AIAA JOURNAL
Vol. 48, No. 10, October 2010

Simple Technique for Precise Measurement of Transmission
Loss of Planar Sound Waves
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A simple technique is proposed to measure the transmission loss through a panel of arbitrary size. The present
technique uses two anechoic rooms to simulate the free acoustic field. Different from the conventional methods,
the incident angle, the sound pressure distribution, and the spectral distribution of the incident sound waves can be
changed arbitrarily. By the calibration experiments, the reasonable capabilities of the prototype facility are
confirmed. In the experiment, a panel is installed in between two anechoic rooms. For the sake of simplicity, quasi-
planar sound waves are provided in the sound-source room at uniform sound pressure over the panel. The intensity
of the transmitted sound waves is measured in the receiving room. The modal analyses and the transmission loss
measurements are completed for three different materials: aluminum, honeycomb sandwich, and carbon composite.

The results are useful to verify the numerical analyses.

L

OUND transmission through a fuselage panel has been studied

widely for aerospace applications [1-6]. For example, it is a
critical issue to minimize the cabin noise when developing a new
aircraft with a quiet and comfortable cabin. The noise is originated
mostly from the engines, and it is transmitted through the fuselage
sidewalls into the aircraft cabin. At a stage of the development of the
aircraft, the soundproof performance of a part of the fuselage is tested
in conventional techniques in which the sound waves are incident to
the test panel from all directions. Here, it should be noted that in the
actual flight conditions, different from the conventional testing
conditions, the sound sources are not distributed uniformly around
the cabin but localized near the engine. The sound waves are actually
incident onto a panel at the particular angle, and the sound pressure
distribution is not uniform over the panel. The influences of the
incident angle and the sound pressure distribution on the sound
transmission will possibly be significant when such anisotropic
materials, as the carbon composites (C/Cs) and such complex-
structured materials, as the honeycomb sandwich panels, are used.
The experimental data including these influences are useful in
designing the soundproof structures of the fuselage. The same holds
true for satellite-carrying rockets. Acoustic noise from the rocket
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engines is considered one of the severe problems in launching.
A payload inside of a faring may be damaged by the strong vibration
and the acoustic noise [5—8]. The acoustic noise has been reduced by
the elaborate designs of the fuselage structure. In addition, a number
of auxiliary acoustic devices have been proposed to suppress the
acoustic noise in a narrow band of frequencies [9,10]. Here, we
have to be concerned about the spectral distribution of the noise.
Intense sound waves, even at a narrow band of frequency, and those
at a resonance peak can cause considerable damage to the structural
or electrical parts of the payload. To warrant the soundproof
performance of a part of the faring, it is necessary to simulate not only
the space distribution but also the fine spectral distribution of the
incident sound waves in the acoustic testing.

Highly accurate computation software is being developed to
predict the sound field outside and inside of a vehicle [2,7,8,11].
Noise control schemes for aircraft and rockets will be designed in
further detail on the basis of the reliable computational analyses. In
the demonstration experiments to verify the computational analyses,
the incident angle of the sound waves and the distribution of the
sound pressure over the test panel must be specified precisely. The
data averaged over each one-third-octave band are not appropriate.
The fine spectral data of the transmission loss (TL) near the
resonance peak are fruitful for the purpose of verification. This is
because material property such as the structural damping is reflected
clearly in the spectral shapes of the resonance peaks.

Three conditions must be satisfied, both in the acoustic testing to
simulate the real flight conditions and in the precise experiments to
verify the computational analyses:

1) The incident angle and the amplitude distribution of the sound
waves are controllable and precisely identifiable.

2) The size of the test piece is not limited by the other factors.
(The size is related to the resonance frequency of the vibration.)

3) Fine spectral data can be acquired. Unfortunately, these con-
ditions are not satisfied simultaneously in the conventional tech-
niques of the sound transmission measurement.

Sound transmission through a panel is evaluated by the TL that
is defined as the fraction of the incident sound intensity that is
transmitted through the panel [12]. TL of planar sound waves
through a planar panel is estimated, in the first-order approximation,
using the mass law that assumes the infinite extent of the panel. In this
case, TL is simply formulated as
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where f is the frequency of the sound waves, p, is the mass density of
air, ¢, is the sound speed of air, and o is the surface density of the
panel. According to the mass law, TL increases monotonously with
the frequency, and its slope is determined by only one parameter (i.e.,
0). For the actual panels of finite size, the spectra of TL are deviated
from the mass law due to the resonance transmission generating
spectral peaks. The central frequencies, the width, and the amplitude
of the spectral peaks depends on the size, the material properties, the
microscopic structure of the panel, and the incident angle of the
sound waves [13]. To take the resonance transmission into account,
the experimental testing is indispensable.

