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Waveguide insulator — theory and experiment
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Abstract. The theory of sound propagation in waveguides with a system of
resonators on the wall is given in [1-2]. The papers present theoretical data
showing that the use of a chain of identical Helmholtz resonators on the
walls of a waveguide reduces the sound pressure levels effectively not only
at the resonant frequency, but also at frequencies which are significantly
higher than the resonant frequency. This theory was called by the authors of
[1, 2] the theory of waveguide isolation (WI). Nowadays, the decades later,
the idea of using a set of identical resonators has been widely developed in
creation and research of acoustic metamaterials — artificial structures with
unusual wave properties (see for example [3-6]). At the same time, the works
[1-2] remained almost unnoticed. This paper is devoted to experimental and
numerical verification of the WI theory. The design of the studied WI, a
simple experimental setup, the results of the experiment and numerical
experiment are described.

1 The experimental waveguide insulator and experimental plant

The investigated model of a waveguide insulator (WI) is a small-diameter tube with three
identical Helmholtz resonators attached to the pipe wall. The chambers of each resonator are
connected with the tube by means of six holes in the tube wall. The design of the WI with
the main dimensions is shown in Figure 1.
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Fig. 1. The design of the waveguide insulator.
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To reduce the background noise in the laboratory, the box with the inner walls lined with
sound absorbing material is used. The scheme of the experimental installation is shown in
Figure 2.
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Fig. 2. Scheme of the experimental installation.

The operational principle of the setup is the following: a signal with a linear frequency
modulation (LFM) from the computer (1), after passing through the amplifier (2), is fed to a
speaker (3). The sound generated by the speaker propagates through the pipe 4, then passing
through a WI (5), is recorded by the microphone (6). The outlet of the WI and a microphone
are placed in a special box (7) coated with a layer of sound-absorbing material. The signal
from the microphone is sent via the sound card (8) to the computer, where the signal is
recorded with the SpectralLab program. Then the program constructs the signal spectrum with
Fourier transform. The generated frequency band of the LFM signal is | kHz — 8 kHz.

A 0.8 m long tube was used between the speaker, and the waveguide isolator (Figure 3).

Fig. 3. Model of the WI 3 in the assembly with the speaker 1 and the tube 2.

2 Experimental results

The measured spectra of the transmitted sound at the same voltage applied to the speaker are
shown in Figure 4. Top line 1 corresponds to the levels of the sound passed through the tube,
the middle line 2 — to the levels of sound transmitted through a tube with attached WI, the
lower one 3 — to the background noise. The characteristic amplitude fluctuations on the
graphs 1 and 2 are associated with the tube resonances. The graphs shows that the sound level
is comparable to the background noise levels at the frequencies close to the natural resonant
frequency of the isolator f~3600 Hz (see below the formula (1)). That is, the insulator
"locks" the noise emitted by the speaker almost completely.
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Fig. 4. The spectra of the passed noise: 1 — tube; 2 — tube with WI; 3 — background noise.

The efficiency of a waveguide insulator (Figure 5) is equal to the difference between the
sound levels passed through the tube (curve 1) and the sound levels passed through the tube
with a WI (curve 2).
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Fig. 5. The efficiency of a WI.

The maximum sound reduction occurs at frequencies close to the eigen frequency of the
system, and is equal to 35-39 dB approximately. In addition, the action of the WI continues
at higher frequencies and ends at frequencies of 6.6-7 kHz.

3 Numerical modeling

The numerical simulation of a WI was performed in the COMSOL Multiphysics software
package, which is widely used for acoustic calculations [7-10]. The program is based on the
finite element method. The whole volume under investigation is divided into a set of
elementary volumes and the sound pressure is calculated in each elementary volume.

At the first stage of modeling, the geometry of a WI model was constructed taking into
account all the dimensions of the structure, given in Figure 1. Then the values of all the
necessary parameters were entered and the boundary conditions at the input and output of the
WI were set. The finite element model of a W1 is shown in Figure 6.
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Fig. 6. The finite element model of a WI.

The efficiency of the W1 is determined as the sound energy transmission loss (TL), which
is ten logarithms of the ratio of the sound power of the direct wave entering the insulator
input to the sound power of the direct wave at the output of the insulator. The graph of the
calculated WI transmission losses is shown in Figure 7.
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Fig. 7. WI transmission losses.

The examples of spatial distribution of sound pressure levels in a WI for different
frequencies are shown in fig. 8.1-8.3.

