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Abstract 

Numerical simulations are used to test the ability of several common equivalent fluid models 
to predict the sound absorption behaviour in porous metals with “bottleneck” type structures.  
Of these models, Wilson’s relaxation model was found to be an excellent and overall best fit 
for multiple sources of experimental acoustic absorption data.  Simulations, incorporating 
Wilson’s model, were used to highlight the relative importance of key geometrical features of 
bottleneck structures on the normal incidence sound absorption spectrum. Simulations revealed 
significant improvements in absorption behaviour would be achieved, over a “benchmark” 
structure from the literature, by maximising the porosity (0.8) and targeting a permeability in 
the range of 4.0x10-10 m2. Such a modelling approach should provide a valuable tool in the 
optimisation of sound absorption performance and structural integrity, to meet application-
specific requirements, for a genre of porous materials that offer a unique combination of 
acoustic absorption and load bearing capability.  
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Introduction 

Glass wool, cotton, asbestos, fur felt, hemp flax and synthetic fibre (polyester, polypropylene, 

and Kevlar) materials are known to be very good absorbers of sound and inexpensive [1]. Their 

low heat resistance, high-moisture content and decrease in absorption potential over time [2], 

have limited their application for sound absorption across a wide range of engineering devices. 

Open-celled metallic structures with high specific surface area, low moisture content, high heat 

resistance and which are non-flammable, are commercially available [3-5] and are being 

considered, and in several instances used, in sound absorbing applications where the above 

attributes are important.  Their unique combination of multi-functional performance (those of 

structural integrity and function) could thus see them replacing more complex constructions 

containing “traditional” sound absorbers. 
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It is important, however, to compare the performance of porous metals with more “traditional” 

sound absorbers, such as glass wool and open cell polymer foams.  Fig 1 does this, comparing 

the structural thickness dependent normal incidence absorption coefficient, also termed the 

ratio of sound intensity absorbed to incident sound intensity, at varying frequencies, for 

different porous absorbers from the literature.  Images of the corresponding structures for the 

materials referred to in this figure are presented in Fig 2.  Whilst the samples are not of identical 

thickness, the behaviour presented is representative of the relative performances of these 

materials.  It is apparent, for this example, that “traditional” absorbers, such as glass wool fibres 

and melamine foams, show very high, and sustained, absorption coefficients, for frequencies 

above approximately 3000Hz. 

 

Porous metals with interconnected porosity are often made by replicating these structures, for 

example by sintering metal fibres, or metallic coating of open cell polymer foams [6].  

Technological limitations prevent attaining the same high levels of porosity and small cell sizes 

and offer limited potential to alter the pore morphology in-process.  These structural differences 

tend to lead to lower flow resistivities for the metallic counterparts [7] and inferior absorbers.  

Fibre felts, or sintered metal fibres [7, 8] offer the closest matching performance to those of 

glass wool and polymer foams, as shown in Fig 1, but offer little or no structural function. 

 

Fig 1 shows the absorption behaviour for a so-called “bottleneck-type” porous metal structure 

(from [9]) made by casting liquid metal into the spaces between a packed bed of dissolvable 

salt beads [9, 10].  These structures are typified (shown in Fig 2) by porosities in the range of 

55-80% and pores between 0.5 and 3 mm in diameter, connected by smaller “windows”.  Their 

much higher solid fraction than most other porous metal structures means that they offer 

credible structural function and energy absorbing capability, thus making them suitable 

candidates for multi-functional sound absorbers. The sound absorption for these materials [9] 

is good for frequencies within the quarter wavelength layer resonance absorption, but poor over 

the mid-frequency range (2000-4500 Hz). 
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Fig 1. Plots of normal incidence absorption spectra against frequency for a number of different porous materials. 
Namely a 25.0 mm thick hard-backed glass wool fiber material (GWF, 98.7% porosity [11]), 25.5 mm hard-
backed melamine foam (MF, 99.3% porosity [11]), 23.3 mm thick hard backed porous sintered fiber metal (SFM, 
90.94% porosity [8]) and a 20 mm thick hard-backed porous aluminium with a bottleneck structures (Por Al, 60% 
porosity [9]). 

