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Abstract

:

Sound-absorbing panels made with a perforated front and a sound-absorbing material on the back have been used in many forms of construction for a long time. It is a reasonably efficient system, obtaining high values of sound absorption at a specific resonant frequency, depending on the design of the structure of the sound-absorbing multilayer panel. The present work considers an acoustic panel in two constructive types, consisting of four layers: a front panel made of perforated sheet, polyethylene foam foil, basalt wool board with two different thicknesses, and a back panel of the non-perforated sheet. Due to the different thicknesses of the basalt wool board, for the multilayer structure of the acoustic panel, differences in acoustic impedance and acoustic absorption can be highlighted, experimentally determined with an impedance tube, using the transfer function method (TFM) based on EN ISO 10534-2 in the frequency range 100–3200 Hz. In the meantime, a method was developed to predict the sound absorption coefficient, namely the prediction of sound absorption coefficient using the transfer matrix method (PSAC-TMM). This computational model of the multilayer acoustic panel is introduced considering the internal geometry of the multilayer panel, as well as the computation of the acoustic impedance of each layer, all gathered through the transfer matrix method (TMM). Comparative analyses between experimental data and predictive results using PSAC-TMM were performed, validating the PSAC-TMM as a predictive method to estimate the sound absorption coefficient for acoustic multilayer panels.
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1. Introduction


Knowledge of sound-absorbing materials and their structures is essential for noise control. Without this knowledge, effective noise control becomes more a matter of chance than intelligent design [1].



There is a wide range of sound-absorbing materials whose properties depend on frequency, absorption composition, thickness, surface finish, and mounting method. However, materials with a high absorption coefficient are usually porous [2].



The so-called composite materials, built from various combinations of materials, have wide use, increasing the sound absorption capacity.



In the case of low frequencies, Gao et al. [3] studied a teaching–learning-based optimization algorithm, where the geometric parameters were used as optimization variables. The effective-medium model and transfer-matrix method were used to calculate the sound absorption coefficient and optimize the sound absorption coefficient for high acoustic absorption.



Multilayer composites composed of ethylene–propylene–diene monomer, foams, and ethylene–propylene–diene monomer-perforated plates were proposed by Wang X.T. et al. [4] to improve sound absorption properties at medium and low frequencies. Models of composites with variable section cavities were designed, and the influence of structural parameters on the sound absorption coefficient were explored. The artificial fish swarm algorithm and improved particle swarm optimization were presented to optimize the structural parameters of the composite composed of one perforated board with variable section cavities and two foams.



The acoustic performance of a perforated plate absorber depends upon several parameters, such as the physical geometry of the absorber, acoustic spectrum, and sound pressure level of the acoustic source. Wang et al. [5] investigated and validated a porous media model, implemented as a sub-model within a CFD solver, against several well-acknowledged acoustic experiments undertaken in an impedance tube for a sound pressure wave incident typical to a perforated plate. The model expresses the underlying governing equations within the perforated plates in terms of a pseudo-physical velocity representation and demonstrates that the porous model can represent acoustic properties of perforated plate absorbers in linear and non-linear absorption regimes, the inertial effect in the presence of a mean bias flow.



Kim [6] presents a sound-absorbing structure constructed using multiple layers of fibrous papers. Layers of thin fibrous membranes (mulberry papers and coconut fibers) are spiral-shaped. Its acoustic properties changed by adjusting the thin layer’s length and density. To verify the noise reduction principle of the proposed absorber, wave propagation analysis in slits was used and compared with the measured results. To evaluate the dynamic properties of helical-shaped-sound absorbers, dynamic stiffness and loss factor were also measured and compared for each sample.



Plant fibers are materials that can increase energy savings and are being analyzed for their reduced environmental impact. Tamas-Gavrea et al. [7] studied three multi-layered panels developed as environmentally friendly flax-fiber-based products for building industry applications.



Additionally, composite materials with improved sound-absorbing properties can be obtained using sheep wool [8,9] as a raw material. The results showed that a different product was obtained by simply hot-pressing the wool, which could be processed and easily manipulated and has a comparable sound absorption performance to mineral wool or recycled polyurethane foam.



The Delany–Bazley (adapted for foams), Allard–Champoux and Hamet–Berengeir mathematical models were used by Tiuc et al. [10] to determine the sound absorption coefficient. The results of this study show that the analyzed models were unsuitable for new composite porous materials and that new models should be developed to describe their acoustic absorption properties.



