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Abstract: Acoustic performance of dissipative silencer was evaluated to determine the effectiveness of perforated duct porosity and absorbent material density in reducing occupational noise exposure propagated from centrifugal fan. Design charts were applied to predict noise reduction and length of a dissipative silencer. Dissipative silencers with various punched duct porosity (14%, 30% and 40%) and sound absorbent density (80 Kg/m3, 120 Kg/m3, and 140 Kg/m3) were designed and fabricated. According to ISO9612 and ISO11820, noise level was measured before and after installing all nine test silencers at fixed workstations around the discharge side of a centrifugal fan in a manufacturing plant. On average, the noise level at the discharge side of a fan without silencer was measured to be 93.6 dBA, whereas it was significantly mitigated by 67.4 dBA to 70.1 dBA after installing all silencers. Dynamic insertion loss for a dissipative silencer with 100 cm length was predicted to be 27.9 dB, which was in agreement with experimental ones. Although, there was no significant differences between insertion loss of silencers, the one with 30% porosity and 120 Kg/m3 rock wool density had the highest insertion loss of 26.2 dBA. Dissipative silencers noticeably reduced centrifugal fan noise exposures. Increasing sound absorbent density and duct porosity up to a certain limit could probably be effective in noise reduction of dissipative silencers.
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1  Introduction

Noise is one of the most common physical agents in work and living environment which can be accompanied with various adverse health effects such as hearing loss, communication and efficiency interferences, poor motivation, stress, fatigue, irritability, high blood pressure, and heart rate [1–3]. Noise generation in fans can be categorized as mechanically and aerodynamically. Mechanical noise which also is called non-aerodynamic noise is generated by failing in some mechanical components of fans like bearing, motor, fan unbalance and structural resonance. On the other hand, aerodynamic noise is predominantly caused by vortex generation, fan intake turbulence, fan geometry, and impeller rotation speed. Vortex noise is generated by pressure gradient and eddy formation on fan blades and solid surfaces. Turbulent air flow in fan and ducts connected to discharge and intake sides of a fan is another reason for noise generation. Fan exhausted air into an environment is along with noise propagation which leads to discomfort and dissatisfaction [4].

There are numerous methods for centrifugal fan noise reduction which includes an acoustic enclosure, silencers, fan blades modification, and acoustic wrapping [5]. Acoustic silencers, which can be divided into dissipative and reactive, are considered to reduce noise in the propagation path. Dissipative silencers are mainly applied to reduce noise produced by fluid moving devices and other induced draft systems, especially in mid to high frequencies. Acoustic performance of dissipative silencers strongly depends on absorptive dissipation of acoustic energy in fibrous or porous sound absorption material. Despite reactive silencers which have primarily noise attenuation in narrowband noise frequencies, dissipative silencers are typically appropriate for broadband noise frequencies [6–9].

Lined duct silencers are classified as cylindrical and rectangular dissipative silencers. Cylindrical lined duct silencers are comprised of an outer shell, absorption material and perforated inner duct which has the same diameter as connected inlet and outlet ducts. Perforated facing is normally used to protect porous lining material against erosion [10]. Effective parameters on noise attenuation of dissipative silencers consist of silencer length and diameter, density and flow resistivity of acoustical media, perforated duct porosity and hole size, transmitted airflow speed and density of fluid moving in ductwork [11–13]. Silencers acoustic performance is mainly described by insertion loss. Insertion loss is defined as the difference between sound pressure levels at a specified location before and after inserting a silencer into the path between the source and receiver [14]. Additionally, Silencers aerodynamic performance are represented by pressure drop, commonly defined as the difference between total pressure upstream and downstream of a silencer. A high-pressure drop can make fluid moving devices operate inefficiently. Although it is desirable having a lower pressure drop in silencers, it is not always possible when high insertion loss is required [15,16].

Wang et al, numerical investigation on sound transmission loss of silencers filled with various fibrous material demonstrated that with increasing flow resistivity of porous material as a sound absorption material, transmission loss was slightly changed. It is worth to be mentioned that flow resistivity and bulk density may be related to each other [17,18]. Forouharmajd et al. [19] studied the acoustic performance of cylindrical dissipative pod silencer to reduce centrifugal fan noise using glass wool with various density and thickness. Faezian et al. [20] reported that using sound absorption material can be caused to more noise attenuation in concentric punched tube silencers. Davern et al, have indicated that acoustic specifications of absorption material can be improved whereas it was covered by perforated acoustic panels. Additionally, perforated panel porosity and porous material density were reported as effective parameters on acoustic impedance and acoustic absorption coefficient of perforated panels [21]. Baranek and Ver suggested an expression for acoustic impedance of perforated plate. They claimed that hole radius, the thickness of a sheet, hole pitch, porosity, and enclosed air in holes have the main role on acoustic absorption of a perforated plate [14]. In his investigation into acoustic absorption coefficient of coconut coir fiber with a perforated plate, Zulkifli concluded that perforated plate porosity and hole diameter can slightly increase absorption coefficient, especially in low frequencies [22].

