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Abstract: Based on the efficient sound absorption characteristics of Helmholtz resonance structures in the range of medium and low frequency acoustic waves, this paper investigates an effective solution for light timber construction walls with acoustic problems. This study takes the light timber construction wall structure as the research object. Based on the Helmholtz resonance principle, the structure design of the wall unit, impedance tube experiment and COMSOL MULTIPHYSICS simulation calculation were carried out to obtain the change rule of acoustic performance of the Helmholtz resonance wall unit structure. The research results show that the overall stability of sound insulation of the structure is improved, and the frequency range with sound transmission loss more than 50 dB in the experimental group is 640–1600 Hz, while in the control group is 500–906 Hz and 1238–1600 Hz; the sound absorption performance of the structure is obviously better than that of the ordinary structure, especially in the low frequency acoustic wave range of 100–320 Hz, the sound absorption coefficient of the experimental group is more than 0.49, while the sound absorption coefficient of the control group is less than 0.1. It is expected that these results will contribute to the optimization of the acoustic performance of light timber construction walls and have high application and popularization value.
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1  Introduction

Since the natural frequency of human organs is mainly in the ultra-low and low frequency range, it is easy to resonate with low frequency acoustic waves, so people’s health is very vulnerable to low frequency noise. The health damage caused by low frequency noise is becoming more and more obvious and sound insulation and vibration have become a hot issue in the research of building comfort [1–8]. In order to solve the problem of noise pollution caused by medium and low frequencies in today’s living environment, this paper attempts to apply acoustic metasurface based on the Helmholtz resonance structure to light timber construction walls.

The Helmholtz resonance structure consists of a closed cavity and a perforated plate whose one end is connected to the cavity and the other end is connected to the pipe. The perforated plate and cavity form an elastic vibration system. When the acoustic frequency of the fluid matches the natural frequency of the resonant cavity vibration system, the vibration system enters a strong resonance. The motion velocity of the fluid column with a certain mass in the short pipe is accelerated, the frictional resistance is increased, and a large amount of sound energy is converted into heat energy and consumed to achieve the purpose of silencing. The sound absorption mechanism is that the aperture size of the perforated plate is equal to the thickness of the viscous boundary layer, so the viscous loss in the perforation cannot be ignored and corresponds to the acoustic resistance xh and acoustic reactance yh. The appropriate acoustic reactance yc can be obtained by adjusting the air cavity volume of the cavity structure so that the total acoustic reactance ys of the structure is 0, ys = yh + yc = 0. Under this condition, the total acoustic resistance xh can be matched with the air acoustic resistance xs by adjusting the aperture of the perforation, xs = xh = 1, and the perfect sound absorption is finally achieved. The disadvantage of the traditional Helmholtz resonance structure is that it can only absorb the noise of a certain frequency. The sound absorption value reaches the maximum at the resonant frequency and decreases rapidly at the non-resonant frequency [9]. In addition, to eliminate the low frequency noise, it is necessary to increase the thickness of the resonant cavity and the cover plate, which makes the equipment very large and inconvenient to use. Therefore, the current main research objective is to redesign the structure of the Helmholtz resonator to ensure its good performance in a wide noise band, especially in the low frequency range. Based on the structural characteristics of light timber construction walls, an aperture embedded Helmholtz resonance structure is proposed, tested by impedance tube and simulated by COMSOL multimedia software, to obtain the variation law of sound absorption performance of an aperture embedded structure in a wall unit and analyze the feasibility of aperture embedded Helmholtz light timber construction walls. It is expected that the data will serve as a reference for the optimization of building wall structures.

2  Sound Absorption Principle of the Unit Structure and Design of the Wall Unit Structure

2.1 Sound Absorption Principle of the Unit Structure

The acoustic absorption coefficient α of an acoustic material or a structure can be determined by its (normal) acoustic impedance Z, and the relation between α and Z is as follows [10]:


α = 1−|Z−ρ0c0Z + ρ0c0|2
(1)

where, ρ0 is the static air density, kg/m3; c0 is the sound velocity, m/s. According to Eq. (1), it is necessary to match the impedance of the air and the impedance of the absorbing material/structure to achieve perfect sound absorption, i.e., Re(Z) = ρ0c0 and Im(Z) = 0. The impedance of the structural cavity that satisfies this condition is Z = -jρccccot(kcL), and the minimum value of kcL should be close to π /2, i.e., the inner length L of the structural cavity should be close to the quarter wavelength, where L, kc, ρc, cc is the inner length of the structural cavity, the complex wave number, complex air density, and complex sound velocity [11], respectively.

