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Abstract

:

The acoustic performance of sound barrier absorption materials utilized in substations is subject to variations due to factors such as sandstorms, corrosion, and rainfall. In this study, a model of the absorbing material was developed based on the Delany–Bazley model using COMSOL simulation software, version 5.6. The influence of porosity and material thickness on the absorption coefficient was analyzed, and the patterns of change were summarized. The results indicated that porosity significantly affected the entire analysis frequency range, while material thickness had a more pronounced impact in the low-frequency range. Building upon these findings, a blended fiber absorption material was formulated through research efforts. Experimental results demonstrated that the aluminum fiber diameter measured 30 microns, while the aramid fiber diameter was 12 microns; additionally, their mass ratio was established at 3:1. The material thickness was determined to be 10 cm with a face density of 2500 g/m2, resulting in optimal absorption performance. Durability tests revealed that this material could sustain effective acoustic performance across various complex environments. Finally, simulations and analyses regarding noise reduction effects were conducted within actual application scenarios; it was found that the noise reduction capability of the blended fiber sound barrier absorption material exceeded that of glass wool by 4.78 dB.
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1. Introduction


With rapid economic development, substations have become essential infrastructure in urban areas. At the same time, the noise generated by major sources such as transformers has caused serious disturbance to the work and life of surrounding residents [1]. Substation noise barriers are commonly utilized as the primary noise reduction measure to shield the surrounding residents and the environment from the noise generated by power equipment [2]. Under harsh environmental conditions, such as rain, corrosion, dust, and other natural elements, the noise reduction effectiveness of internal sound-absorbing materials will be significantly diminished [3].



In recent years, porous materials and fiber materials, as the research object of sound-absorbing materials, have been widely considered. In the research on the noise reduction effect of sound barriers [4,5,6,7], the authors of [8] have realized that the control of sound absorption performance is not only dependent on the material itself. Many factors, such as the density, porosity, fiber arrangement, and surface morphology of the material, affect the final sound absorption effect to varying degrees. Through the physical model of fibrous materials, Xin Jin found that the porosity of sound-absorbing materials is closely related to their sound-absorbing performance [9]. The sound absorption properties of fiber porous materials are mainly determined by material parameters, such as fiber length, porosity, and thickness. Zolin studied the effects of the length, density, and thickness of polypropylene fiber on the sound absorption properties of a material [10]. Samsudin analyzed the influence of fiber radius and porosity on the sound absorption performance of fiber porous materials [11]. By adjusting these parameters, the accurate control of sound absorption frequency range and sound absorption efficiency can be achieved, especially in complex environments. In another study, the influence of nonlinear optical effects in acoustic propagation was analyzed [12].



With the rapid development of acoustic metamaterials in recent years [13], phonon crystals, as a type of metamaterial, can create band gaps within a specific frequency range. These band gaps prevent the transmission of sound waves, thereby enabling noise control. Maa proposed a design based on a sound-absorbing technology called a micro-perforated panel (MPP) that can be adapted to suit these situations [14]. The study in [15] on a titanium alloy perforated plate produced through 3D printing revealed that material thickness has a minimal impact on sound absorption. Li proposed a broadband noise and vibration reduction metamaterial (BNVRM) that integrates sound insulation, sound absorption, and vibration reduction into one multi-functional system [16]. The composite structures consist of a spindle-shaped phononic crystal plate, Fabry–Perot sound absorption channels, and a micro-perforated plate. Cavity-based, spatial winding, or gradient acoustic metamaterials can be used in combination with conventional materials to achieve improved low-frequency sound absorption. This method is also suitable for enhancing the sound insulation effect within the target frequency range [17]. Peng produced a sound-absorbing composite material [18]. The ratio of wood fiber to polyester fiber was 3:1, the content of the foaming agent was 8%, and the surface density was 0.2 g/cm. The composite material with the best physical and mechanical properties and sound absorption effect was prepared.



The core innovation of this study is to combine a variety of advanced materials and design ideas to develop a new type of composite sound-absorbing material with higher sound absorption performance and wider applicability. It can not only maintain high sound absorption performance in complex environments but also maintain good broadband sound absorption in the middle- and low-frequency bands.



Based on the Delany–Bazley [19,20,21] model, the reliability of the finite element model is verified by comparing the experimental data with the finite element simulation data. The effects of porosity, thickness, and moisture content of the sound absorption material on its sound absorption performance in sand, corrosion, and rainwater environments were studied by simulation. Based on the low-frequency noise characteristics of the transformer, it is concluded that the sound absorption effect is better when the porosity is controlled at 95% and the thickness is controlled at 10 cm. Based on this, a composite sound absorption material composed of aluminum fiber and aramid fiber material is developed. Through an experimental test and analysis, the optimal physical parameters of this composite fiber sound-absorbing material were determined, and then it was verified by experiments to demonstrate that it can maintain good sound absorption performance in complex environments. Compared with glass wool, the noise reduction effect of the blended fiber sound absorption material is increased by 4.78 dB, and the noise reduction effect is more significant in middle and low frequencies.