For the laboratory setup to measure TL, three different methods
have been employed. The most conventional one is called the
reverberant room method; two reverberant rooms, between which a
test panel is installed, are employed. This method is stated, for
example, in the International Organization for Standardization
(ISO)/draft international standard (DIS) 140 [14]. As the sound field
is diffused in a reverberant source room, the sound pressure is
considered uniform over a panel surface, whereas sound waves come
to the test panel randomly from all directions. The sound waves
transmitted through the test panel are also diffused in the reverberant
receiving room. The mean sound pressure is measured using
microphones in both rooms. The second method is called the sound
intensity method, where the receiving room is altered to an anechoic
room [13]. Using an intensity probe, the distribution of the sound
intensity of the transmitted sound waves is measured in the receiving
room. Problems in using a reverberant source room are the space and
spectral uniformity of the sound pressure and the incident angle of the
sound waves. The distribution of the sound pressure over a panel is
determined by the design of a reverberant room (i.e., wall materials,
room shape, window shape (Niche effects), and the location of the
loudspeaker). These many design parameters make it difficult to
define the distribution of the sound pressure level (SPL) on the test
panel precisely. For the incident angles, only the random incidence
is available; that is, the incident angle of the sound waves is not
controllable. To control it, special treatments of the testing facility
are necessary. Grosveld [2] used a pneumatic horn to provide
the best approximation to the normal sound incident condition.
The experimental TL obtained by this method is compared with the
computational results on the assumption of the normal incidence of
the sound waves. From the comparisons, they concluded that the
disagreement between the experimental and the computational TL
should be partly due to the incident angle different from normal. For
the spectral distribution of the incident sound waves, many spectral
peaks are generated due to the cavity resonance in the reverberant
room. When we study the fine spectra of the TL, uniform spectral
distribution of the incident sound waves are rather favorable to
suppress the errors in reducing the data. Hence, it is not straight-
forward to satisfy the conditions 1 and 3, noted previously, in these
conventional experimental methods for the TL measurement.

b)

Fig. 1 Experiment facility: a) schematic and b) source room (view from the window for test panel).

Specifically, the spectral nonuniformity is problematic when we
examine the nonlinear interactions between the extremely intense
sound waves and the panel vibration. This is important in simulating
the intense acoustic noise in launching a rocket [7,8]. A tailored
spectral distribution of the incident sound waves is indispensable,
because the nonlinear interactions are strongly dependent on the
spectra of the incident sound waves.

The third method for the TL measurement is the standing wave
tube method [14,15]; a specimen is installed on the middle of a tube.
A planar standing wave is generated from a speaker at one end of the
tube, and is normally incident to the specimen. This method features
a rather small testing kit. Unfortunately, the size of the specimen is
dependent on the available frequencies of the incident sound wave
in this method. Hence, the previously mentioned condition 2 is not
satisfied in this method. When we study the resonance transmission,
which depends on the size of the test panel, the size and the frequency
of the incident sound waves have to be controlled independently.

For making the comparison between the numerical and the
experimental results, in addition to the previously mentioned work
by Grosveld [2], the numerical study for a honeycomb sandwich
panel should be raised as a pioneering work [11]. Panels, such as a
honeycomb sandwich panel that is routinely employed in the
aerospace applications, have complicated structures inside of the
skins. Theoretical [16,17] and numerical [11] studies are performed.
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Fig. 2 Schematic of the fixing for the test panel and the matrix of the
measurement points.
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Table 1 Mechanical properties of the test panels

Properties Aluminum (baseline) Honeycomb C/C 1 (quasi isotropic) C/C 2 (unidirectional) C/C 3 (unidirectional)
Thickness, mm 1.0 4.0 1.6 1.6 1.0

Surface density, kg/m? 2.70 2.85 242 242 1.51

Young’s modulus, GPa 69 17.25 54 141 (fiber) 76 (fiber)
Young’s modulus, GPa 69 17.25 54 5 (lateral) 58 (lateral)
Shear modulus, GPa 26 —_— —_— 7.1 (fiber) —_—

Shear modulus, GPa 26 —_— _— 3.4 (lateral) —_—

Table 2 Detailed specifications of the
honeycomb panel

Parameter Value
Surface thickness, §, mm 0.5
Core height, 4., mm 3.0
Core size, s, in. 3/16
Core foil thickness, in. 0.001
Compression strength, MPa 1.96
Shear strength, MPa 1.5@L)

Shear strength, MPa 0.88 (W)

The theoretical model [16] agrees well with the spectral-averaged
experimental data. The numerical results are compared with the fine
spectral data acquired in the conventional setup [11]. They are in
good agreement with each other in the qualitative sense. However,
further investigations are still necessary, especially for the resonance
peaks.