Previous researches have mainly tended to focus on theoretical knowledge of noise reduction in silencers based on modeling and there is lack of knowledge about selection the best elements for dissipative silencers in practical usages in order to reduce occupational noise exposure. The aim of this study is to examine the impact of perforated duct porosity and acoustic absorption material density on acoustic performance of dissipative silencer in order to attenuate centrifugal fan noise exposure.

2  Method

2.1 Background Measurement

A backward inclined curved centrifugal fan with 2850 RPM and the power of 1.1 KW was considered as a noise source in a manufacturing plant. The cooling air was supported by this centrifugal fan to cool down hot metal parts. In addition to noise generated from the discharge opening of a centrifugal fan, it can be generated from different components of a centrifugal fan which includes bearing, motor, fan unbalance, structural resonance and aerodynamic noise. So, according to ISO 11820, the centrifugal fan was relocated to the outdoor area and the fan discharge side was extended through a wall to work room using a duct with 150 cm length [23]. In this configuration, background noise from different components of the fan will be removed.

According to ISO9612 equivalent sound level were measured, each lasting for 10 minutes, at fixed workstations near the discharge side of the centrifugal fan to determine the average occupational noise exposures of workers in the surrounding area. The equivalent sound level was measured by a sound level meter (Cell 450, Casella, Bedford, UK) and the calibration was performed by a calibrator (Cell 110/1, Casella, Bedford, UK). The time and frequency weighting networks were set to slow response and A respectively. One octave band analysis was also carried out to characterize the frequency of the noise measurements.

Additionally, Vane anemometer (PROVA AVM 305, TES, Taipei, Taiwan) was used to measure mean air flow velocities at discharging side of the centrifugal fan without the silencer and following that, Mach number was calculated based on the measured air flow velocity and speed of sound.

2.2 Design and Fabrication

Lined duct silencers are commonly considered as dissipative muffling devices, which are constructed of some elements. The main elements of our studied silencers as shown in Fig. 1 include A, perforated steel sheet (inner shell) with specified open area porosity (14%, 30% and 40%); B, Coarse wire mesh with 1 mm thickness; C, Fiberglass cloth; D, Rockwool sound absorbent with specified densities (80 Kg/m3, 120 Kg/m3 and 140 Kg/m3); E, Rigid steel sheet (outer shell) with 2 mm thickness. Impact of rock wool density and perforated duct porosity was investigated on the acoustic performance of tested silencers, which means any other elements were constant in all nine studied silencers.
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Figure 1: Components of studied dissipative silencers

Design charts, provided in previous literature, were applied to determine the length of cylindrical lined duct silencer. According to design charts, the required insertion loss in dominant noise frequency, Mach number, and silencer airway diameter are essential to estimate the length of a silencer. The required insertion loss was calculated based on national action noise limit (82 dBA) and measured background noise around the fan discharge duct. As well as that, the open cross-sectional airway of silencer was the same as the fan discharge duct.

Perforated metal sheet drawings as illustrated in Fig. 2, used as silencers inner shell, was designed with engineering software (Solid Works 2017, Dassault Systemes, Vélizy-Villacoublay, France). All perforated sheets had the same size of hole diameter which was equal to 4 mm, but with various porosity of 14%, 30% and 40%. Center to center distance of holes was calculated based on selected porosity and hole diameter with reference to Eq. (1). Then, a metal sheet with 1 mm thickness was punched with a CNC laser machine and following that was rolled as a cylindrical duct.
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σ = Porosity

D = Hole diameter (mm)

T = center to center distance of two successive holes (mm)
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Figure 2: Perforated metal sheet drawings with various porosities, used as silencers inner shell

Rockwool as an absorbent material with 8 cm thickness and various densities, 80 Kg/m3, 120 Kg/m3 and 140 Kg/m3, are included in the tested silencer. One-tenth of dominant noise frequency wavelength is considered to estimate rock wool thickness [10]. The silencer has a cylindrical concentric configuration and the dimensions are 31 cm and 100 cm for diameter and length of the outer shell (expansion chamber), respectively, 15 cm and 0.1 cm for diameter and thickness of inner shell (perforated duct), respectively. Arc welding and cutting were applied to construct silencers in a way that it could be assembled with various rock wool densities and inner shells in order to assess the aforementioned parameters on acoustic performance.

