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Abstract

:

Passive noise control techniques are an effective way of mitigating environmental noise pollution caused by industrial activities, assisting with long-term sustainability in workplace health and safety. Excessive noise from various sources such as mining, construction, manufacturing, air blasting and large-scale gas and dust explosion investigations is challenging as it produces a high level of noise. Excessive explosion noise can have a significant impact on the surrounding environment and people. To suppress the noise to satisfactory levels for nearby occupants, several layers of acoustic barriers are employed. The effectiveness of each level of acoustic barrier is presented. A bottom ash granule base layer with a 300 mm thickness reduced the peak noise levels (136 dBA) by approximately 33 dBA. In the next stage, an autoclaved aerated concrete (AAC)-based 200 mm acoustic barrier was introduced, which suppressed 24 dBA of noise. The inside of the AAC acoustic barrier was finally covered with a 50 mm thick noise attenuation composite material layer constituted of a sound barrier and a sound absorber, and this composite material attenuated the noise level by 6 dBA. The entire noise suppression mechanism was found to be an effective way to suppress gas and dust explosion noise and satisfy the requirement of the occupant and sound level.
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1. Introduction


Explosion noise is a nuisance in the investigations of gas and dust explosions. Regardless of the adverse impact of these noises on human health, understanding accidental gas and dust explosions is critical. Accidental fires and explosions in underground coal mines is an example of devastating gas and dust explosions as they occur and spread within a very short span of time. Explosions in underground coal mines have occurred several hundred times in human history [1,2,3,4,5,6]. In order to understand the nature of explosions in a real mine scenario, researchers conducted explosion studies with methane–air and methane–coal dust–air mixtures employing mainly small-sized apparatus [7,8,9,10,11,12,13,14,15,16] and, to some extent, with large-scale apparatus [17,18]. The turbulent combustion process generates noise in these studies [19]. While explosion noise remains manageable for small-scale setups, it poses challenges in larger experiments, potentially impacting surrounding living beings. Oran et al. reported instances of black bears and other animals being disturbed during explosion studies with methane–air mixtures [17]. Integrating acoustic barriers into explosion test facilities is crucial, especially for large-scale setups, to ensure noise levels remain within acceptable limits for nearby listeners.



Sound waves with an approximate frequency range of 20 Hz to 20 kHz are usually considered as audible sound for human hearing [20]. Above 20 kHz, sounds are not perceivable to human hearing and are termed as ultrasound. Similarly, sounds are also not recognisable below 20 Hz and are known as infrasound. Leventhall et al., however, showed that sound waves of 1.5 Hz were within the hearing threshold of human beings and suggested that non-audible sound in the lower range of frequency distribution should count from 1 Hz [21].



Human ears are less sensitive to the lower and upper ends of the audible range of sound waves. The non-linearity of human hearing is resolved by employing a few standardisations [22,23]. The most commonly employed technique is A-weighted sound level measurement. The hearing perception pattern of human beings with the frequency of sound waves is reflected in this measurement (Figure 1). The full audible range of 20 Hz to 20 kHz is applied in an A-weighting filter, and the weighting results in a shape that is similar to the perception of human ears with various frequencies [22,24]. Research on road traffic has shown that the lower sensitivity of human hearing is overcompensated in A-weighted sound level measurement when there is a significant amount of the low-frequency component in the sound. A significant content of the low-frequency component has been shown to increase annoyance to an audience [22,23].



A different weighting method, C-weighting sound level measurement, is employed when the sound pressure levels are high. A and C curves follow approximately the equal loudness of 40 and 100 phon curves, respectively [23]. The loudness of an entire 40 phon curve is equivalent to the loudness of a 1 kHz sound at 40 dB and a similar definition is applicable for a 100 phon curve [22,24]. At low and high frequencies, the weightings are more gradually reduced in C-weighting measurement than in A-weighting measurement as can be seen in Figure 1 [23].