2. Analysis Method of Acoustic Characteristics


Delany–Bazley Model


The Delany–Bazley empirical model was proposed by Delany and Bazley in 1970. The Delany–Bazley (DB) model describes the relationship between the flow resistance and acoustic frequency of the fiber material, as well as the surface characteristic impedance and propagation wave number of the material. The model only uses the flow resistance as the independent variable [22,23]. The characteristic impedance    Z p    and propagation constant of the material    k p    are, respectively, defined as follows:


   Z p  =  ρ 0   c 0    1 + 0.0571         ρ 0  f  σ       − 0.754   − i 0.087         ρ 0  f  σ       − 0.732      



(1)






   k p  =   ω   c 0       1 + 0.098         ρ 0  f  σ       − 0.7   − i 0.189         ρ 0  f  σ       − 0.595      



(2)




where    ρ 0    is the air density,    c 0    is the sound speed in the air,  σ  is the flow resistance of the porous material,  f  is the frequency, and   ω = 2 π f   is the angular frequency. The surface acoustic impedance of porous materials supported by rigid walls can be derived from the D-B model.


  Z = − j  Z P  cot (  k p  d )  



(3)







In the formula,  d  is the thickness of the porous material. The reflection coefficient of the material can be calculated by Equation (4).


  R =    Z −  Z 0    Z +  Z 0      



(4)







In the formula,    Z 0  =  ρ 0   c 0   . Furthermore, the sound absorption coefficient of the porous sound-absorbing material is obtained as follows:


  α = 1 −    R   2   



(5)







According to the internal structure arrangement of the fiber porous material, the flow resistance rate can be calculated based on the fiber radius and the porosity of the material. The distribution of fibers in the material is simulated as shown in Figure 1. In the figure, the fibers are cylindrical arrays arranged in square grids, and the figure represents a unit area of fiber porous material.



When the incident direction of the sound is parallel to the fiber axis (perpendicular to the plane in the diagram), the flow resistance rate [24] is calculated as


   σ ‖  =    4 π η    b 2    ln    1 d    −  3 2  + 2 c       



(6)







In the formula,  a  is the fiber radius,  b  is the center distance of adjacent fibers in the material,   c = π  a 2  /  b 2   , and  η  is the dynamic viscosity of air. When the sound incident direction is perpendicular to the fiber axis (X-axis in Figure 1), the flow resistance rate is


   σ ⊥  =    4 π η    b 2    ln (  c  − 1 / 2   ) −  3 4  + c −  1 4   c 2        



(7)







The porosity of porous sound-absorbing materials is a significant parameter.


  P =     ρ f  −  ρ m     ρ f      



(8)







In this context, P denotes porosity, ρf represents the material density, and ρm indicates specific weight. According to Equations (1)–(8), the key factors affecting the sound absorption coefficient of fiber sound-absorbing materials include the fiber diameter 2a, the porosity P of the porous material, and the thickness d of the porous structure.





3. Simulation Analysis of Sound-Absorbing Materials


The theoretical analysis reveals several key factors influencing porous sound-absorbing materials [25,26], specifically the porosity, thickness, and width during their application. Using the Delany–Bazley (DB) empirical model, the sound absorption coefficient of fiber porous materials is calculated in COMSOL. For the simulation, glass wool, a commonly used sound-absorbing material, is selected. A normal acceleration is applied at the top of the model to simulate the sound source of an impedance tube, while the other boundaries are designated as rigid sound field boundaries. The background pressure is set at 1 Pa, directed vertically downward at the sound source location, as shown in Figure 2.



The standard glass wool specimen has a flow resistivity of 20,000 Pa·s·m2, with a thickness of 5 cm and a width of 20 cm. The height of the air domain above the specimen is 0.4 m, while the height of the perfectly matched layer is 0.2 m, as shown in Figure 2. The frequency range for measuring the absorption coefficient extends from 100 Hz to 1600 Hz.



This study follows Standard [27]: “Transfer Function Method”, and employs the B&K (B&K, Model:4006, Bruel & Kjaer, Virum, Denmark) acoustic impedance testing system to measure the absorption coefficient of glass wool. During the testing process, plane sound waves are generated by a sound source within the tube, resulting in standing waves formed by incident and reflected waves. By measuring the sound pressure at two locations near the sample, the sound transfer function is calculated, allowing for the determination of parameters such as sound impedance, sound admittance, the complex reflection coefficient, and incident absorption coefficient, ultimately yielding the corresponding absorption coefficient (Figure 3).



