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ABSTRACT

Purpose: Paper presents the results of the simulation of acoustic wave propagation in quasi one-dimensional multi-
layered structure. The purpose was to examine the influence of the thickness of two materials forming the transmission
system, depending on the acoustic wave source frequency.

Design/methodology/approach: To perform simulation, the FDTD (finite difference time domain) algorithm was used.
An acoustic wave propagated through the system consisting of ten alternating layers of equal thickness, surrounded on
both sides by air. On the edges of the simulation space Neumann boundary conditions were provided.

Findings: Changing the layer thickness affects the position of the SPL minima and causes narrowing of the area of the
total acoustic pressure curves.

Research limitations/implications: The influence of changes in the thickness of the layers forming the quasi one-
dimensional multilayer system on transmission was investigated. In order to better know the transmission characteristics
of the system consisting of two different materials, the effect of changing the physical size of heterogeneous layers
should be examined. It would be also important to compare the simulation results with those obtained experimentally.
Practical implications: Simulation of quasi one-dimensional multi-layer systems allows to design new materials
adapted to the requirements of specific applications without the need to carry experiment. Multilayer systems can be
operated in a variety of applications, primarily as a filter with adjustable band gap frequency intermittently, and also as
a material for absorbing incident acoustic waves.

Originality/value: The available literature contains a limited information on the propagation of acoustic waves in quasi
one-dimensional multi-layer systems. This paper responds to the demand caused by the lack of available articles in this
topic and enables view the findings of research for one of the simpler periodic structures.
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1. Introduction

FDTD method is increasingly used in simulations of acoustic
wave propagation, as compared to other type of approach and
allows to perform calculations in a relatively short period of time
while ensuring a good accuracy of the calculation. For this reason,
simulations of simple one-dimensional structures are burdened
with insignificant error, since the use of highly accurate
computational grids dividing experimental space does not result in
a drastic increase in the duration of the simulation.

Quasi one-dimensional multi-layer systems are also
extensively studied using the FDTD method particularly in terms
of transmission ability for a wide spectrum of electromagnetic
radiation [1,2]. In the available literature there is few information
on the studies using this method for the transmission properties of
superlattices, when the wave incident on the system is an acoustic
wave. Systems of this type have interesting physical properties,
also from the point of view of application. There are so-called
band gaps or certain frequency bands for which the acoustic wave
is completely suppressed within the multilayer system, and not
leave it. [1-3]. Width, location and total number of forbidden band
gaps is strongly correlated with the physical properties of the
multilayer system and the topology of its components [1,2]. Such
systems can be used, inter alia, as a frequency filters, suitable for
the suppression of selected, specific frequency ranges, and also to
dampen acoustic wave as the absorbing layer.

For example in reduce level of sound volume, usually used
specially shaped materials that act on the basis of scattering of the
incident acoustic wave in different directions, and thereby realize
a reduction in sound pressure level. The overall effectiveness of
this scattering is proportional to the surface area and the amount
of planes located on such material. In order to maximize the
dissipation is necessary to use elements of considerable
significant physical size. Sometimes it is not possible to use such
materials e.g. because of their not suitable appearance. What
emerges is a need to seek other new solutions that could
efficiently meet this challenge.

2. Theoretical background

FDTD method allows to simulate acoustic wave propagation
in any medium [4] and is widely used in many experiments
related to acoustic simulations [3,5,7,8,9,11].

To describe the behavior of the acoustic wave in the specific
medium, it is necessary to come out of the first order differential
equations [10]:
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where:

Pp(X,1) - is the pressure field
[F/m*]=[kg/(m—sec?)],

u(x,t) - is the velocity vector [ m/s ],

Po - 1s the medium density,

p, - isarelative density with respect to the p,,

K - is the medium compressibility x =1/(p, - p, c?),
¢ - is the speed of sound in medium.

Equation (1) for the general case can be written as follows:
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In analogy with the FDTD algorithm for electromagnetic
wave, Yee cell is defined for the acoustic wave [6,10]. However,
they are not identical and the difference lies in other arrangement
of the velocity vector components in the interstitial positions,
while the scalar pressure field values are in the nodes of the cell.