Composite structures that use basalt mineral wool materials and perforated sheet metals are mainly used for road acoustic panels to reduce traffic noise. A very accurate estimate cannot be made when the panel structure is not considered, only its geometry [11,12]. When sound barriers are made solely from reflective materials, the noise bounces off but is not eliminated. Barriers incorporating absorptive materials mitigate sound waves and protect hearing and health. These barriers have a layer of absorbing material and air beneath the perforated metal panel. Although this material does a lot to reduce the severity of sounds, there are not only features of such panels that deliver results. In addition, the porous nature of perforated metal noise-control panels and tiles absorbs and dissipates sound waves.



The noise is reflected but not eliminated when sound barriers are made exclusively of reflective materials. Barriers that incorporate absorbent materials attenuate sound waves and protect hearing and health. These barriers have a layer of absorbent material and air under the perforated metal panel. Although this material greatly reduces the severity of sounds, it is not only the features of such panels that provide results. In addition, the porous nature of the panels and the noise control with perforated metal sheet panels serve to absorb and dissipate sound waves.




2. Evaluations of The Sound Absorption of The Multilayer Panel


The approach used in this work to assess the sound absorption of a multilayer structure is based on evaluating the sound impedance of each layer (e.g., perforated panel, porous material). In the case of a perforated sheet, the acoustic impedance of a single hole was used to obtain that of the entire perforated sheet by using its open area ratio; the panel was considered to be a set of short tubes of similar length to its thickness. It was also assumed that the wavelength of the sound that propagates was large enough compared to the dimensions of the tube (i.e., the size of the hole). The impedance of the perforated sheet includes terms due to the viscosity of the air, the radiation (from a hole in a baffle), and the interaction between the holes. Using complex characteristic impedance and wavenumber, air gaps can be modeled by a pure reactance term.



The proposed structure from Figure 1 consists of a perforated sheet (thickness    l 3   ), mineral wool (which can be two thicknesses,    d 1    for case 1 and    d 1 ′     = 2 d   1    for case 2), a polyethylene foil (thickness    d 2   ), and a non-perforated sheet, which can be considered a rigid wall (thickness    l 0    and    l 3     = l   0   ).



In this case, the rigid wall’s normal surface impedance is infinite    (   Z   S 0    = ∞  )   . Then, it can be further evaluated for each layer. The impedance obtained after layer 1 (mineral wool with thickness    d 1    and    d 1 ′   ) is [13]:


     Z   S 1      = − iZ   ca     cot ( k  a   d 1   ) ,     i =     − 1    ,   for   case   1      Z   S 1      = − iZ   ca     cot ( k  a   d 1 ′    ) = − iZ   ca     cot ( 2 k  a   d 1   ) ,     i =     − 1     , for    case   2    



(1)




where    Z  ca     is the characteristic impedance of the mineral wool,    k a    is its wavenumber, and    d 1    or    d 1 ′    is the thickness of this mineral wool.



In the same way, the impedance produced by the second layer (polyethylene) is:


   Z   S 2       = − iZ    cp      cot ( k   p   d 2   ) ,   



(2)




where    Z  cp     is the characteristic impedance of the polyethylene,    k p    is its wavenumber, and    d 2    is the thickness of this polyethylene. The characteristic values of the parameters that refer to mineral wool and polyethylene can be obtained experimentally [14], or using an empirical prediction method by regression analysis of measured sound absorption data [15].



The surface impedance of the total system along the normal direction for the system with three layers, considered: mineral wool, polyethylene, and perforated sheet, can be expressed as:


   Z   S 3       = Z     S 1       + Z     S 2       + Z     S  pp     ,  



(3)




where the acoustic transfer impedance of a perforated sheet is given by:


   Z   S  pp     =    Z   S   1 p       ε  ,  



(4)




and  ε  being the perforation rate of the sheet.



The impedance of one hole (tube with    l 3    length) can be computed using the mathematical formulation [16]:


   Z   S   1 p         = i ω ρ   0   l 3     [   1 −       2 J   1   (   k s  r  )     (   k s  r  )   J 0   (   k s  r  )     ]     − 1     + 2       2 ω ρ   0  η      + ρ   0   c 0   π 2     (     2 r   λ   )   2     + i ω ρ   0   δ ,   



(5)




where    ρ 0    is the air density,    c 0    is the air velocity,  ω  is the angular frequency,    l 3    is the thickness of the perforated panel,  r  is the radius of the circular hole (   r =   D / 2   ),  η  is the coefficient of air viscosity,  λ  is the wavelength,    J n    is the nth order of Bessel’s function,    k s  =        − i ρ   0   / η      is the Stokes wave number and   δ =  (    16 r  /  3 π    )   (  1 − 1.47  ε  + 0.47    ε 3     )    is the end correction which accounts for the interaction between the orifices [13].