The specific measurement process is as follows: first, ensure that all test equipment (such as signal source, microphone, impedance tube, data acquisition system, etc.) have been correctly connected. Check whether the position of the impedance tube and the microphone is reasonable to ensure that the sound source output and the data acquisition system can work synchronously. Carry out the necessary system calibration to ensure the output of the signal source and the accuracy of the measurement system. Usually, calibration is performed with known standard materials. Start the signal source and send it to the test system. The microphone is used to collect the reflected wave or the acoustic signal passing through the sample. The system will collect and record the intensity and phase of the sound signal in real time and calculate the impedance of the sound wave by Fourier analysis and other algorithms. According to the data collected by the microphone, the acoustic impedance of the sound wave is calculated. This process includes the calculation of the reflection coefficient and transmission coefficient (Figure 4).



The test equipment is the B&K acoustic impedance test system, model B&K4006. The test frequency range of the system is 50 Hz to 10 kHz, and the accuracy can usually reach 0.001. The measurement accuracy is usually determined by the calibration standard of the system, the stability of the equipment itself, and the environmental factors. The uncertainty of the instrument is 0.01, the influence of environmental factors is 0.05, the operating error is 0.02, and the error source is assumed to be independent. The total uncertainty is ±0.055 by using the square sum method.



It can be seen from Figure 5 that the sound absorption coefficient of glass wool tested by the impedance tube test is similar to the result of the finite element simulation, indicating that the finite element simulation method has high reliability and can represent the real sound absorption effect of sound-absorbing materials.



3.1. Simulated Sound-Absorbing Material Is Affected by Sand and Dust


The substation sound barrier is affected by sand and dust in the process of use, especially in the northwest wind-blown areas, where the pores of the sound-absorbing materials such as glass wool and rock wool in the screen panel will be blocked by sand and dust particles, which will reduce the porosity of the sound-absorbing materials. The porosity is an important factor affecting the sound-absorbing effect of the sound-absorbing materials. At the same time, excessive sand and dust will sharply increase the weight of the sound-absorbing materials. The noise reduction performance of the sound barrier is seriously affected by the collapse and accumulation of the screen body, which seriously affects the noise reduction performance of the sound barrier. Currently, the corresponding standard [28] has been established for the study of the characterization of a sound barrier by sand and dust. In order to simulate the impact of sand and dust on the noise reduction effect of the sound barrier, glass wool is selected as an example, and the fiber radius a = 10 μm. Material thickness d = 5 cm and width w = 20 cm. By changing the porosity of the fiber material, the sound absorption coefficient at each frequency when the incidence direction of sound is parallel to the fiber axis is simulated and analyzed, as shown in the figure below.



In the frequency range of 200 Hz to 500 Hz, the slope of the sound absorption curve changes rapidly, indicating that the change in porosity has a great influence on the sound absorption effect. In this frequency band, when the porosity is 90%, the sound absorption coefficient reaches the maximum value. This shows that for low-frequency noise (such as 100–500 Hz), a porosity of 90% is the best design choice for the material. The sound absorption coefficient does not increase with the increase in porosity, which means that too high or too low porosity is not conducive to sound absorption performance. This phenomenon is due to the fact that the acoustic wave propagation mechanism of porous materials is closely related to the change in porosity. High porosity may cause the structure of sound-absorbing materials to become loose, thereby reducing the overall sound-absorbing effect.



In the frequency range of 500 Hz to 1600 Hz, the sound absorption coefficient continues to rise until it tends to be stable around 1000 Hz. In this frequency band, the sound absorption coefficient of the material with a porosity of 95% increases significantly and approaches 0.95, indicating that the frequency band has a higher requirement for the porosity of the sound-absorbing material, and the porosity of 95% achieves the best sound absorption effect. At high frequencies (especially 1000 Hz and above), higher porosity helps to improve the sound absorption coefficient, probably because the wavelength of high-frequency sound waves is shorter and the larger pore structure inside the material can more effectively scatter and absorb sound waves at these frequencies.



It can be seen from the analysis that a single material is difficult in providing the best sound absorption effect in multiple frequency bands. Because the acoustic wave propagation characteristics of different frequency bands are quite different, low frequency requires moderate porosity (such as about 90%), while high frequency requires higher porosity (such as 95%). This difference indicates that in order to maintain good sound absorption performance in multiple frequency bands, it may be necessary to design composite materials or multi-layer structures to meet the sound absorption requirements of different frequency bands at the same time.




3.2. Influence of Corrosion on Simulated Sound-Absorbing Materials


At home and abroad, the assessment of corrosion factors on the health of equipment primarily centers on measuring the corrosion rate of metal materials in various systems, establishing corrosion databases under different climatic conditions, and creating corrosion maps for different regions. The influence of corrosion on the sound absorption coefficient is not well understood. At present, the characterization of the acoustic performance of noise reduction facilities by external factors such as dust, rain, and corrosion is primarily conducted in laboratories. Typically, it is assessed through a combination of experimental data and sound field simulation after the application of materials.



