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Abstract 
To keep up with the stringent norms and regulations, a lot of research has been put into the design and 

development of quieter moving parts and spaces, popularly involving improvisation in the technology of 

ducts and silencers. Prominent theoretical research based on the Acoustic Black Hole (ABH) effect has been 

developed that focuses on achieving total absorption of sound through retarding structures. Numerical and 

experimental visualization of this effect for sub-wavelength absorbers is currently an ongoing study across 

several acoustic groups. Passive muffling mechanisms based open termination structures with internal 

metamaterial lining have been studied semi-analytically and numerically on the ABH effect. In the present 

paper, 3D printed silencers with open expansion lined chambers are analysed numerically and validated 

experimentally for their absorption capability. Once optimized, this work can potentially contribute to the 

modern-day systems within the automotive and built environments. 

1 Introduction 

In accordance with the reports by professional bodies like the World Health Organization and the European 

Environment Agency, the impact of noise pollution is gaining attention. As an effect of this, the government 

based pollution control boards as also the OEMs (original equipment manufacturers) have raised the 

stringency in regulations pertaining to the generated noise. Quieter machinery and systems are being 

designed and fabricated, as a continuous effort to meet such requirements. For several applications, the 

industrial ducts and silencers have been modified to deliver the desired performance. In order to attain low 

overall noise levels, hybrid mufflers are being developed, that make use of both absorptive and reactive 

elements [1].  

In recent times, technologies having significant contribution to the attenuation of low to medium frequency 

of sound are being explored. Prominent research work suggests the possibility of total absorption of sound 

through retarding structures having power law function based waveguides [2]. The work is based on the 

concept of Acoustic Black Holes (ABH) that have been theoretically realized. The numerical and 

experimental studies for such close termination structures that account for nearly perfect absorbers have 

been carried out by several research groups [3,4,5]. Based on the same principle, the ABH effect has been 

applied to silencing systems with essentially an open terminating structure. These silencers comprise of 

expansion chambers with varying wall admittance due to of the protruding flares having power law function 

based profiles. The theoretical and numerical modelling for several configurations with standard profiles 

have been analysed [6,7]. 

As an extension to the study of silencers based on the ABH effect, this research paper presents an 

experimental comparison between the linear and quadratic shaped profiles. The understanding developed 

with the numerical approach has been validated using 3D printed models. The study has been carried out 

for the transmission loss and sound absorption coefficients. The small B&K Impedance Tube setup has been 

used to characterize the performance of the silencer models in the low to medium frequency range (50 Hz – 

4 kHz). The results show that there is good agreement between the numerical and experimental approaches 
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for both the flare profiles. Keeping in mind the practicalities of the techniques used, it is aimed that further 

optimization of the models would lead to the desired silencing capability from such structures. 

2 Approach 

2.1 Concept 

In the present paper, the silencer models that have been experimented upon, have been initially analysed 

semi analytically. Using the first principles, plane wave propagating though an expansion chamber 

comprising of internal lined walls, is defined [6]. The lining of the walls accounts for the variation in the 

wall admittance to allow the visco-inertial exchanges. Solutions to the general wave equations, thus 

formulated in the presence of losses have been handled numerically using the Johnson-Champoux-Allard-

Lafarge (JCAL) model. Transmission matrix approach as described in detail in the work [7] has been used 

to conveniently slice the chamber into periodic units. These units have been combined taking into 

consideration their variation across the profile of the flaring wall of the expansion chamber. Thus the 

progressing change in the external radius defines the waveguide to be either linear or quadratic.  

2.2 Experimental Study 

The impact of linear and quadratic profiles for the silencer was investigated by performing the experimental 

studies. The prototypes of the silencers to be tested upon were fabricated by 3D printing technology as a 

fast alternative. For the printings, the Computer Aided Models were built using SOLIDWORKS 2017. The 

different sectional views for the linear and quadratic profiles are as shown in figure (1).   

 

 

Figure 1: Side and Front sectional views of linear (top) and quadratic (bottom) profiles of silencer models 

The prototypes are designed to be conveniently attached to the small B&K Impedance tube so that the 

complete frequency range (50 Hz – 6.4 kHz) can be observed for their performance. The inner radius of the 

chamber at its inlet and outlet section is 29 mm. The entire system is no longer than 100 mm and as wide as 

double the dimension of the inlet tube. The inner rings have a uniform thickness of 2mm arranged 

equidistantly in the chamber section. The PLA material based 3D printed prototypes are appended with 

metallic rings on both sides to maintain the flexibility in connection to the tube to accommodate both the 
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orientations. The different orientations have been termed as Narrow to Wide (N2W) and Wide to Narrow 

(W2N) for convenience in addressing simply based on the external flare variations. A detailed description 

of the experimental setup has been provided in a prior work [8]. 

