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Abstract 1 Introduction

When a panel is excited, either structurally or

acoustically, sound is radiated from the panel. Previous research has shown that the sound ra-
Previous research by the author has shown thatdiated by a vibrating panel can be reduced con-
tuned acoustic tube resonators can be used tosiderably by the application of tube resonators
reduce the radiatedound. A one-dimensional [1]. Inthis paper, the influence of tube resonators
analytical model model was validated by exper- on sound transmission through a panel is exam-
iments in an impedance tube and good agree-ined. Two different configurations are consid-
ment was found between model and measure- ered: a thin plate with tubes attached to it (see
ments. In this paper, the model is extended to Fig. 1) and a sandwich panel (see Fig. 2). The
describe the sound transmittéatough a panel  advantage of the last configuration is that it can
with acoustic resonators. Two different configu- be manufactured easily, for example, by perfo-
rations are examined: panels with tubes and per- rating one of the skin panels of a common hon-
forated sandwich panels. To verify whether the eycomb (HC) sandwich panel (see Fig. 5). A
one-dimensional analytical models give a good one-dimensional analytical model is developed
prediction of the sound transmission loss, panels to predict the normal incident sound transmis-
of both configurations were tested. Sound trans- sion of the two panel configurations. To verify
mission loss measurements were performed by whether the one-dimensional models give a good
means of the sound intensity method (ISO 15186- prediction of the sound transmission loss, mea-
1). The measurements showed that the resonatorssurements were performed on different resonator
indeed increased the transmission loss comparedpanels and compared with the analytical results.
with the mass law, in the frequency range for The principle of sound reduction that is used
which the resonators were tuned. However, the is based on the local minimisation of the sound
increase was not as large as predicted by the one-radiated by small partitions of the panel; a
dimensional model. Resonators can be applied method that is also used in active acoustic control
for various structural parts of an aircraft through [7]. Ross applied a similar principle for passive
which the transmission of sound has to be re- noise control by means of so-called weak radi-
duced. The research is performed as part of the ating cells [6]. With the tube resonators, max-
EU project FACE (Friendly Aircraft Cabin Envi-  imum sound reduction is achieved if the volume
ronment). velocities at the surface of the vibrating panel and
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Fig. 1 Part of a panel with acoustic resonators divided into charestic areas (left) and a schematic
representation of the one-dimensional approach (righie panel configuration.
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Fig. 2 Part of a panel with acoustic resonators divided into charestic areas (left) and a schematic
representation of the one-dimensional approach (riglghewich panel configuration.

those at the entrance of the resonators are equal2 One-dimensional analytical models

in magnitude and opposite in phase. The fre-

quency range in which the sound is reduced is 2.1 One-dimensional approach

determined by the length of the resonators. The

centre frequency of this range is the frequency Inthis section, aninfinitely large, rigid panel with

for which half of the acoustic wavelength cor- resonators is considered. Because of the repet-

responds with the length of the resonator. The itive pattern of the resonators in the panel, the

shape of the spectrum is determined by the ratio panel can be divided into a number of so-called

of the cross-sectional areas of the resonators to characteristic areas, each area containing one res-

the area of the panel. onator (see Fig. 1). All characteristic areas are
identical and assumed to be small compared with
the acoustic wave length. Since the panel is con-
sidered to be rigid and infinitely large, the bound-
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aries of these characteristic areas can be regardecend of the resonator is equal to the structural ve-

as symmetry planes. Consequently, the veloc-
ity normal to the symmetry planes is assumed
to be zero. The influence of the resonators on
the sound that is transmitted in the normal direc-
tion through the panel can therefore be studied
with a one-dimensional model of one character-
istic area.

