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Abstract. Microperforated panels (ACUSTIMET® MPPAs) with non-circular apertures are increasingly 

relevant for industrial noise control in ducts, mufflers, and machine enclosures, where absorber depth is 

constrained and fibre-free solutions are required. However, their adoption remains limited due to the lack of 

reliable modelling approaches, as classical impedance formulations are derived for circular perforations. This 

work presents a measurement-driven impedance modelling framework for ACUSTIMET® MPPAs with non-

circular apertures. Instead of relying on geometric idealisation, the approach is based on a reduced 

parameterisation of the measured normal-incidence surface impedance, expressed through resistive and reactive 

components. These parameters are identified from impedance-tube measurements and directly implemented in 

1D transfer matrix models and, optionally, in FEM simulations as homogenised impedance boundary conditions. 

For the tested slit-type aperture class, predictions based on the measured impedance show good agreement with 

measured absorption, while equivalent-diameter substitution in circular-hole formulations leads to significant 

deviations. The results indicate that, within a linear, no-flow framework, accurate system-level predictions can 

be obtained without resolving aperture geometry explicitly. The methodology supports robust integration of non-

circular ACUSTIMET® MPPAs into engineering design workflows, including duct liners and dissipative 

mufflers, and expands the practical design space for compact acoustic treatments under strict thickness 

constraints. 
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1  INTRODUCTION 

Industrial noise control is routinely constrained by available build depth. Lining an HVAC duct, a muffler cavity, or a machine 

enclosure requires that the acoustic treatment fit within a fixed geometric envelope. Classical porous absorbers require thickness 

proportional to the target wavelength [1], which limits low-frequency performance in compact envelopes. 



 

   

Microperforated panels (MPP), introduced by Maa [2], provide an all-metal alternative whose acoustic behaviour is governed 

by aperture geometry. Classical impedance formulations are derived for circular perforations, relating impedance directly to 

hole diameter, panel thickness, and fluid properties. When aperture geometries depart from circular shape, as in slit-type or 

punch-formed openings, existing analytical tools lose accuracy due to modified viscous dissipation, altered end corrections, and 

anisotropic flow contraction [3]. 

A practical consequence is that designers wishing to use non-circular MPPs in simulation-driven workflows face a barrier: 

established MPP modelling tools and commercial acoustic simulation software assume circular apertures, and substituting an 

equivalent hydraulic diameter is not a reliable workaround (Section 2.3). This limits the usable design space for compact 

acoustic treatments under strict thickness constraints. 

This paper presents a measurement-driven impedance modelling framework for ACUSTIMET® MPPAs with non-circular 

apertures. The transfer impedance is identified from impedance-tube measurements and represented through resistive and 

reactive components. The parameterised impedance is then implemented as a boundary condition in 1D transfer matrix method 

(TMM) calculations and, optionally, in finite-element (FEM) simulations, without requiring explicit geometric modelling of the 

aperture. 

2  IMPEDANCE MODELLING FRAMEWORK 

2.1   Dimensionless Formulation 

The normalised specific impedance is: 

𝑧∗  =  
𝑧

𝜌𝑐
 =  𝑟∗  +  𝑗 ⋅  𝑥∗(𝑓) (1) 

where ρ is air density, c is sound speed at air (m/s), and r* and x* are the normalised resistive and reactive components.  

In sub-millimetre apertures, the behaviour of oscillatory flow is governed by two key dimensionless parameters. First, the Stokes 

number (𝑆𝑘𝑡 = 𝛿 𝑟0⁄ = 𝑑ℎ √𝜔 2. 𝜈⁄⁄ ) quantifies the relationship between the aperture’s hydraulic diameter and the viscous 

boundary layer thickness, indicating whether viscosity dominates the flow or is confined to a thin region near the walls. Second, 

the Reynolds number (𝑅𝑒 = 𝜌. 𝑈∞. 𝑑ℎ 𝜇⁄ = 𝑈∞. 𝑑ℎ 𝜈⁄ ), based on the particle velocity, characterizes the balance between 

inertial and viscous forces within the oscillating fluid. 

