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This research is to analyze the factors that cause the distortion of the sound and to make
the sound more propagable with the use of wooden acoustic panels (WAP) by the finite ele-
ment analysis (FEA) in a closed room. The structural modeling-FEA has become the leading
technique with the fluid-structure interaction (FSI) used to systematically analyze multi-physics
events of how fluids and structures interact for acoustics as well as to solve structural prob-
lems for reverberation — sound pressure problems. The displacement-based nonlinear Lagrangian
method was used for the acoustic fluid and material structure interaction behavior by FEA to
manage the problem of FSI. Under laboratory conditions, the acoustic response of a composite
WAP (ASTM E-84) and ceiling was experimentally studied and compared by computational mod-
els. This research enabled the designer to create a three-dimensional acoustic model of a WAP
with full acoustic qualities for all surfaces to enhance the sound transmission by ANSYS-v.2020.
The promising results showed that the consideration of the dominant fluid–fiber direction and sound
absorption is of importance.
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1. Introduction

Architectural acoustics are particularly con-
cerned with the generation and propagation of
sound [1] that starts to resonate, becoming clearly
inaudible and uncomfortable [2]. At this point, the
selection of finishing materials becomes important
depending on the space geometry and sound absorp-
tion capacity [1, 2]. Sound pollution problems [3, 4],
which can be overcome by WAP, are often caused
by sound waves reflected [4] by walls or ceilings [5].
To determine the acoustic performance of a space, it
is necessary to make a series of mathematical calcu-
lations [5, 6] using the acoustic analysis FEM–FSI
methods [7–9] to obtain more precise results by us-
ing geometric data, and acoustic pressure, velocity
data [10]. The structural models offer the option
to perform a range of acoustic analyses for rever-
beration, sound pressure and velocity tracing tech-
niques [11].

This research is part of a study conducted by test-
ing the acoustic sound insulation of a room covered
with acoustic composite WAP (35 mm in height)
(ASTM E-84) with a natural wood veneer finish
in double V-groove for the ceiling and sidewalls
subjected to the loud sound source. The Kundt
impedance tube with 100 mm for the low frequency
range, and 30 mm diameter for higher frequencies

was used to measure the sound pressure, absorption
coefficient in frequency range 50–6400 Hz in exper-
imental laboratory conditions. The ASTM E2611
measurement method ASTM E1050 and ISO 10534
— two measurement methods were applied. A low
frequency generator was plugged into the speaker
of the Kundt tube. The exploring microphone
was then connected to the data acquisition sys-
tem and the oscilloscope. A composite WAP and
acoustic core rubber (25 mm in height) of ab-
sorbing materials was used to analyze the acous-
tic performance of the model by the finite element
method.

2. Mathematical model

The fluid-structure interaction (FSI) problem ad-
dresses fluid behaviors in this research. The fluid
displacement is small while the interaction is signif-
icant. Here, the problem of structural behaviors in-
fluences pressures build-up and reactions in a rever-
beration room. Differential equation is as follows:

∂2p

∂x2
+
∂2p

∂y2
+
∂2p

∂z2
+

1

c̄2
∂2p

∂t2
= 0 (1)

matching the pressure distribution p in a compress-
ible fluid subjected to a small amplitude motion.
Coefficient c̄ represents the sound speed in the fluid.
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The case of WAP-solid objects that face the forced
motion is described with

∂p

∂n
= −ρ∂

2Un

∂t2
, (2)

where Un — the component displacement.
Now, the quasi-harmonic equation in the finite

element may be converted to the matrix differential
equation, i.e.,

Gp̈+Hp+ f̄f = 0, (3)
where H and G matrices are obtained from surface
integrals associated with motions on the bound-
aries. This structural motion can be, in fact, dis-
cretized by a shape function

Un = N̂a. (4)
Its form is represented by N̂ and the nodal param-
eters a, known as displacement parameters. The
physical forcing event f̄f = Sä is given as an equa-
tion, while S reads as

S =

∫
S

dS NTρN̂, (5)

where N defines the pressure distribution and S de-
notes the boundary conditions between the struc-
ture of the model and the fluid.

Now, the fluid pressure on the contact surface
given as f̄s, the external forcing term represented
by r, the mass matrix M , the damping matrix C,
and the stiffness matrix K participate in the follow-
ing relation:

M ä + Cȧ +Ka + f̄s + r = 0. (6)
According to the above equations, the principle
work may be applied to last forces, namely,

f̄s =

∫
S

dS N̂Tp =
1

ρ
STp. (7)

Since pressure is given as p = Np, finally we will
obtain the coupled differential equations

Gp̈+Hp+ Sä = 0 (8)

M ä + Cȧ +Ka +
1

ρ
STp + r = 0 (9)

which control the problem of FSI.

3. Wooden acoustic panel
by FEA and FSI

The effects of wooden panels installation on
sound behaviors are investigated with FEM to pro-
duce some guidelines on the design of acoustic fre-
quency. The motion transmissibility at the center
point of the panels predicted by FEM/FSI for the
case study is shown in Fig. 1.