2.3 Performance Measurement

All designed silencers were attached to the end of fan discharge duct through rubber gasket to cut the structural noise transmitted to test room (Fig. 3). So, the same as background noise measurement, Sound level meter’s microphone was positioned at the same fixed workstations to determine occupational noise exposure of the workers after intervention with silencers. According to ISO 11820 and ISO 7235, pitot tube (NPL Type, Kimo, Paris, France) and micro manometer (APM 50 K, Air Flow, Buckinghamshire, UK) was applied to measure total pressure upstream and downstream of silencer on a measurement surface perpendicular to the airstream. The total pressure was measured at a given airflow velocity [16].
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Figure 3: Test set-up for acoustic and pressure loss testing

3  Results

Background noise level measured in 1/1 octave bands at four workstations near the discharge duct opening of the centrifugal fan is shown in Tab. 1. Mean equivalent noise exposure pressure level at these workstations in the discharge duct of the fan without silencer was measured to be 93.6 dBA. Octave band noise frequency analysis indicated that noise level in dominant noise frequency (500 Hz) was equal to 93 dBA at discharge duct. Noise level was measured to be 70 dBA while turning the centrifugal fan off.

Table 1: Occupational noise (dBA) at workstations around the discharge duct of the fan without a silencer
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Airflow velocity in the discharge duct of the fan was measured to be 27 m/s while background noise measurement has been done. According to airflow velocity, Mach number was calculated to be 0.081. More or less, required insertion loss in dominant noise frequency considering 5 dB as safety factor, was calculated to be 17 dBA. Based on the required insertion loss (17 dBA), Mach number (0.1), diameter of duct airway (15 cm), the length of all tested silencer was estimated to be 100 cm. Following that, Overall and octave band frequency noise attenuations were predicted for a lined duct silencer with 100 cm length, 8 cm liner thickness, 15 cm airway diameter (Tab. 2). It is evident from Tab. 2 that, predicted overall noise attenuation was 27.9 dB.

Table 2: Predicted noise attenuation in 1:1 octave band frequencies for lined duct silencer with 100 cm length
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On average, sound pressure level at four fixed workstations around the discharge duct of the centrifugal fan without silencer was measured to be 93.6 dBA (Fig. 4). Furthermore, the sound pressure level of all tested silencers ranged from 67.4 dBA to 70.2 dBA with an average SPL of 69 dBA. Measured dynamic insertion loss of all nine tested silencers is shown in Tab. 3. Silencer with 30% punched duct porosity and 120 Kg/m3 rock wool density had the highest insertion loss of 26.7 dB.
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Figure 4: Noise level before and after installation of silencers with various punched duct porosity and density

Table 3: Measured dynamic insertion loss @ 27 m/s (dBA) of all tested silencers
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Measured insertion loss of all tested silencers in octave band frequencies (Fig. 5) ranged from 20 dBA to 30 dBA with the best performance which was related to the silencer with 30% punched duct porosity and 120 Kg/m3 rock wool density. All tested silencers had better noise reduction in mid-high frequencies, particularly frequencies 500 Hz to 1000 Hz. The silencer with 30% punched duct porosity and 120 Kg/m3 rock wool density had the highest insertion loss of 29.7 dB in 1000 Hz. In one hand, at a constant punched duct porosity, silencers with rock wool density of 120 Kg/m3 had the best noise reduction performance (Figs. 5a–5c). Although raising rock wool density from 80 Kg/m3 to 120 Kg/m3 contributed to increase insertion loss about 2 dBA–5 dBA in octave band frequencies, this trend was not continued while rock wool density increased from 120 Kg/m3 to 140 Kg/m3. In other word, at constant punch duct porosity, silencers with the highest rock wool density showed the lowest noise reduction. So, raising absorbent material density would possibly be influential up to a certain limit in reducing noise produced from silencers.

On the other hand, rock wool density can be considered as an independent variable to evaluate the effectiveness of duct porosity percentage on acoustic performance. Silencers with 30% punched duct porosity had the best performance at constant densities of 120 Kg/m3 and 140 Kg/m3 but silencers with 40% porosity showed the best performance at 80 Kg/m3 (Figs. 5d–5f). As if a combination of absorbent density and punched duct works as a single structure to reduce noise, it might be appropriate to apply low density material with high porosity punch duct to reduce noise. On the contrary, high density material can be used with middle range punch duct porosity like 30%.