 

 

 
 

Fig 2. Optical microscopy images of (a) glass wool fiber material (GWF, [11]) (b) melamine foam (MF, [11]), (c) 
porous sintered fiber metal structure (SFM [8]) and (d) porous aluminium with bottleneck structure (Por Al, [9]) 

 

Previous research into sound absorption in porous metals with bottleneck-type structures has 

indicated that improvements in noise reduction coefficients can be achieved with modifications 

to the structure [12-14] including increasing porosity [13] and decreasing pore openings 
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(window sizes) [14].  A more comprehensive understanding of the influence of key structural 

parameters specific to this porous metal type (for example, porosity, pore size and window 

size) is required, if the gap in performance to “traditional” sound absorbing materials is to be 

reduced. This study aims to begin this process by developing and demonstrating a reliable 

numerical simulation method for the prediction of the sound absorption performance of porous 

metals with bottleneck-type structures. 

 

Simulation methodology 

 

The simulation procedure for pressure wave propagation across porous structures was carried 

out with the following steps, namely: definition of pore structure-related and geometry 

parameters and variables, geometry creation, material selection, choice of physics and 

appropriate boundary conditions, meshing and solving within the pressure acoustic frequency 

domain module of COMSOL Multiphysics 5.2TM. A two-dimensional (2D) tube geometry (Fig 

3) was created to mimic realistic AFD standing wave tube measurement with inbuilt air (STP) 

as the material occupying the fluid domain in the tube geometry.  The geometry consisted of a 

20 mm thick, hard backed porous structure (PS), 40 mm thick fluid domain zone (FD) and 20 

mm thick perfectly matched layer (PML). The geometry was chosen so that simulations could, 

as best possible, be compared with experimental measurements made in the literature [8, 9]. 

          
 

Fig 3. Left, two-dimensional geometrical representation of a hard-backed porous structure in an impedance tube.  
Right is a schematic of a 4-microphone, AFD 1200-AcoustiTube®-measuring setup, with sample holding section 
(adapted from [15]). 
 
 

A triangular mesh with 21 μm minimum elemental size, maximum elemental size half the 

minimum wavelength, a maximum element growth rate of 1.3, curvature factor of 0.3 and 1.0 

resolution in the narrow region, were applied to the FD and PS domains while the PML domain 

was confined to mapped mesh. A Helmholtz or linear acoustic pressure frequency domain was 

solved on the PML and FD domains. The structural domain (PS) features an interchange 
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between equivalent fluid models to account for their real specific surface acoustic impedance 

and normal incidence absorption coefficient, Ac, using the characteristic impedance of the 

materials and the specific surface acoustic impedance of air. A background pressure field was 

applied on the FD domain, perfectly matched layer on the PML domain, whilst a periodic 

floquet boundary condition was applied on the side faces. The inlet of PML and outlet of the 

PS were set as a sound hard boundary wall.  The computational time needed to resolve a 

solution is dependent on the number and range of frequencies considered, typically, 65 

frequencies (from 100 to 6500Hz) were resolved in roughly 2 minutes for the above 

specifications. 

 

In addition to absorption coefficient data across the range of frequencies investigated, several 

other key parameters were determined in order to enable quantitative assessment and 

comparison of the acoustic performance of the porous materials.  These were: the arithmetic 

mean of the sound absorption coefficient at the quarter wavelength layer resonance frequencies 

(250, 500, 1000 and 2000 Hz), also known as the Noise Reduction Coefficient (NRC); the 

average of the absorption spectra for the twelve one-third octave (200-2500 Hz) band, also 

known the Sound Absorption Average (SAA) and the quarter wavelength hard backed layer 

resonance peak in absorption (Ap) [16]. 