In this research, different acoustic pressure dis-
tributions and operating frequencies (124–4000 Hz)
for acoustic core rubber inside a wooden panel are
presented for absorption analysis in FSI as shown
in Fig. 2. Here, in the finite element-FSI method,
different colors show different sound frequency and
pressure information. Therefore, the warmest color
sounds represent the highest levels, while cool colors
represent the lowest pressure (1.5 Pa at 70.1 dB).

Fig. 1. Sound pressure in acoustic wood panel by
FEA/FSI.

Fig. 2. Rubber material acoustic absorption anal-
ysis in FSI.

Fig. 3. Acoustic response in wood panel sample.

Fig. 4. Acoustic turbulent viscosity analysis of
wood panel.

Acoustic response air-sound flow behavior in
wood panel is presented for speed sound measured
at 12.093 m/s in Fig. 3. Acoustic wood panel
absorption coefficient was computed in three-layer
panel-WAP as shown in Fig. 4.

Due to a large number of cases, only groups corre-
sponding to the 100 and 4000 Hz frequencies were
taken into consideration in the acoustic turbulent
viscosity analysis in Fig. 4.
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4. Research

Experimental tests were performed to verify the
theoretical results in this research. The equipment
setup with a wooden ceiling and a sidewall panel
is illustrated in Fig. 5a while the boundary condi-
tions are defined in Fig. 5b. Two high frequency
loud speakers were located at the positions shown
in Fig. 5c. The sound transmission measurements
and analysis were performed on a WAP frame par-
tition according to the ISO 10140 standard. The
sound pressure level of a diffuse sound area in the
room and in the receiving room was measured in
one-third octave bands from 50 Hz up to 4000 Hz.

The results of the simulation are shown in Fig. 6.
These are the detailed visuals of the sound lev-
els and pressure values formed in the cross sec-
tions taken from the middle plane of the speaker
(Fig. 6a), the face of the ceiling facing the room
(Fig. 6b) by using the middle and the maximum
noise lines of the ceiling insulation (Fig. 6c). A spa-
tial average of the sound pressure levels was deter-
mined in the source and the receiving room by cal-
culating the average across two microphone boom
positions in the room, with an averaging period

Fig. 5. Acoustic Computational Domain Meeting
Room.

Fig. 6. Speaker Vertical Cross Section.

Fig. 7. Acoustic power absorption in wood panel
room.

Fig. 8. Ceiling cross section acoustic model.

TABLE I

Composite wood panel noise reduction coefficient,
where NCR — Noise Reduction Coefficient, SAA —
Sound Absorption Average. Composite dimensions:
panel — 25 mm, core — 35 mm.

Composite wood
panel thickness

Frequency [Hz]

0.07 125
0.28 250
0.85 500
1.09 1000
0.95 2000
0.74 40000
0.80 NCR
0.79 SAA

of 32 s at each boom position completed in one
turn. The reverberation time of the receiving room
in calculation of the sound reduction index-R was
measured based on the one-third octave band sound
insulation values, and the weighted sound reduction
index-RW, as a single number quantity, was deter-
mined according to ISO 717-1.

For a comparison of experimental tests and sim-
ulation study, the results of FEM–FSI and acoustic
insulation index calculated by experimental tests
are shown in Fig. 7. The data collected from the
ceiling with the help of lines drawn in the maxi-
mum noise area of the noise in the ceiling regions of
the two models are demonstrated in Fig. 7a. Here,
both curves are a natural result of the symmetri-
cal positioning of the two speakers in the room. It
was observed that the three-layer model has cre-
ated approximately 6 dB less noise at the maximum
points than the single-layer model. Due to the av-
erage sound pressure level values in the center of
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the reverberation chamber, the sound insulation 42
and experimental results 41 were achieved. These
respective — numerical and experimental — curves
are encouraging results as presented in Fig. 7b.

The ceiling cross section acoustic simulation
model at max. 60 and 100 dB range is shown
in Fig. 8. Calculation sets were the following: the
maximum loudness was measured as 149.3 dB in
the loudspeaker section of the single layer model
and 108.92 dB in the ceiling area of the three-
layer model. The determined values are as follows:
159.63 dB in the speaker section and 103.02 dB in
the ceiling section. The comparative results ob-
tained using the middle and maximum noise lines of
the ceiling insulation are given in Fig. 8. The mea-
sured composite wood panel noise reduction coeffi-
cient and sound absorption average are illustrated
in Table I.

5. Conclusions

In this work, a computational simulation method
was presented using the finite element model with
FSI and applying the model itself to a composite
panel made up of wood and rubber, with an inter-
nal frame, and experimental acoustic room model
analysis. The tested models were subjected to real
acoustic pressure as well as experimental study
with Kundt tube tests required for determination
of the models’ natural periods and modes of
vibration. The analytical part of the investigations
included the definition of the physical model of
the systems, and the determination of the con-
stitutive nonlinear relationships for the contact zone

between the panels and the sound foundations.
Some peaks in graphs (Fig. 7a and b) are observed
due to the resonance phenomenon. A reasonable
correlation between the experimentally and numer-
ically obtained displacements and acceleration at
the top of the model has been obtained as shown
in Fig. 7b.
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