For the analysis of multilayer systems using the transfer matrix method (TMM) [17,18], it is considered that the acoustic impedance along the normal direction of a material interface is determined using particle velocity continuity (on both sides of the interface) and knowing the acoustics properties of the medium (characteristic of impedance    Z c   , and propagation constant or wavenumber  k ). In this method [17,18], each layer is represented using a general transfer matrix that reports the sound pressure and particle speed before    M i    and after passing through the layer    M i ′   , allowing the establishment of the following relationship:


   [    p  (   M i   )      V  (   M i   )     ]  =    [ T ]   i   [    p  (   M i ′   )      V  (   M i ′   )     ]  =  [       t   i , 11         t   i , 12           t   i , 21         t   i , 22         ]   [    p  (   M i ′   )      V  (   M i ′   )     ]  ,  



(6)




where      [ T ]   i    is the quadric-pole matrix corresponding to the ith layer [18,19]. For layer i, the following transfer matrix can be written:


     [ T ]   i  =  [      cos  (   k i   d i   )        iZ    c , i    sin  (   k i   d i   )         i   Z   c , i      sin  (   k i   d i   )      cos  (   k i   d i   )       ]  ,  



(7)




a relationship in which    Z   c , i      is the complex characteristic impedance and    k i    is the wavenumber in the layer. This relationship can be applied to the layers of mineral wool      [ T ]   1    or polyethylene material      [ T ]   2   .



In this case, for a three-layer system, multiplying the individual transfer matrices yields:


     [ T ]    s y s t e m   =    [ T ]   1     [ T ]   2     [ T ]   3  =  [       t  11        t  12          t  21        t  22        ]  ,  



(8)







In the case of the perforated panel with multi-layer sheets, considering that the speed before and after passing through this layer is the same, the quadric-pole matrix can be written as follows:


     [ T ]    pp   =    [ T ]   3  =  [     1     Z   S  pp          0   1     ]  ,  



(9)




where    Z   S  pp       is the transfer impedance of the perforated panel from Equation (4).



The impedance of the whole panel can be computed as    Z  system   =    t  11    /   t  21      , and the sound absorption coefficient for a sound incidence angle  ϕ  to the normal direction of the surface is given by:


  α  ( ϕ )  = 1 −    |  R  ( ϕ )   |   2  ,  



(10)




where   R  ( ϕ )    is the reflection coefficient that can be approximated in terms of the normal surface impedance    Z  system     of the global system from the following equation:


  R  ( ϕ )  =    Z  system   cos ϕ    − Z   0     Z  system   cos ϕ    + Z   0    ,  



(11)




where    Z 0     = ρ   0   c 0    is the acoustic impedance of the air. Based on the transfer matrix method and these previously computed equations, the values of the sound absorption curves can be estimated for systems with a much larger number of layers. In the following section, the experimental data will be revealed for the acoustic system considered in this work.




3. Experimental Results vs. Numerical Simulations and Discussions


The determination of acoustic absorption was performed according to EN ISO 10534-2 [20] using an impedance tube type 4206A (medium tube), see Figure 2, in the frequency range of 100–3200 Hz using the transfer function method (TFM). A PULSE multichannel system 3560-B-030 with five channels and a signal generator connected to a 2716 Brüel & Kjaer signal amplifier was used for the signal acquisition of two microphones, type 4187. The experimental data processing was performed with Brüel & Kjær PULSE Lab shop software which includes “Normal Incidence Absorbtion” on the “Acoustic Material Testing in Tube” application (7758-type analysis software-PULSE Material Testing). For these determinations, specimens with a diameter of 63.5 mm and thicknesses of about 50 and 100 mm were used. The experimental tests were performed in the Acoustics Laboratory of ICECON S.A. Bucharest. The producers of such multilayer structures use these elements based on Romanian National Reglementations with official technical approvals by implementing acoustic panels on the geometrical frontiers of the railway tracks. These types of structures can also be used to protect against the noise produced by automotive traffic, road and railways traffic.



Samples with a diameter of 63.5 mm from sound-absorbing panels were tested for sound absorption tests: three pieces with a thickness of 50 mm and three samples with a thickness of 100 mm. The elements of the sound-absorbing panel structure are illustrated in Figure 3:




	-

	
The rear-panel-galvanized sheet with a thickness of 0.8 mm (see Figure 3a, A);




	-

	
The rigid basalt wool boards (rockwool) with a thickness of 50 mm/100 mm (see Figure 3a, B);




	-

	
The insulating foil made of polyethylene foam, with a thickness of 2 mm (see Figure 3a, C);




	-

	
The perforated panel sheet: a perforated galvanized sheet with perforations of  ϕ  6.5 mm, and the grid of the perforations characterized by the dispersion: 6 mm horizontal and 10.5 mm-vertical, with a thickness of 0.8 mm (see Figure 3a, D and the details of the perforations illustrated in Figure 3b).









