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Abstract. The distribution of acoustic field and loudness in a structural-acoustic coupling cavity
with a harmonic force excitation on an elastic plate is studied in this article using the analytical
algorithm. Based on the theory of impedance and mobility, the interior acoustic field model is
established for the structural-acoustic coupled system under simply supported conditions.
Combined with the Zwicker’s loudness model, a model of interior acoustic field sound loudness,
which is also in the structural-acoustic coupled system, is established for forecasting. The sound
loudness distribution of three different location points in the cavity is analyzed by using the
numerical calculation results. The effect of spatial position on sound intensity level, sound
intensity density and critical-band level is also studied through taking the frequency selectivity of
human hearing system into account. And the research results provide analytical method for
forecasting and designing sound loudness in the structural-acoustic coupling cavity.

Keywords: loudness, structural-acoustic coupling, impedance and mobility approach method,
harmonic force excitation.

1. Introduction

The sound quality of machine elements is of great importance in the design of high-quality
machinery. Noise in an enclosed cavity, such as in the interior car, has been paid more attention
in recent years. Therefore, it is particularly significant to control the sound quality in an enclosed
cavity. Among the parameters of sound quality, loudness is a very important parameter.

Many researchers have studied noise in an enclosed cavity by using Finite Element Method
(FEM) since 1960s. Gladwell and Zimmermann developed an energy formulation of the
structural-acoustic theory, in which the stage was set for the application of FEM to acoustic cavity
analysis [1]. Early contributions to development of finite element approach were made by Craggs
[2], Shuku and Ishihara [3], primarily providing a practical method for analyzing the acoustic of
the automobile passenger compartment. And NASTRAN was used by Nefske and Wolf [4] for
the study of automobile interior noise, as well as its application into structural-acoustic analyses
of the passenger compartment was described.

As for the calculation of sound loudness, on the basis of Zwicker’s loudness model [5],
researchers have provided some methods such as EMBSD [6], PSQM [7], PEAQ [8] and etc.
However these methods still fail to provide all of the necessary details. These have been
summarized in [9]. Then Kabla [10] corrected the PEAQ method which was more precise than the
others. In the present paper, the corrected PEAQ approach is applied to calculate the sound
loudness radiated from rectangular acoustic-structure coupling plates.

The impedance and mobility approach method for the analysis of structural-acoustic systems
was proposed by Kim in 1999 [11]. The kernel idea is derived acoustic mode amplitude
contribution and elastic plate mode amplitude contribution in cavity by using cavity impedance
Zy, the structural mobility Y, modal coupling coefficients Cy, ,,, of modal synthesis theory.

Consequently, the sound loudness in an enclosed cavity is thus calculated. By comparing the
different location point in the structural-acoustic coupling cavity with a harmonic force excitation
on an elastic plate and taking the frequency selectivity of human hearing system into account, the
effects of sound loudness are studied in detail.
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2. Zwicker’s sound loudness model

The sensation that corresponds most closely to the sound intensity of the stimulus is loudness.
Critical bandwidth plays an important role in the loudness, and the loudness on the slopes of the
frequency selectivity characteristic of human hearing system may also play an important role. The
excitation level versus critical-band rate represents the pattern that describes not only the influence
of critical bandwidth but also that of the slopes. Therefore, it seems reasonable to use the excitation
level versus critical-band rate as a basis from which the complex of the loudness may be
constructed [13]. The loudness is then an integral of the specific loudness over all critical-band
rates [5]:

24
N =J. N'dz. 1)
0

Thus, the transformation from critical-band rate level into excitation level versus critical-band
rate is necessary. Both the frequency related transformation into critical-band rate and amplitude
related transformation into specific loudness are of crucial importance for evaluating sound at the
specific receiver, e.g. the human hearing system. The transformation from excitation level into
specific loudness must be known in order to transform excitation level versus critical-band rate
into specific loudness versus critical-band rate. This transformation is discussed below.

