do not exist. Using only
two first components in Eq. (13) leads to the expressions
presenting the acoustic pressure in the case when there
is only one vertical baffle located on the plane xz. The
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numerical analysis of the acoustic pressure distribution  the vibrating clamped circular plate asymmetrically ex-
within the Fraunhofer zone has been performed based on cited. The formulae presented in Appendix have been
the obtained formulae. The selected external excitation used to investigate the acoustic attenuation influence on

and some different plate locations have been analyzed. the sound radiation. They also enable to include the
excitation of any asymmetric surface distribution. The
4. Numerical analysis following two arbitrary surface excitations have been se-

lected for the numerical analysis:
Based on the obtained asymptotic expressions, the nu- . F
. . . . . . (excit.) (. — 05 70 )& 3 19
merical analysis of the distribution of acoustic pressure b1 (r0,0) = To (ro — T0)d(0 — Po) (19a)
amplitude has been performed within the Fraunhofer
zone of the three-wall corner region. The sound source is

éeXCit'); To — ATg/2 <1rg < To+ ATg/2 and @0 — Ape/2 < @o < @o + Apo/2,

. (19b)
; otherwise,

péeXCit')(To, ®o) = { g

where §(-) is the Dirac delta function, Fy [N], p{™“*) [Pa].  plate’s surface. The shape of the piezoelectric element
The excitation defined by Eq. (19a) is the point excita- should be similar to the plate’s segment. The excitation
tion representing the concentrated force of the amplitude models defined by Eqgs. (19) has been chosen for some
Fy which is exerted at the surface point [Fo, $o]. This practical reasons. Namely, the excitation from Eq. (19b)
is the asymmetric excitation in the mathematical form can be modeled by the excitation from Eq. (19a) in the
convenient for further calculations. In particular, when  case of the low frequencies when the length of the radi-

ro = 0, the excitation is symmetric. Equation (19b) ated acoustic waves is large in comparison with the geo-
presents the excitation of the pressure amplitude p™@*)  metric dimensions of t}}e excited plate’s segment. More-
applied to the plate’s segment of area Sy = FoAFgA@y.  OVer, the area of plate’s segment should be small com-

In the case of this excitation, the sound radiation of the pared with the. whole plate’s area. _Th‘? use of t'he sim-
vibrating plate has been analyzed in detail in [23]. The pler m.athematlcal.model of the excitation simplifies the
centre point of the excited plate’s segment is located at numerical calculations.

the source point whose polar coordinates are equal to

[Fo, Po] (cf. [23]). It has been assumed that ATy = /Sp,

Agy = \/So/Tg and Sy < S. The first two conditions The expressions from Eg. (A.?) can be formulated in
, .. the case of the chosen excitations as
mean that the shape of plate’s segment becomes simi-
lar to a square when its distance from the plate’s centre pl(en’;cif"c) Wy(rf)n(fo, @o)
grows. The excitation can be implemented by an elec- (excit.,s) 0 W) (7o, Bo) ) (20)
trically controlled piezoelectric element located on the 1,m,n m,ni0, £0
|
(excit.) —/_ _
(excit.,c) _ Do ’LU(’I’) A(va m= O, (21&)
2,m,n S 1/m[sin(m(@o + Ago/2)) — sin(m(@g — Ago/2))]; |m > 1,
P(excit.,s) _ péexclt')w(f) 0; m = 0’ (21b)
2 S —1/m[cos(m(@o + Ago)) — cos[m(po — Ago]l; [m = 1,
\
where the formula have been limited to a finite number of terms
e T+AT/2 to perform any numerical calculations. It means includ-
w(r) :[ ) Wnn (r)rdr. (22) ing only some vibrating modes and causes that an er-
TTAT/ 2 _ ror occurs. All modes of the eigenfrequencies lower than
The numerical calculations have been performed as- the excitation frequency and some modes with the higher

@n}ing that the plate is made of stee.l fmd the medium  gjgenfrequencies have to be included to provide the cor-
1S alr. .The values of parameters deS(.:rlbmg the analyzed rect numerical results. The number of modes which have
acoustic system have been presented in Table. The acous- {4 be included in the numerical calculations will be in-

tic pressure has been calculated based on the formula  dicated later for the assumed vibrating frequency. The
from Eq. (4). However, the infinite series appearing in
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TABLE

The values of the parameter describing the analyzed vi-
broacoustic system. The plate is made of steel and the
medium is air.