Fig. 8. The SPL distribution inside the waveguide isolator for 1 kHz.
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Fig. 8. The SPL distribution inside the waveguide isolator for 3,6 kHz.

Fig. 9. The SPL distribution inside the waveguide isolator for 7 kHz.

The first picture (Figure 8) corresponds to a wave with a frequency of 1 kHz — 3.5 times
lower than the resonant frequency. The wave passes through the isolator without changes (the
full color scale in this figure is 10 dB).

The second picture (Figure 9) corresponds to a wave with a frequency equal to the eigen
frequency of the WI. At this frequency, the insulator has the highest efficiency and, according
to the picture, the sound pressure level at the output is reduced by an amount approximately
equal to 70 dB (full scale — 95 dB).

The third picture (Figure 10) corresponds to a wave with a frequency of 7 kHz. WI is
ineffective at this frequency (the full scale is 40 dB).

4 Analytical results

Calculations of WI were also performed within the one-dimensional analytical model
suggested in [1, 2].
The resonant frequency of one resonator in the considered model is equal to:

1 ’S
fO ZZ ﬁz36 kHz (1)

where S - the area of all resonator holes, the diameter of each hole is 8 mm, the wall thickness

of the tube is 1 mm; L - the effective neck length of the resonator, which is the sum of the

neck length and the attached neck length: L ~ 7.2 mm; ¥'=9.1-107% m3 — resonator volume.
The field in the tube is presented as the sum of the incident and reflected waves:
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p1 = A exp(ikx) + By exp( — ikx) @
wy = - [Ay exp(ikx) = By exp(— k)] )

The field in the W1 is:

P2 = Ay exp(ig) + By exp(— i£) @
u, = L[4, exp(ix) — Byexp(— 5]
According to the [1], the longitudinal wave number & in (4) and (5) is determined by the

formula:
2 2
&) =) Tz @

w .
where k, = TO; w, — eigen frequency of resonator;

n
N = ’m-i-l 0

where 2 = 7 - (b? — a?) the volume of the resonator chamber per unit length of the tube, a —
tube radius, b — radius of the external resonator shell.

The parameter N included in (6) determines the width of the waveguide locking frequency
band. Indeed, when the right side of equation (6) is negative, the wave number is imaginary
and the wave does not propagate in the frequency range w, < w < Nw,. The wave amplitude
decreases exponentially along the waveguide axis as exp( — [€] - x).

For these parameters of the WI N=1.73. In this case, the lower boundary of the locking
band according to (1) is equal to fi=3.6 kHz, and its upper boundary is equal to /i =6.2 kHz.

The dependence of the WI acoustic efficiency on the frequency may be calculated
analytically. Writing down the boundary conditions and solving the corresponding system of
equations, an expression for calculating the oscillation velocity at the W1 exit can be obtained
(because of its bulkiness, it is not given here).

Using the obtained expression, the calculated efficiency of a waveguide isolator can be
found. It is equal to twenty logarithms of the ratio of the vibrational velocity at the tube outlet
to the vibrational velocity at the WI outlet (Figure 9).
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Fig. 11. Theoretical efficiency of a WI.

The analysis shows that the graphs of the waveguide isolator efficiency obtained
experimentally (Figure 5), by finite element modeling (Figure 7) and as a result of analytical
calculations (Figure 9) are comparable with each other. The operating range of the WI is
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observed at frequencies from 3000 kHz to 6.5 kHz. The maximum sound insulation is
observed at the WI eigen frequency, which is equal to 3.6 kHz, and actually reaches values
of 35-39 dB. The WI efficiency obtained experimentally has a slightly larger frequency width
than in Figure 7 and Figure 9.

Conclusion

1. The investigated WI is effective in a wide frequency range. The maximum efficiency
is observed at frequencies close to the resonant frequency and is 35-40 dB. The actual locking
frequency range of the WI (more than 15 dB sound reduction) is observed at the frequency
band from 3.3 kHz to 6.2 kHz.

2.The results of numerical and analytical calculations agree with the results of the
conducted experiment. The expansion of effective sound insulation into frequencies higher
than the eigen frequency of resonators has been confirmed.

3.The WI theory is essentially based on the method of homogenization — the replacement
of discrete inhomogeneities in the waveguide wall with a continuous - "distributed" wall
impedance. The experiment and numerical calculation showed that homogenization is
applicable even with a small number of resonators, in this case three.
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