In the low frequency range, the thickness of a quarter wavelength means a very large structure. To overcome this problem, an effective method is to increase the sound quality of the system, which can induce the large phase delay within a certain thickness. Many studies have shown that inserting a group of expansion tubes into the panel can enhance its low frequency absorption capacity [12,13]. For example, a study by Simon in 2018 [14] showed that a highly efficient and ultra-thin (∼λ/25) sound absorber can be achieved by a series of slots embedded in the cavity as shown in Fig. 1a.
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Figure 1: Detailed structural theoretical model diagram of aperture embedded helmholtz resonance unit

As shown in Fig. 1b, According to Crandall theory [15], for short aperture, when kla<<1(k = ω/c0) and sin(kcla/2) ≈ kcla/2, the acoustic impedance per unit length can be simplified as:


Za0=−jρ0ωlaψv
(2)

where ρ0 is static air density, kg/m3; ω is the angular frequency, rad/s; la is the aperture length, m; Ψv is the viscosity coefficient. When the shape of the cavity is irregular due to the embedded aperture, and its acoustic impedance needs to be modified. By modifying the results and considering its viscosity and heat loss, the acoustic impedance of the backing cavity can be expressed as:


ZV=−jSaρccc2ωV
(3)

where Sa = π(da/2)2 is the cross-sectional area of the cavity within the embedded aperture, m2; da is the diameter of the cavity within the embedded aperture, m; V = AcL−Sal is the irregular volume of the inner cavity, m3; Ac is the cross-sectional area of the inner cavity, m2; L is the length of the inner cavity, m; l is length of the embedded aperture within the inner cavity, m.

If the influence of the embedded aperture on the cavity viscosity and the thermal field is ignored, the acoustic impedance of the entire aperture embedded resonance structure [16,17] can be expressed as:


Z=Za0+ZV
(4)

2.2 The Structure Design of the Wall Unit

Based on the above theoretical analysis of the aperture embedded Helmholtz resonance unit structure combined with the requirements of the impedance tube experiment specimens and the basic composition of light timber construction wall structures, an aperture embedded wall unit structure of light timber construction is designed. In order to verify the acoustic performance of the structure, a group of ordinary wall elements (control group) and aperture embedded structures (experimental group) are designed for comparative analysis. The design drawings and dimensional details are shown in Fig. 2, respectively.
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Figure 2: Research and analysis object

3  Acoustic Performance Experiment of the Wall Unit Structure

3.1 Sound Absorption Performance Experiment of the Wall Unit Structure

3.1.1 Experimental Materials and Instruments

In this study, the acoustic performance of two groups of specimens of an ordinary wall structure (control group) and an aperture embedded structure (experimental group) was mainly investigated at medium and low frequencies. According to the principle and requirements of the impedance tube experiment, an impedance tube with an inner diameter of 100 mm was selected to test the acoustic performance of the structures in the frequency range of 90 to 1600 Hz. The specimens were made according to the wall unit structure design in Section 2.2, Fig. 2. The basic material parameters are listed in Table 1. The OSB panel specimens were manufactured and punched by a CNC machine tool with a moisture content of 9.5% and the tube and embedded plug-in were processed by 3D printing. The number of specimens of each specification was three. According to the wall unit structure design in Section 2.2 and Table 2, the material components were assembled. In this experiment, the control group K00-L00 is the ordinary wall unit structure, and the experimental group K10-L20 is the aperture embedded unit structure. The temperature and humidity during the experiment were 24°C and 67%, respectively.
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The experimental equipment B&K4206 impedance tube and its supporting system were used to test the sound absorption performance of the structures, which mainly included an impedance tube with an inner diameter of 100 mm, a distance of 50 mm between the microphone and the specimen surface and a distance of 150 mm between the microphone and the specimen surface. The testing frequency range was 90 to 1600 Hz. Furthermore, used were two 4187 dual microphones; a set of 3560B data acquisition system; a 2716C power amplifier; a PULSE7758 application software and a B&K4231 sound level calibrator.