In the present paper, a simple but novel technique using two
anechoic rooms is proposed for the measurement of TL. All the
conditions from 1 to 3, noted previously, are satisfied simultaneously
in the present technique. By using an anechoic room for the source
room, the free acoustic field is simulated. The incident angle, the
amplitude distribution, and the spectral distribution of the incident
sound waves can be changed arbitrarily by the setup of the loud-
speakers. Note that, unlike the standing wave tube methods,
the panel size is not limited by the frequency range of interest. In the
experiments, the TL data of a pure-aluminum panel, a honeycomb
sandwich panel, and carbon-fiber reinforced plastics (CFRPs) are
obtained. For the sake of simplicity, all the experiments are performed
in the normal incidence of the sound waves at uniform sound pressure
over the test panel. The characteristics of the resonance peaks are
discussed. To the best of the authors’ knowledge, the fine spectral data
of these materials, including the resonance peaks, are obtained under
the simple incident conditions of the sound waves here for the first
time. The results are useful for the verifications of the following
computational analyses.

II. Facility, Methods, and Materials
A. Facility

Figure 1 shows the schematic of the experiment facility. The
facility consists of two anechoic rooms. The source room is designed
to provide spatially uniform, temporally coherent, and planar sound
waves normally incident onto the panel. The inner space is a box
of 1640 x 700 x 700 mm in the source room and 750 x 700 x
700 mm in the receiving room. Layered acoustic absorbers are
glued on the inner walls of these rooms. The absorber is 250 mm in
thickness to absorb the sound waves for which the frequency is more
than 200 Hz [18]. The absorber is made of triple layers of glass wool.
The top layer has a thickness of 100 mm and a mass density of
12 kg/m?, while those values are 50 mm and 20 kg/m?* for the
intermediate layer and 100 mm and 32 kg/m? for the bottom layer.
The surface of the absorber is covered by a light fabric.

A loudspeaker (Omnisource loudspeaker 4295, Briiel and Kjer) is
placed in the source room, as shown in Fig. la. Spherical sound
waves are emitted from the head of the loudspeaker. The head is
located 1350 mm away from the test panel surface. The axis of the
loudspeaker is aligned along the center axis of the facility, which is

normal to the test panel. The distance between the test panel and the
loudspeaker is determined by the tradeoff between maximizing the
planarity of the sound wave and maximizing the signal-to-noise ratio
of the sound intensity measured in the receiving room. The exposed
area of the test panel is a square with a side of 200 mm. The incident
angle of the sound wave onto the panel is less than 6.0°. On the other
hand, the SPL of the background noise is less than 20 dB within the
frequency range of interest. The sound waves reached at the sidewalls
of the source room are mostly absorbed.

The rigidly fixed panel is installed in between two anechoic rooms.
A test panel is bound by two steel frames and is fixed using 24 bolts,
as illustrated in Fig. 2. These bolts are clinched with a uniform torque
by using a torque wrench, so that the four sides of the square panel are
fixed rigidly and uniformly. Because the fixing affects the resonance
of the panel vibration, TL is sensitive to the fixing condition.

B. Methods

The frequency of the sound waves from the loudspeaker is
controlled using a function generator. The spectrum of the sound
waves is kept uniform (white noise) in the frequency ranges from 200
to 2200 Hz. Note that the anechoic room is used for the source room.
The cavity resonance due to reverberation in the room is never
excited, and the spectra of the incident sound waves are uniform.
Because the wave front of the incident waves is close to planar, the
intensity of the incident waves can be approximated by the SPL [4].
The TL is calculated by subtracting the acoustic intensity level (IL) of
the transmitted waves IL, from the SPL of the incident waves SPL;:

TL =SPL, —IL, 2)

SPL,; is measured using a microphone (4938, Briiel and Kjer) in the
source room. The position of the microphone z,,, which is defined as
the distance from the head of the loudspeaker along the axis, can be
changed from O to 1 m. The time-series data of the sound pressure
recorded using the microphone are converted to the spectrum series
of SPL; using a fast Fourier transform (FFT) analyzer (CF-521, Ono
Sokki). IL, is measured using an intensity probe (half-microphone
pair 4197, dual preamplifier 2683, Briiel and Kjar). The intensity
probe is located 60 mm away from the panel surface. The matrix of
the measurement points are illustrated in Fig. 2. The IL is scanned
over the panel within a 120 x 120 mm square. Each measurement

Side view *5

Top view
S L-direction
W-direction
Fig. 3 Schematic of a honeycomb panel.
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Table 3 Specification of the prepregs

Characteristics Unidirectional ~ Unidirectional Plain-woven
prepreg A in prepreg B in prepreg C in
C/C 1 and C/C3 C/C3
C/C2
Young’s modulus, 141 155 35
E,, GPa?
Young’s modulus, 5.0 8.96 35
E,, GPa,?
Young’s modulus, 5.0 8.96 10
E., GPa*
Poisson ratio, v, 0.011 0.02 0.3
Poisson ratio, v, 0.011 0.02 0.085
Poisson ratio, v, 0.3 0.3 0.085
Shear modulus, 7.1 7.1 7.1
G, GPa
Shear modulus, 3.4 3.4 7.1
Gy, GPa
Shear modulus, 7.1 7.1 7.1
G,., GPa
Density, kg/m? 1510 1497 1497

“Subscripts a, b, and ¢ denote fiber direction, direction lateral to fiber, and thickness
direction, respectively.