The environmental parameters monitored in the laboratory during the experimental tests regarding atmospheric pressure, temperature, and relative humidity, presented in Table 1, were measured with a laboratory barometer and an electronic thermo-hygrometer. The evaluated parameters related to sound velocity, air density, and air impedance characteristic were automatically calculated by the “Normal Incidence Absorption” software.



The input data from the project set-up are presented in Table 2, and they are established automatically by software in the calibration stage.



After entering the input data and environmental conditions (see Table 1 and Table 2), the following steps were: channel calibration (external calibration with type 4231 sound calibrator), measure signal-to-noise ratio (background noise measurement and signal measurement), calibration control (with calibration step: interchange microphone positions and regular microphone positions–necessary for transfer function) and material testing control (measurement of absorption coefficient). For post-processing, it was possible to extract measured data to 1/1, 1/3, 1/12, or 1/24 octave. The export result in Excel format contained the absorption coefficient, reflection coefficient, impedance ratio, admittance ratio, corrected transfer function, calibration factor, signal-to-noise ratio, and project set-up. The absorption coefficient evaluation method is detailed in Appendix A.



The experimental results are presented in Figure 4, Figure 5 and Figure 6. Figure 4 illustrates the comparative effects of the absorption curve for mineral wool boards with a thickness of 50 mm (Vb1) and 100 mm (Vb2) as a frequency function.



As can be determined from Figure 4, increasing the thickness of the mineral in the range 50–100 mm had the effect of a better absorption coefficient  α  in the frequency range 100–700 Hz and was not sensitive in the range 1200–3200 Hz.



Figure 5 illustrates the comparative results of the absorption coefficient curve  α  for mineral wool boards with a thickness of 50 mm, a polyethylene foil with 2 mm thickness (Vb1+F) and mineral wool boards with a thickness of 100 mm, together with a polyethylene foil (Vb2+F). The face of the interaction considered towards the acoustic source was polyethylene. It is observed that when adding the polyethylene foam foil, which usually has a protective role against water (rain, in the case of outdoor panels), it had a slightly negative influence on the absorption coefficient  α  in the frequency range 500–2000 Hz and a benefic effect in the frequency range 2100–3200 Hz, especially in the range 2600–3200 Hz.



Figure 6 presents the variation of the absorption coefficient  α  for a multilayer structure composed of: a perforated sheet, polyethylene foil, mineral wool, and an unperforated sheet. These are detailed in Figure 1 for Cases 1 and 2, which differed only due to the thickness of the mineral wool. Like the situation analyzed above, the sound absorption decreased considerably by adding polyethylene foil to the addition of perforated sheet. It can be seen that the solution without perforations was better than the solution with perforations. Still, we must also consider the practical aspects of their use on roads, where such sound-absorbing structures can be used, which must also have certain qualities of mechanical strength and protection against rain and snow effects.



From a practical point of view, considering the costs, it can be seen that the two combinations (Case 1 vs. Case 2) have a similar average value in the frequency range of 100–3200 Hz for the absorption coefficient. Therefore, the thickness of the mineral wool layer does not significantly influence the variation of sound absorption. Thus, the cheapest solution is probably the one with a smaller mineral wool thickness, i.e., 50 mm. Of course, the difference in thickness of the mineral wool layer influences the total weight of the structure. It will most likely have a more substantial influence in the case of airborne sound insulation, which is not the subject of this work. The experimental data gave us sufficient information to complete this work with a numerical computing model based on the TMM previously presented as an analytical model provided by Equations (1)–(11). The new method predicts the sound absorption coefficient  α  and is called PSAC-TMM (Prediction Sound Absorption Coefficient-Transfer Matrix Method). Using MATLAB Software, based on PSAC-TMM’s Equations (1)–(11), the sound absorption coefficient was computed considering the following geometric and physical characteristics presented in Table 3.



Figure 7 illustrates the comparison between the experimental data and the prediction using the PSAC-TMM, based on analytical Equations (1)–(11), for the sound absorption coefficient  α  for Case 1 in the frequency range 100–3200 Hz. As can be seen from Figure 7, there is a good agreement between the experimental data and the predicted values of the sound absorption coefficient  α , using PSAC-TMM, in the frequency ranges 100–1600 Hz and 2050–3200 Hz, while in the frequency range 1600–2050 Hz the values are different.