3.1.2 Experimental Principle and Method

The two microphone transfer function method was used to test the sound absorption performance of the impedance tube. The tested specimen was inserted into one end of the impedance tube as shown in Fig. 3. The plane wave in the tube is generated by a sound source (random noise, pseudo-random sequence noise or linear frequency modulation pulse). The sound pressure is measured at two positions close to the tested specimen to obtain the sound transfer function of the signals of two sensors to calculate the normal incident sound absorption coefficients of the specimen [18].
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Figure 3: Principle diagram of sound absorption performance measurement with dual microphone method

The formulas of sound absorption coefficient α and normal acoustic impedance rate Z of the specimen are as follows:


α=1−|r|2
(5)


Z=1+r1−rρc0
(6)

where r is the reflection coefficient; ρ is the medium density, kg⋅m−3; c0 is the propagation velocity of the sound wave in the medium, m⋅s−1.

The main test steps were the following: first, the instruments were checked and the test system was connected according to Fig. 3 to run the equipment. Second, the specimen was installed and the impedance tube was configured systematically, i.e., an appropriate frequency range was used, a fine spectral resolution for FFT analysis was selected, and a linear average of more than 100 times was chosen to improve the signal-to-noise ratio. Third, the B&K4231 sound level calibrator was used to calibrate the microphone channel. Background noise measurement and signal measurement were selected, respectively, and the system automatically calculated the signal-to-noise ratio. Meanwhile, the transfer function was modified. Finally, the sound absorption coefficient of the specimen was measured. Each group of specimens was tested 5 times and post-processed by software to obtain the average experimental result of the sound absorption coefficient of the specimen.

3.2 Sound Insulation Performance Experiment of the Wall Unit Structure

3.2.1 Experimental Materials and Instruments

The sound insulation tested specimens were the same as the sound absorption experiment specimens in 2.1, as shown in Fig. 2, Tables 1 and 2. The test equipment consisted of a set of B&K4206 impedance tube and its supporting system, mainly including: one impedance tube with an inner diameter of 100 mm, a test frequency range of 50 to 1600 Hz; four 4187 dual microphones; a set of 3560B data acquisition system; a 2716C power amplifier; a set of PULSE7758 application software; a B&K4231 sound level calibrator.

3.2.2 Experimental Principle and Method

To test the sound attenuation by the impedance tube, the principle of the transfer function with four microphones was used, as shown in Fig. 4. The signal generator emitted a signal, which was converted into a sound wave through the loudspeaker and entered the sound source tube to generate a planar incident wave pi. Upon impinging the specimen, part of it was absorbed, part was emitted as a planar reflected sound wave pr, and part passed through the specimen and entered the receiving tube to become a planar transmitted sound wave pt; When the planar transmitted sound wave met the absorbent ending, part was absorbed and part was reflected into a planar reflected sound wave p2r [19,20]. The impedance tube sound insulation performance test equipment mainly included the sound source, sound source tube, receiving tube, absorbent ending and microphone. Two microphones were placed in the sound source tube and the receiving tube, and the specimen was placed in the middle of the impedance tube. The distance between microphone 1 and the front of the specimen was x1, the distance between microphone 2 and the front of the specimen was x2, the distance between microphone 3 and the back of the specimen was x3, the distance between microphone 4 and the back of the specimen was x4, and the thickness of the specimen is d [21,22]. The sound pressure at the four microphones was measured and expressed as p1, p2, p3 and p4, respectively.
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Figure 4: Principle diagram of sound insulation performance measurement with four-microphone method

The formula of sound pressure transmission coefficient of the specimen is:


tp=ptpi= sin⁡(kx1−kx2)sin⁡(kx4−kx3)p3ejk(x4−x3)−p4p1−p2e−jk(x1−x2)ejk(x2+x3)
(7)

The formula of sound insulation TL (dB) of the specimen is:


TL = −20lg|tp|
(8)

where k is the wave number, m−1; pi is the incident sound pressure, Pa; pt is the transmitted sound pressure in the transmission tube, Pa; p1, p2, p3 and p4 is the sound pressure at the four measuring points of the microphone respectively, Pa.