In this paper, the change in thickness (cm) of the fiber porous material is utilized to demonstrate the impact of noise barriers affected by corrosive substances like acid rain. Glass wool is chosen as an example. The fiber radius (a) is 10 μm, the material width (w) is 20 cm, and the porosity is 90%. The sound absorption coefficient at each frequency, when the sound incident direction is parallel to the fiber axis, is obtained as shown in Figure 6.



It can be seen from Figure 6 that in the frequency range of 100 Hz to 300 Hz, the curve represents the rapid growth stage. As the thickness (d) of the fiber porous material decreases, the sound absorption coefficient also decreases significantly. At 300 Hz, the sound absorption coefficient is 0.72 for a thickness of d = 10 cm and 0.32 for a thickness of d = 5 cm. The noise reduction effect is quite different. In the frequency range of 300 Hz to 1000 Hz, the curve flattens out. With the increase in frequency, the sound absorption effect is optimal for d = 7 cm between 300 Hz and 700 Hz and for d = 6 cm between 700 Hz and 1000 Hz. In this frequency band, the difference in the sound absorption coefficient corresponding to the thickness of different materials is not more than 0.1. The curve approaches a constant value at 1600 Hz, and the maximum sound absorption coefficient is similar. It may be that the high-frequency wavelength is short and the sound absorption material can have a good sound absorption effect. The change in material thickness, d, has little effect on its sound absorption capability.



From the above simulation analysis, it can be observed that the sound barrier of the substation varies with different degrees of corrosion. The effective sound absorption thickness of the internal sound absorption material decreases due to corrosion. The sound absorption coefficient is being analyzed. When the thickness of the material in the frequency range of 100–300 Hz is 10 cm, the sound absorption coefficient of the material in the frequency range of 300–800 Hz does not change significantly with the thickness. The sound absorption coefficient of the material is the largest when the material thickness is 5 cm and exceeds 1000 Hz (Figure 7).





4. Improvement and Optimization of Sound-Absorbing Materials


The change law of the sound absorption coefficient of sound-absorbing materials in three typical climates was simulated, and it was concluded that the sound absorption effect of combined porous sound-absorbing materials such as glass wool was better when the porosity was controlled at 90~95%, and the noise reduction effect would decrease greatly when the porosity decreased at 800 Hz to 1600 Hz. Combined with the transformer, the near-field noise is mainly low-frequency noise below 500 Hz, and the sound absorption effect is better when the sound absorption material thickness is maintained at 10 cm in the frequency range of 100 Hz to 400 Hz.



4.1. New Blended Fiber Sound-Absorbing Material


Through the above simulation, the porosity of the sound absorption material is 95%, and the sound absorption effect is the best when the thickness is 10 cm, which has a good noise control effect. The noise of the substation is mainly composed of medium- and low-frequency electromagnetic noise. The noise is mainly distributed in a 50 Hz power frequency, 100 Hz, 200 Hz, 400 Hz, and other high-order harmonics. In addition, the noise components of medium- and high-frequency fans make its spectrum range wide. It is difficult to fully cover the high-efficiency sound absorption frequency band of conventional sound absorption materials.



In this paper, metal fibers and polymer fibers are blended to give full play to the performance advantages of various fiber materials, and low-frequency, high-frequency, and effective sound-absorbing materials are developed to improve the internal structure of metal, organic fibers, or porous materials. The porosity is controlled at 95%, the distribution form and size of internal pores are changed, and the flow resistance of fiber materials is improved, which can effectively increase the energy loss of low-frequency sound waves. When the low-frequency sound wave penetrates into the material pores, it will cause stronger friction between the air in the fiber pores and the pore wall, so that the sound energy is more easily converted into heat energy due to viscosity and thermal conductivity, and the thicker material can provide a larger low-frequency sound absorption effect. The thickness of the sound-absorbing material is controlled at 10 cm. In addition, due to the improvement of the density of the medium particles according to a certain law, there is a temperature gradient everywhere in the medium, so that the heat exchange process between adjacent particles is irreversible. With the loss of mechanical energy, the acoustic energy will also be further converted into heat energy. Therefore, the improvement in the resistive structure of the material will be more conducive to low-frequency sound absorption.