Figure 8 illustrates the comparison between the experimental data and the prediction using the PSAC-TMM, based on analytical Equations (1)–(11), for the sound absorption coefficient  α  for Case 2 in the frequency range 100–3200 Hz. As in the previous case, it can be remarked that a good agreement between the experimental data and the predicted values of the sound absorption coefficient  α , using PSAC-TMM, in the frequency ranges 100–1200 Hz, 1400–2100 Hz, 2300–3200 Hz, while in the frequency ranges 1200–1400 Hz and 2100–2300 Hz the values are different.



The computed global error of the predicted values of the sound absorption coefficient  α , using PSAC-TMM, compared with the experimental values over the frequency range 100–3200 Hz, is less than 4.2%, validating the PSAC-TMM as a suitable predicting method of the sound absorption coefficient  α . The cause of the errors in predicting the sound absorption coefficient  α  using the PSAC-TMM could be the errors induced by the physical characteristics, such as the flow resistivity of the basalt wool, the mass density of the basalt wool, and the mass density of the polyethylene foam foil, used based on the data provided by the manufactures of the materials.



Since the authors followed as detailed an analysis as possible, the analysis in both cases was performed on a linear regression on the frequency range 100–3200 Hz; with a step of 4 Hz, some small peaks appear that have considerable differences in the acoustic absorption values, but they are on very narrow domains. When using octave representation, even very narrow ones such as 1/12 or 1/24 octaves, these peaks decrease so that the prediction values are very close to the experimental values.



Based on the analytical prediction method PSAC-TMM, developed in this work, the same structure was analyzed where only the porosity factor of the perforations  ε  varied between 10–70%. The variation of the acoustic absorption coefficient was studied for both previously studied cases, choosing each two smaller factors    ε = 10 % ,     20 %   , and another two larger factors    ε = 50 % ,     70 %   , compared to the experimentally studied one for    ε = 38   . 6 %    (see Figure 9 and Figure 10).



From the figures illustrated above, it can be seen that with the increase of the value of porosity factor  ε  of the surface interacting with direct waves, there is an increase in the sound absorption coefficient in most of the frequency range. The increase in the values of the sound absorption coefficient  α  can also be explained due to the increase in the surface area of the perforations, which leads to an increase in the interaction surface with the immediately following layer of the structure: the polyethylene film that covers the mineral wool. It is observed that a reduction of the porosity factor of the perforated surface negatively influences the values of the absorption coefficient.



In future work, we shall refine the PSAC-TMM to obtain the characteristic values of the acoustic materials, tested experimentally at the same time, and not taken from the catalogs given by the material manufacturers because over time, some characteristics may vary.




4. Conclusions


In the present study, starting from two constructive solutions that differed in the thickness of a layer of mineral wool, the method of transfer matrices to predict the sound absorption coefficient was developed.



From an experimental point of view, it has been observed that just changing the thickness of an inner intermediate layer, on average, does not significantly change the values of the absorption curve (see Figure 6).



The TMM absorption coefficient prediction method works well and can be used for multi-layer acoustic panel structures and a perforated outer face (see Figure 7 and Figure 8). The parameters considered in the calculation program, regarding the material characteristics, affect the predicted result obtained. The values used are from the catalogs published by the manufacturers in the online environment. Therefore, we intend to carry out a similar study in the future but based on the experimental determinations of the material characteristics, which refer to density, flow resistivity, etc. Additionally, the influence of the porosity factor on the sound absorption was highlighted, as can be seen from Figure 9 and Figure 10, using the new PSAC-TMM.
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Appendix A. The Experimental Evaluation Method with Two Microphones


The sound pressure of the incident wave    p I    and the reflected wave    p R    are, respectively [21,22]


   p I  =   p ^  I   e  j  k 0  x    



(A1)




and


   p R  =   p ^  R   e  − j  k 0  x    



(A2)




where     p ^  I    and     p ^  R    are the complex magnitudes of    p I    and    p R    at the reference plane (x = 0) (see Figure A1) and    k 0  =  k 0 ′  − j  k 0 ″    is the complex wave number, where    k 0 ′    is the real component and    k 0 ″    is the imaginary component which is the attenuation constant.
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Figure A1. The sound pressure of the incident and reflected wave. 






Figure A1. The sound pressure of the incident and reflected wave.