Steven’s law [14] says that a sensation belonging to the category of intensity sensations grows
with physical intensity according to a power law. According to this law, one has to assume that a
relative change in loudness is proportional to a relative change in intensity. Instead of the total
loudness, specific loudness is used as the value. According to the Zwicker’s loudness model, the
specific loudness is given by as follows [5]:

(o 5+ O'SE)MS 1 2
Sty ,

N, = 0'08(ETQ/E0)0.23

where Er, is the excitation level at the threshold in quiet approximated by
Ero(f) = 3.64(f/1000)7°8, E, is the excitation corresponding to the reference intensity
I, = 10712W /m?2. The values for these two parameters are given in [10].

The critical-band concept is thus important to describe human hearing sensations. And the
concept of critical-band rate scale is derived, which is based on the fact that human hearing system
analyses a broad spectrum into parts that correspond to critical bands. In many cases, an analytic
expression is useful to describe the dependence of the critical-band rate (and of the critical
bandwidth) on the frequency over the whole auditory frequency range. The following relations
are useful [5]:

z = 13arctan(0.76f /1000) + 3.5arctan(f/7500)2, 3)
and:
Afg = 25 + 75[1 + 1.4(f/1000)2]%¢°, (4)

where z is critical-band rate, Af;; is critical bandwidth.

The frequency selectivity of human hearing system can be approximated by subdividing the
intensity of the sound into parts that fall into critical band. In order to describe such approximation,
the notion of critical-band intensities is put forward. The critical-band level and the excitation
level play an important role in many acoustic models. The critical-band level intensity I; can be
calculated from the following equation that takes into account the frequency dependence of critical
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bandwidth [5]:

f+0.54f¢ dl
I = f & ar. (5)
¢ f—0.54f¢ df

The critical-band rate z is useful in describing the characteristics of human hearing system.
Because the critical-band rate z is a definite function of frequency, I; can also be expressed in
terms of the critical-band rates:

z+0.5 dl
IG = J- _dZ. (6)
z

In logarithmic scale, using I, = 10712 W/m? as reference value, the critical-band level Lj is
defined as:

Lg = 10log(l;/1y). )

The critical-band intensity can be seen as that part of the overall unweighted sound intensity
which falls within a frequency window that has the width of a critical band. The transformation
of the frequency into the critical-band rate transfers the frequency-dependent window width into
a window width of 1 Bark, independent of the critical-band rate. Consequently, a critical-band
wide narrow-band noise produces a critical-band intensity which is a function of the critical-band
rate, and which shows the form of a triangle with a base width of 2-Bark. A harmonic tone,
however, produces a function with a rectangular shape and the width of 1 Bark.

The intermediate values such as the excitation or the excitation level, however, represent a
much better approximation to the frequency selectivity of human hearing system. The so-called
main excitation corresponds in this transformation to the maximum value of the critical-band level.
In most cases, the excitation level, defined by Lg, is given by [5]:

_ 10logE
ET TR,

: ®)

The excitation level can be constructed most simply from the critical-band level as a function
of the critical-band rate, by calculating the critical-band level in the range of the main excitation.
In cases of an abrupt change of the intensity density as a function of the critical-band rate, as for
low-pass noise or sinusoidal tones, the excitation level is identical to the critical-band level.

z

Fig. 1. Sketch map of structural-acoustic coupling cavity including force excitation distribution
and sound intensity excitation
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3. Model of impedance and mobility approach method

The impedance and mobility approach method for the analysis of structural-acoustic systems
was proposed by Kim in 1999 [11]. The kernel idea is derived acoustic mode amplitude
contribution and elastic plate mode amplitude contribution in cavity by using cavity impedance
Zy, the structural mobility Y, modal coupling coefficients C;, ,,, of modal synthesis theory. This
article analyses regularities of loudness distribution in cavity which has six elastic plates with
simple support.