According to the test principle and requirements of the impedance tube, the impedance tube with an inner diameter of 100 mm was selected to test the sound insulation performance of the structures in the frequency range of 90 to 1600 Hz. The main test steps were the following: first, the sensor was calibrated. The instruments were checked and connected, and the microphones of the four channels were calibrated before the formal test. Second, background calibration was carried out. Without installing the specimen, the sound pressure at the four microphones was tested in the two states of opening and closing the absorbing end of the impedance tube to obtain the residual sound insulation. Third, the sound insulation of the specimen was tested. The specimen was installed and the sound pressure at the four microphones in the open and closed state of the absorbing end of the impedance tube was tested respectively, as was as the background calibration test. Finally, data processing was carried out. The experimental data were processed by PULSE7758 acoustic material professional test and analysis software developed by B&K Company, and the sound insulation of the specimen in the frequency range from 90 to 1600 Hz was determined.

4  Simulation Calculation of Wall Unit Structure Based on COMSOL Multiphysics Method

4.1 Simulation Process

The software simulation operation process includes defining geometry (component size, etc.), selecting materials (input of the basic physical constants of materials required according to specific research), determining appropriate physical fields, defining boundaries and initial conditions, creating finite element meshes, selecting research methods, solving physical fields and generating visual diagrams.

4.2 Simulation Modeling

Based on the impedance tube experiment, the acoustic performance of the experimental specimens is simulated and verified by using the multi-physical field COMSOL finite element software. The software modeling process includes the definition of the components, the selection of the research methods and the analysis of the results. The simulation process is as follows:
(1)   Setting of components

First, the wall unit structure model was created. The simulation study was based on impedance tube specimens, so the specifications and material parameters of the simulated specimens were the same as those of impedance tube specimens (see Tables 1 and 2). The frequency of medium and low frequency incident acoustic waves was mainly studied. Therefore, the frequency range of the impedance tube experiment was set to 90–1600 Hz, the tube length of impedance tube was 500 mm, the inner diameter was 100 mm, and the distance between microphones 1 and 2 was 50 mm. The simulation geometry was defined, materials were determined, and a 3D model of the specimen was established. Acoustic pressure interfaces could be used to model pressure-acoustic phenomena such as scattering, diffraction, emission, radiation and sound propagation, as well as to model in the frequency domain using Helmholtz equations.
(2)   Selection of the research

The order of research steps, parameter research and optimization was set, and “frequency domain” and “characteristic frequency” were selected as the analysis types. Referring to the frequency range of the experiment, the frequency range of the simulation study was set to 90–1600 Hz. To obtain more groups of data, 1/12 octaves were used for simulation and 1/3 octaves were used for analysis.
(3)   Analysis of the results

The finite element method (FEM) was used to discretize the spatial variables (x, y, z) of the partial differential equations, generate the results, and export the graphs via the visualization function. Meanwhile, the relevant data were derived and analyzed, and the sound absorption coefficient for the frequency range 90–1600 Hz was calculated and compared to the experimental value.

5  Results and Analysis

5.1 Experimental Results and Analysis of Sound Absorption Performance of the Wall Units

The curves of the sound absorption coefficient with frequency in the control group (single) and the experimental group (single) are shown in Fig. 5.
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Figure 5: Sound absorption coefficient of the specimens at different acoustic frequencies

As shown in Fig. 5, the sound absorption coefficient of the experimental group (single) is significantly higher than that of the control group (single) in the range of 90 to 1600 Hz. In the range of sound wave frequency 90 to 1250 Hz, the sound absorption coefficient of the experimental group (single) is larger than 0.1, while the sound absorption coefficient of the control group (single) is less than 0.1. In the range of 100–320 Hz, the sound absorption coefficient of the experimental group (single) is more than 0.49. Therefore, it can be concluded that the sound absorption performance of the aperture embedded structure is much better than that of the ordinary structure in the test frequency band, and it has good sound absorption performance in the medium and low frequencies.