Parameter Value
plate radius a=0.2m
sound velocity in the medium c=340 m/s

E =205 x 10° Pa
h=1x10"3m
7=10""%s
v=0.3

p = 7700 kg/m?
po = 1.293 kg/m?

Young’s modulus

plate thickness

plate’s internal attenuation factor
Poisson’s ratio

plate density

medium density

numerical analysis of the acoustic pressure amplitude has
been performed. The normalized value of the quantity,
defined as

D = |p(r)|/pret., (23)

where prer. is the normalizing value, has been presented
graphically.

The sound pressure level corresponding to the nor-
malizing value equals Lyet. = 20l0og;o(prer./Po) where
po = 20 pPa and has been included in the descriptions
of each figure. The values of the acoustic pressure am-
plitudes have been calculated at large distance from the
origin of Cartesian coordinate system using the obtained
asymptotic formulae. It has been assumed that the exci-
tation frequency does not exceed f = 400 Hz. The min-
imum number of the included modes can be determined
by means of an analysis of the relative error Eiyync. re-
sulting from the truncation in the series from Eq. (4).
The error Eirunc. has been calculated based on the fol-
lowing formula:

B _ |Daps128 — Dun|
trunc. —

Dy N ’ (24)
where Dy n is the value obtained by including all modes
(m,n) where m < M and n < N. The numbers M, N
determine, for the included in numerical calculations
modes, the maximum numbers of the nodal diameters m
and the nodal circles n, respectively. Taking into account
that the error Eiyyne. grows together with the vibration
frequency, the calculations has been performed for the
maximum frequency f = 400 Hz. The different numbers
M, N have been analyzed. The acoustic attenuation has
been neglected and the constants cﬁ,(i),n, cﬁfl)n have been
obtained from Eq. (12). In this case, it is not necessary
to calculate the modal coefficients of acoustic impedance
from the integral formulae and the computational com-
plexity is reduced. The acoustic pressure can be obtained
for a large number of the included vibrating modes.

The normalized amplitude of the acoustic pressure D
and the relative error Fipune. from Eq. (24) as the func-
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Fig. 3. The normalized acoustic pressure amplitude D
of the vibrating circular plate and the relative error
Eirunc. defined by Eq. (24). The excitation is given
by Eq. (19a) and 7o = 0.5a, g0 = 7w/4, Fo = 1 N,
f =400 Hz. It has been assumed that: I, /a,l,/a = 1.5,
r = 16 m, Lyes. = 55.8 dB. Key for (a) and (c¢): solid
line — ¢ = 7/8, dashed — ¢ = 7/4, dashed-dotted —
¢ =7/3, dotted — ¢ = 7/2; key for (b) and (d): solid
line — ¢ = 7/8, dashed — ¥ = 7/4, dashed-dotted —
¥ = 3m/8, dotted — ¥ = 7/2.

tions of the spatial coordinates ¥, ¢ have been shown
in Fig. 3. The error has been calculated for M = 4,
N = 5. The normalizing value py¢. is equal to the acous-
tic pressure amplitude in the case when ¥ = 0. The
acoustic pressure has been calculated for a big distance
r = 16 m from the origin of Cartesian coordinates sys-
tem. Figure 3 shows that the relative error Eiyyn.. does
not exceed 1% for almost all analyzed field points. The
exceptions appear near the points [, 9] = [7/5, 7/8] and
[7/5,m/2]. These large values of the error result from
the small value of the acoustic pressure amplitude within
the considered region of the acoustic field. It means that
the number of the included vibrating modes is sufficient
to analyze the sound radiation of investigated plate. In
the case when the higher accuracy is needed, it is nec-
essary to include more vibrating modes or analyze the
lower vibration frequency.