Think about a rectangle structural-acoustic coupling cavity, as shown in Figure 1.

In cavity there is full of air whose density is p,, and all boundary plates are elastic with simple
support. There are a force distribution function f(w, L,,) on plate z = z" and a sound intensity
function si(w, L.) in the structural-acoustic coupling cavity. Let’s suppose coupling response
could be decomposed into limited uncoupled acoustic modes and structural modes, and these
uncoupled modes are acoustic modes cavity with rigid walls and structural modes in vacuum.
There are n-th acoustic modes and m-th structural modes. Therefore, sound pressure p at point L,
is as follows:

P(Lew) = ) Pa(l)an(@) = ¥Ta, ©
n=1

where n-dimensional column vector W represents uncoupled acoustic modes shape function
Y, (x) and n-dimensional column vector a represents sound pressure modes complex amplitude,
sign T at top left corner means transposition. The acoustic modes shape function ¥, (x) is
orthogonal in each uncoupled cavities as follows:

V= f Y2 (L)dv, (10)
v

where V represents the volume of acoustic cavity. According to reference [11], since all boundary
plates are simple support elastic plates, the relations between n-th sound pressure modes
amplitude and external excitation is as follows:

2
paca

6
an(w) = % Ay (w) (len(Lc)Si(Lc: w)dV + ZJ lpn(LpSi)u(LpSi'w)dS) (11)
4 i=1"Si

where, p, represents air density in cavity, c, represents sound speed in air, two integral
expressions in the bracket represent n-th acoustic modal intensity caused by si(L., w) and
u(Lysi, ). u(Lys;, ) represents the vibration velocity of each simple support elastic plate which
surround the cavity, as shown bellow:

M
u(Ly, @) = Z Smn(Ly) b (@) = ®TD, (12)

where, m-dimensional column vector @ represents uncoupled vibration shape modal function
¢m(y) and b represents uncoupled vibration velocity modal complex amplitude b,,(w). The
modal shapes functions v,,(x) and ¢,,(y) are orthogonal in each uncoupled system, and the
expression is as below:
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S = J- ¢72n (LpSi)dS- (13)
Si
Then a is shown as below:
CZ 6 M
an(@) =247 4, @) (rn Dy c;;,mbfnw). (19)
i=1m=1

where r;, = fV Y (L)si(Le, w)dV, the acoustic modal resonant expression A, (w) is as below:

( 1

IA1(w)=ﬁ, n=1,

w
T, T ? (15)
A = Lhad *1
(An(@) = wZ — 0 + 2w’

where T, represents time constant of first modal, w,, represents n-th acoustic modal frequency, ¢,
represents n-th acoustic modal damping factor. C;, ,,, represents coupled relations between the i-th
uncoupled plate and acoustic modal shape function, which is as follows:

Criz,m =1 Yn (Lpsi)(pm (Lpsi)ds- (16)
Si

Then a could represent as follows:
a=1Z,(r+qy), (17)

where, r represents n-th modal source intensity vector, q, = Y.C!b represents source intensity
vector caused by elastic structural vibration, whose effect is a group of external sound source
function in elastic structure. b is m-th amplitude modal vector, C is (n X m) dimension

2
structural-acoustic modal shape function coupled matrix. Z, = Apaca/v which composed by
(nxn) dimension uncoupled acoustic modal impedance diagonal matrix.
The m-th modal amplitude of the plate z = z' is as follows:

BZ (»)

bm (@) = pshzSy

(L ¢m(LpSz')f(LpSz"w)dS - L d)m(LpSz’)p(LpSz"w)ds)' (18)

where p, represents density of plate, h,, represents thickness of plate, S,, represents area of the
plate z = z', p(L,s,, ) represents sound pressure distribution function affected on the plate
z = z'. The firstand the second integral formulae in the expression represent m-th vibration modal
forces caused by f(Lysz, ) and p(L,sz, ). The minus between two integral formulae is
because of the opposite directions of external forces and acoustic pressure forces.