When no frequency weighting is applied, the measurement provides a Z-weighting (Zero-weighting) sound level. A, C and Z-weighted measurements are usually presented by dBA, dBC and dBZ, or dB(A), dB(C) and dB(Z) [22,23,25]



In order to obtain a detailed understanding, octave bands of various fractions (e.g., half and one-third octave bands) are often employed in the analysis of sound data. A one-third octave band, for instance, varies with a factor of 21/3 from one centre frequency to the next. If the starting centre frequency is 1000 Hz, the earlier centre frequency is 800 Hz, while the later centre frequency is 1250 Hz. A factor of 21/6 determines the lower and upper end of each octave bandwidth. For instance, the one-third octave band of a centre frequency of 1000 Hz has a bandwidth of 891–1122 Hz and the end values can be obtained from 1000/21/6 to 1000 × 21/6. According to ISO 266:1997, Acoustics preferred frequencies, standardisation, 31 one-third octave bands with starting and end centre frequencies of 20 Hz and 20 kHz, respectively, are used in one-third octave band analysis. The octave bands thus provide a broader understanding, dividing the audible range sound frequency into several portions [22].



Sound pressure decreases inversely with distance from the source, resulting in a reduction of 6 dB per doubling of distance [26]. For example, if the noise level is 100 dB at 1 m from the source, it will decrease to 94 dB at 2 m. However, this reduction may not always meet listener requirements, especially in scenarios like explosion tests.



Various noise reduction techniques are employed in practice. Ideally, modifying the noise source is preferred [27], but altering the source in gas and dust explosion tests can compromise test conditions and data integrity. Hence, passive noise reduction methods such as sound absorption and blockage are favoured in such applications.



Silencers, noise attenuation curtains and enclosures are common noise absorber and barrier technologies. Silencers are frequently employed in automotive applications and they can be designed in a way to be integrated with explosion ducts [28]. Noise attenuation curtains have been found to be effective in many applications and they are very cost-effective [29]. They are expected to assist in explosion noise suppression. Enclosures, used for the purpose of noise attenuation, can be constructed with a diverse range of materials and their effectiveness largely depends on the geometry of the enclosure and the material employed. Bottom ash, autoclaved aerated concrete and some composite materials can be employed when constructing noise attenuation enclosures.



Bottom ash, as a porous material, is a great selection for reducing noises of both low and high frequencies. Sound with a frequency range of 20–200 Hz is described as low-frequency sound [30]. In terms of sound dampening, higher frequencies are easily absorbed by most materials including air [31]. In contrast, the absorption of low-frequency sounds is challenging as they are structure-borne sounds [32,33,34,35]. The poroelasticity characteristic of porous materials such as bottom ash-based structures are effective in absorbing low-frequency sounds [36]. The poroelasticity of a porous medium is defined as the interactions between the porous material and the flow of the pore fluid, and hence, their simultaneous deformation [24,37,38]. In porous mediums, low-frequency sounds have enough time to exchange heat between the solid materials and the sound wave travelling in the pore’s fluid and this isothermal process results in loss of energy for low-frequency sounds [36,39]. Arenas et al. investigated the acoustic behaviour of multiple-sized bottom ash particles from the co-combustion of coal and pet coke (70/30) [40]. They found that the sound absorption coefficient of the bottom ash particles increases with porosity. The sound absorption coefficient increased approximately three times when the void ratios of the bottom ash particles increased from 11% to 37% (equivalent porosities were 10% and 27%, respectively). The suppression of high-frequency sounds in porous medium occurs by a different mechanism. As the high-frequency sound wave travels in a zigzag path in the porous medium, it loses heat due to friction in an adiabatic process [36]. Thus a bottom ash-based structure functions as an efficient noise attenuation system for both low- and high-frequency sounds.