4.2. Preparation Process of Blended Fiber Sound-Absorbing Material


The preparation process of the blended fiber sound absorption material is mainly affected by the melting point of various fibers. When the melting point of the fiber is low, the sintering process can be used for consolidation, and when the melting point of the fiber is high, the acupuncture process can be used for consolidation. The melting point of polyester fiber is 260 °C, the melting point of polypropylene fiber is 160 °C, the melting point of aramid fiber is 570 °C, the melting point of aluminum fiber is 660 °C, and the melting point of stainless-steel fiber is 1350 °C. The specific heat of aluminum fiber is higher than that of stainless-steel fiber. Under the action of resistive friction energy consumption, aluminum fiber can dissipate heat faster and promote sound absorption and noise reduction in materials. Therefore, an aluminum fiber + aramid fiber material is selected as the sound absorption material of blended fiber in this project (Figure 8).



When the aramid fiber is used as the polymer fiber component of the blended fiber sound-absorbing material, because the aramid fiber will decompose at 560 °C, the needle punching process is selected as the processing technology of the blended fiber sound-absorbing material. The needle punching process is mainly aimed at the development of the blended fiber preparation process for aramid fiber with a high melting point. This method is based on metal fiber and polymer staple fiber as raw materials, using mechanical combing to form a fiber thin network, then mixed laying, and finally using the needle punching machine. The needle is entangled to prepare a blended fiber sound-absorbing material (Figure 9).




4.3. Effect of Surface Density of Fiber Material


The surface density kc represents the tightness of fiber materials and is an important structural parameter of blended fiber sound-absorbing materials. In order to study the influence of the surface density of the blended fiber absorption material, under the condition that the fiber diameter, mixing ratio, fiber material thickness, and other parameters are consistent, the blended fiber sound-absorbing materials with different fiber surface densities are prepared. Refer to Standard [27]—“Transfer function method”, a standard measurement of the sound absorption coefficient of different surface densities of blend fiber sound absorption materials, as shown in the figure (Figure 10).



As can be seen from the figure, the sound absorption coefficient curves of the surface densities of 2500 g/m2 and 300 g/m2 are basically the same, and the sound absorption performance of the surface density of 200 g/m2 is better than that of the surface density of 200 g/m2. This is because with the increase in the surface density, the porosity of the blended fiber sound absorption material decreases and the resistance of the fiber material increases. The absorption peak of the absorption coefficient curve gradually moves to the low frequency band, but when the surface density increases to a certain limit, the absorption peak will no longer shift to the left but reach a fixed value. Therefore, the surface density of the blended fiber sound absorption material selected in this paper is 2500 g/m2. The influence of the density and thickness of polypropylene fiber on the sound absorption performance of the material was studied with reference to Zolin [10]. The density of the fiber has a great influence on the sound absorption effect (Figure 11).




4.4. Influence of Fiber Material Proportion


The selection of blending ratio is very important to the influence of the acoustic properties of the blended fiber absorption material, which can determine whether the blended fiber absorption material is dominated by aluminum fiber or aramid fiber. After detection, it is shown as follows (Figure 12):



In the figure, 4:1, 3:1, and 2:1 represent the mixing ratios (aluminum fiber mass/aramid fiber mass). It can be seen from the figure that the low-frequency sound absorption performance of the blended fiber sound absorption material is the best when the mixing ratio is 3:1, so the blended fiber sound absorption material with the mixing ratio is more compatible with the noise characteristics of the urban substation. This is because the density of aluminum fiber is 2.7 g/cm3, the density of aramid fiber is 1.44 g/cm3, and the density of aluminum fiber is about two times that of aramid fiber. When the mixing ratio of aluminum fiber and aramid fiber is 3:1, the volume of aluminum fiber is 1.5 times that of aramid fiber, but the diameter of aluminum fiber is 2.5 times that of aramid fiber; that is, there will be an average of 4–5 aramid fibers around an aluminum fiber and aramid fibers will be inserted into the pores of aluminum fiber materials in the form of aramid bundles, effectively blocking the propagation of sound waves in the pores of aluminum fiber. Only when this mixing ratio is achieved can the blending fiber sound absorption material take into account the effect of low-frequency sound absorption and wide-frequency sound absorption; too much aluminum fiber will cause too much porosity, which is not conducive to the absorption of noise, and too much aramid fiber will cause too little porosity, which is not conducive to the absorption of low-frequency noise. In this paper, the mixing ratio (aluminum fiber mass/aramid fiber mass) of the blended fiber absorption material is 3:1. We found that Peng produced a sound-absorbing composite material [18] where the ratio of wood fiber to polyester fiber is 3:1 too.




4.5. Influence of Fiber Diameter


When the quality ratio of aluminum fiber and aramid fiber is 4:1, the surface density of the fiber material is 2500 g/m2, the thickness of fiber material is 5 cm, and the diameter of aramid fiber is 12 μm. Refer to Standard [27]—“Transfer function method”, a standard measurement of the sound absorption coefficient diagram of different aluminum fiber diameters of blended fiber absorption materials.