Table 4 ABD characteristics of the composite materials
(without B matrix)

Matrix
Panel A,N/m D,Nm
C/IC1 9.60x 107 2.60 x 107 0 348 4.6l 2.23
2.60 x 107 9.60 x 107 0 4.61 8.03 223
0 0 350x 107 223 223  6.52
C/C2 231 x10% 2.41x10° 0 493 0514 0
2.41 x10°  8.03 x 10° 0 0.514 1.71 0
0 0 1.14 x 107 0 0 2.42
C/C3 9.59x 107  6.74 x 10° 0 424  0.813 0
6.74 x 10 2.25 x 107 0 0.813 2.71 0
0 0 7.10 x 10° 0 0 0.592

point is separated 20 mm from the adjacent points. IL, over the panel
surface is evaluated by surface integrating the measured IL. TL data
are presented in the spectral resolution of 8.0 Hz that is determined
due to the performance of the FFT analyzer.

C. Materials

Three different kinds of materials are tested: pure aluminum,
honeycomb sandwich, and CFRP. The mechanical properties of the
tested panels are listed in Table 1. A pure-aluminum panel of 1 mm
thick is selected as a baseline. The detailed specifications of the
honeycomb panel are summarized in Table 2. The surface skins of the
honeycomb sandwich panel are made of two pure-aluminum panels
of 0.5 mm thick. The honeycomb core is made of thin foils of
aluminum, as illustrated in Fig. 3, and its mass is negligible when
compared with the skins. The mass in a unit area of the honeycomb
panel is close to that of the baseline aluminum panel.

CFRP features the anisotropic nature of the elastic modulus.
Three different CFRP panels, C/C 1, C/C 2, and C/C 3, are selected
for the experiments. For all the CFRP panels, the hand layup
method is used for the molding, and an autoclave is used for the
hardening. The prepregs are made from epoxy resin and carbon
fibers derived from polyacrylonitrile (Mitsubishi Plastics, Inc.).
Three kinds of the prepregs, A, B, and C, are used. Their
specifications are summarized in Table 3. The constitutive matrix is
denoted as ABD. The ABD characteristics (ABD matrix) are listed
in Table 4. All the components of the B matrix are zero for the
materials used, and they are omitted in the list. The C/C 1 panel is a
quasi-isotropic panel that is formed by laminating eight sheets of
prepregs A. The fiber directions of the C/C 1 are depicted as
[0/45/ —45/90/90/ — 45/45/0°]. The C/C 2 panel is a unidirec-
tional panel formed by laminating the eight prepregs A in a single
fiber direction. Both C/C 1 and C/C 2 panels have the same surface
density and thickness. The surface density of these two panels is
matched with the aluminum panel; however, the thickness is 1.6 mm
larger than that of the aluminum panel. The C/C 3 panel is a
unidirectional panel. The thickness of the C/C 3 is 1 mm and is the
same as that of the aluminum panel. The C/C 3 panel is formed
by laminating two different prepregs: B and C. Two sheets of the
unidirectional prepregs B are sandwiched by two plain-woven
prepregs C. The fiber directions of the two sheets of the prepregs B
are same. Because the surface density of the aluminum, honeycomb
sandwich, C/C 1, and C/C 2 are close to each other, the TLs of these
panels are expected to be similar to each other on the basis of the mass
law [Eq. (1)].

III. Calibration

The usage of anechoic source rooms is intended to simulate the
three-dimensional free field, without any obstacles that cause the
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Fig. 4 Axial distribution of SPL in the anechoic sound-source room.
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Table 5 Distribution of the relative
deviation SPL (dB) on the panel
surface at 1000 Hz

X, mm, y, mm —50 0 50

—50 —0.21 0.12 0.25
0 —0.19 024 0.15
50 —-0.24 —0.01 —0.11

reflection and diffraction of the sound waves. In the ideal free field,
the sound waves emitted from a point source expand spherically.
Their intensity decreases proportionally to 772, where z is the radial
distance from the sound source in accordance with the so-called
inverse-square law. On the other hand, the curvature of the wave front
increases proportionally to z, and then the wave front becomes
asymptotically planar. In the actual anechoic source room, the wall
surface is covered by the absorber layers, except on a window for the
test panel to simulate the three-dimensional free field. There are two
factors to be considered. One is the reflection of the incident sound
waves on the test panel. The other is the diffraction on the sidewalls.
Even though the sound waves are absorbed by the absorber layers on
the sidewalls of the room, the sound waves are diffracted due to the
absorption. Both the reflection on the test panel and the diffraction on
the sidewalls can cause perturbation onto the measurement of SPL;.
Itis necessary to examine the sound pressure distribution in the actual
anechoic source room.