To describe the propagation of acoustic waves in the Yee cell,
equations (1) and (2) should be differentiated over time and space.
After differentiation those equations, we obtain the following
formula:
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In equations (3) and (4) n is a step in three-dimmensional
space {p,u} made by pressure field p(x,7) and velocity field

u(x,1) . The grid formed by a given field can be a square grid, ie.

Ax = Ay or more often a triangular mesh, which can shorten the
calculation time because of its special arrangement to significant
density of nodes only in areas close to the interesting from the
point of view of the experimenter.

These patterns are general solutions used in the case when
considering the problem localized in three-dimensional space. For
the quasi one-dimmensional case, studied in this work, an
restriction can be made to examinine only one-dimensional
problem, described by the following equation:
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where: d is one of the preferred axis of the system such as z-axis
while:
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It is very important, that the time step Ar that appears in the
above differential equations, has been chosen in such a way, that
with the minimum value does not restrict overly the entire
simulation speed. The same rule applies to the spatial step Ad .
Choosing this parameter should be aware of the Courant's stability
condition [10], which for simulation in three-dimensional space is
defined as follows:

AT < ! ©)
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while for the case of one-dimensional problem, it shall be adopted
on a simplified form:

Ar (10)
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Courant's stability condition ensures, that the simulation will
be stable and convergent, and during the course of an iterative
algorithm does not see any artifacts associated with a bad choice
of space or time steps.
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3. Simulation setup

Fig. 1 shows the structure of the model simulation
performed using the FDTD method. Quasi one-dimensional
multilayer structure (a structure in which only one of the
dimensions is finite and the others tend to infinity) was formed
with an alternate stacking of two types of thin films. As the
material A aluminum foil was used, while as material B
polypropylene film was used. Both materials have the same
thickness d and directly adjacent to each other in such a way,
that they formed a periodic translationally invariant structure
of a 10 elements in total, that made up the layers of the
superlattice. This supperlattice is surrounded by a layer of air
on both sides, wherein one side provided with an acoustic
source emits a acoustic plane wave directly into the
corresponding air. Key parameters for the simulation, adopted
for each medium are summarized in Table 1.

Table 1.
Some key properties of used mediums / materials
Medium Spee([i rI(1)/fS iound l[?{egr;rslllg}]/
air 343 1.2
aluminum 6300 2700
polypropylene 1200 900

At both ends of the simulation the so-called hard boundary
conditions (Neumann boundary condition) were provided, and
are described by the following relation:

_ﬁ.(_ivp_éjz() (11)
c
where: n - is the normal vector to boundary plane.

air

Fig. 1. Model used in simulation. A - aluminum, B - polypropylene, bc - Neumann boundary conditions, d - length of element
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The simulation is performed in the frequency domain,
whereby it became possible to study the frequency response of the
system, and to investigate the properties of the individual
damping layers.

After the initial simulation, it was decided, that the range
within which a detailed analysis will be carried out was limited to
the range from 200 Hz to 5 kHz, because due to the phenomena
occurring in, it was definitely the most interesting from the
physics point of view. In the case of lower or higher frequencies,
basically they passed smoothly or were completely absorbed by
the multilayer structure.

The simulations were performed for the ambient temperature
of 293.15 K with the initial reference pressure of 1 atm.
Computing grid applied to the experimental space consisted of
118 points distributed evenly in all layers of the studied
superlattice, and in the surrounding air medium.

Air-filled space surrounding the studied structure was always
the same size, and was fixed to 5 mm in thickness.

4. Results

In this work, the influence of the thickness d of layers
composed of alternating materials A and B to the acoustic wave
transmission was studied. The thickness of the materials was
changed in the range from 0.5 mm to 1.0 mm with the step
0.1 mm.
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frequency (Hz)

Fig. 2. Total acoustic pressure in function of frequency. Numbers
2 - 12 indicate layer number, thickness d=0.5 mm