Autoclaved aerated concrete is a lightweight concrete due to its porous structure [41]. These concretes are manufactured mainly from cement, silica or quartz sand, lime and aluminium powder. When the ingredients are mixed with water, hydrogen is formed from the reaction of the aluminium powder, calcium hydroxide and water. When hydrogen leaves, it creates micropores in the concrete structure [42]. These micropores help in the suppression of noise level. Because of the porous structure of these materials, they are efficient in attenuating both low- and high-frequency sounds.



A noise attenuation composite material, constructed with an absorber and barrier, is capable of reducing noise level and is available commercially [43,44]. While the absorber components of these materials dissipate sound energy, the barrier component reflects that energy. The performance of the absorber is measured by the absorption coefficient. In contrast, transmission loss is estimated to evaluate the performance of the barrier [45]. The combination of the absorber and the barrier in these composite materials establishes them as a potential solution for noise suppression.



While noise reduction studies have extensively tackled stationary sources like fans and engines, research on impulse noise from explosions remains scarce. This study is unique in its focus on variable peak noise levels linked to the quantity of explosive fuel injected, particularly emphasising low-frequency noise components. Its novelty lies in investigating passive methods to attenuate low-frequency impulse noise arising from gas and dust explosions, filling a notable gap in the current literature.



A 30 m long explosion test tube, described as a detonation tube, has been deployed at the University of Newcastle with the intention of exploring the explosion characteristics of methane–air and methane–coal dust–air mixtures. While conducting explosion tests, the explosion noise became a nuisance for the University’s occupants. The magnitude of pressure escalation and the subsequent noise resulting from explosions is dependent upon the concentration of methane present within methane–air explosive mixtures. With the aim of attenuating the noise generated from the explosion study of methane–air and methane–coal dust–air mixtures, three levels of acoustic barriers were employed. The first level was constructed with a bottom ash-based enclosure. This enclosure was encapsulated by another enclosure, constructed by autoclaved aerated concrete, and the inside of this enclosure was covered by a noise attenuation composite material layer. The approach of this noise suppression mechanism in the gas and dust explosion investigations using sequential levels of acoustic barrier, carried out at the University of Newcastle, Australia, has been detailed in this article.




2. Methodology and Technique


2.1. Experimental Setup


The detonation tube, employed at the University of Newcastle, was of a modular design and consisted of 11 cylindrical modules, attached together with flanges. Each module had three pressure transducers located radially at 120° at the centre of each module length. The first section, termed as the ignition section, was module B1 where 9% methane was employed for ignition. A total of 50 mJ of chemical igniters was employed in this ignition section for the experiments. This section was isolated from the proceeding section, termed the secondary explosion section, by a temporary inflated balloon. The secondary explosion section length was variable, comprised of one or more modules. Similar to module B1, module A2 was comprised of one balloon port and methane injection system. This secondary explosion section was constructed by positioning the A2 module after the B1 module. The section size could be adjusted by moving module A2 to different locations along the length of the tube (e.g., A3, A4, etc.) as can be seen in Figure 2.



One silencer was primarily integrated with the detonation tube as presented in Figure 2. The silencer was made of two parts, joined with a flange. Almost half of the first part contained 100 mm NB (nominal bore) tube bundles. Similarly, almost half of the second part of the silencer contained 75 mm NB tube bundles. This arrangement assisted in the uninterrupted flow through the tubes of the silencer. The noise attenuation material lined the outsides of the tubes in the 75 mm and 100 mm tube bundles.




2.2. Experimental Procedure


A movable ceiling mount noise attenuation curtain set (Figure 3), containing 13 individual curtains, was installed 3.3 m from the silencer end. Each curtain was made from rubber material and had dimensions of 2350 mm × 300 mm × 10 mm. Data collected with the silencer and noise attenuation curtains in this arrangement were designated as Stage 0.