2.2   Reduced-Order Impedance Parameterisation 

The surface impedance is represented in a reduced form as: 

𝑧∗(𝜔)  =  𝑟∗  +  𝑗 ⋅  𝜒(𝜔) (2) 

where r* denotes the normalised resistive component and χ(ω) the reactive component. 

Within the investigated frequency range, the measured resistive component was observed to vary only weakly with frequency 

and is therefore approximated as constant. The reactive component is represented as a frequency-dependent term consistent 

with the observed phase behaviour. 

This formulation should be understood as a physics-informed reduced-order model, validated against impedance-tube 

measurements for the present aperture class. Outside the tested range, both resistive and reactive components may exhibit 

stronger frequency dependence and should be re-identified. 

Validity domain 

The reduced formulation applies under the following conditions: 

•  Linear acoustic regime: SPL < 100 dB 

•  Normal incidence: θ = 0° ± 5° 

•  Plane wave regime: f < 0.586·c/D (tube cutoff) 

•  Stokes number: 0.3 < Skt < 8 

•  No mean flow (M = 0) 



 

   

2.3  Limitations of Equivalent-Diameter Circular Models for Non-Circular Apertures 

The normal-incidence surface impedance of a representative non-circular aperture specimen was determined using an 

impedance tube based on the two-microphone transfer-function method in accordance with ISO 10534-2 [4]. The results are 

expressed as normalised complex impedance and used directly for model identification. The extracted impedance was 

subsequently implemented in transfer matrix calculations without additional geometric assumptions. 

Figure 1 compares three predictions for a representative non-circular aperture specimen with a rigid-backed air cavity: 

(i) impedance tube measurement, (ii) TMM using the measured impedance, and (iii) TMM using Maa’s circular-hole 

formulation [2] evaluated at the equivalent hydraulic diameter dₕ = 4A/P. 

 

Figure 1: Absorption coefficient for a representative non-circular aperture specimen with rigid-backed air cavity. Circles: 

measured. Solid line: TMM using measured impedance. Dashed line: TMM using Maa’s circular-hole formulation at 

equivalent dₕ. 

For the tested slit-type aperture geometry, applying Maa’s circular-hole formulation using an equivalent (hydraulic) diameter 

resulted in a significant mismatch between predicted and measured absorption. In contrast, using the measured impedance 

directly within the transfer matrix framework provided substantially improved agreement with experimental data. This indicates 

that, for this class of non-circular apertures, equivalent-diameter substitution should be treated as an approximation requiring 

validation, rather than a generally reliable modelling approach. 

2.4   Integration into 1D TMM 

With the aperture impedance represented as in Equation (2), the absorption of any MPP + cavity system follows from standard 

TMM [5]. Porous fills use the JCAL equivalent-fluid model [6, 7]. For a rigid-backed system at normal incidence: 

𝑧∗
𝑡𝑜𝑡(𝑓)  =  𝑧∗

𝑚𝑝𝑝(𝑓) + 𝑧∗
𝑐𝑎𝑣(𝑓) (3) 

where z*ᶜₐᵥ is the cavity input impedance. The absorption coefficient is: 

𝛼(𝑓)  =  1 −  |𝑅(𝑓)|2,    𝑅(𝑓)  =  
𝑧∗

𝑡𝑜𝑡 − 1

𝑧∗
𝑡𝑜𝑡 + 1

 (4) 

Within the present linear, no-flow framework, the acoustic response is governed by the surface impedance boundary condition. 

Consequently, two surfaces exhibiting identical impedance will yield identical system-level predictions within this modelling 

framework. 

2.5   Extension to Finite-Element Simulation 

The impedance-based formulation can be directly implemented in frequency-domain FEM as a boundary condition relating 

pressure and normal particle velocity. This allows system-level simulations without resolving the aperture geometry explicitly. 



 

   

In the present work, validation is primarily based on impedance-tube measurements and 1D modelling; FEM implementation 

is discussed as an extension of the same impedance-based approach. 