Further numerical calculations have been performed
for all modes (m,n) where m = 0...4 and n =1...5.
The acoustic attenuation including requires the calcula-
tions of the 2025 modal coefficients of acoustic impedance
based on the integral formulae (A.10) and obtaining the

constants cgf,,?n, cgi?n from Eqs. (A.8). The presented for-
mulae describe the acoustic pressure within the Fraun-
hofer zone and enable to include the acoustic attenuation.
The calculations performed in the case when the acoustic
attenuation is included are much more time-consuming
than the calculations performed when this factor is ne-
glected. Therefore, it is important from practical view-
point to determine the conditions when the neglecting of
the acoustic attenuation does not cause a large error. For
this purpose, the relative error F,iten. resulting from the
negligence of the acoustic attenuation has been analyzed.
This error has been defined as
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_ |Datten. B D|

Eatten. - ’ (25)

Datten.
where Dygten. is the value calculated including the acous-
tic attenuation, D denotes the approximate value ob-
tained neglecting the acoustic attenuation. Obviously,
the influence of the acoustic attenuation significantly de-
pends on the vibration frequency. Therefore, the depen-
dence of the relative error Faiten. On the vibration fre-
quency has been investigated. In Fig. 4a, the dashed
line presents the quantity D as a function of the fre-
quency in the case when the acoustic attenuation has
been neglected. The acoustic pressure has been calcu-
lated including the acoustic attenuation for some sample
frequencies.

0.
10! % 100 .
D ,N\ Eatlen, &
101 N LT ———
AN / 102
/ ~.
! o/ .
I
1021 / (a) (b)
1074
0 100 200 300 400 0 100 200 300 400
fTHz] fTHz|
Fig. 4. The normalized acoustic pressure amplitude D

of the vibrating circular plate and the relative error
E.tten. defined by Eq. (25). The excitation is given by
Eq. (19a) and 7y = 0.5a, ¢o = 7/4 and Fo = 1 N. It
has been assumed that the field point is located above
the plate’s centre at the distance of H = 16 m and
le/a,ly/a = 1.5, Lies. = 75.61 dB. Key for (a): dashed
line — the acoustic attenuation neglected, single points
— the acoustic attenuation included; (b) points — er-
ror.

The results of these calculations have also been illus-
trated in Fig. 4a for comparison. The error Eptten. as
a function of the frequency has been shown in Fig. 4b.
The amplitude of the acoustic pressure has been calcu-
lated at the field point located above the plate’s centre
at the distance of H = 16 m. The normalizing value py..
is equal to the maximum value of the acoustic pressure
amplitude obtained for the analyzed frequencies and in
the case when the acoustic attenuation is included.

The analysis of Fig. 4 shows that the acoustic atten-
uation significantly influences the value of the acoustic
pressure amplitude. The error E,gten. 18 greater than 1%
for almost all investigated frequencies. This quantity
achieves the greatest values for the frequencies near the
resonance frequency f = 63.5 Hz corresponding to the
eigenfrequency of the mode (0,1). The maximum value
of the error Eaiien. is equal to 44% for 65 Hz. The acous-
tic attenuation shifts the resonance frequency towards
the lower frequencies. This effect is particularly notice-
able in the case of the first resonance frequency (Fig. 4a).
Generally, the large values of the error Eygten. Occur for
the resonance frequencies. It means that the acoustic at-
tenuation can only be neglected for frequencies different
from the frequencies near the resonance frequencies and
when a high accuracy is not required.
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The vertical baffles influence on the quantity D has
been investigated for the field point located above the
plate’s centre at the distance of H = 16 m. It has been
assumed that f = 250 Hz and the acoustic attenuation
has been neglected.

1=« 1=~
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Fig. 5. The normalized acoustic pressure amplitude D

of the vibrating circular plate. The excitation is given
by Eq. (19a) and 7o = 0.5a, g0 = 7w/4, Fo = 1 N,
f = 250 Hz. It has been assumed that the field point
is located above the plate’s centre at the distance of
H =16 m, L. = 60 dB and for (b) l»/a = 1.5. Key
— solid line: (a) without vertical baffles; (b) only one
vertical baffle located on the plane xz.