Figs. 2 and 3 show the total acoustic pressure as a function of
frequency for the thickness of the layers d=0.5 mm. Numbers
1 and 13 stands for the areas filled with air, while the numbers
from 2 to 12 indicate subsequent layers, starting from material A,
as it is shown in Fig. 1. Above frequency of approximately 2 kHz,
the sound pressure curves converge to a value close to 0 Pa, and
thus to ambient pressure. Above 7 kHz, frequency curves reach
0 Pa for all layer thicknesses d in the studied range up to 1 mm.
For this reason, the calculation frequency range has been limited
to 5 kHz, and simulations were then carried out for further analysis.
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Fig. 3. Closeup of Fig. 1. in the frequency range between
150 Hz-1.8 Khz

As can be seen in Fig. 2, the total acoustic pressure curves
show an interesting course. Near frequency of approximately
200 Hz, the curves begin to diverge in order to achieve a first
maximum in the frequency of 316 Hz. Then, in frequency 325 Hz,
acoustic pressure curves converge again, and there is a exchange
in position of some of them. From this point, some of them (the
layers numbered 8-11) again tends to a maximum that occurs at
a frequency of 420 Hz. Then, accurately 100 Hz higher, curves
achieve the point at which acoustic pressure decreases more
slowly, until the limit frequency of 7 kHz.

Fig. 4 provided SPL pressure curves (sound pressure level)
expressed in dB for structures with layer thicknesses d=0.5 mm.

The SPL pressure level is defined as:

2
’)
SPL :1010g< (12)

(#3)

where:

< p2> - is the mean square of sound pressure;

Po=2- 107 [Pa] - is the reference pressure value.

On the acoustic wave transmission shown in Fig. 4, the visible
SPL minima is exceeding slightly above half of the thickness of
the entire multilayer system,. Acoustic wave leaving the examined
structure is more suppressed, the higher is the frequency of wave
source. As a result of the constructive interference phenomena,
for the highest of the transmitted wave length (frequency 200 Hz)
there is a slight strengthening of the sound level after leaving the
structure. Furthermore, as the frequency of the sound increases,
the further in the direction of increasing x-coordinate values of
location the minimum occurs.

Below, in the Fig. 5 shows the total acoustic pressure
curves versus frequency for the structure of which the
thickness d = 0.5 mm, focusing only on the limited to 5 kHz
area of the calculations.
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Fig. 4. Sound pressure level in function of x coordinate for
thickness d=0.5 mm. Legend shows frequency in [Hz]
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Fig. 5. Total acoustic pressure [Pa] in function of frequency.
Numbers 2 - 12 indicate layer number, thickness d=0.5 mm

Fig. 6 shows the sound pressure level curves for the
structure of the individual components thickness was
d=0.6 mm.

Increasing the thickness of the individual layers only by
1 mm, resulted in a shift of all the frequency minima in the
direction of the x coordinate, increasing their position relative
to the structure in which was d=0.5 mm.

Table 2 sums up the SPL curve parameters for the
frequency of 700 Hz, depending on the layer thickness d of the
studied structure.

There was only a slight change in the initial intensity of total
acoustic pressure curves for superlattice layers numbered 2-7
amounting -0.01 Pa. For layers number from 8 to 11, the same
change of pressure value occurred in the direction of increasing
sound pressure.

In Figs. 8-11 the total acoustic pressure curves (Fig. 8 and
Fig. 10) and the SPL sound pressure level curves (Fig. 9 and
Fig. 11) are shown, for multilayer structures with thicknesses
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d respectively of d=0.9 mm and d=1.0 mm. For structures with
values of thickness d = 0.7 mm and d = 0.8 mm the results of
the acoustic wave transmission for the total acoustic pressure
level and SPL sound pressure level were basically the same, as
for layer thicknesses in the range of d = 0.5 mm and
d = 0.9 mm. It was found that for the entire range of
investigated thickness, shifts in the location of the SPL
minimum vary linearly, shifting in the direction opposite to
the end where the sound wave source is located. Have also
been identified an increasing dependency for the difference in
levels of sound pressure level of wave entering the structure
SPL;, and wave leaving the test structure SPL,.