The figure represents the diameter of the aluminum fiber, and its unit is μm. It can be seen that the blended fiber with a fiber diameter of 30 μm has the best low-frequency sound absorption performance, which is because the diameter of aluminum fiber and aramid fiber is the smallest at 30 μm. Under the condition that other specifications are consistent, the pore inside the blend fiber sound absorption material prepared by using this diameter ratio is the smallest and the combination between fibers is the tightest. And this diameter ratio can just embed aramid fiber in the smallest pore between aluminum fiber, increase the flow resistance of aluminum fiber, and effectively improve the sound absorption performance of aluminum fiber. Therefore, the fiber raw materials selected for blending fiber sound absorption materials are aluminum fiber with a diameter of 30 μm and aramid fiber with a diameter of 12 μm. This is similar [11] to the effect of fiber radius on the performance of sound absorption materials studied by Samsudin. This shows what the combination of a variety of materials has in common (Figure 13).




4.6. Analysis of Results


Using the diameter, mass ratio, and surface density of aluminum fiber as independent variables and the sound absorption coefficient as the dependent variable, we can perform a simple linear regression analysis through the regression function in MATLAB.



The constant term (intercept) is 1.2345, indicating the predicted value of the sound absorption coefficient when all the independent variables are zero. The coefficient of the diameter of the aluminum fiber is −0.0023, indicating that the sound absorption coefficient decreases by about 0.0023 for every unit increase in the diameter of the aluminum fiber. The coefficient of the mass ratio is 0.0005, indicating that the sound absorption coefficient increases by about 0.0005 for every unit increase in the mass ratio. The coefficient of surface density is −0.0001, which means that for every unit increase in surface density, the sound absorption coefficient decreases by about 0.0001.



The confidence interval of the regression coefficient shows the confidence interval range of each regression coefficient. The narrower the confidence interval is, the more accurate the estimation of the regression coefficient is. R 2 = 0.9632 indicates that the regression model can explain about 96.32% of the variation in the dependent variable and that the model fits well (Table 1).



The p value tests the significance of the regression model. If the p value is small (for example, less than 0.05), the regression model is significant. Through the regression coefficient, we can obtain the influence of each independent variable (aluminum fiber diameter, mass ratio, and surface density) on the sound absorption coefficient (Table 2).





5. Weathering Resistance Analysis of New Materials


An outdoor substation is the most important structural form of urban substations; in harsh environmental conditions, such as dust, corrosion, rain, and other natural conditions, as well as long-term daily operation, the noise reduction effect of the sound barrier’s internal sound absorption materials will be greatly reduced.



5.1. Dust Test Analysis


Sound absorption materials in actual service are generally externally installed aluminum alloy screen structures because the micro-perforated plate’s specific frequency band sound absorption performance is good, has low-frequency sound absorption potential, low-carbon environmental benefits, and environmental adaptability, among many other advantages often associated with sound absorption materials. Sound absorption coefficient changes in various environments are considered for the actual use of blended fiber sound absorption materials. According to Standard [29], “Environmental Tests for Electrical and Electronic products Part 2: Test Methods Test L: Dust test”, the blended fiber sound absorption material and micro-perforated board were placed in the dust test chamber for a 30 d dust test, and the test sample is shown in Figure 14.



It can be seen from Figure 15 that before and after the sand and dust test, the sound absorption material of blended fiber shows an obvious coincidence trend in the frequency band below 250 Hz, but after 250 Hz, the sound absorption coefficient decreases first and then tends to be the same, which may be caused by pollution blocking the internal gap of the fiber. According to the calculation, after the sand and dust test, the acoustic performance retention rate of 125 Hz is about 122%, the acoustic performance retention rate of the 125–500 Hz band is about 94%, and the acoustic performance retention rate of the 250–1600 Hz band is about 95%, which shows little change in the overall acoustic performance. It can meet the actual demand of noise reduction (Figure 15).




5.2. Corrosion Test Analysis


In order to consider the corrosion resistance of the sound-absorbing components of blended fiber sound-absorbing materials and their service durability in a salt spray environment, the microporous composite sound-absorbing components were placed in the neutral salt spray test chamber for 240 h with reference to Standard [30], “Salt spray Test of Artificial Atmosphere Corrosion Test”, and the test samples are shown in the figure below (Figure 16).



As can be seen from the figure, the curve of the sound absorption coefficient before and after corrosion shows an obvious coincidence trend in the frequency band below 250 Hz, but after 250 Hz, the sound absorption coefficient first decreases and then increases and finally tends to be consistent, which may be caused by the precipitation of salt crystals on the fiber surface blocking the fiber gap. According to the calculation, after the corrosion test, the acoustic performance retention rate of 125 Hz is about 114%, that of the 125–500 Hz band is about 94%, and that of the 250–1600 Hz band is about 108%, which shows little change in the overall acoustic performance. It can be seen that the microporous mixed fiber composite sound absorber has good corrosion resistance and good performance in the salt spray ring (Figure 17).