2.2 Transmission of sound through a rigid
characteristic area

2.2.1 Models

Fig. 3 shows the model of a characteristic area
of the tube panel. The model consists of four
parts: the sound fields behind the panel, in front

of the panel, inside the resonator, and around the
resonator. Both the plate and the resonator are

assumed to be rigid and vibrating harmonically
with the same normal velocity amplitude. The
amplitudep; of the harmonic pressure perturba-
tion and the amplitude; of the harmonic veloc-
ity perturbation in axial directionj(= 1,2,3,4)
for the different parts are given by the solution of
the one-dimensional Helmholtz equation:

pj(x) = Aje"+Bje ™ (1)
u;j(x) ! (AjeikX—Bjefikx> (2)

PoCo

where i is the imaginary unik is the axial coor-
dinate,pg is the density of airgg is the speed of
sound, ank = w/cyp is the wave number, witto
the angular frequency; andB; are the complex
amplitudes of the backward and forward travel-
ling sound waves, respectively, determined by the
boundary conditions of the four parts. The ampli-
tude of the incident sound wave is denotedBay
the amplitude of the reflected sound waveAy
and the amplitude of the transmitted sound wave
by B,. Since the sound is radiated to the far-field,
it is assumed that no reflection takes place and
the amplitudeA, equals zero. The radiated sound
field is defined with reference to coordinatg.
The other sound fields are defined with reference
to coordinatex; (see Fig. 3).

Boundary conditions at the right-hand side of
the panel require that the particle velocity at the

locity; the pressure perturbation is continuous at
the entrance of the resonator; and conservation of
mass holds for the control volunwmy, at the res-
onator entrance (see Fig. 3). At the left-hand side
of the panel similar boundary conditions have to
be satisfied. Furthermore, equilibrium of forces
is required for the entire system. All together,
these conditions can be written as:

Ul’x|=0 = Us 3
P1lx=L = P2|x;=0 (4)
Uilx =L S +Us[S—§] = U2lx,=0S (5)
Uslx,=L = Us (6)
P3lx=0 = Palx=0 (7)
Uslx,=0[S—S] +UsS = Uslx,—0S (8)

]+

p4|X|:OS' + p3|X|:L [S_S
[S—§] = miwus (9)

—P1lx=0S — P2|x;=0

wherem is the structural mass of the character-
istic area,S is the characteristic are& is the
cross-sectional area of the resonator, &and

the effective length of the resonator (see Section
2.2.2). By substitution of equations (3) to (9) into
equations (1) and (2), the unknown pressure am-
plitudesAs, B1, B2, Az, B3 andA4 and the struc-
tural velocity amplitudeus can be solved for a
given incident pressure amplituég.

For the sandwich panel configuration (see
Fig. 4) a similar system of equations can be for-
mulated. The boundary conditions described by
equations (3) to (6) remain the same. The other
boundary conditions change to:

Uslx=0 = Us (10)
Uslx,=0 = Us (12)

Palx,—0S— Pilx=0S — P3lx—=0[S— S]+
+P3lx, =L [S— S]—P2lx;=0[S—F] = Miwus
(12)

By substitution of equations (3) to (6) and (10)
to (12) into equations (1) and (2), the unknown
pressure amplitudes, B1, B2, Az, B3 andA4 and
the structural velocity amplitude; can be solved
again for a given incident pressure amplitigle
The transmission coefficientis defined as
the ratio between incident sound intensity and
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Fig. 3 Model of normal incidence transmission of sound througlyal rcharacteristic area - tube panel
configuration.
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Fig. 4 Model of normal incidence transmission of sound througlyal rcharacteristic area - sandwich
panel configuration.

transmitted sound intensity. For the presented consists of several HC cells (see Fig. 5). There-
models, this can be written as: fore, for this panel viscothermal effects have to
5 be included. This is done by adjusting equations
@ (13) (1) and (2) for the air inside and around the res-
B4 onators according to reference [3]. Due to in-

The sound transmission loss is directly related to €t effects, the effective length of the resonator

T=

the resonator. For a perforated plate with a rect-
TL =10log;o(1/1) (14) angular pattern, the end correctidris given by
222 Results 41