As shown in Fig. 5, there are two peaks of acoustic absorption in the test frequency range in the experimental group (single), and the corresponding frequency and absorption coefficient of incident acoustic wave are 108 Hz and 0.754 and 184 Hz and 0.812, respectively, while there is only one peak sound absorption at 1364 Hz with a coefficient of 0.251 in the control group (single). The peak occurs because the incident wave propagates into the structure, reaches the natural frequency of the structure, resonates, and the sound energy is converted into heat energy. Therefore, the sound absorption coefficient is the largest at the resonance frequency and the sound absorption performance is the strongest. The comparison between the two groups shows that in addition to the overall high sound absorption coefficient of the experimental group (single) compared to the control group (single), the sound absorption peak moves to low frequencies and the sound absorption frequency band is widened. This shows that the sound absorption performance of the experimental group (single) is significantly higher than that of the control group (single) in the low frequency band.

5.2 Experimental Results and Analysis of Sound Insulation Performance of Wall Units

Fig. 6 shows the curves of sound transmission loss with frequencies of the control group (single) and the experimental group (single). The main characteristics of the two groups of specimens and their sound transmission loss more than 50 dB are marked in the Fig. 6.
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Figure 6: Sound transmission loss of the specimen at different acoustic frequencies

As can be seen from Fig. 6, there are no distinct rule between the sound transmission loss of the experimental group (single) and the control group (single) in the acoustic frequency range 90–1600 Hz. Multiple acoustic insulation peaks occur in both groups. The sound transmission loss of the experimental group is lower than that of the control group in the frequency range of 90–640 Hz. This is because the embedded aperture destroys the integrity of the panel, affecting the low frequency sound insulation performance of the structure. However, compared with the control group (single), the sound insulation of the experimental group (single) is more stable overall. In the whole test frequency range, the frequency range with sound transmission loss more than 50 dB in the experimental group (single) is 640–1600 Hz, while the frequency range with sound transmission loss more than 50 dB in the control group (single) is 500–906 Hz and 1238–1600 Hz. It can be proved that the sound insulation performance of the aperture embedded structure is basically the same as that of the ordinary structure in the range of acoustic frequency 90–1600 Hz, but the overall stability of sound insulation is better than that of the ordinary structure.

As can be seen from Fig. 6, the first peak of sound transmission loss in the control group (single) appears at 280 Hz, and the sound transmission loss is 46.475 dB. The first peak of sound transmission loss in the experimental group (single) appears at 310 Hz, and the sound transmission loss is 47.857 dB. The whole sound transmission loss curve has the tendency to move toward high frequencies, but the trend is not obvious, which indicates that the structural change of the experimental group (single) compared to the control group (single) basically has no effect on the sound insulation performance of the original unit structure.

5.3 Results and Analysis of the COMSOL Simulation

The simulation results are shown in Fig. 6. The data were derived for analysis, and the maximum and minimum surface sound pressure levels of the structure were substituted into Eq. (9) [23] to calculate the simulated value of the structure’s sound absorption coefficient.


α= 4 ×10ΔL/20(1 + 10ΔL/20)2
(9)

where ΔL is the difference between the maximum and minimum sound pressure levels.

Fig. 7 shows the sound pressure level distribution of two groups of specimens at 1000 Hz. In Fig. 7, only the sound pressure level distribution of the specimens is analyzed, and the impedance tube is not included. It can be seen from Fig. 7 that the sound pressure and the sound pressure level at the structure surface can be reflected by the multi-physical finite element program COMSOL, to better analyze the sound absorption performance of the structure.
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Figure 7: Sound pressure levels of two groups of specimens at 125 Hz (Left: Control; Right: Experiment)

In the frequency range of 90–1600 Hz, the absorption coefficient at 1/3 octave node frequency is selected based on the data obtained from the simulation and the experiment. The comparison curve of the simulated value and the experimental value of the sound absorption coefficient of the experimental group (single) is shown in Fig. 8.
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Figure 8: Comparison of simulated and experimental values of absorption coefficient of experimental group