In the next stage, a bottom ash-based enclosure of 300 mm thickness was employed outside the silencer (Figure 4 and Figure 5). A hollow structure, constructed from perforated sheets of 40% open area, was employed in this enclosure and the bottom ash was poured into the hollow structure. The density and porosity of the bottom ash were 700 kg m−3 and 64%, respectively. The bottom ash was sourced from Boral, Australia, and contains mainly mixtures of silica (amorphous), fly ash, aluminium oxide, quartz (crystalline silica) and iron (III) oxide. According to the analysis carried out by NATA, Australia, following the AS 1141.11.1 method, the particle size distribution can be described as a 19 mm sieve: 100%, a 13.2 mm sieve: 68%, a 9.5 mm sieve: 30% and a 6.7 mm sieve: 9%. The curtain set was transferred from the metallic frame to the inside of the enclosure structure at this stage. They were hung from the top of the enclosure structure and the distance between the detonation tube end and the curtain set was reduced from 3.3 m to 1.15 m. The distance from the curtain end to the wall of the enclosure was kept at 1.3 m. The outside dimension of the whole bottom ash structure was 8700 mm (L) × 4902 mm (H) × 3200 mm (W). Data collected after this construction were designated as Stage 1.



An autoclaved aerated concrete (AAC)-based enclosure was built outside of the bottom ash enclosure (Figure 6). The material was sourced from CSR Hebel, Somersby, Australia, and the thickness of the enclosure was 200 mm. The material contains 60–80% calcium silicate hydrate, 20–40% crystalline silica quartz, 10–60% Portland cement and a small amount of additives (<5%). The distances of the AAC walls from the bottom ash walls were: front wall—1350 mm, side walls—650 mm and end wall—700 mm (Figure 7). Four ventilation ducts were employed in the four corners of this enclosure. Data collected after this setup were defined as Stage 2.



A noise attenuation composite material, commercially named Sorberbarrier, was sourced from Pyrotek (Sydney, Australia). This material contains a high mass flexible noise barrier laminated between two layers of polyurethane-based flexible foam. This composite material was attached inside of the AAC enclosure as a 50 mm thick layer. Data collected with this inclusion were described as Stage 3.



In order to record noise level, a SVAN 979 sound level meter (made in Poland, SVANTEK, Warsaw, Poland) was employed in the experiments. The SVAN 979’s frequency range is from 3.15 Hz to 20 kHz, with the total measurement range from 12 dBA Leq to 140 dBA Peak and an accuracy of 0.1 dB.



Figure 8a shows the locations of microphones. One microphone was placed 20 m from the end of the detonation tube in the direction of the flow and this microphone was defined as the straight microphone (Figure 8a). Another microphone was kept 20 m from the end of the detonation tube in the perpendicular direction of the gas flow and was referred to as the side microphone. SvanPC++ software 97x series was employed to analyse the recorded data. Peak noise levels (LApeak, LCpeak and LZpeak) and one-third octave band spectra (in band LAeq) are reported. Figure 8b shows the general experimental work flowchart.



Methane gas (purity—99.95%) and coal dust were sourced from Coregas (Villawood, Australia) and ALS (Brisbane, Australia), respectively. Data collected in the various stages have been plotted and analysed.





3. Results and Discussion


3.1. Attenuation of A-Weighted Noise Level


A-weighted noise levels were measured for various conditions and are reported in this article. As described elsewhere, this measurement replicates a human hearing pattern. Therefore, A-weighted measurements are primarily considered for noise matters.



3.1.1. Variation in Methane Concentration


The recorded A-weighted peak noise level (LApeak) from the straight microphone in the explosion test of 5% methane in air at Stage 0 was 115 dBA. The peak noise level rose to 129 dBA when the concentration of methane in the initial mixture was increased to 7%. The introduction of the bottom ash-based acoustic barrier at Stage 1 reduced those noise levels to 91 and 98 dBA for the 5% and 7% methane tests, respectively (see Figure 9). It shows that bottom ash is effective in suppressing explosion noise and the efficiency of bottom ash increases with the increase in the initial noise level. The entire experimental duration, encompassing the initiation of the experiment (ignition of the explosive charge), methane explosion, pressure wave evolution and dissipation, spanned approximately 1.2 s. Sound level meters were activated prior to the commencement of the experimental procedures and deactivated upon completion of the tests. Subsequently, the captured sound data were extracted and subjected to analysis to quantify the noise reduction achieved in each experimental scenario.