 

Preliminary tests on the influence of FD (air domain) length showed little or no difference in 

the simulation results.  Similarly, there was very little difference (a 99.2% correlation) between 

absorption coefficients measured in 2D and 3D simulations, across the whole range of 

frequencies, justifying the choice of adopting a simpler 2D approach. 

 

Structural characterization 

Models of the acoustical properties of porous media, such as those by Attenborough [17, 18], 

Delany-Bazley-Miki (DBM) [19], and Wilson [22], require the input of the key parameters that 

define the acoustic behaviour for the different materials.  These comprise, the airflow resistivity 

(𝜎), open porosity (𝜀) and high-frequency limit of dynamic tortuosity (𝜏).  Rigorous definitions 

for these terms can be found in [21, 23]. Capturing the effects imposed by viscous losses 
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(openings) and thermal conduction (pore sizes) in rigid-porous samples saturated with a 

Newtonian fluid was reported in [24] to give an accurate description of the acoustic behaviour 

of a motionless skeleton having arbitrary pore shape. A fourth parameter, viscous characteristic 

length (˄), was further introduced to account for the visco-inertial dissipation mechanism of 

the porous sample. The thermal dissipation mechanism was accounted for, using an additional 

parameter, the thermal characteristic length (⌅). The inclusion of the viscous [21] and thermal 

characteristic [20] lengths in the equivalent fluid models for rigid-porous materials gave rise to 

to the Johnson-Champoux-Allard (JCA) model. 

 

For the porous structures chosen to aid in the development of the simulation methodology, 

values for these parameters exist.  This is not the case for porous metals with bottleneck 

structures.  In the absence of directly defined values in the literature, the airflow resistivity was 

calculated from the ratio of the fluid dynamic viscosity (for air, 𝜇 ~ 1.8205x10-5 Pa.s) to the 

viscous permeability (k0) of the porous material, in the Darcy regime.  In the absence of models 

for the high-frequency limit of dynamic tortuosity that directly embody the geometrical 

features for bottleneck structures, a best approximation was sought using the well-established 

approach in [25, 26].  This model uses a rectangular representation of the solid micro geometry 

as a representative volume element (RVE) of the internal structure of a porous metal, 

expressing the tortuosity (𝜏) in [25] as a function of the pore volume fraction (porosity, ) using 

Eqn 1. By calculating the root of this equation, the tortuosity model was explicitly written in 

[25, 26] using Eqn 2.  The viscous characteristic length (˄) and thermal characteristic length 

(⌅) were estimated to be half the pore and window sizes respectively [21, 27]. 

=  
( )

                                                      Eqn 1 

𝜏 =  2 + 2 cos + cos (2𝜀 − 1)                                    Eqn 2 

 

The Johnson-Champoux-Allard-Prides-Lafarge (JCAPL) semi-phenomenological model [28, 

29] is applicable to arbitrary pore geometries and can account for constrictions between these 

pores, but requires the determination of 3 additional parameters that are much more complex 

to measure.  A more practical way to estimate them is to use dimensionless shape factors [23].  
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For structures with identical circular pores (as in the ones presented herein and in [9]), these 

shape factors are equal or very close to unity [28] and the JCAPL model reduces to the JCA 

model. 

 

Pore-structure characterization is possible using geometrical representation of the porous 

structure, derived through either simple packing models [30, 31] or directly from porous 

samples using X-ray tomography [15, 32], coupled with modelling of transport through these 

structures.  In this way, all the parameters required for the JCAPL model [31] can be estimated.  

The process is highly complex, and not without observed inaccuracies, but it does affirm [31] 

the close correlation between the pore and window geometry in bottleneck structures and 

estimates for the thermal and viscous characteristic lengths in [21, 27]. 

 

Validation of the simulation approach 

The appropriateness and accuracy of models, and the simulation environment, were tested by 

comparing simulation data with experimental data available in the literature. Measured and 

simulated data for normal incidence absorption spectra for 25 mm hard backed glass wool fiber 

[11], 25.5 mm hard backed porous melamine foam [11] and 23.31 mm hard backed, sintered 

fiber metal [8] structures are presented in Fig 4. Structural data for the determination of the 

characteristic sound absorption spectra for these structures, along with the calculated values 

for their quarter wavelength layer resonance peak in absorption (Ap), noise reduction 

coefficient (NRC) and sound absorption average (SAA) are presented in Table 1. 