To evaluate the deviation of the actual incident sound field from the
inverse-square law, the longitudinal distribution of SPL was
measured along the center axis in the source room. A microphone is
traversed along the axis from 0.1 to 1.0 m away the speaker head.
Monochromatic sound waves of a single frequency are emitted from
the loudspeaker. The spectral frequency is ranged from 200 to
2000 Hz. The results are plotted in Figs. 4a—4f for the six different
frequencies 200, 500, 800, 1000, 1504, and 2000 Hz, respectively.
The closed circles represent the measured data, and the curves
represent the inverse-square law. For all the tested frequencies, the
measured results agree reasonably well with the theoretical values.
The maximum discrepancy between the measured and the theoretical
results is 3.5 dB at 200 Hz. It is 2.4 dB at 500 Hz, and it is less than
2.0 dB at the higher frequencies. It is natural that the difference,
which is mainly originated from the reflection on the test panel, is
significant near the test panel for all the frequencies. According to
ISO 3745, the allowable differences between the inverse-square law
and the measured SPL in the hemi-anechoic room are £2.5 dB
below the 630 Hz one-third-octave band, and £=2.0 dB for each of the
one-third-octave bands between 630 and 6300 Hz [19]. The present
facility satisfy this condition at the frequencies higher than 200 Hz.
To reduce the errors, the incident SPL on the test panel, SPL,;, is
extrapolated from SPL measured at the head of loudspeaker using a
microphone on the basis of the inverse-square law.

The uniformity of SPL; over the test panel is examined by
measuring the cross-sectional distribution of SPL on a test panel. The
SPL is measured at nine points in a 100 x 100 mm square around the
center of the panel. To mount the microphones, a 20-mm-thick flat
panel of aluminum is fixed on the window for the test panel. The
microphones are flush mounted on the panel. The microphones and
the panel are acoustically insulated from each other using a rubber
tube. The relative SPL measured with a single frequency at 1000 Hz
is shown in Table 5. The deviation of the SPL from the mean value is
less than 0.3 dB; uniform irradiation is realized. Figure 5 shows the
spectral distribution of the maximum deviation of the SPL among the

1 L L 1 1 L 1 1
200 400 600 800 1000
f(Hz)
Fig. 5 Maximum deviation of SPL, ASPL, on the surface of the test
panel.

Experimental

Mass law

Experimental

Mass law

200 400 600 800 1000
Frequency (Hz)
¢) No panel
Fig. 6 TL through a rubber sheet.

measured nine point ASPL. In this case, white noise is used for the
incident sound waves. In the frequency range from 200 to 1200 Hz,
ASPL is kept around 0.5 dB at the frequencies lower than 800 Hz,
and it then increases gradually with the frequency. The gradual
increase in ASPL should result from the diffraction of the sound
waves on the edge of the steel frame binding the test panel. Even ata
higher frequency, ASPL is less than 2.0 dB.

Figure 6 shows the TL of a rubber sheet. Two rubber sheets,
different in surface density, are tested. The TL for the thick rubber
sheet, for which the surface density is 1.32 kg/m?, is shown in
Fig. 6a along with a theoretical curve of the mass law. The TL for the
thin rubber sheet, for which the surface density is 0.489 kg/m?, is
shown in Fig. 6b. At the frequencies lower than 500 Hz, the
experimental TL is higher than the theoretical. The difference
between the experimental and the theoretical curves is around 14 dB
at 200 Hz for both cases. It decreases with the frequency, and the two
curves coalesce with each other at frequencies higher than 500 Hz.
The standard deviation between the experimental and the theoretical
TL is 0.77 dB for the thin rubber and 0.94 dB for the thick rubber in
the range of frequencies from 500 to 2000 Hz. The TL is also
measured with no panel installed in the window. The result is shown
inFig. 6¢c. The TL has a peak of 14 dB at 240 Hz, and it decreases with
the frequency. In this case, two anechoic rooms and the aperture can
be treated as a tube of the variable area, illustrated in Fig. 7. The TL is
originated from the abrupt change in the cross-sectional area. The
side length in the cross section of the anechoic room is 700 mm (see
Fig. 1). This length, 700 mm, corresponds to the wavelength of the
sound wave at the frequency of 491 Hz. At the frequencies lower than
491 Hz, the one-dimensional theory of the sound waves in pipes can
be applied [20]. According to the theory, the TL is formulated as