The bottom ash enclosure employed in the present study provided a porosity of 64%, and this higher value of porosity assisted in obtaining the effective attenuation of noise levels in the explosion tests.



Investigations at Stage 2 revealed peak noise levels of 69 and 74 dBA for the 5% and 7% methane tests, respectively. Similar to bottom ash, AAC materials showed their effectiveness in suppressing noise. The peak noise levels dropped to 65 and 71 dBA at Stage 3 while conducting investigations with the 5% and 7% methane mixtures. The noise attenuation composite material was therefore effective in the attenuation of noise.



In the perpendicular direction of the gas flow or according to data from the side microphone, the peak noise levels were 108 and 115 dBA at Stage 0 for the explosion tests with 5% and 7% methane, respectively. The peak noise levels dropped to 64 and 70 dBA for the 5% and 7% methane explosion tests at Stage 3. The noise attenuation mechanism therefore efficiently suppressed noise from the explosion tests carried out with 5% and 7% methane.




3.1.2. Variation in Methane Concentration with a Fixed Concentration of Coal Dust


Explosion noise is expected to be higher in the presence of coal dust with the methane–air explosive mixtures. The effect of coal dust on methane explosion has been described in the literature [9,15,46]. Figure 10 is constructed from the explosion data of 5% methane with the 30 g m−3 coal dust and 7% methane with 30 g m−3 coal dust mixtures. The peak noise levels from the straight microphone at Stage 0 were found to be 130 and 136 dBA while conducting explosion tests with the 5% methane plus 30 g m−3 coal dust and 7% methane plus 30 g m−3 coal dust mixtures, respectively. At Stage 3, the peak noise levels reduced to 68 and 81 dBA. According to data from the side microphone, the peak noise levels reduced from 115 to 68 dBA for 5% methane plus 30 g m−3 coal dust and from 120 to 81 dBA for 7% methane plus 30 g m−3 coal dust. This examination shows the attenuation of noise for explosions with a fixed concentration of coal dust while increasing methane concentration. The whole noise suppression mechanism was found to be effective for these tests.




3.1.3. Variation in Coal Dust Concentration with a Fixed Concentration of Methane


The peak noise levels from the explosion tests conducted with a fixed concentration of methane in air with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture were examined (Table 1 and Table 2). The initial peak explosion noise in the direction of the gas flow increased from 129 dBA to 136 dBA (Stage 0) when the initial concentration of coal dust increased from 0 to 30 g m−3 with 7% methane in air (Table 1). The noise suppression values from Stage 0 to 1, Stage 1 to 2 and Stage 2 to 3 were 28–31 dBA, 23–24 dBA and 2–4 dBA, respectively. The three stages of the noise suppression system reduced peak noise levels in the range of 71–81 dBA.



In the perpendicular direction of the gas flow, the peak noise level increased from 115 dBA to 120 dBA (Stage 0) from 0 to 30 g m−3 with 7% methane in air (Table 2). The noise level reduced in the range of 70–81 dBA in Stage 3. The contribution of the bottom ash-based enclosure in the noise suppression was 15–18 dBA, while the AAC enclosure reduced noise by 22–24 dBA. The bottom ash enclosure suppressed less noise than the AAC enclosure in this case. This is because the bottom ash enclosure not only suppressed the noise level but also distributed the flow of the exhaust gas. A broader discussion on the distribution of the gas flow by the bottom ash enclosure can be found in the next section. The noise attenuation composite material suppressed the noise level by 1–3 dBA. From these results, it can be concluded that the noise attenuation system significantly reduced noise levels in all directions from the noise source.