100 F
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20 -

Sound pressure level (dB)

-0.4 -02 0 0.2 0.4 06 0.8 1
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Fig. 6. Sound pressure level in function of x coordinate for
thickness d=0.6 mm. Legend shows frequency in [Hz]

Table 2.
Parameters change of 700 Hz curve taken from SPL for different
thicknes d

Thickness d SPL;, - SPLy Minimum location
[mm] [dB] [mm]
0.5 14.20 0.437
0.6 16.05 0.545
0.7 17.55 0.644
0.8 18.89 0.746
0.9 20.00 0.846
1.0 21,02 0.946

Fig. 7 shows total acoustic pressure curves for structure layers of
thicknesses d=0.6 mm

As can be seen in Fig. 10, there is a curve having a minimum
frequency of 200 Hz. A previously unobserved minimum is the result
of interference of waves reflected from the various inner layers, which
imposition resulted in the interference with the wave reflected from
the last layer. On the occurrence of the SPL minima also standing
waves that appear in the test structure have significant influence.

Figs. 9 and 11 present the total acoustic pressure for with a layer
thickness are respectively d=0.9 mm and d=1.0 mm. As expected,
there was narrowing of the total acoustic pressure, and the curves
specified previously which are describing layers numbered 2-7 tend
towards negative values of the total pressure, and curves numbered
8-11 move towards positive values.
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005 o 1 these layers is not changed over the entire simulation, also in these
areas, the initial value of the sound pressure curve decrease. This is
caused by reflection of the acoustic wave part of the first and
subsequent layers of the system, which causes the phenomenon of
interference with the wave emitted from the source.

=
@
£
2 oo [ . . ; ; ‘ ; .
3 — 200
g 90 | — 700 |
2 — 1200
b 80 | 1700 | 1
i) — 2200
= = e 2700 | 1
= — 3200
K 80 — 3700 | |
H —
= 50 |——— — 4200 | |
5 ————— . — 4700
0.35 i . . . . . . . . ] 40 - 1
1000 1500 2000 2500 3000 3500 4000 4500 a L
frequency (Hz) -g 30 3
. . . . =]
Fig. 7. Total acoustic pressure [Pa] in function of frequency. “ af I
Numbers 2 - 12 indicate layer number, thickness d=0.6 mm il |
0F 3
o ; ; ; ; ; ; .
— 200 18 | L L 1 L L it L 1 L L |
90 - — 700 T -0.4 -0.2 0 02 0.4 06 08 1 12 14
— 1200 x-coordinate {cm)
80 1700
— 2200
70 F 4 . . . .
. Fig. 10. Sound pressure level in function of x coordinate for
— 3200 | h :
60 — 3700 thickness d=1.0 mm. Legend shows frequency in [Hz]
— 4200
i — 4700

30

Sound pressure level (dB)

20 +

-0.4 -0.2 0 02 0.4 06 (e 1 12 14
x-coordinate (cm)

Total acoustic pressure field (Pa)
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Fig. 11. Total acoustic pressure [Pa] in function of frequency.
Numbers 2 - 12 indicate layer number, thickness d=1.0 mm
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Fig. 12 and Fig. 13, show the relationship of SPL movement and
offset of minimum localisation based on the thickness d of a layer
system presented in Figs. 4, 6, 8 and 10 for 700 Hz sound pressure
level curve.

For the curve from Fig. 12, the fit of factors was made, according
to the quadratic equation:

f(x)=a-x*+b-x+c (13)

The obtained fitting coefficients are: a=-10.1964, b=28.8061,
c=2.38.

Also, for the curve from Fig. 13, a linear fit was performed in
accordance with the relationship:

f(x)=a-x+b (14)

The calculated fitting factors are: a=1.0142, b=-0.0667.
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0,3 T T

T T T
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Fig. 13. Minimum location shift for 700 Hz curve, dependency

5. Conclusions

In this paper the acoustic wave transmission by a quasi-one-
dimensional multi-layer structure depending on the thickness of
each layer was studied. For the examined structure, a series of
graphs depicting the dependence of the total acoustic pressure
level and sound pressure level was obtained. As the thickness of
the layers increase, narrowing range of sound pressure curves
occurs and the shift of SPL minimum is observed.

Also, it was determined that fitting dependency of sound
pressure level minimum shift was found to be linear, and the
difference between SPL;, - SPL. is defined by the second degree
polynomial function.
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