In the case of Fig. 5, the normalizing value p,¢f. is equal
to the amplitude of acoustic pressure radiated when the
plate is located as close as possible to the vertical baffles
i.e. when l;,l, = a. Assuming that [, = [, the normal-
ized amplitude of the acoustic pressure D as a function
of the distance from the vertical baffles has been pre-
sented in Fig. 5a. The dependence of the quantity D on
the distance [, has been shown in Fig. 5b for I, = 1.5a.
Additionally, the solid line presents: in Fig. 5a — the
quantity D in the case when there are no vertical baffles,
in Fig. 5b — the quantity D when only one vertical baf-
fle exists. Based on Fig. 5a,b, it is possible to analyze
the amplitudes’ values of the acoustic pressure radiated
in three specific cases, namely when: there are the two
vertical baffles, only one vertical baffle exists, and there
are no vertical baffles.

The plate located nearly the vertical baffles of the
three-wall corner region radiate the acoustic pressure of
the amplitude almost twice higher than the amplitude of
the acoustic pressure radiated in the case when there is
only one vertical baflle located near sound source and al-
most fourfold higher than the amplitude of the acoustic
pressure radiated in the case when there are no vertical
baffles. It means the significant increase in the acoustic
pressure amplitude caused by the vertical baffles which
reflect the acoustic waves. The same effect has also been
observed in the case of the simpler circular sound sources
such as pistons and membranes located near the vertical
baffles [20, 22]. In the case of the analyzed plate, the
vertical baffles cause the increase in the acoustic pressure
for some plate’s locations (maxima) and its reduction in
other locations (nodes) (Fig. 5a,b). This results from the
superposition of the direct and reflected acoustic waves.

The analysis of the sound radiation in the case of the
acoustic sources located on the boundary of the two or
three-wall corner regions enable concluding that the de-
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pendence of the acoustic pressure amplitude on the dis-
tance from the vertical baffles are similar for the vibrat-
ing pistons, membranes as well as for the investigated
plate [20, 22]. It means that the influence of the vertical
baffles on the sound radiation is similar for the different
circular acoustic sources. The analyzed situation, when
the distances between the plate and the vertical baffles
increase for the fixed vibration frequency, is analogous
to the situation when the vibration frequency increases
for the fixed plate’s location. The distances between the
plate and the vertical baffles related to the acoustic wave-
length increases together with the vibration frequency.
The frequency increase influences the acoustic pressure
amplitude in the similar way as increase in the distances
between plate and vertical baffles. The local maxima,
analogous to those shown in Fig. 5, decrease when the
vibration frequency increases. It should be noted that
only the low audible frequencies i.e. from 20 Hz to 400 Hz
have been considered in this study. Therefore, the atten-
uation of some acoustic waves in air has been neglected.
However, this factor is very important for high frequen-
cies.

In study [23], the total sound power has been analyzed
in the case of the point excitation from Eq. (19a) and
the excitation applied to the plate’s segment defined by
Eq. (19b). The sound source was the clamped circular
plate located on one of the baffles of three-wall corner
region. The values of the total sound power obtained
in the case of both excitations has been compared with
each other assuming that the following relation is satis-
fied (compare the excitation from Eq. (19a)):

FO _ / péexcit.)(r07 @Q)dS _ péexcit.)so' (26)
S

It has been proved in study [23] that the total power ra-
diated in the case of the excitation defined by Eq. (19b)
can be approximated by the total power radiated in the
case of the point excitation from Eq. (19a). This ap-
proximation can be applied only for the low frequencies
and when the area of the excited plate’s segment is small
compared with the whole plate’s area.

The question arises whether the acoustic pressure dis-
tribution radiated in the case of the excitation from
Eq. (19b) can be approximated by the acoustic pressure
distribution radiated in the case of the excitation from
Eq. (19a). The answer to the question can be found by
analyzing the value of the relative error Fexcit.:

Eexcit. = %7 (27)
where D1 is the quantity D obtained for excitation from
Eq. (19a), D2 denotes the quantity D obtained for ex-
citation from Eq. (19b). The defined error results from
the approximation of the excitation from Eq. (19b) by
the excitation from Eq. (19a). It has been assumed that
So/S = 0.001 and f = 200 Hz. The amplitude of the
concentrated force Fyy defining the point excitation from
Eq. (19a) has been determined based on the relation (26).
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Fig. 6. The relative error Eexcit. defined by Eq. (27).
The parameters describing the excitations given by
Eqgs. (19) are equal to 7o = 0.5a, o = 7/4, f = 200 Hz,
So/S = 0.001. It has been assumed that r = 16 m, and
p=m/4.