Similarly, the m-th modal vibration amplitude of the other elastic plate without external forces
is as below:

. 1 .
8400 = s 85 (= [ (Lol )is) (19
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where, h; represents thickness of plate, S; represents area of plate i.
The resonant term of plate could be expressed as follows:
Biy(w) = J 0)
" wh’ — w? + 20 who

where w}, represents m-th modal frequency of plate i, ¢%, represents m-th modal damping ratio
of plate i.
The modal vibration amplitude contribution vector of plate z = z’ is as follows:

b @) = B (w)( Zcz an<w>> @

The modal vibration amplitude contribution of the other plates is:

D) =~ m(w)< Zc an(w)> 22)

where CiT,, = Ck,,. Consequently, the modal vibration amplitude vector of plate z = z' is as
below:

b” = YZ (F—gZ), (23)

where m-dimensional vector F is caused by external load distribution function f(L,,, ),

« = " a represents modal force vector affected on acoustic cavity system, which is the elastic

plate structural reaction exciting by acoustic pressure fluctuation. YZ' = BZ’/ 03hS represents
sttzivzr

modal mobility diagonal matrix of plate z = z'.
The modal vibration amplitude contribution vector of other plates is as below:

Where g, = ci'a represents modal force vector affected on acoustic cavity system, Which is
the elastic plate structural reaction exciting by acoustic pressure fluctuation. Y! = B! / S

represents modal mobility diagonal matrix of other plates. Similar to acoustic impedance matrlx
Z,, YZ and Y! are also diagonal matrixes.
According to the derivation above, the formula is shown as below after uncoupling:

PP ! ! ! -1 14 !
= (1+ Z,3CYiCT + Z,67YZ'C7T)  Z,(r + C¥'YIF). (24)

The equation above could be adapted into impedance-mobility form. Suppose there is only one
force excitation on plate (r = 0), and put g, = YC'b into a = Z,(r + q,), then a = YZ,C'b
could be obtained. g, = Ci" a is combined with a = 2Z,C!b, the following equation is obtained:

= YZi.b', (25)

where Z%, = CiTZaC" represents coupled acoustic modal impedance diagonal matrix. Similarly,
Y., = C'Yic!" can be defined as coupled structural modal mobility diagonal matrix. Therefore,

L. I ! ! -1 ! ! .
= (I +Z,ycYic +Z,c7Y? ¢ T) Z,(r + CZ YZ F) can be rewritten as follows:
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a=(1+Z XYk +Z, Y5 )_1Za(r +C7'YZ'F). (26)

Since the structural mobility YZ' and coupling coefficient C#' of plate z = z' is the same with
plate z = 0, the equation above can be derived as follows:

a=(1+ZYY,) ' Zy(r + CZ'YZ'F). @27)

The equation above is the compact calculation form of classic theory on acoustic modal
contribution about the coupling response, which is in the field of structural-acoustic coupling
system with both structural force excitation and acoustic source excitation.

According to reference [11], the standard evaluation criterion for weak coupling, the acoustic
response [I+ Z,Y.] = [I]. That is to say, Z,Y. could be almost equals O in the equation

. \—1 ’ ’ . .
a=1+Z,XY5 +Z,Y5) Z,(r+ C*YZF)in weak coupling system, therefore, the follows
can be obtained:

a=7Z,(r+C*'YZF). (28)

Put a = Z,(r + C¥YZF) into p(L, w) = Y N_, ¥, (L) a,(w) = PTa, the sound pressure
value of some node in the acoustic-structural coupling field could be calculated as below:

P(x,y,2) 400
L[ = 2010g10 T + 1010g10 ﬁ. (29)
0 0

4. An example

According to the models above, the distribution of sound loudness in the rectangle enclosed
acoustic-structural coupling field under the condition of one excitation on one elastic plate is
studied.