With the models described above, the sound 5—=079R|1—-147 EZ 10 47(E>3/2
transmission loss is calculated for the three res- ' b2 b?

onator configurations listed in Table 1: two tube (15)
panels and one perforated sandwich parek Fig. 12, Fig. 13 and Fig. 14 show that a large
V/Sis the length of the sides of the square char- increase in sound transmission loss is predicted
acteristic areas, and the porosity is defined by over a broad frequency range compared with the
Q =S /S For the two tube panels, the shear mass law. The increase in transmission loss of
wave numbers [3] of the air inside and around the the perforated HC sandwich panel is smaller than
resonators are large. Therefore, viscothermal ef- that of the tube panels. This is partly caused by
fects can be neglected. However, the shear wave viscothermal effects. Internal resonances in the
numbers of the air inside the perforated HC struc- cavities of the HC structure cause an extra peak
ture are much smaller, because one resonatorand dip in the transmission loss curve at the fre-
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guency for which half of the wavelength corre- 15186-1. The sound transmission loss was deter-
sponds with the length of the resonator. mined by:

3 Experiments TL = (Lp)avgi — (Li)avgt —6 dB (16)

where(Lp)avgi is the space-averaged sound pres-
sure level in the reverberation room, measured

Based on the theory described above, three res-With @ microphone on a rotating boom, and
onator panels were designed on which sound (Li)avgt IS the sound intensity level normal to
transmission loss measurements were performed@nd averaged over the measuring surface in the
at the National Aerospace Laboratory NLR [2, 8]. '€C€iving room, measured by a sound intensity
The experimental setup is shown in Fig. 6. The Probe with two microphones.

test panel was mounted between two wooden
frames with rubber stringers (see Fig. 7). Be-
cause of the large thickness of the HC sandwich
panels, flanking noise had to be suppressed by
covering the sides of these panels with lead (see
Fig. 5). In the reverberation room, four speak-
ers were placed near the corners and fed with
white noise to generate sound in the frequency
range of 500-5600 Hz. Another speaker, a so-

below 500 Hz. The sound in the reverberation qf the HC sandwich panels (left) and detail of the

room was measured by a microphone on a rotat- perforated HC sandwich panel (right).
ing boom, scanning the surface of a sphere. The

sound is transmitted through the panel via a niche
into a semi-anechoic receiving room. The semi- 3.3 Test panels
anechoic receiving room has a volume of about
205 n?. To suppress the effect of reflections of
the walls, sound absorbing material was installed
around the niche. The 1 m 1 m niche has a
depth of about 0.87 m. The sound radiated by
the panel was determined by measuring the sound
intensity over the cross-section of the niche at a
distance of about 0.74 m from the panel. The
sound intensity was measured using the scanning
method. For each panel, the sound transmission
loss was determined by taking the average of a
vertical scan and a horizontal scan (ISO 15186-
1). Part of the measurements was performed by
a scanning robot and part of the measurements
was performed by hand. The scanning speed was
approximately 75103 m/s.

3.1 Experimental setup

Three resonator panels were tested. One panel
consists of a thin perforated aluminium plate with
plastic tube resonators. The other panel is a thin
perforated aluminium plate with aluminium tube
resonators (see Fig. 7). The third panel is an alu-
minium HC sandwich panel with one of the skin
panels perforated (see Fig. 5). The resonators are
tuned to achieve a large increase in sound trans-
mission loss in the frequency range of 1000-2000
Hz. Table 1 shows the dimensions of the res-
onator configurations. The perforated HC sand-
wich panel is relatively stiff. To examine whether
the sound transmission loss of a HC sandwich
panel can be compared with the mass law, also
an unperforated HC sandwich panel was tested.
Both panels consist of a 0.109 m thick 2.3-1/4-
32 Sound intensity method 10 (5052) HexwelB aluminium HC core and two