1 (A, A)\? . L
TL = 1010g10[1 +Z(/T;_/TT) smz(znx)] 3)

I | [
Sound wave
A

1 <—L—>IA2 Ay

WLUT_L

Contraction part T

Inlet Outlet
Fig. 7 Schematic of the sound transmission through a pipe of a variable
cross-sectional area.
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where the A|, A,, and L are the cross-sectional area in the inlet, the
cross-sectional area of the contraction part, and the length of the
contraction part, respectively, as illustrated in Fig. 7. The wavelength
of the sound waves is A. In the experiment, the side length of the
square aperture is 200 mm, and then the ratio A, /A, is 0.081. From
Eq. (3), the maximum of the TL is calculated to be 16 dB, which is
close to the measured maximum value, 14 dB. To be exact, the effects
of the glass-wool absorbers should be taken into account. However,
at the frequencies around 200 Hz, a large amount of the sound
intensity is reflected on the wall, and the theory of the sound waves in
a tube is valid. At the higher frequencies, the sound wavelength is
smaller when compared with the size of the anechoic room, and the
sound waves are mostly absorbed in the absorber on the wall of the
anechoic room. As aresult, the sound waves are transmitted perfectly
through the aperture, as shown in Fig. 6¢. By comparing Fig. 6¢ with
Figs. 6a and 6b, the apparent excess of TL for the rubbers is
presumably caused by the same reasons.

IV. Results
A. Aluminum Panel

The detailed spectrum of the TL for the aluminum panel is shown
in Fig. 8a. The curve of the mass law, Eq. (1), is also drawn for
comparison. Peaks that correspond to the resonance transmission
appear clearly in Fig. 8a. The central frequencies of the peaks are 220,
830, 1360, and 1930 Hz.

Figure 8b shows the results of the modal analyses. The
acceleration rate measured on the panel surface is plotted. For this
result, the vibration is excited by an impact exerted on the panel.
Several resonance peaks of the vibration are observed. To charac-
terize the modal vibration, the resonance frequencies are computed
using the commercial software LS-DYNA. Hexahedral mesh is used
in the computations. The panel surface of a 200 x 200 mm square
are split into 50 x 50 elements. For the boundary conditions, the
translational and rotational motions of the nodes are constrained at
the four sides of the square panel. The measured and computed
resonant frequencies are listed in Table 6. The experimental and
computed results agree reasonably well with each other within an
error of 5.4%. In the experiment, the resonance frequency is sensitive
to the fixing condition. This result ensures sufficient fixing rigidity of
the test panel. Note that the several modes, like (1,2) and (2,1), are
degenerated.

The modal shapes of the panel are illustrated in Fig. 9, where both
points and solid lines represent the peaks of vibration, and the broken
lines represent the nodes of vibration. A resonance peak is generated
at the center of the square panel in the particular modes: the mode
(1,1), the superimposed vibration of the degenerated modes (1,3)
and (3,1) (depicted as (1,3) + (3,1)), the mode (3,3), and the
superimposed (1, 5) + (5, 1). Comparing Figs. 8a and 8b, it is clear
that the peaks of the TL in Fig. 8a correspond to the particular
resonant modes that have a peak of the vibration at the center of the
panel. Such selective excitation of the modal vibration is originated
from the uniformity of the SPL; over the panel and the normal
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Fig. 8 TL and vibration of a pure-aluminum panel: a) TL and
b) acceleration rate excited by the impact of a hammer.

Table 6 Resonant frequency of the aluminum panel (1 mm thick)

Mode Computed Measured, Hz Difference, %
(LS-DYNA), Hz
(1,1) 227 224 1.3
(1,2), (2,1) 463 448 3.2
2,2) 684 664 2.9
(1,3), (3,1) 831 808 2.8
(2,3), (3,2) 1041 1000 3.9
(1,4), (4,1) 1335 1296 2.9
(3,3) 1388 1336 3.7
2,4), (4,2) 1531 14438 54
(3.4 1868 1792 4.1
(1,5), (5,1) 1962 1896 34

incidence angle of the sound waves. Otherwise, if the sound waves
were obliquely incident on the test panel, different modes should
have been excited. Hence, the present result ensures the uniform and
normal incidence of the sound waves. At the frequency of the
degenerated modes (1,2) and (2,1), a small dip appears in the TL
curve in Fig. 8a. This may be originated from the small non-
uniformity of the sound pressure and the incident angle different
from normal.