3  DESIGN SPACE AT FIXED BUILD DEPTH 

Once the aperture is characterised, the full design space of cavity configurations becomes accessible for simulation-based 

analysis. Figure 2 shows five configurations at a total build depth of 40 mm. Configurations A through C use a single perforated 

layer with different aperture impedances to target low, mid, and high frequency bands. Configuration D uses two perforated 

layers with a porous fill for broadband absorption. Configuration E adds a tuned compliant element to extend the low-frequency 

range. 

 

Figure 2: Normal-incidence absorption coefficient for five configurations at 40 mm build depth. A: low-frequency. B: mid-

frequency. C: high-frequency. D: broadband (double ACUSTIMET® MPPA). E: extended range (ACUSTIMET® MPPA + 

compliant element). Computed by TMM using measured aperture impedance. 

Within the same 40 mm envelope, the absorption peak can be placed across approximately an order of magnitude in frequency, 

and bandwidth can be traded against peak height through the choice of single-layer or multi-layer construction. 

3.1  Context: Comparison with Porous Absorbers 

Figure 3 presents ACUSTIMET® MPPA configurations at 40 mm alongside mineral wool reference curves at 40 and 100 mm 

computed with typical JCAL parameters for 30.000 Pa·s/m2 mineral wool. At 200 Hz, the low-frequency-tuned ACUSTIMET® 

MPPA reaches α ≈ 0.74, while the 40 mm mineral wool provides negligible absorption (α < 0.05). The 100 mm mineral wool 

approaches similar performance only around 250 Hz, at 2.5× the depth. At 1 kHz, the mid-frequency-tuned ACUSTIMET® 

MPPA reaches α ≈ 0.92 at 40 mm, comparable to the 100 mm mineral wool. 

Comparisons with porous absorbers should be interpreted cautiously, as performance depends on airflow resistivity, density, 

and mounting conditions. The mineral wool curves are based on representative JCAL parameters and serve as context rather 

than strict benchmarks. A single tuned ACUSTIMET® MPPA exhibits lower broadband absorption (NRC) than thick porous 

materials, as it concentrates absorption at a target frequency. For applications with defined tonal components and strict depth 

constraints, impedance-tuned ACUSTIMET® MPPA enables precise placement of absorption; for broadband noise with 

relaxed depth constraints, sufficiently thick porous absorbers remain effective. 

 



 

   

 

Figure 3: Normal-incidence absorption coefficients for two Sontech ACUSTIMET® MPPA configurations (40 mm total 

depth), compared with mineral wool references (40 and 100 mm). The low-frequency design  peaks at ~200 Hz, while the 

mid-frequency design peaks at ~1 kHz. Calculations based on measured aperture impedance. 

Comparisons with porous absorbers should be interpreted with care, as their performance depends strongly on airflow resistivity, 

mounting conditions, and boundary configuration. In the present study, the ACUSTIMET® MPPA configurations demonstrate 

strong tunability of absorption within a fixed depth constraint. While porous materials may achieve comparable performance 

under different configurations, the results highlight the potential of impedance-tuned ACUSTIMET® MPPA systems as 

compact alternatives in applications where thickness, contamination, or environmental constraints limit the use of fibrous 

materials. 

3.2  Sensitivity to Impedance Parameters 

Sensitivity of absorption to the impedance parameters is relevant for assessing robustness. Variations in the resistive component 

primarily affect peak absorption magnitude without shifting the peak frequency; variations in the reactive component primarily 

shift the peak frequency without materially changing the magnitude. The decoupling matches the physical roles of the two 

components and supports robustness to realistic production variability. 

4  EXPERIMENTAL VALIDATION 

4.1   Conditions 

Production-grade specimens were tested in a rigid-walled impedance tube (D = 100 mm) using the transfer-function method per 

ISO 10534-2 [4]: 

•  SPL within the linear acoustic regime 

•  Controlled temperature and humidity 

•  Multiple specimens per configuration drawn from production runs 

•  Frequency range: plane wave regime of the tube 

4.2   Results 

Figure 4 compares the TMM prediction with impedance tube measurement for a representative configuration. No post-hoc 

fitting was applied: model inputs were either measured (aperture impedance) or specified independently (cavity geometry and 

material properties). 



 

   

 

Figure 4: TMM prediction (solid line) vs impedance tube measurement (circles) for a representative configuration with 40 mm 

air cavity and rigid backing. 