5.6-10~% m thick aluminium skin panels. The
As far as appropriate and possible, the sound mass of all panels and the plate thicknee§the
transmission loss was measured according to ISO tube panels are shown in Table 1.
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Lphy [M] R[m] b[m] Q[] t[m] mkg/m?]
Panel with plastic tubes 014 152.10° 380-10° 0.50 15-10°3 5.65
Panel with aluminium tubes 009 122.102% 305-10° 050 20-10°° 9.74
Perforated HC sandwich panel .100 125-10° 315.-10° 0.49 - 6.88
HC sandwich reference panel - - - - - 8.13

Table 1 Dimensions and mass of the test panels.
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Fig. 6 Experimental setup for sound transmission loss measurements.
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Fig. 7 Panel with plastic tubes (left) and panel Frequency [Hz]
with aluminium tubes (right). Fig. 8 Transmission loss of panel with plastic
tubes for different speaker positions and spacer
lengths.

3.4 Experimental results

The volume of the reverberation room is approx- performed for three different positions of the

imately 33 n?, resulting in a diffuse sound field low frequency sound source (see Fig. 6). Fig.
for frequencies of about 500 Hz and higher. To 8 shows the measured transmission loss of the
determine the measurement error due to insuf- panel with plastic tubes for the different speaker
ficient diffusivity of the sound field below 500 positions. The results are presented in one-third
Hz, sound transmission loss measurements wereoctave bands (1/30Bs). Below the 160 Hz 1/30B



IMPROVEMENT OF THE SOUND TRANSMISSION LOSS OF PANELSBY MEANS OF

the accuracy is poor. From the 160 Hz 1/30B
to the 315 Hz 1/30B the differences are within
2.8 dB. Above the 315 Hz 1/3 OB the differences
are within 1.6 dB. Since the main focus for the
tested panels is on the frequency range of 500
Hz and higher, this accuracy is considered to be
sufficient. The other measurements presented in
this section were performed by a sound intensity
probe with a 12 mm microphone spacing and the
dodecahedron located at position 3 (see Fig. 6).
Fig. 9 shows the measured transmission loss
of the tube panels compared with the mass law.
The dashed lines indicate the frequency range
for which the resonators were tuned. To account
for the effects of the boundedness of the panel
and random incident sound, the normal incidence
mass law is corrected according to ISO 15186-3:

TLm=10logq

2
maw
1+ (5——) | —10log(20
(Zpoco)] G10(204)

17)
wherem is the mass per unit area of the panel,
anday is the radiation efficiency of a flat square
plate surrounded by an infinite rigid baffle, ex-
cited by a diffuse sound field. The radiation effi-
ciency is approximated by [5]:

1
Og= =

ozen(225)

whereS;, is the area of the test panel.

In the 1000 Hz 1/30B, the panel with plas-
tic tubes shows an increase in transmission loss
of 5.3 dB compared with the mass law. In the
250 Hz 1/30B, an increase of 4.3 dB is ob-
tained. For the other frequencies the transmis-
sion loss is smaller than obtained with the mass
law. The panel with aluminium tubes shows in-
creases of 7.1 dB in the 800 Hz 1/30B and 3.9
dB in the 1600 Hz 1/30B, compared with the
mass law. The increase in transmission loss cov-
ers a much broader frequency range than that of
the panel with plastic tubes. Only from the 2000
Hz 1/30B, the transmission loss is again smaller
than the mass law.

Fig. 10(a) shows the measured transmis-
sion loss of the HC sandwich reference panel
compared with the mass law. From the 500

(18)
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Fig. 9 Transmission loss of tube panels com-
pared with the mass law.

Hz 1/30B, the differences between the measured
transmission loss and the mass law are less than
3.0 dB. In the frequency range for which the
resonators of the perforated HC sandwich panel
were tuned, the differences are even smaller.
Therefore, it can be concluded that, from the 500
Hz 1/30B, the transmission loss of the perforated
HC sandwich panel can be compared with the
mass law. The first eigenfrequency of the HC
sandwich reference panel is 395 Hz. Below this
frequency the mass law is not valid. This is also
seen in the measurements.