 

3 Results and Discussion 

Here the four different cases have been compared for their transmission loss and absorption characteristics. 

The cases include both the orientations for the linear and quadratic shaped silencer models. Figure (2) 

depicts the transmission loss (TL) characteristics for both configurations considering the waves being passed 

through W2N and N2W orientations. It can be seen that the quadratic silencers have higher TL over linear 

at low frequencies. It can also be noted that the curves trace a similar path for the two orientations in the 

functional frequency range. 

 

 

Figure 2: Comparison of the transmission loss characteristics between linear and conical flare profiles 

The sound absorption coefficients have been plotted for the transmission regime as the open termination 

silencers are being studied. Figure (3) shows the dissipated absorption coefficient 𝛼𝑑 which is calculated as 

 𝛼𝑑 = 1 − [𝑅]2 − [𝑇]2 (1) 

Where [𝑅]2 and [𝑇]2 are the power reflection and power transmission coefficients respectively. At lower 

frequencies up to 2 kHz, the absorption capability of the linear profile is about 30-40% while that for the 

quadratic model, it starts from 30% and goes up to 80%. In the medium frequency range beyond 2 kHz, the 

N2W orientations for both linear and quadratic profiles reaches almost complete absorption indicating the 

ABH effect. The other orientation has much lower absorption, which could be due to the sudden expansion 

encountered by the waveguide on entering the system. The quadratic profile in both orientations shows 

better absorption capability over the linear profile. This again verifies the impact the higher order power-

law functions have on the sound absorption as per the ABH theory. 
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Figure 3: Comparison of the transmission regime based dissipated sound absorption coefficient between 

linear and conical flare profiles 

Figure (4) and figure (5) present the power reflection and transmission coefficients that help to define 𝛼𝑑 as 

in equation (1). The combined effects of the powered coefficients influence the overall dissipated absorption. 

For instance, at 1 kHz frequency, the quadratic curve has a trough for the power reflection coefficient tending 

to zero while the power transmission coefficient probes at 20%. The outcome of which appears at around 

80% in terms of the absorption capability of the silencer. 

 

 

Figure 4: Comparison of the normal incidence, power reflection coefficient for anechoic termination 

between linear and conical flare profiles 
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Figure 5: Comparison of the normal incidence, power transmission coefficient for anechoic termination 

between linear and conical flare profiles 

 

The other sound absorption curve is considered with the presence of rigid termination as in figure (6). In 

comparison to the linear profile, the quadratic based plots have a higher variation with peak values reaching 

nearly complete absorption even at lower frequencies. After 2 kHz, the impact of orientations for both the 

configurations gains prominence. The W2N curves tend to show a decline in absorption capacity with the 

increase in frequency, which could be due to the narrowing of the silencing chamber. The N2W plots show 

continuous increase of the coefficient up to unity indicating total absorption satisfying the ABH principle. 

 

 

Figure 6: Comparison of the dissipated sound absorption coefficient with rigid hard backing between 

linear and conical flare profiles 

 

DESIGNS FOR NOISE REDUCING MATERIALS AND STRUCTURES 1125



4 Conclusion 

In this experimental study, a comparative investigation between the silencer profile variation has been 

conducted. The profiles have been chosen as simple linear and quadratic being based on power-law function. 

As a validation to the numerical studies carried out earlier, the experiments have been designed and 

modelled accordingly. The transmission and sound absorption characteristics have been plotted to 

understand the contribution of the ABH effect. For the two profiles, linear and quadratic, both the 

orientations have been tested.  

All through the frequency range and within its validity, there is significant transmission loss for both the 

configurations. The absorption coefficient is visibly higher at higher orders of the power function. At low 

frequencies, the effect of the flare profile is prominent while the orientation shows higher dominance for 

medium frequency range. It can be concluded that power-law profile contributes to ABH effect significantly 

even for open termination structures such as silencers. 

As the models have been 3D printed, there could be chances of certain concerns due to probable leakages 

while connections and overall material infill during fabrication as well. The precision of the test has been 

ensured by repeatability of the experiments. The experimental comparison has presented the potential of 

ABH effect based silencers to behave as effective sound attenuating devices.  
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