N e e

Z

Fig. 2. Structural-acoustic rectangle system with one harmonic force excitation

Figure 2 is a rectangle cavity which is composed by five rigid walls and one elastic plate with
simple support on its boundary, a = 0.5m, b = 0.4 m, h = 0.3 m. In the cavity there is fill with
air, its density is p, = 1.225 kg/m®. The sound velocity is ¢ = 340 m/s. The density of plate is
ps = 2790 kg/md, the thickness is 5 mm, Poisson ratio is v = 0.3, the modulus of elasticity is
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E = 70x10° N/m?, the damping loss factor is & = 0.01. The coordinate of the excitation point is
(0.4, 0.1, 0.3), the excitation force is f = e/“*(N), which range is from 1 Hz to 630 Hz.
The natural frequency and natural mode of each order of the elastic plate are as below:

b () = 2sin (m“:y sin (mZL—Zyz) (30)
1
- )22 2]

which L; X L, is the length and width of the elastic plate, m, and m, are positive integers,
D = Eh3/[12p(1 — u?)] represents bending rigidity, p represents density of aluminum, h
represents thickness of the plate, u represents Poisson ratio.

The natural frequency and natural mode of each order of the rectangle cavity are as below:

nymx n,mx namx
Pn(x) = ,/elezegcos< 1L 1) : cos( ZLZ 2) : cos( 3L3 3>, (32)

B J(g)ﬂ(g)ﬂ(’;—;)i @

where L; X L, X L represents the size of the rigid walls, if n; = 0, then e; = 1; else e¢; = 2,
i=1,23.

According to (30) and (32), the response natural frequencies of each order of the plate and
cavity is shown in Table 1 and Table 2.

Table 1. Each order frequency of elastic plate
Order No. 1 2 3 4 5
Frequency/Hz | 124.6376 | 270.5549 | 352.6333 | 498.5505 | 513.7502

Table 2. Each order frequency of rectangle acoustic cavity

Order No. 1 2 3 4 5 6 7
Frequency /Hz 170 212.5 | 283.33 | 330.42 340 400.9442 | 425

Order No. 8 9 10 11 12 13
Frequency /Hz | 457.74 | 510 | 538.33 | 552.5 | 566.67 620.91

According to reference [15], the modal coupling coefficient of this example can be represented
as below:

C‘n,m

mym, (1) — (=172 — 1)
—-1)"s2S

B s G = g~ mD

0 else.

, Ny #my,n, =m,, (34)

The ratio loudness at cross section z = 0.15 m which frequency is 125 Hz, 250 Hz and 450 Hz
are shown in Fig. 3.

According to Figure 3, the ratio loudness distribution changes greatly in different frequencies.
When the frequency is 125 Hz, the minimum ratio loudness point is at point (0.1, 0.1, 0.15).
Regard this point as original point, it can be found that the increasing speed of ratio loudness along
x direction is obviously faster than x direction. But the variation range at 125 Hz is smaller than
higher frequency.

When the frequency is 250 Hz, the minimum ratio loudness point is at point (0.45, 0.15, 0.15)
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and its value is only 14 sone/Hz. Except for the minimum ratio loudness point, there are other low
ratio loudness points such as point (0.45, 0.3, 0.15), (0.28, 0.36, 0.15), (0.18, 0.4, 0.15) and
(0.11, 0.044, 0.15).