The amplitude of the excitation pressure péeXCit') does

not influence the value of the relative error Feycit, and
has been chosen arbitrarily only to perform the numeri-
cal calculations. The dependence of the error Fexcit. on
the spatial variables ¥ and ¢ has been investigated. The
calculations have been performed assuming that the dis-
tance between the analyzed field points and the origin of
the global coordinate system is equal to 7 = 16 m. The
numerical analysis of the error Feycit. enables concluding
that the dependence of this quantity on the spatial vari-
able ¥ is similar for ¢ = 7/8,7/4,7/3,7/2. Therefore,
the error Feiit. as a function of the variable ¥ has been
presented in Fig. 6 only in the case of ¢ = m/4. The error
Eexcit. does not exceed 0.7% for all the analyzed values
of angle ¥ (cf. Fig. 6). The value of variable ¢ does not
significantly influence the error Feycit.. The curves pre-
senting the error Feycit. as a function of the angle ¢ are al-
most the straight horizontal lines and they have not been
illustrated. Based on the performed numerical analysis,
it can be noted that for all values of the variable ¢ the er-
101 Eexeit. does not exceed 0.1% when ¢ = 7/8 and is less
than 0.5% for ¢ = w/4,37/8,7/2. Taking into account
that the error Fexcit. achieves the small value within the
whole analyzed region, the acoustic pressure distribution
obtained in the case of the excitation from Eq. (19b) can
be approximated by means of the acoustic pressure dis-
tribution obtained in the case of the excitation defined
by Eq. (19a). Consequently, the simpler mathematical
model of excitation can be used which enable simplifying
the numerical calculations.

5. Conclusions

The presented formulae of the acoustic pressure have
the elementary form. They allow performing some fast
numerical calculations within the Fraunhofer zone of
three-wall corner region even for a large number of vibrat-
ing modes included. It is possible only when the acoustic
attenuation is neglected. Otherwise, a large number of
the modal coeflicients of acoustic impedance have to be
calculated numerically which causes that the number of
the included vibrating modes is limited by the computa-
tional complexity. The obtained formulae enable reduc-
ing the time-consuming of the numerical calculations also
in that case.

The performed analysis allows concluding that the rel-
ative error resulting from the negligence of the acoustic
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attenuation does not exceed a few percent. Only one
exception appears within the narrow frequency range
around the first resonance frequency where the error
achieves large values. It has been noted that the influence
of the vertical baffles on the sound radiation is signifi-
cant. This influence is particularly noticeable when the
source is located in the vicinity of the baffles. Adding one
vertical baffle to the horizontal baffle with the vibrating
source causes almost the twice increase in the acoustic
pressure amplitude, whereas adding the two vertical baf-
fles causes nearly the fourfold increase in this quantity.
The results obtained are similar to those presented in
previous studies and they are related to the sound radi-
ation of the circular sound sources such as membranes
and pistons. The theoretical and numerical analysis per-
formed allows concluding that the excitation applied to
the plate’s segment of small area can be modelled by the
point excitation.

Appendix. The solution of the equation
of motion for the excited plate

The solution of the equation of motion given by Eq. (1)
can be presented as the following double infinite series
[23, 27-29):

(U(TO?sDO =—iw Z Z [ Cmon m.n 707990)

m=0n=1

+ e W) (TO,@O)} (A.1)
where W,(,f?n(ro, o) and Wy(ni)n(ro, ©g) form=0,1,2,...
and n =1,2,3,... constitute the complete system of the
eigenfunctions, cgﬁ)n,cgﬁ)n € C are unknown constants.
The eigenfunctions of a clamped circular plate can be

expressed in the form of

W,g)n (70, ©0) W) €OS MY (A2)
W7(rf)'n (ro,¢0) ’ sinmepg |’
VEm

Wnnlro) = 5 o)
X [Jm(km_,nro) — mlm(km’””))]’ (A.3)

where J,,(-), In(-) are the m-th order Bessel function
and the modified Bessel function, respectively, €,, = 1 for
m=20, g, =2form >0, kfnn = Wm,n\/PR/DE, Wmn 18
the eigenfrequency of the mode (m,n), Bpm.n = kmna de-
notes the eigenvalue which is a solution of the frequency
equation Jm+1(ﬁm,n)-[m(ﬁ7n,n) + Jm (5m,n)jm+l(ﬂm,n) =
0 [27]. The constants ciﬁ?n,cgﬁ?n appearing in Eq. (A.1)
have to be calculated to obtain the solution for the equa-
tion of motion. These constants depend on: the external
excitation, the distances between the plate centre and the
vertical baffles, the vibration frequency and the internal
attenuation. The eigenfunctions given by Eq. (A.2) sat-
isfy the following relation [24]:
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mn TOa@O) }{ W]S,Cl)(TOﬁDO)