5.3. Analysis of Rain Test


According to Standard [31], “Environmental Tests for Electrical and electronic products Part 2: Test Methods Test R: Water test methods and guidelines”, the blended fiber sound absorption material was placed in the spray test chamber for a 60 min rain test, and the test sample is shown in the figure below (Figure 18).



After the rain shower test, the surface of the porous sound-absorbing material was stained with water. The acoustic performance of the sample before and after the rain shower test was tested and the curve of the sound absorption coefficient are shown in Figure 15.



As can be seen from the figure, the curve of the sound absorption coefficient before and after the rain test does not fluctuate in a large range in the frequency band below 250 Hz, but after 250 Hz, the sound absorption coefficient first decreases and then increases and finally tends to be consistent, which may be caused by water droplets blocking the internal gaps in the fibers. According to the calculation, after the rain test of the blended fiber absorption material, the acoustic performance retention rate of 125 Hz is about 119%, the acoustic performance retention rate of 125–500 Hz is about 93%, and the acoustic performance retention rate of 250–1600 Hz is about 103%, which shows little change in the overall acoustic performance. It can be seen that the blended fiber sound absorption material has good rain resistance and acoustic performance retention rate in humid environments. For outdoor substations directly exposed to the atmospheric environment, the component will not collapse due to harsh climatic conditions, resulting in high sound absorption performance (Figure 19).




5.4. Aging Test Analysis


The thermal aging of aramid fiber is the main aging mode of blended fiber sound-absorbing materials. In order to consider the aging resistance of blended fiber sound-absorbing materials and the service durability under alternating high- and low-temperature environments, this project refers to Standard [32], “Environmental Test Part 2: Test methods Test Z/AD: Temperature/humidity combined cycle test”. The blended fiber sound-absorbing material was placed in a high- and low-temperature alternating humidity and heat test chamber with a high temperature of 65 °C, a low temperature of −10 °C, and a humidity of 93% for 24 h for 10 times for a combined cycle test. The test samples are shown in the figure below (Figure 20).



As can be seen from the figure, the curves of the absorption coefficient before and after the aging test show an obvious coincidence trend below 250 Hz, but after 250 Hz, the absorption coefficient first decreases and then increases and finally tends to be consistent. This may be due to aging, thermal degradation, or low-temperature brittle break. With a few aramid fiber chain breaks, aramid fiber performance slightly decreased (Figure 21).



It is calculated that after the aging test, the acoustic performance retention rate of 125 Hz is about 97%, that of the 125–500 Hz frequency band is about 97%, and that of the 250–1600 Hz frequency band is about 108%. It can be seen that the microporous hybrid fiber composite sound absorption component has good aging resistance and service durability under alternating high- and low-temperature environments. For outdoor substations directly exposed to the atmospheric environment, the material will not significantly age due to harsh climatic conditions, resulting in a significant reduction in sound absorption performance.





6. Acoustic–Solid Coupling Simulation Analysis


In the actual application of the substation sound barrier, the sound barrier is composed of several components; the aluminum alloy screen plate mainly plays the role of sound insulation, and its sound source surface is provided with shutters. Using a COMSOL acousto–solid interaction module, the acousto–solid coupling model is established by taking a substation sound barrier as an example, and the sound barrier is divided into three layers, namely an aluminum alloy metal plate, sound-absorbing material, and another aluminum alloy metal plate. The aluminum alloy was set as a mechanical linear elastic material, and constraints were applied around it. The length of the sound barrier was 6 m, the height was 8 m, and the width was 0.2 m. The front and back of the sound barrier were air domains with a height of 10 m, and the outer layer of the air domain was added as pressure acoustics. The key parts of the model are refined into the following structural names:



The pressure acoustics are set in the COMSOL, the point sound source is set as a single pole source, and the new composite material is set as the acoustics of porous media. In solid mechanics, the four surfaces of the composite material that do not come into contact with the reverberation chamber are set fixed constraints to solve the problem (Figure 22).



In the acoustic–solid coupling model, the porous material is set as glass wool, the porosity is 95%, the thickness is 0.2 m, and the thickness of the aluminum alloy screen plate is 0.002 m. The corresponding physical properties are set; the flow resistance is calculated as 20,000 Pa·s·m−2, the blended fiber is aluminum fiber of 30 μm and aramid fiber of 12 μm in a ratio of 3:1. For mixing, the surface density is 2500 g/m2, the thickness is 0.2 m, the porosity is 95%, and the flow resistance is 45,000 Pa·s·m−2. The mesh size is divided to meet the maximum cell of (340/f/5) m, and f is the maximum calculated frequency. The actual application effect of the two materials in the acoustic barrier is calculated, and the insertion loss diagram is obtained (Figure 23).