[image: Computation 11 00001 g0a1]





In such a short tube where no real attenuation can be measured, it can be expressed as follows:


   k 0  ≈  k 0 ′  =   2 π    λ 0    =   2 π f    c 0    =  ω   c 0     



(A3)




where:




	
 ω  is the angular frequency



	
 f  is the frequency



	
   c 0    is the speed of the sound equal to   343.2    T  293       in m/s, where T is the temperature in Kelvin








The sound pressure p1 and p2 at the two microphone positions are:


   p 1  =   p ^  I   e  j  k 0   x 1    +   p ^  R   e  − j  k 0   x 1     



(A4)




and


   p 2  =   p ^  I   e  j  k 0   x 2    +   p ^  R   e  − j  k 0   x 2     



(A5)







The transfer function H12 for the total sound field between the two microphones may now be obtained by using Equations (A3) and (A4) as follows:


   H  12   =    p 2     p 1    =     p ^  I   e  j  k 0   x 2    +   p ^  R   e  − j  k 0   x 2        p ^  I   e  j  k 0   x 1    +   p ^  R   e  − j  k 0   x 1       



(A6)







The complex amplitude reflection factor r is the ratio of the complex amplitude of the reflected wave to that of the incident wave at the reference plane wave propagation (normal incidence):


  r =    p R     p I    =     p ^  R   e  − j  k 0  x       p ^  I   e  j  k 0  x     =     p ^  R      p ^  I     e  − 2 j  k 0  x    








that can be simplified at   x = 0   as


  r =     p ^  R      p ^  I     



(A7)







Therefore, Equation (A6) can be expressed as follows:


    H  12   =    p 2     p 1    =     p ^  I   e  j  k 0   x 2    +   p ^  R   e  − j  k 0   x 2        p ^  I   e  j  k 0   x 1    +   p ^  R   e  − j  k 0   x 1      =    e  j  k 0   x 2    +     p ^  R      p ^  I     e  − j  k 0   x 2       e  j  k 0   x 1    +     p ^  R      p ^  I     e  − j  k 0   x 1      =    e  j  k 0   x 2    + r  e  − j  k 0   x 2       e  j  k 0   x 1    + r  e  − j  k 0   x 1          at   x = 0   



(A8)




and transposing (A7) to yield r at   x = 0   as follows:


   H  12    (   e  j  k 0   x 1    + r  e  − j  k 0   x 1     )  =  e  j  k 0   x 2    + r  e  − j  k 0   x 2    ⇒  








then:


   H  12    e  j  k 0   x 1    −  e  j  k 0   x 2    = r  e  − j  k 0   x 2    −  H  12   r  e  − j  k 0   x 1    ⇒  








and then:


  r =    H  12    e  j  k 0   x 1    −  e  j  k 0   x 2       e  − j  k 0   x 2    −  H  12    e  − j  k 0   x 1       



(A9)







This equation can be factorized as follows:


  r =    H  12   −    e  j  k 0   x 2       e  j  k 0   x 1           e  − j  k 0   x 2       e  − j  k 0   x 1      −  H  12        e  j  k 0   x 1       e  − j  k 0   x 1      =    H  12   −  e  − j  k 0   (   x 1  −  x 2   )       e  j  k 0   (   x 1  −  x 2   )    −  H  12      e  2 j  k 0   x 1    =    H  12   −  e  − j  k 0  s      e  j  k 0  s   −  H  12      e  2 j  k 0   x 1     



(A10)




where   s =  x 1  −  x 2    is the distance between the microphones.



The complex amplitude reflection factor r at the reference plane (  x = 0  ) can now be determined from the measured functions, the distance    x 1    of the first microphone, the distance s between the microphones and the complex wave number    k 0    which may include the tube attenuation constant    k 0 ″   .



Sometimes Equation (A7) is expressed as follows:


  r =    H  12   −  H I     H R  −  H  12      e  2 j  k 0   x 1       



(A11)




where:


   H I  =  e  − j  k 0  s   =  e  − j  k 0   (   x 1  −  x 2   )    =    e  j  k 0   x 2       e  j  k 0   x 1      =     p ^  I   e  j  k 0   x 2        p ^  I   e  j  k 0   x 1      =    p  2 I      p  1 I      



(A12)




this is the transfer function between the two microphones of the incident wave alone;



and:


   H R  =  e  j  k 0  s   =  e  j  k 0   (   x 1  −  x 2   )    =    e  − j  k 0   x 2       e  − j  k 0   x 1      =     p ^  R   e  − j  k 0   x 2        p ^  R   e  − j  k 0   x 1      =    p  2 R      p  1 R      



(A13)




this is the transfer function between the two microphones of the reflected wave alone.