27
// { mnT(MPo) W;Sl)(r(),@o)

= S(;m,k(sn,la

}7‘0 dro dSO()

(A.4)

where S = ma? is the plate’s area, and 6, , denotes the
Kronecker delta.

Inserting solution (A.1) into Eq. (1) and taking
into account that VAW, (ro, ¢0) = kf,me)n(To,goo)

V4W7§,f,)n(7“0, o) =k} m)n(ro, ©0), leads to the follow-
ing equations system [7 23]:

Cgri)n kfn,n 1]+ 1 P 7(75,)71,

an)n k‘l% phw2 Pr(ns,)n
1 Ps;:lcitﬂc)

T pha? | plesct) [

P, 1 / W9 (ro, ©0)
9 (=3 [ plro,eo) s ds,
{ P, } S Js 070 { Wv(n,)n(roﬁpo)

(A.6)
P(excit.,c) 1 / )
m,n _ (excit.)
excit.,s - Q p (’f‘o, SOO)
{P'r(n,nt’) S S
Wi
xd Wann(ro.20) 1 gg (A7)
Winin (7o, ¢0)

After employing Eq. (4), the equations system (A.5) can
be written by means of the modal coeflicients of the
acoustic impedance (cf. [23]):

Csri)n kﬁ*Ln 1 ic Wwo,1
— = — lgg—=—
i kit “w
o oo (c.0) (s.0)
(c) JImn (8) JImn
X (Ck,l { C](Ccls) } + Ck,l { Ifsl,s) })
k=0 =1 k,l;mn k,lsm,n

(excit.,c)
where ) |
ks = o, PP ()08
i,j € {c, s} (A.9)

are the modal coefficients of the acoustic impedance,
r = [z,y,0] and g9 = poc/(phwo 1) is the coeflicient of
the acoustic attenuation.

The modal coefficients of the acoustic impedance have
been obtained using the Green function in the Fourier
representation. Finally, the following integral formulae
have been formulated [23]

(w)
i o m.n )rdr
<7(:zzl)k;l — 46 /7€m5 / ¢m k' w ( )d’k,l( ) 7

(A.10)
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} = (1) £ Jypm (2BL7T)

x cos((k+m)er) + Jk+m(2ﬁLm7)]
+(=1)* [Jk_m(QBLT) cos((k —m)pr)
+ Jj—m (2BLyT)] + cos((k — m)7/2) [Jitm (2BLyT)

ijk—m(26LyT)} +5m,k{ 2/5771 }7 (Alla’)
sgn (m)

¢ (1) = (~1)* ™ Jyyn (26L7) sin((k + m)pr)
+ (—l)ka_m(ZﬁLT) sin((k —m)er)

— sin((k — m)7/2)[Jrpm (2BLyT) + Ji—m (28LyT)],
(A.11Db)

Sk (1) = o (), (11

VI2+LE = |l|fa > 1, Ly = l;/a > 1,

L,=1l,/a>1, pr = arctan(L,/L,) is the angle between
the vector I and the z-axis (see Fig. 1).

The acoustic attenuation can be neglected when
g0 — 0. Assuming in equations system (A.8) g = 0
yields

CngL),n _ k%« P7(nc,xnClt"C) (A 12)

chom | phe? (ki — kD) | P [
The above equations allow to obtain the necessary con-
stants cs,f),n,cg,i?n without calculating the modal coeffi-
cients of the acoustic impedance which are defined by
the integral formulae. It reduces the numerical calcu-
lation time. However, employing Eq. (A.12) is possible
only in special cases. Generally, it can cause some large
errors, especially for the frequencies near the resonance
frequencies.

where L =
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