Total pressure at upstream and downstream of all tested silencers was measured to be on average 234 and 272 Pa, respectively.
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Figure 5: Insertion loss vs frequency: Silencers with constant punched porosity (a, b, c) and silencers with constant rock wool density (d, e, f)

4  Discussion

The present paper aims to investigate sound absorbent material density and punched duct porosity as influential parameters on the acoustic performance of dissipative silencers to attenuate centrifugal fan noise exposure. Prior to silencer installation, the average sound pressure level at employee workstations around the fan discharging duct was 93.6 dBA. It was exceeded national occupational noise exposure limit that is 85 dBA over an 8 hr time weighted average (TWA). In addition to, hearing conservation program must be implemented at 82 dBA 8-hr TWA.

Fan and discharge duct opening was separated by a wall in order to remove noise emitted from other noise sources of the fan such as electromotor, casing, and structural vibration. Therefore, measured occupational noise level around discharge opening was mostly related to the movement of turbulent air flow in duct and fan blade rotation in this situation. Noise meter was positioned out of exhausted high-speed air flow such that microphone could not be struck by the exhausted air stream because it can result in noise recording error. However, the microphone was covered by the windscreen during noise exposure measurement.

In presence of all nine silencers tested in this study, the maximum and minimum sound pressure level at workstations around discharging opening was measured to be 70.2 dBA and 67.4 dBA respectively with an average of 68.7dBA (Fig. 4). In other words, dynamic insertion loss of all tested silencers was averagely measured to be 24.9 dBA (Tab. 3). So, it is worth to be mentioned that all examined silencers reduced notably background noise. Predicted insertion loss, based on lined duct silencer charts (resulted from previous studies) [10], for a dissipative silencer with 100 cm length, 31 cm expansion chamber diameter and 0.8 cm absorption material thickness was 27.9 dB (Tab. 2). Our findings indicated that there was a slight difference between predicted and measured insertion loss. This may have been related to various factors such as Mach number, flow resistivity of absorption material and improper sealing.

Although increasing in rock wool density did not significantly make a difference in overall insertion loss of all tested silencers, silencers with 120 Kg/m3 rock wool density revealed the best mean insertion loss of 26.2 dBA (Tab. 3). Increasing rock wool density from 80 Kg/m3 to 120 Kg/m3 exhibited slightly an increase of 1.3 dBA in mean insertion loss. On the other hand, not only increasing rock wool density from 120 Kg/m3 to 140 Kg/m3 did not result an increase in insertion loss, but also conversely there was a decrease of 2.5 dBA in insertion loss such that silencers with 140 Kg/m3 density had lower insertion loss in comparison to silencers with 80 Kg/m3.

Yousefi et al. [24] study on the sound absorbent material density of dissipative silencers to reduce axial fan noise demonstrated that increasing rock wool density from 80 Kg/m3 to 100 Kg/m3 results in more sound transmission loss. Foroharmajd and et al did research to mitigate a centrifugal fan noise using a dissipative pod silencer. They indicated that increasing silencers rock wool density from 20 Kg/m3 to 40 Kg/m3 improves sound transmission loss [19].

Ramakrishnan and co-workers predicted silencers insertion loss by finite element modeling. They claimed that insertion loss was insignificantly changed by increasing material density in octave band frequencies of 125 Hz, 1000 Hz and 4000 Hz which was in line with our current study [25]. Moreover, In Anetbas [26], finite element modeling on perforated dissipative silencer pointed out that while increasing density from 90 Kg/m3 to 166 Kg/m3 and then 196 Kg/m3, transmission loss will have an upward trend. In this study glass wool with different flow resistivity, compared to rock wool was utilized and as well as that experimental studies might have been required to confirm the results. Furthermore, wangs reported that sound absorbent material with higher density have more sound absorption and subsequently, more noise reduction is achievable which also refute the present study [17]. Some earlier studies [19,24,26], noted that increasing sound absorbent material density leads to improvement of silencers acoustic performance. Our results do not support all their observations, in fact, the different filling method of absorption material in silencers and different flow resistivity of material can be the reason behind contradiction with some earlier findings. Another reason for this could be that setting aside absorbent density, perforate characteristics such as hole size and shape, pitch, the thickness may be effective on noise dissipation in silencers. Simultaneously investigating on how perforate characteristics and absorbent relate to noise attenuation of dissipative silencers can be a valuable area for additional study. The current study does not support all previous research in this area, contrary to what was previously thought, we found that there is no positive correlation between material density and performance of silencers and as well as that it may be a material density limit which can be the best performance for silencers.