Back to Equation (A10), the normal reflection factor r can be expressed as follows [21,22]:


  r =  r ¯   e  j  φ r    =  r r  + j  r i  =    H  12   −  H I     H R  −  H  12      e  2 j  k 0   x 1     



(A14)




whereas:




	
   r r    is the real component,



	
   r i    is the imaginary component,



	
   φ r    is the phase angle of the normal incidence reflection factor.








From Equation (A10) or (A13), the sound absorption coefficient will be calculated as follows [21,22]:


  α = 1 −    | r |   2  = 1 −      r r 2  +  r i 2     2  = 1 −  r r 2  −  r i 2   



(A15)




assuming it equal to the complex power-transmitted factor      | r |   2  +  Z  ρ  c 0       | t |   2  = 1  .



The specific acoustic impedance ratio z, sometimes called the “Normalized impedance ratio” can be calculated from (10) or (13) as follows:


  z =  Z  ρ  c 0    =  R  ρ  c 0    + j  X  ρ  c 0    =    (  1 + r  )     (  1 − r  )     



(A16)




whereas



Z is the normal sound incidence impedance defined as follows:   Z =  p u   



p is the sound pressure at the reference plane (  x = 0  );



u is the sound particle velocity at the reference plane (  x = 0  ), and for the propagation of plane waves it is considered normal incidence.
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Figure 1. Proposed structures with a perforated sheet (two cases). 
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Figure 2. Photo of the measuring system for the acoustic absorption using the TFM. 






Figure 2. Photo of the measuring system for the acoustic absorption using the TFM.



[image: Computation 11 00001 g002]







[image: Computation 11 00001 g003 550] 





Figure 3. Sound-absorbing panel structure (a) Panel section, (b) Detail perforated panel sheet. 
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Figure 4. The sound absorption coefficient of mineral wool boards. 
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Figure 5. The sound absorption coefficient of mineral wool boards with polyethylene. 
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Figure 6. Sound absorption coefficient in both cases. 
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Figure 7. Experimental data versus predicted data by PSAC-TMM for Case 1. 
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Figure 8. Experimental data versus predicted data by PSAC-TMM for  α  in Case 2. 
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Figure 9. Predicted data by PSAC-TMM for  α  in Case 1 for variation of porosity factor  ε . 
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Figure 10. Predicted data by PSAC-TMM for  α  in Case 2 for variation of porosity factor  ε . 
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Table 1. Environmental settings.
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Samples Tested

	
Atmospheric Pressure (hPa)

	
Temperature (°C)

	
Relative Humidity (%)

	
Evaluated Parameters




	
Velocity of Sound (m/s)

	
Density of Air (kg/m3)

	
Characteristic Impedance of Air (Pa/(m/s))






	
Vb1

	
1005

	
25.3

	
29

	
346.33

	
1.171

	
405.6




	
Vb2

	
1005

	
25.4

	
29

	
346.38

	
1.171

	
405.5




	
Vb1+F

	
1005

	
25.3

	
29

	
346.33

	
1.171

	
405.6




	
Vb2+F

	
1005

	
25.5

	
29

	
346.44

	
1.170

	
405.4




	
Case 1

(Average of 3 tested samples)

	
1005

	
25

	
31

	
346.15

	
1.172

	
405.8




	
Case 2

(Average of 3 tested samples)

	
1005

	
25.07

	
30

	
346.19

	
1.172

	
405.7
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Table 2. The input data.
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	Tube
	Characteristics





	Type
	Medium



	Microphone Spacing
	0.0318 m



	Distance to Sample from Mic. 2
	0.0635 m



	Distance to Source from Mic. 1
	0.37 m



	Diameter
	0.0635



	Lower Frequency Limit
	100 Hz



	Generator
	



	Waveform
	Random



	Signal Level
	1.414 Vrms



	Pink Filter
	Off



	Measurement
	



	Frequency Lines
	800



	Frequency Span
	3.2 kHz



	Frequency Averages
	100



	Frequency Resolution
	4.0 Hz



	Centre Frequency
	1600 Hz
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Table 3. Geometric and physical characteristics of studied cases used on PSCA-TMM.
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	Symbol
	Value
	Units





	The rigid basalt wool board–rockwool thickness (case 1)
	    d 1    
	50
	mm



	The rigid basalt wool board–rockwool thickness (case 2)
	   d 1 ′   
	100
	mm



	The polyethylene foam thickness
	    d 2    
	2
	mm



	The mass density of the basalt wool
	    ρ 1    
	70
	     kg  /   m 3      



	The flow resistivity of the basalt wool
	    σ a    
	28.4
	      Pa × s   /   m 2      