 

 
Table 1. Pore structure-related (literature) and acoustic (simulated) data for porous structures. 
 

Literature Material type 𝜀  
Λ 

(μm) 
⌅ 

(μm) 
k0/10-9 
(m2) 

𝜏 Ap NRC SAA 

Kino and  
Ueno, 2008 
[11] 

Glass wool 
fiber 

0.987 132 237 1.084 1.009 0.965 0.369 0.347 

Bo and 
Tianning, 
2009 [8] 

Porous 
sintered fiber 
metal 

0.909 113 194 0.959 1.513 0.980 0.445 0.598 

Kino and 
Ueno, 2008 
[11] 

Melamine 
foam 

0.993 199 445 1.390 1.005 0.930 0.356 0.332 
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The predicted characteristic sound absorption spectra fit well to the experimental data observed 

for both the glass wool fiber (Fig 4a) and melamine foam (Fig 4b) structures, for both models, 

with an overall better fit to the Delany-Bazley-Miki (DBM) model.  The characteristic 

absorption spectra for these highly porous materials are reported to depend mainly upon the 

pore morphology and porosity [7, 11]. The DBM empirical model was specifically developed 

to model the acoustic behaviour for these relatively simple structures and the good fit, as 

observed in [11], is expected.  The structural morphology of melamine foam is similar to that 

of commercially available porous metallic structures made by replication of open cell foams, 

for example RecematTM, PorvairTM and AlantumTM foams [15].  It is not surprising, therefore, 

that modelling the sound absorption behaviour for these foams is also quite accurate using the 

Delany-Bazley-Miki (DBM) model [7].  The JCA model gives a better fit to the experimental 

data recorded for porous sintered fiber metal [8]; the DBM model was not able to accurately 

predict the behaviour characterized by a dip in the absorption curve for frequencies beyond 

3000 Hz.  This observation highlights that, as the complexity of the porous structure increases, 

from transversely isotropic structures, to more complicated structures with increased “strut” 

thickness, reduced porosity and larger surface area, a greater number of structural terms are 

required to accurately describe their acoustic behaviour. 
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Fig 4.  Plots of measured [8, 11] and simulated normal incidence absorption spectra for (a) hard backed glass wool 
fibre (b) hard backed melamine foam (c) hard backed porous sintered fibre metal. 

 

 

Simulation of sound absorption in bottleneck type porous metal structures 

 

Fig 5 plots simulation predictions against experimental data for sound absorption in a 

bottleneck structure [9], data that were also plotted in Fig 1.  Input data for these predictions 

were taken from Table 2, which identifies the assumptions made to enable values to be obtained 

for all of the parameters required. 
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Based on previous observations, it is not surprising that the DBM model does not fit well to 

the experimental data. The Attenborough model also fails to describe the measured 

characteristic absorption over almost all the frequency range. A likely cause of this 

disagreement is that the model [17, 18] is a modification of the Zwikker-Kosten [33] equivalent 

fluid model developed for sand and soil with much lower pore volume fractions. 

 
Table 2. Pore structure-related parameters for porous Al with bottleneck structure in [9]. 
 

Property Determined by Value Units Model 

Pore volume fraction 

(𝜀)  

Measured in [9] 0.6 - Attenborough, JCA, 

Wilson 

Pore diameter (dp) Measured in [9] 1.60 mm  

Window diameter (dw) Measured in [9] 0.31 mm  

Permeability (𝑘 ) Measured in [9] 0.81x10-09 m2 DBM, Attenborough, 

JCA, Wilson 

High-frequency limit of 

dynamic tortuosity (𝜏) 

Equation 1 1.867 - Attenborough, JCA, 

Wilson 

Thermal length (⌅) Half the pore diameter 800 µm JCA 

Viscous length (˄) Half the window diameter 155 µm JCA 

 