Apart from the resonance transmission, in Fig. 8a, the
experimental TL is higher than that of the mass law from 300 to
700 Hz, in between the first two peaks of TL. The experimental and
the mass-law curves seem parallel to each other. The difference
between two curves is constant at 10 = 1 dB within this range of
frequency. At the frequencies higher than the second peak of TL at
830 Hz, the experimental TL approaches the mass law, except at the
peaks.

The width of the first peak of TL is around 30 Hz, and that of the
second peak is 80 Hz. The shapes of these peaks are obtained in the
resolution at 8 Hz, which is limited only by the capability of the FFT
analyzer, and the data will be served for the verification of the
numerical analyses.

B. Honeycomb Sandwich

The TL of the honeycomb sandwich panel is shown in Fig. 10a. At
the frequencies lower than 500 Hz, the TL increases slightly with the
frequency. The experimental TL curve seems parallel to that of the
mass law. The difference between them is around 20 dB. It is higher
than the aluminum by 10 dB. Unfortunately, the data are partly
unavailable, because the transmitted IL is less than the background
noise around 20 dB. At frequencies higher than 500 Hz, TL decreases
monotonously with the frequency, up to the first peak at 930 Hz. The
first peak of TL at 930 Hz corresponds to the first resonance
frequency of the modal vibration shown in Fig. 10b. It should be
noted that the peak of TL is not originated from the coincidence
effects but from the resonance. When compared with the TL
spectrum of aluminum (Fig. 8a), the first resonance frequency
(930 Hz) is much higher than that of aluminum (220 Hz). At the
resonance peak, TL is as low as 7 dB. Moreover, the width of the first
peak of the honeycomb panel is larger than that of the aluminum.
This is the case for both the TL and the modal vibration. The full
width at half maximum of the first peak of the vibration is 130 Hz for
the honeycomb panel, whereas it is around 30 Hz for the aluminum
panel. The width of the first peak of TL of the honeycomb panel is
around 300 Hz. From these results, it is clear that the resonance
transmission is significant for the honeycomb sandwich panel rather
than for the single leaf of the aluminum panel of the same surface
density. However, it is not straightforward to explain the present
trend. The aluminum panel (baseline) is equivalent to the sandwich
panel of the zero core thickness. The resonant transmission is
affected significantly by the core thickness, the bonding structure
between the skins and the core, and the additional mass of the
adhesive materials [16,17].

At the frequencies higher than 1000 Hz, the TL of the sandwich
panel increases gradually with the frequency, then it gets close to the
mass law, and it gets close to TL of the aluminum panel as well. The
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Fig. 10 TL and vibration of a honeycomb sandwich panel: a) TL and
b) acceleration rate excited by an impact.

peak of TL does not appear at the frequencies corresponding to the
second and third peaks of the modal vibration.

Detailed core structures including the adhesive materials have to
be taken into account for the modal analyses of the honeycomb
sandwich panels, as in the previous study [11]. It is above the scope
of the present study and is left for future works. The detailed spectra
of TL are sensitive to the core structure as well. The present
measurement technique is useful to clarify the effects of the core
structures on the sound transmission.

C. C/C Composite

Figure 1la shows the TL of the quasi-isotropic CFRP panel
(C/C 1) and that of the unidirectional CFRP panel (C/C 2). The dark
curve represents C/C 1, and the gray curve represents C/C 2. Because
the surface density is the same with each, the curve of the
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Fig. 11 TL and vibration of the quasi-isotropic CFRP panel (C/C 1)
and the unidirectional CFRP panel (C/C 2): a) TL, b) acceleration rate of
C/C 1 excited by an impact, and c¢) acceleration rate of C/C 2 excited by an
impact.

corresponding mass law is common for both materials. Figures 11b
and 1lc show the acceleration excited by an impact of hammer.
Although it is natural that the modal characteristics of the quasi-
isotropic C/C 1 are similar to those of the aluminum panel, such
modes as mode (1,2) and the mode (2,1) are not degenerated. In the
spectrum of the TL, three peaks appear. These peaks correspond to
modes (1,1), (1,3), and (3,1) of the resonance vibration. Figure 12
shows the maximum displacement of the surface of C/C 1 in the
resonance vibration. This is computed using LS-DYNA. Because
this quasi-isotropic panel is composed of eight sheets of the
prepreg A, the panel is splitinto eight sheets in the thickness direction
in the analysis. The specifications of the prepreg A, listed in Table 3,
are employed in the analysis. The boundary conditions and the
element numbers on the surface are the same as the analyses of the
aluminum panel. As is apparent from Fig. 12, there is a peak of
displacement at the center of the panel only in modes (1,1), (1,3),
and (3,1). As is the case with the aluminum panel, resonance
sound transmission occurs only at the particular resonance modes.
Moreover, the antiresonance of the TL appears clearly in Fig. 1 laata
frequency slightly lower than mode (1,3).