The error of the experimental value and the simulation value of the sound absorption coefficient of the experimental group (single) in the frequency range of 90–1600 Hz and the nodal frequency of 1/3 octave is in the range of 0.08%–31.32%. The error is 31.32% at the frequencies of 100 Hz which is because the measurement of low-frequency acoustic wave propagation is greatly affected by the air tightness of the test system, resulting in large measurement error. However, the average error is maintained at 12%, which shows that the overall simulation results are basically consistent with the experimental measurement results. It can be seen from Fig. 8 that the simulated value curve decreases in the whole range of the sound absorption coefficient curve. The experimental value curve also decreases in the frequency range of 250–1600 Hz, which agrees with the simulation, but it first increases and then decreases in the frequency range of 90–250 Hz, and the peak of sound absorption occurs near 200 Hz. Compared to the experimental curve of the sound absorption coefficient, the simulation curve moves to the low frequency band, and the peak of the simulation result is in the frequency band of 90 Hz. The above reasons are: There are still some errors between the actual material performance and structural size parameters of the specimen and the input data of simulation, such as the sound-absorbing cotton and the OSB panel inside the cavity. At the same time, the simulation setting conditions are ideal, and the temperature and humidity of the environment during the test also affect the test results to some extent.

6  Conclusion

In order to solve the problem of medium and low frequency noise pollution indoors, the Helmholtz resonance structure with efficient sound absorption performance at medium and low frequencies was applied to a light timber construction wall. First of all, the principle of sound absorption performance of the unit structure was described. The wall unit structure was designed by combining the requirements of specimens in an impedance tube experiment and the basic structure of light timber walls. Then, the acoustic performance of the wall unit structure was studied and analyzed by an impedance tube experiment, including sound absorption performance and sound insulation performance. The specimen was simulated and verified using COMSOL Multiphysics based on multi-physical fields. The main conclusions are as follows:
(1)   By studying the acoustic performance of the wall unit structure based on the impedance tube experiment method, it can be found that in the test frequency band, although the sound insulation performance of the aperture embedded Helmholtz resonance unit structure does not show significant change in the value, the overall stability of sound insulation is better than that of the ordinary wall unit structure. The sound absorption performance of the aperture embedded structure is significantly better than that of the ordinary structure, especially in the range of low frequency incident sound waves. Overall, the acoustic performance of the aperture embedded structure is significantly improved.

(2)   The finite element software COMSOL Multiphysics can reflect the sound pressure and sound pressure level of the structure surface based on multiple physical fields and can analyze the sound absorption performance of the structure. The analysis of the experimental and simulated values of the sound absorption coefficient of the aperture embedded structure shows that the simulation results of COMSOL are basically consistent with the experimental results in the test frequency band. However, the error of sound absorption coefficient value at 100, 200 and 630 Hz frequency is large. Compared to the experimental sound absorption coefficient curve, the simulated sound absorption coefficient curve moves to the low frequency band.

The combination of impedance tube experiment method and COMSOL Multiphysics simulation analysis method is very useful for researching and analysis of the sound absorption performance of the aperture embedded wall unit. This study shows that the aperture embedded wall unit structure has good sound absorption characteristics in the range of low and medium frequency incident acoustic waves. It is expected to provide a reliable foundation for the structural optimization of light timber wall and its application in practical engineering.
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Table 1: Basic parameters of material test piece

Materials Specification (mm) Density Sound velocity Quantity
(kgm™) (m-s™)
OSB plate a ®100 x 15 593 1.8 x10°

Epoxy resin tube ®100 x 89 (inner diameter ©90) 1180 368

3
OSB plate A (with hole) ®100 x 15 (inner diameter ©20) 593 1.8x10° 3
3
Enoxv embedded nlue-in Length: 20 Outer/inner diameter: 20/10 1180 368 3
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Table 2: Unit composition

Specimen Label Combination (outside to inside) Quantity
Control group K00-LOO OSB-tube (filled with sound-absorbing cotton)-OSB 3
(single)

Experimental K10-L20 OSB-tube (filled with sound-absorbing cotton)-OSB (with hole) 3
group (single) (insert embedded plug-in as designed)
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(a) Section of aperture

(b) Aperture embedded Helmholtz unit
internal structure
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