3.1.4. Examination of Noise Reduction in Various Directions


The difference in the peak noise levels recorded by the straight and side microphones at Stage 0 was more than 16 dBA when explosion tests were conducted with 7% methane with 30 g m−3 coal dust (Figure 11). This difference in peak noise levels dropped to 3 dBA at Stage 1. This suggests that the bottom ash enclosure distributes the unidirectional flow of the detonation tube exhaust gases. The effect of the velocity of the burning gases on the velocity of sound decouples as the gases distribute in the enclosure. The difference in the peak noise levels decreased to 1.3 and 0.3 dBA at Stage 2 and Stage 3, respectively. The peak noise level ultimately became almost similar in all directions including the positions of the straight and side microphones.





3.2. Attenuation of C-Weighted Noise Level


When the low-frequency sound components are high, C-weighting provides better attenuation than A-weighting. In a later section, explosion noises generated in the experiments are analysed by one-third octave band frequencies. The analyses show that the explosion noise contained a significant portion of low-frequency components. The following discussion on the attenuation of the C-weighted noise level by each acoustic barrier is therefore helpful in assessing the reduction in the listener’s annoyance level.



Figure 12 presents the attenuations of the C-weighted noise levels by various acoustic barriers. In the direction of the gas flow, the bottom ash-based barrier reduced noise by 25 dBC noise in the 7% methane experiment. In contrast, the AAC barrier and composite material suppressed noise by 21 and 8 dBC, respectively. In the perpendicular direction of the gas flow, the reductions in noise level by the bottom ash enclosure, the AAC enclosure and the composite material were 17, 18 and 8 dBC, respectively. The poroelasticity of the bottom ash and micropores of the AAC enclosure assisted greatly in the noise reduction.



In the presence of coal dust, the initial peak noise levels were found to be higher than the experiments with no coal dust. However, the noise attenuation system handled the additional noise level well and reduced those levels significantly. For the 7% methane with 10 g m−3 coal dust experiment, the peak noise level reduced from 139 to 88 dBC in the direction of the gas flow and from 128 to 88 dBC in the perpendicular direction of the gas flow. When conducting the experiments with 7% methane plus 30 g m−3 coal dust in the initial explosive mixture, the peak noise level reduced from 141 to 93 dBC in the direction of the gas flow and from 131 to 93 dBC in the perpendicular direction of the gas flow.




3.3. Attenuation of Z-Weighted Noise Level


Z-weighted sound measurement is often helpful in scientific analysis and engineering design as the sound pressure levels are not weighted in this measurement. With the intention of presenting data for the wider audience, Figure 13 is constructed with Z-weighted noise levels. The overall attenuation of the noise level by the acoustic barriers can be understood by analysing the Z-weighted sound level. As can be seen from Figure 13, the peak noise levels were 138, 140 and 141 dBZ in the direction of the gas flow when the explosion tests were conducted with 7% methane and 0, 10 and 30 g m−3 coal dust, respectively. These noise levels dropped to 88, 94 and 98 dBZ, respectively, at Stage 3. The corresponding peak noise levels in the perpendicular direction of the gas flow were 127, 129 and 132 dBZ at Stage 0 and 87, 94 and 97 dBZ at Stage 3.



According to the OSHA guidelines, the limit of impulsive noise is 140 dB [47]. The highest Z-weighted noise level at Stage 3, presented in Figure 13, was 98 dBZ. This is much lower than the OSHA guided noise limit. The highest expected noise level is from stoichiometric methane–air mixtures (a separate section is provided next for the stoichiometric methane–air tests). Even for the stoichiometric methane–air mixture with 30 g m−3 coal dust, the attenuated Z-weighted noise level at Stage 3 was 107 dBZ, which is also lower than the OSHA guidelines. This noise attenuation mechanism may therefore be viewed as a successful engineering solution for noise mitigation in industries.