For the C/C 2 panel, three peaks appear in Fig. 11a. The first peak
of the TL is generated at a frequency in between the mode (1,1) and
the mode (2,1), shown in Fig. 1lc. In this case, the resonance
frequencies of these two modes are extraordinarily close to each
other (410 and 480 Hz). The peak of the TL is built up as a result of
mutual interactions of these two modes of the vibration. The second
and third peaks of the TL correspond to mode (3,1) and mode (5,1),
respectively. Figure 13 illustrates the mode shapes in the resonance
vibration of the C/C 2 panel. The same fact is repeatedly true in this
case as well; that is, the TL has peaks at resonance modes (3,1) and
(5,1), at which there is a peak at the center of the panel. Around the
first peak of the TL, the TL curve of the C/C 1 and that of the C/C 2 are
occasionally close to each other. The other resonance peaks of C/C 1
appear at frequencies different from the C/C 2. Apart from the
resonance transmission, the TL gets close to the mass law as the
frequency increases.

The TL spectrum of the C/C 3 is shown in Fig. 14a. The aluminum
data are also plotted for comparison. Note that the C/C 3 and the
aluminum are the same in thickness. In the figure, the relative TL that
is defined as the measured TL subtracted by the theoretical value of
the TL calculated from the mass law is presented. The frequency is
normalized by the first resonant frequency f, of the TL of each
material. Two curves, C/C 3 and aluminum, are occasionally very
close to each other in the frequency range from the first peak to the
second peak. This result seems interesting in a practical sense.
Different from the resonance frequencies, it is not easy to predict the
amplitude and the shapes of the peaks of the resonance transmission
of the sound waves. On the basis of the fine spectral data, empirical
scaling law may be formulated for the resonance sound transmission
through C/C panels. Such a scaling law is useful in designing the

= e
A £
mode(1,1)  (1,2) 2,1 1,3) 2,2) 14) 3,1

Fig. 12 Distribution of the maximum displacement in the resonance
vibration of C/C 1 (calculated using LS-DYNA).




2384 MORI ET AL.

NARSAN RN
T

mode(1,1)  (2,1) 3.1) 4,1)

PN
g0 | )
= B 0\
I o V ------ Aluminum V ]
P20 F o —— C/C #3 (unidirectional) i
a)

[ cros 12 @eaEn 49

= 12 ARH s,

$ mode(1,1) 2,1) "4

8 F

< 1 A i i 2 & 5 " |
b)

- Aluminum

> . mode(1,1) M (12

< F Y ii@n

i

<

a1
4
fIf,

©)

Fig. 14 TL and vibration of the unidirectional CFRP panel (C/C 3):
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soundproof structures. To formulate the scaling law, a lot of
experimental data of the resonance transmission are necessary.

Figures 14b and 14c show the spectra of the vibration. For the
C/C 3, similar to C/C 2, the peaks of the TL correspond to modes
(1,1), (1,3), and (3,1) of the resonance vibration. Needless to say,
only in these modes, there is a peak at the center of the panel. Modes
(1,3) and (3,1) are not degenerated. Because both the C/C 2 and C/C 3
are unidirectional, the modal shapes are similar, but the exact
positions and shapes of the resonance peaks are different, depending
on the material properties and thickness.

V. Conclusions

A simple anechoic room technique is developed to measure the
fine spectra of the TL of sound waves through a panel. The incident
angle, the distribution of the sound pressure, and the spectral
distribution of the incident sound waves are arbitrarily controllable.
Moreover, the shapes and the size of the test panel can be given
arbitrarily. The present technique is successfully demonstrated in the
measurement of the TL of a pure-aluminum panel, a honeycomb
sandwich panel, and three different CFRP panels in the frequency
range from 200 to 2000 Hz. For the sake of simplicity, the sound
waves are incident in the direction perpendicular to the panel, and the
SPL is kept uniform over the panel in the experiment. As a result, the
resonance transmission of the sound waves occurs in the particular
vibration modes, in which a peak of the oscillation appears at the
center of the panel. This is true for the isotropic (aluminum), the
quasi-isotropic (C/C 1), and the unidirectional materials (C/C 2). The
experiment of the honeycomb sandwich panel revealed that the first
resonance peak appears at a frequency higher than expected from the
experimental results of the single leaf of aluminum of the same
surface density. The width of the resonance peak of the honeycomb
panel is much larger than the single leaf of aluminum. The results
include the effect of the core and adhesive materials. For such panels
of complex structure, as the honeycomb sandwich panels, the
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Fig. 13 Modal shapes of C/C 2.

experimental data under the simplified conditions are useful to verify
the numerical analyses.
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