The JCA model is also a poor fit to the experimental data for the bottleneck structures.  This 

model was developed for porous materials with arbitrary pore shapes [21, 34] and fits the 

experimental data well for irregular pore networks with high porosity, as evidenced by the good 

fit to the sintered metal fibre structure data in Fig 4.  Fig 5 shows that the Wilson relaxation 

model [22] is the best and a very close fit to the measured absorption curve.  Wilson’s relaxation 

model is functionally quite similar to the JCA [21] model but has at its basis the concept of 

relaxation times for perturbations to the velocity and thermal fields.  The methodology is also 

distinguished from [21] and similar models, by its approach to accurately describe the 

behaviour for the boundary layer at the scale of the pore size, where there is a transition in the 

relaxation behaviour [22]. The resulting relaxation model is barely distinguishable from the 

exact solution for circular pores, the geometry that most closely represents porosity in 

bottleneck structures. 
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Fig 5. Plots of measured (Li et al., 2014 [9]) and modelled normal incidence absorption spectra (Ac) for hard-
backed 20 mm thick porous aluminium with a bottleneck structure. 
 

 

Zielinski [31], using a geometrical representation of the pore structure and transport modelling 

to determine modelling parameters, used the JCAPL model [28, 29] to estimate, with 

reasonable accuracy, the sound absorption behaviour for a porous ceramic (pore volume 

fraction of 0.88) with a bottleneck type structure.  Fig 6 presents simulations, using parameters 

determined in [31], to model experimental data in [31], comparing both the JCAPL and Wilson 

models.  It is interesting to note, that although [31] highlights the appropriateness of the JCAPL 

model, which, owing to the modelling approach taken did not approximate the shape factors to 

unity and does not reduce to the JCA model predictions, the fit is at least as good for the much 

simpler Wilson model.  The drop-in absorption at higher frequencies is, in fact, predicted more 

accurately using the Wilson model approach.   

 

Further examples of accurate prediction by the Wilson model, of sound absorption performance 

for “bottleneck-type” structures, reported in [9, 34], where average deviations between 

predicted and measured values for NRC and Ap were typically <5% [35, 36], lend strong 

support to its applicability to predict sound absorption in porous metals with bottleneck 

structures. 
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Fig 6. Plots of measured [31] and simulated normal incidence absorption coefficient for “bottleneck-type” ceramic 
foam structures characterised by pore volume fraction of 0.88. 
 
 

Use of the Wilson model for design for sound absorption 

 

The Wilson model was used to evaluate the potential to improve the sound absorption 

behaviour of porous metals with bottleneck type structures, assessing the influence of key 

structural parameters.  For the Wilson model, the porosity, tortuosity and permeability must be 

defined and are controlled by the pore size, porosity and window size.  Eqn 2 predicts the effect 

of porosity on tortuosity.  A simple analytical model, derived from the “packing” of monosized 

spherical pores, connected by windows, is presented in Eqn 3, and has been shown to accurately 

predict Darcian permeability in “bottleneck” porous metal structures [37-39]. This 

“bottleneck” permeability model (Eqn 3) considers the contribution of the coordination number 

for packing (Nc), porosity (𝜀), pore (𝑑 ) and window (𝑑 ) diameters for various particle contact 

cases, such as packing enhanced through compaction [37] and loose packing [38]. An 

expression for Nc in terms of the pore-structure related parameters of virtually-created 

“bottleneck” structures was reported in [36] and derived by fitting particle packing data in [10, 

30] to the macroscopic structural parameters for the porous medium. 
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 .    

 
   where  𝑁 =  17𝜀

.

   Eqn 3  

In this brief analysis, the porosity and permeability were varied within limits that might be 

realistically achieved in bottleneck type porous metals [10, 32]. Table 3 presents the structural 

parameters varied and the simulated sound absorption performance, comparing it with the 

benchmark outlined in Table 1 [9].  Figure 7 shows the normal incidence absorption spectra 

for the experimental data in [9], along with those for some of the simulated structures.  The top 

figure shows that the effect of increasing the porosity at constant permeability, and to decrease 

the high-frequency limit of dynamic tortuosity [20], is to effectively decrease the sample 

thickness and shift the quarter wavelength hard-backed layer resonance to higher frequencies.  