1906

0.4

30 SRSy,
ﬁm.‘“—‘w&_

1] 0.055 0.1 0.167 022 .277 033 0.388 0.44 05
wm

(a) Ratio loudness diagram at 125 Hz where cross section z = 0.15m
250 Hz

0.4

0.355

0.304 §

0.264

o 055 0.1 0.167 0.22 0.277 033 0.388 0.44 05
wim

(b) Ratio loudness diagram at 250 Hz where cross section z = 0.15 m
450 Hz
0.4

0.355
0.304
0.264

0.22

m

=
0.176
0.132
0.088

0.044

0
0 0.055 0.1 0.167 0.22 0.277 033 0.388 0.44 05
wm

(c) Ratio loudness diagram at 450 Hz where cross section z = 0.15 m
Fig. 3. Ratio loudness diagrams where cross section z = 0.15 m
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When further increasing of frequency to 450 Hz, the ratio loudness value is also increasing,
but its distribution shape is greatly changed from the 250 Hz shape. Its minimum ratio loudness
value is 32.5 sone/Hz which is at point (0.35, 0.2, 0.15) and point (0.275, 0.175, 0.15). The average
ratio loudness value is 36 sone/Hz which is obviously higher than the frequency 250 Hz.

Three observation points whose coordinates ob, (0.055, 0.044, 0.15), ob, (0.275, 0.176, 0.25)
and ob5 (0.33, 0.22, 0.15) are chosen to study their variation law.

120 T T

Sound Intensity Level /dB

fan) | 1 1 | | 1
1] 100 200 300 400 500 600
Frequency /Hz

(a) Curve of sound intensity level at point ob;

120

Sound Intensity Level/dB

50 I 1 I 1 I 1
] 100 200 300 400 500 GO0
Frequency/Hz

(b) Curve of sound intensity level at point ob,
120 T T T T T

Sound Intensity Level/dB

an 1 1 1 1 1 1
0 100 200 300 400 500 600
FrequencyHz
(c) Curve of sound intensity level at point ob;

Fig. 4. Curves of sound intensity level at three different observation points

© VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. DECEMBER 2013. VOLUME 15, ISSUE 4. ISSN 1392-8716 1907



1099. APPLICATION OF SOUND LOUDNESS RESEARCH IN STRUCTURAL ACOUSTIC COUPLING CAVITY WITH IMPEDANCE AND MOBILITY APPROACH
METHOD. JIXUAN YUAN

01a T T T T T T

o
o
[=s)
T
L

=]
o
=7}
T
1

o
o
=
T
L

Sound Intensity Density iwi{m 2Hz)

o
f}
[
T
1

M A

100 200 300 400 |00 600
Frequency/Hz
(a) Curve of sound intensity density at point ob;
0.16 T T T T T T

]

=]

o1t .

=
T
L

o
[}
==
T
1

o
fm]
[=2]
T
L

o
o
=
T
L

Sound Intensity Density jtw/m 2Hz)

o
=
]
T
L

0 100 200 300 400 500 B00
Frequency/Hz
(b) Curve of sound intensity density at point ob,
0.18 T T T T T T

012r &

=
T
1

o
jm]
@
T
L

o
o
o
T
L

o
o
=
T
1

Sound Intensity Density jwm 2Hz)

o
]
(=]
T
L

0 0 20 30 0 50 50
Frequency/Hz
(c) Curve of sound intensity density at point ob
Fig. 5. Curves of sound intensity density at three different observation points

The sound intensity level curve of the three observation points ob;, ob,, 0b5 is shown as
Figure 4. Compare in the figure, a similar tendency of all these curves can be seen: the maximum
sound intensity level values appear when the frequency is 125 Hz, and as the first order mode
frequency of the elastic plate is 124.64 Hz, it can be concluded that the maximum sound intensity
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level value is caused by the first order mode frequency. And with the increasing of frequency, the
intensity level value decreases until the second maximum value appears at 355 Hz. The value of
sound intensity level is oscillating and three peak values is obtained at 425 Hz (the 8th order mode
frequency of the cavity), 510 Hz and 567 Hz (the 13th order mode frequency of the cavity). But
there are great differences with the sound intensity level curves of three observation points: the
minimum sound intensity level value of point ob, is 50.5 dB at 268 Hz, which point ob, is at
630 Hz, point ob; is at 299 Hz. According to the three curves, a conclusion can be drawn that the
first order mode of elastic plate has made great contributions to the coupling intensity level in low
frequency range, and the mode of cavity make more in middle and high frequency area.