The measured transmission loss of the perfo-
rated HC sandwich panel is shown in Fig. 10(b).
In the entire frequency range above the 500 Hz
1/30B, the transmission loss of the perforated
HC sandwich panel is larger than the mass law.
The first eigenfrequency of the perforated HC
sandwich panel is 375 Hz. Below this frequency,
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a comparison with the mass law is not valid. In 1/30B, the differences between the results of the

the 1250 Hz 1/30B, an increase in transmission panel with plastic tubes are less than 2.9 dB.

loss of 7.2 dB is obtained compared with the For the perforated HC sandwich panel, the dif-

mass law. In the 4000 Hz 1/30B, an increase of ferences are less than 2.5 dB in this frequency

9.2 dB is observed. In the 630 Hz 1/30B, an in- range. It can be concluded that the orientation of

crease of 6.2 dB is obtained. the resonators does not have a large influence on
the measured transmission loss.
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Fig. 10 Transmission loss of HC sandwich pan-
els compared with the mass law. Fig. 11 Transmission loss of resonator panels

with the resonator openings at the receiving side
(standard) and with the resonator openings at the
3.5 Acoustic reciprocity reverberation room side (reverse).

For the measurements presented above, the pan-

els were mounted with the resonator openings 4 Validation

at the receiving side. The principle of acoustic

reciprocity states that the acoustic response re- Fig. 12, Fig. 13 and Fig. 14 show the calcu-
mains the same when source and receiver are in-lated and measured transmission loss of the three
terchanged. To verify this, the panel with plastic resonator panels in the frequency ranges of 500-
tubes and the perforated HC sandwich panel were 3000 Hz and 500-5000 Hz, respectively. To en-
also tested with the resonator openings at the re- able a better comparison, the calculated transmis-
verberation room side. Comparisons of both re- sion loss is corrected with the same frequency de-
sults are shown in Fig. 11. From the 500 Hz pendent factor as the mass law shown in equation
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(17). The results are presented in narrow bands
to show more detail. For all panels, the measured
transmission loss is much smaller than predicted
by the one-dimensional analytical model.

An explanation for the difference observed
for panel with plastic tubes is that the ends of
the tubes start to resonate in frequency range for
which the resonators were tuned. This causes a
difference in amplitude and phase between the
ends of the tube and the part of the plate, which
was not included in the model. To compensate
for this effect, the model is corrected by includ-

difference (in the frequency range of 500-2500
Hz). This lowers the transmission loss curve (see
Fig. 12) and gives a possible explanation for the
fact that the panel performs worse than the mass
law in the higher frequency range. However,
the agreement is still bad and the frequency of
the maximum increase in transmission loss was
measured much lower than predicted analytically.
Possible resonances of the thin walls of the tubes
might be a reason for these large discrepancies.
This is currently under investigation.
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Fig. 13 Calculated and measured transmission
ing the measured amplitude difference and phase loss of panel with aluminium tubes.

The trends of the measured and calculated
transmission loss curves of the perforated HC
sandwich panel are fairly similar (see Fig. 14).
Around 1541 Hz, where half of the wavelength
corresponds with the thickness of the panel, both
transmission loss curves show a small dip caused
by internal resonances in the cavities of the HC
structure. Also the higher harmonic in the fre-
guency range of 3000-5000 Hz is observed in
both results. However, the frequency belonging

—— Mass law

to the peak of the measured transmission loss
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tre frequency of the range in which the transmit-
ted sound is reduced is predicted fairly well (see
Fig. 13). However, the extra increase in transmis-
sion loss in the frequency range of 500-1200 Hz
was not predicted analytically. This increase is

even higher than measured in the frequency range
for which the resonators were tuned.
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Fig. 14 Calculated and measured transmission
loss of perforated HC sandwich panel.
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