	The mass density of the polyethylene foam foil
	    ρ 2    
	18
	     kg  /   m 3      



	The airflow resistivity of the polyethylene foam foil [20]
	    σ p    
	1650
	      Pa × s   /   m 2      



	The perforated sheet thickness
	    l 3    
	0.8
	mm



	Diameter of perforations (perforated sheet)
	D
	6.5
	mm



	The radius of perforation (perforated sheet)
	r
	3.25
	mm



	The porosity factor of perforated sheet
	  ε  
	38.6
	%



	Density of air
	    ρ 0    
	1.172
	     kg  /   m 3      



	The velocity of sound (at 25 °C)
	    c 0    
	346.17
	m/s



	The characteristic impedance of air
	    Z 0    
	405.7
	Pa/(m/s)



	The coefficient of air viscosity
	  η  
	   1  . 85  ×   10   − 5     
	    Pa × s    
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
——Case 1 (experimental)  ——Case 2 (experimental)
050

0.40
— 030
S 020

010

0.00

100 600 1100 1600 2100 2600 3100
FlHa)





media/file4.png
Air space .
p Air space
cO’k09ZO Co,ko,ZO

- : 4
Ip b
X b 4
Rigid wall ~ Mineral wool Perforated Rigid wall  Mineral wool Perforated
OukysZe, panel ZS,,,, CaskarZeq panel ZSpp
Polyethylene Polyethylene
Tpkp:Zep Ol s





media/file18.png
o]

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

100

600

Case 2 (experimental)

1100

= == = Case 2 (analytical)

1600
f [Hz]

2100

2600

3100





media/file21.jpg
al

Case 2 - analytical

——e=10% ———e=20% = = —£=38.6% ——e=50% —— e=70%
070

060
050
040
030

020

010

000

100 600 1100 1600 2100 2600 3100
f[Hz]





media/file3.jpg
Case 1 Case2

Rigidwall  Mineral wool Perforated  Rigid wall Perforated
panel Z,
' panel Zg
Polyebylene

e Polyethylene
ok Zep Ok Zey





media/file22.png
o]

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

Case 2 - analytical
£=20% = — — £=38.6%

€=10%

€=50%

e=70%

, \ - -ﬁ--~---

/ LT R ”’ *
= —T o N
J
600 1100 1600 2100 2600 3100

f [Hz]





media/file19.jpg
Case 1 - analytical

£=70%

060

050

040

030

all

020

010

000
100 600 1100 1600 2100 2600 3100

flHa





media/file7.jpg
(b)

105,





media/file10.png
——\/h] —\/b2
1.00 —=

0.80
— 0.60
S 0.40
0.20

0.00
100 1100 2100 3100
f [Hz]





media/file14.png
—=Case 1 (experimental)  =—=Case 2 (experimental)
0.50

0.40

0.30

o [}

0.20
0.10

0.00

100 600 1100 1600 2100 2600 3100
f [Hz]





media/file11.jpg
all

1.00
090
080
070
060
050
040
030
020
010
000

100

600

——Vb1+F =——Vb2+F

1100

1600

2100

2600

3100
f[Hz]





media/file6.png
Impedance tube
type 4206 A.
Briiel&Kjaer






media/file15.jpg
Case 1 (experimental) = = = Case 1 (analytical)

035

100 600 1100 1600 2100 2600 3100
[Hz]





nav.xhtml


  computation-11-00001


  
    		
      computation-11-00001
    


  




  





media/file16.png
o []

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

100

Case 1 (experimental)

600 1100

- == = Case 1 (analytical)

1600 2100 2600
f [Hz]

3100





media/file2.png
£

o \






media/file20.png
Case 1 - analytical
£=20% = = = £=38.6%

€=10%

€=50% e=70%

0.60

0.50

0.40

0.30

o ]

0.20

0.10

0.00

100 600 1100 1600 2100 2600 3100
f [Hz]





media/file5.jpg
/

o ———— | -1~ €

Impedance tube
type 421
Briiel&






media/file1.jpg
P






media/file12.png
o ]

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

100

600

e \/D1+F e—\/b2+F

1100

1600

2100

2600

3100

f [Hz]





media/file9.jpg
——Vbl ——Vb2
1.00

0.80
= 0.60
S 040
020

0.00
100 1100 2100 3100
f [Hz]





media/file0.png





media/file8.png
sor

(b)

(a)





media/file17.jpg
all

045
0.40
035
030
025
020
015
0.10
0.05
0.00

100

——— Case 2 (experimental)

600

1100

= = =Case 2 (analytical)

1600
f[Hz]

2100

2600

3100