Because of the frequency selectivity of human hearing system, the sound intensity density
dl/df is important in the process of estimating the sound loudness. According to the sound
loudness model that has been set up in section 2, the sound intensity density dI/df can be
calculated as shown in Fig. 5.

In Figure 5, the maximum value of the observation points’ sound intensity density in enclosure
coupling cavity is relative to the maximum sound intensity level value, that is to say, the first mode
frequency has made great contribution to the acoustic-structural coupling cavity.

Since the critical-band rate scale is better to describe human hearing sensations and the
critical-band rate z is a definite function of frequency, the sound intensity density dI/df can be
expressed as dI /dz by using the critical-band rate scale according to Equation (3). Once the sound
intensity density dI/dz is obtained, then the critical-band level intensity I; can be calculated
according to Equation (6). Thus, at the observation point, one can obtain the critical-band level L
caused by different observation place is as shown in Fig. 6.

Because of the frequency selectivity of human hearing system, there are more local maximum
or minimum values of critical-band level curves under critical-band rate scale in Figure 6, which
is different from sound intensity level curves in Figure 4. So does the differential value between
the maximum value and the minimum value. The three critical-band level curves have the same
trend except the differential range in Figure 6. But when the value of the abscissa of critical-band
level is greater than 3 Bark, there is obviously difference in the curves, which is not the same with
the trend of sound intensity level in Figure 4.

The excitation level at threshold in quiet has different value at different frequency because of
the frequency selectivity of human hearing system, which is shown in Fig. 7. For this characteristic
of human hearing system, the sound loudness obtained at the observation point has low value in
low frequency range as shown in Fig. 8. On the other hand, though the effect of thickness on the
sound loudness is similar to the effect on the critical-band level, there are still great differences.

Equation (2) is one of the most sophisticated specific loudness calculation methods [6]. The
power spectrum of each frame is weighted by the frequency selectively of the human hearing. The
power spectral energies are then grouped into critical bands. An offset is then added to the critical
band energies to compensate for internal noise generated in the ear. Because the sound at the
observation is harmonic tones, according to Equations (1) and (2) and the transformation of the
excitation level from the critical-band level described in section 2, the sound loudness at the
observation point is calculated as shown in Fig. 8.

In Figure 8, loudness of point ob; is higher than the other observation points, and significant
difference can be seen when the critical-band is in middle and high frequency (greater than 3.8
Bark). In low-frequency area, the shapes of the loudness curve are similar because the modes of
elastic plate play a major role to the loudness values, although the observation points are in
different location. With frequencies arising, the modes of cavity play an increasingly important
role to loudness values. So the distribution location in the cavity appears to have more effect to
loudness values in middle-high-frequency range. In the three observation point, the length of point
ob, and ob; to the exciting point is nearer than the one of point ob,, but loudness value of point
ob, is the higher than the other two points. That is to say, loudness in the cavity is irrelevant to
the distance to exciting point.
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5. Conclusion

Based on the theory of impedance and mobility approach method, this paper has improved the
application of structural-acoustic coupling model of this theory. The distribution of sound
loudness in the rectangle enclosed acoustic-structural coupling field under the condition of one
excitation on one elastic plate is studied. Because of the frequency selectivity of human hearing
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system, the characteristics of sound loudness are greatly different from the sound intensity level
obtained in the cavity. The different location of observation points has different sound loudness
and the sound intensity level. When taking the frequency selectivity of human hearing system into
account, the critical-band level and the sound loudness in the enclosed cavity illustrate well the
influence of human hearing frequency characteristic on human sensation. The result of this study
shows:

(1) The distribution of the sound loudness is NOT even in the cavity in different frequency and
different locations, but they have a similar distribution rule.

(2) In low-frequency range, the main contribution to sound loudness in the cavity is elastic
plate mode, with the increase of frequency, the main contribution is the cavity acoustic mode in
middle-high-frequency.
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