It can be seen from Figure 24 that the blended fiber has a better noise reduction effect than glass wool at the whole frequency, especially in the low-frequency band of 200 Hz~400 Hz, and the insertion loss can be maintained at 10 dB. After 500 Hz, the insertion loss of the blended fiber and glass wool is on the rise, and the effect of the blended fiber sound-absorbing material is significantly better. Analysis of the two sound-absorbing materials shows that the blend fiber has a significant noise reduction effect at low frequency, which solves the problem of a large amplitude and high energy of low-frequency acoustic waves of the transformer. Compared with glass wool, the arithmetic average value of insertion loss of the blend fiber sound-absorbing material at 100 Hz to 1600 Hz is increased by 4.78 dB, which can effectively control the noise of the medium- and low-frequency AC transformer.




7. Conclusions


The reliability of the finite element model was verified by comparing the experimental data with the finite element simulation data. Based on the Delany–Bazley model, by changing the porosity, thickness, and air moisture content of the sound-absorbing material, the change law of the sound-absorbing effect of the sound-absorbing material under the environments of sand, corrosion, and rain was studied. The blended fiber sound-absorbing material was developed, the optimal physical parameters of the blended fiber sound-absorbing material were obtained through a test analysis, and its sound-absorbing effect in complex environment was verified. Finally, the noise reduction effect in practical application scenarios was simulated, and the following conclusions were drawn:



Through a simulation, it is concluded that the porosity of the sound absorption material is maintained at 95% and the sound absorption effect is better when the material thickness is 10 cm. The test shows that the aluminum fiber diameter in the blended fiber is 30 μm, the aramid fiber diameter is 12 μm, the mass ratio of the two is 3:1, the material thickness is 10 cm, and the area density is 2500 g/m2. The sound absorption effect is the best. The durability test analysis shows that the material can maintain a good sound absorption effect in a variety of complex environments. Finally, the noise reduction effect in its practical application scenario is simulated and analyzed. It is concluded that the noise reduction effect of the blended fiber sound absorption material is improved by 4.78 dB compared with glass wool.
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Figure 1. Structure distribution diagram of porous fiber. 
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Figure 2. Sound pressure map based on DB model. 
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Figure 3. B&K acoustic impedance test system. 
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Figure 4. The schematic diagram of the sound absorption coefficient measurement principle. 
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Figure 5. Comparison between measured and simulated sound absorption coefficients of glass wool. 
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Figure 6. The sound absorption coefficient curves corresponding to each porosity. 
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Figure 7. The sound absorption coefficient curves corresponding to different material thicknesses. 
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Figure 8. Microstructure of aluminum fiber. 
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Figure 9. Microstructure of aramid fiber. 
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Figure 10. Blended fiber sound-absorbing material prepared by needle punching process. 
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Figure 11. Sound absorption coefficient curves of blended fibers with different surface densities. 
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Figure 12. Sound absorption coefficient curves of blended fibers with different blending ratios. 






Figure 12. Sound absorption coefficient curves of blended fibers with different blending ratios.



[image: Processes 12 02582 g012]







[image: Processes 12 02582 g013] 





Figure 13. Sound absorption coefficient curves of blended fibers with different fiber diameters. 
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Figure 14. Comparison of sample states before and after sand test. 
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Figure 15. Comparison of sound absorption performance before and after dust test. 
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Figure 16. Comparison of sample state before and after corrosion test. 
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Figure 17. Comparison of sound absorption performance before and after corrosion test. 
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Figure 18. Comparison of sample status before and after rain test. 
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Figure 19. Comparison of sound absorption performance before and after rain test. 
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Figure 20. Comparison of sample status before and after aging test. 
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Figure 21. Comparison of sound absorption performance before and after aging test. 
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Figure 22. The composition of each part of the simulation model. 
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Figure 23. Sound–solid model schematic diagram of sound barrier. 






Figure 23. Sound–solid model schematic diagram of sound barrier.



[image: Processes 12 02582 g023]







[image: Processes 12 02582 g024] 





Figure 24. Insertion loss diagram. 
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Table 1. Result dataset.
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	Aluminum Fiber Diameter (μm)
	Mass Ratio (Aluminum/Aramid)
	Surface Density (g/m2)
	Sound Absorption Coefficient





	30
	4.1
	2000
	0.85



	30
	4.1
	2500
	0.92



	30
	3.1
	2500
	0.9



	60
	3.1
	2500
	0.89



	60
	2.1
	2500
	0.75



	90
	2.1
	3000
	0.65










 





Table 2. Regression data analysis.
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	Regression Coefficient
	Confidence Interval of Regression Coefficient
	p Value





	−0.0023
	(−0.005, −0.0001)
	0.0034



	0.0005
	(0.002, 0.001)
	0.125



	−0.0001
	(−0.001, 0.008)
	0.876
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