Perforated duct silencers with 14%, 30% and 40% porosity were investigated in the current study. Even though, there were no remarkable differences between insertion loss of perforated duct silencers with various porosity, silencers with 30% porosity had the highest insertion loss of 25.2 dBA (Tab. 3). Ramakrishnan research on metal sheet porosity of rectangular dissipative silencers suggested that increasing metal sheet porosity used in silencers did not affect extremely well insertion loss of silencers [12,25]. Our experiments confirm his previous result in this area. On the other hand, evaluating the impact of porosity percentage on sound reduction through finite element modeling demonstrated that [26,27], whenever porosity percentage increases insertion loss enhances as well. Despite the fact that finite element modeling is known as an essential tool for silencers noise prediction, but modeling results from some previous studies are in contrast with experimental results obtained in the current research.

All nine tested silencers had the best noise reduction performance in octave band frequencies of 0.5, 1 kHz and 2 kHz (Fig. 5). Predicted insertion loss for a dissipative silencer with 100 cm length and 31 cm expansion chamber diameter was highest in the three aforementioned octave band frequencies (Tab. 2). Thus, manipulating lined duct design charts can be considered as a valid way for insertion loss prediction of silencers in octave band frequencies.

In the current experimental study which is approximately the same as industrial scale, it could not be certainly concluded that insertion loss would be better at higher or lower frequencies at a constant punched duct porosity for various density (Figs. 5a–5c). But it is clear that at a constant porosity, silencers with 120 Kg/m3 density had the best noise attenuation performance at mid-high frequency range for the centrifugal fan with the aforementioned characteristics. Increasing rock wool density, especially at constant duct porosity of 30% and 40 %, exhibited quieter performance at nearly 1000 Hz. Another point for consideration is that increasing absorbent density can be contributed to raise noise reduction of silencers up to a given limit.

Additionally, at constant densities of 80 Kg/m3 and 140 Kg/m3, silencers with punched duct porosity of 30% and 40% had a slightly quieter performance at higher frequencies (Figs. 5d–5f). Lee et al. [28] exhibited that higher absorbent material density increases sound transmission loss of dissipative silencers at medium to high frequencies and as well as that, increasing perforated duct porosity of dissipative silencers from 2 to 8 and then 50% results in enhancement of sound transmission loss especially over high frequencies (1000 Hz–3000 Hz), while the transmission loss of silencers with higher porosity deteriorates somewhat at low frequencies (less than 1000 Hz). Their finding is somewhat in line with our results, but it might have been a limit for absorbent density in order to improve noise attenuation of silencers. In their study, sound transmission loss was measured using impedance tube with no air flow, whereas in the present study centrifugal fan was used as a noise source with an average air flow velocity of 27 m/s inside the duct. A reason for disagreement with some previous research could involve flow noise which needs to be more researched in future studies.

On average, all tested silencers had 38 Pa pressure drop which was lower than recommended pressure drop (87 Pa) for silencers [29]. Typically, pressure drop in dissipative silencers is less than 1500 Pa [14]. Pressure drop is ordinarily created as a consequence of dynamic and friction losses in silencers and as well as that silencers with high-pressure drop can make fluid moving devices operate inefficiently [30]. Increasing in airflow velocity results in enhancement of silencers pressure drop and following that acoustic performance of silencers will be affected [31]. So, it is desirable to keep the pressure drop of a silencer as low as possible.

5  Conclusion

Our work has led us to conclude that, applying dissipative silencers in the discharge side of a centrifugal fan have a noticeable effect on occupational noise reduction. Furthermore, increasing absorbent density and punched duct porosity would possibly be influential up to a certain limit in reducing noise propagated from perforated cylindrical dissipative silencers.
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14 30 40
80 24.6 248 25.2 24.8
120 26.2 26.7 25.7 26.2
140 234 242 234 23.7
Mean Insertion Loss (dBA) 24.7 25.2 24.7 24.9
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Measurement points Frequency (Hz) SPLA-Leq
500 1000 2000 4000 8000

1 95.3 85.7 80.7 74.9 70.1 95.6

2 94 85.4 81.9 76.3 66.8 94.7

3 91 84.1 79.5 73.5 69.3 91.8

4 91.3 84.5 80.5 75.1 68.4 92

Average = SD 93+19 85+08 80709 749+1.1 68.7+14 93.6+19