3.4. Noise Attenuation for the Stoichiometric Methane–Air Mixture Tests


The explosion pressure rise depends on the concentration of the methane in the methane–air explosive mixture. Previous studies have shown that the stoichiometric methane–air mixture (9.5% methane in air) produces the highest pressure rise [48,49]. Therefore, the highest explosion noise is expected from the stoichiometric methane–air mixture. At Stage 0, stoichiometric methane–air experiments were not completed as the explosion noise levels with 7% methane with 30 g m−3 were already high (136 dBA). This noise level is already very high and led to the explosion tests with stoichiometric methane–air mixtures not being completed, and therefore, no sound data are available for the stoichiometric methane–air mixture explosion tests at Stage 0. With the aim of exploring the effectiveness of the noise attenuation mechanism integrated with the detonation tube, explosion tests were conducted with stoichiometric methane–air mixtures from Stage 1 to Stage 3 and the obtained data are plotted in Figure 14. It was found that the peak noise level reduced from 104 dBA to 79 dBA (Stage 0 to Stage 3) when the tests were conducted with a stoichiometric methane–air mixture.



The efficacy of the noise attenuation mechanism was investigated further by adding coal dust with a stoichiometric methane–air mixture. The peak noise values were found to be reduced from 108 dBA to 82 dBA (Stage 0 to Stage 3). These values meet the OSHA requirement of A-weighted random noise level (115 dBA for a short period of exposure) [47]. This outcome therefore establishes the described noise attenuation mechanism as an exemplary method for industrial noise problems.




3.5. Suppression of Noise in Each One-Third Octave Band


The noise attenuation behaviour over the audible frequency range can be explored by the octave band analysis. In this discussion, 31 one-third octave bands from 20 to 20,000 Hz have been considered, as described by ISO 266:1997, Acoustics preferred frequencies, standardisation. The whole spectrum of one-third octave centre frequencies according to ISO standardisation includes 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, 200, 250, 315, 400, 500, 630, 800, 1 K, 1.25 K, 1.6 K, 2 K, 2.5 K, 3.15 K, 4 K, 5 K, 6.3 K, 8 K, 10 K, 12.5 K, 16 K and 20 K Hz. The abscissae of Figure 15 and Figure 16 are constructed employing these centre frequencies.



As can be seen in Figure 15, the reduction in noise level is observed for the whole spectrum of the audible sound range in Stage 1. As discussed, the poroelasticity property of porous material, such as bottom ash, is powerful in suppressing low-frequency noise. This concept is reflected in Figure 15, where the reduction in noise was observed almost equally for the whole spectrum of the audible frequency range.



The micropores of the AAC enclosure are also helpful in attenuating low-frequency sounds. They significantly reduced the level of low-frequency noise in the perpendicular direction of the gas flow (Figure 16). In the direction of the gas flow, the reduction in low-frequency noise of up to 40 Hz by the AAC enclosure is minimal. This may be because low-frequency sound from the environment was added with the explosion noise in the straight microphone. The effect of the composite material in attenuating noise is very low. This does not necessarily indicate the performance of the material. In the actual tests, this material was amalgamated with the AAC enclosure and, therefore, understanding the performance of the composite material was difficult. Nevertheless, it also reduced noise levels by more than 10 dBA in some octave bands as presented in Figure 15 and Figure 16.





4. Conclusions


Several extra levels of acoustic barriers were integrated to mitigate noise from a detonation tube, originally consisting of a silencer and sound attenuation curtain set. The encapsulation of the detonation tube within the acoustic barriers was found to be effective in attenuating explosion noise to satisfactory levels at the listener ends. The bottom ash enclosure not only attenuated the explosion noise but also distributed the unidirectional flow of the detonation tube exhaust gases. In this context, bottom ash showed superior properties in attenuating explosion noise compared to other acoustic barriers. The bottom ash enclosure was also found to be effective in reducing low-frequency noise.



The AAC enclosure showed good performance in suppressing explosion noise including low-frequency components. The composite material also attenuated some level of noise; however, its true performance was not reflected in the data, as the material was amalgamated with the AAC enclosure.