A benefit of increasing porosity is to minimise the size of the “dip” in Ac at higher frequencies, 

pushing the minimum to a higher frequency. 

 

Utilising the maximum porosity attainable in these types of structures, Fig 7 also plots the 

effect of varying the permeability.  With decreasing permeability, there is a small reduction in 

Ap, but a progressive flattening of the curve at frequencies above the peak value.  An optimum 

balance, for the limited parameters explored here, is achieved for a permeability of 4.0x10-10 

m2, for which a significant overall improvement in sound absorption performance is predicted 

compared to the benchmark. 

 

Predictions show the clear importance of airflow resistivity or permeability on the sound 

absorption behaviour, affecting the two relaxation times central to the model.  In the Wilson 

approach, unlike in the JCA model [20, 21], the pore and widows sizes do not directly affect 

the absorption behaviour, rather they “contribute” to the permeability. The “optimum” 

permeability could, in principle, be achieved through multiple combinations of pore and 

window geometries.  This intuitively, seems unlikely and additional acoustic data are needed 

to verify this more completely. 

Simulations clearly show the potential for enhancing the sound absorption performance.  

Optimum response is indicated for the maximum porosity, which will be at the expense of 
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mechanical performance, such as strength and stiffness.  An optimum permeability also exists, 

lower isn’t always better.  Eqn 3 highlights the much stronger dependence of the permeability 

on the window size than the pore size and, as remarked in [24, 40, 41], it is a key parameter 

governing the sound absorption coefficient in these porous structures.  Further detailed 

simulations using the Wilson model could be applied, defining the porosity to enable 

mechanical function to be achieved and using the pore and window sizes to optimise the 

acoustic response via the permeability. 

Table 3. Pore structure and acoustic parameters for bottleneck porous structures, simulated using the Wilson model. 
 

Samples 𝜀
 

 k0 / m2  Ap NRC SAA 

V0 [9] 0.6 1.867 8.1x10-10 0.998 0.390 0.593 
VA 0.7 1.743 8.1x10-10 1.000 0.378 0.579 
VB 0.8 1.575 8.1x10-10 0.998 0.377 0.581 
VC 0.5 2.001 8.1x10-10 0.989 0.336 0.511 
VD 0.8 1.575 10.0x10-10 0.987 0.361 0.556 
VE 0.8 1.575 6.0x10-10 0.997 0.397 0.609 
VF 0.8 1.575 4.0x10-10 0.969 0.418 0.631 
VG 0.8 1.575 2.0x10-10 0.841 0.429 0.611 
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Fig 7: Plots of simulated normal incidence absorption spectra (Ac) against frequency, comparing experimental 
data [9] with predicted performance for a variety of bottleneck type structures. Top, the effect of varying porosity 
(and tortuosity) at constant permeability, bottom, the effect of varying permeability at constant porosity (and 
tortuosity). 

 

 

Conclusions 

Wilson’s relaxation model was found to be an excellent fit to experimental acoustic absorption 

data for porous materials with bottleneck type structures and an overall best fit when compared 

to other models of acoustical properties of porous media. 

Model predictions were able to highlight the relative importance of porosity, tortuosity and 

permeability on the quarter wave resonance peak in absorption and the normal incidence sound 

absorption spectrum. 

Simulations revealed significant improvements in absorption behaviour over “benchmark” 

structures can be expected by maximising the porosity (0.8) and targeting a permeability in the 

range of 4.0x10-10 m2. 

Such a modelling approach can provide a valuable tool in the optimisation of sound absorption 

performance and structural integrity to meet application-specific requirements, for a genre of 
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porous materials that offer a unique combination of acoustic absorption and load bearing 

capability.  
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