The bottom ash acoustic barrier suppressed 24–33 dBA of noise. The AAC enclosure and the composite material attenuated noise by 21–24 and 1–6 dBA. Overall, the noise mitigation system reduced levels by 40–60 dBA. This substantial level of noise attenuation assisted in conducting explosion tests without creating adverse health effects caused by noise.



Explosion tests with a stoichiometric methane–air mixture and 30 g m−3 coal dust were expected to generate the highest level of noise. Although no sound data are available from Stage 0 for this explosion test, the three levels of encapsulation attenuated this noise to 82 dBA at Stage 3. This value is lower than OSHA requirements. This suggests that the noise attenuation mechanism has the potential to be integrated with explosion tests as well as similar applications such as industrial machines and engines.
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Figure 1. The A, C and Z-frequency weighting curves for the hearing perception pattern of humans [23]. 
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Figure 2. Schematic diagram of detonation tube employed at the University of Newcastle, Australia. 
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Figure 3. Stage 0 silencer and noise attenuation curtains at the end of the detonation tube. 
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Figure 4. Stage 1 bottom ash-based enclosure outside the detonation tube in silencer area. 
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Figure 5. The bottom ash particles employed in this application. 
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Figure 6. Stage 2 autoclaved aerated concrete-based enclosure outside the bottom ash enclosure. 
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Figure 7. Acoustic barriers integrated with the detonation tube at the University of Newcastle, Australia. 
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Figure 8. (a) Locations and names of microphones employed in this study (top view), (b) experimental work flowchart. 
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Figure 9. Progressive reduction in A-weighted explosion noise level for various initial methane concentrations: (a) straight microphone, (b) side microphone. 
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Figure 10. Progressive reduction in Aweighted explosion noise level for various initial methane concentrations and fixed initial coal dust concentrations: (a) straight microphone, (b) side microphone. 
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Figure 11. A-weighted explosion noise level for 7% methane with 30 g m−3 coal dust recorded by the straight and side microphones. 
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Figure 12. Progressive reduction in C-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture: (a) straight microphone, (b) side microphone. 
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Figure 13. Progressive reduction in Z-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture: (a) straight microphone, (b) side microphone. 
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Figure 14. Progressive reduction in A-weighted explosion noise level for 9.5% methane with 0 and 30 g m−3 coal dust in the initial explosive mixture: (a) straight microphone, (b) side microphone. 
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Figure 15. Comparison of one-third octave band explosion noise level for 7% methane with 30 g m−3 coal dust in the initial explosive mixture as recorded from the straight microphone. 
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Figure 16. Comparison of one-third octave band explosion noise level for 7% methane with 30 g m−3 coal dust in the initial explosive mixture as recorded from the side microphone. 
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Table 1. Progressive reduction in A-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture as recorded from the straight microphone.






Table 1. Progressive reduction in A-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture as recorded from the straight microphone.





	
Stages

	
Peak Noise Level (dBA)




	
7% CH4

	
7% CH4 and

10 g m−3 Coal Dust

	
7% CH4 and

30 g m−3 Coal Dust






	
Stage 0

	
129

	
131

	
136




	
Stage 1

	
98

	
103

	
106




	
Stage 2

	
74

	
79

	
83




	
Stage 3

	
71

	
75

	
81











 





Table 2. Progressive reduction in A-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture as recorded from the side microphone.






Table 2. Progressive reduction in A-weighted explosion noise level for 7% methane with 0, 10 and 30 g m−3 coal dust in the initial explosive mixture as recorded from the side microphone.





	
Stages

	
Peak Noise Level (dBA)




	
7% CH4

	
7% CH4 and

10 g m−3 Coal Dust

	
7% CH4 and

30 g m−3 Coal Dust






	
Stage 0

	
115

	
117

	
120




	
Stage 1

	
97

	
102

	
103




	
Stage 2

	
73

	
78

	
82




	
Stage 3

	
70

	
75

	
81
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