Table 1: Agreement between TMM prediction and measurement. 

Metric Agreement level 

Peak frequency deviation within single-digit percent 

Peak absorption deviation within a few hundredths 

Coefficient of determination R² > 0.99 

Broadband trend consistent across frequency range 

 

Measurement uncertainty was estimated per the GUM [8]. The expanded uncertainty bounds for absorption coefficient and peak 

frequency are of the same order as the observed model-measurement deviations. 

4.3   Repeatability 

Repeatability across multiple production specimens remained within measurement uncertainty bounds. This is consistent with 

the approach: the aperture is characterised as manufactured, so production variability in aperture geometry appears as measured 

scatter in the impedance rather than as an uncorrected modelling error. 

5  DISCUSSION 

Within the present linear, no-flow framework, the acoustic response at the system level is determined by the surface impedance 

boundary condition. For non-circular apertures, where classical circular-hole formulations are not directly applicable, this makes 

measurement-defined impedance a practical basis for engineering prediction. 

Figure 1 illustrates the error associated with substituting an equivalent hydraulic diameter in circular-hole formulations: for the 

tested aperture class, the absorption peak is displaced and the spectral shape is distorted. The measurement-driven prediction 

matches measured absorption across the tested frequency range. 

The scope of the method as presented is limited to normal incidence, the linear acoustic regime, and quiescent fluid. At higher 

amplitudes the aperture resistance becomes velocity-dependent [9]. Grazing flow modifies the effective impedance through 

convective and boundary-layer effects. Oblique incidence can be handled in the FEM implementation but is outside the scope 

of the 1D TMM expressions used here. 

The framework is intended for practical engineering use: one impedance-tube characterisation per aperture design supports 

subsequent system-level analysis across a range of cavity configurations without further experimental input. 



 

   

6  CONCLUSIONS 

A modelling approach for microperforated panels with non-circular apertures has been presented based on measured surface 

impedance rather than geometric idealisation. The main findings are: 

(1) For the tested aperture class, impedance-based modelling provides accurate prediction of absorption without resolving 

aperture geometry (at 1D). 

(2) Equivalent-diameter substitution in circular-hole formulations may lead to significant errors for non-circular apertures. 

(3) The reduced impedance parameterisation integrates directly into transfer matrix and FEM frameworks as an impedance 

boundary condition. 

(4) The approach expands the usable design space for compact absorbers under strict thickness constraints. 

The results support the use of measurement-defined impedance as a robust engineering approach for modelling non-circular 

ACUSTIMET® MPPAs in practical applications. Future work will address grazing flow and high-amplitude nonlinear regimes. 
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Abbreviations 

Abbreviation Description 

FEM Finite Element Method 

GUM Guide to the Expression of Uncertainty in Measurement 

HVAC Heating, Ventilation, and Air Conditioning 

JCAL Johnson-Champoux-Allard-Lafarge (equivalent-fluid model) 

MPPA Microperforated Panel Absorber 

SPL Sound Pressure Level 

TMM Transfer Matrix Method 

 

Symbols 

Symbol Description Unit (Typical) 

𝒅𝒉 Hydraulic diameter of an aperture  m 

𝒇 Frequency Hz 

M Mean flow Mach number - 

P Wetted perimeter of an aperture m 

𝑹𝒆 Reynolds number - 

𝒓∗ Normalized specific resistance - 

𝒓𝟎 Characteristic radius or half-gap of a channel m 



 

   

Symbol Description Unit (Typical) 

𝑺𝒌𝒕 Stokes number  - 

U∞ Characteristic particle velocity m/s 

𝒙∗ Normalized specific reactance - 

Z Specific acoustic impedance Pa·s/m 

𝒁∗ Normalized specific acoustic impedance (z/ρc) - 

𝒁𝒄𝒂𝒗
∗  Normalized specific impedance of the air cavity - 

𝒁𝒎𝒑𝒑
∗  Normalized specific impedance of the microperforated panel - 

𝒁𝒕𝒐𝒕
∗  Normalized total specific impedance of the system - 

𝜶 Sound absorption coefficient - 

𝜹 Stokes boundary layer thickness  m 

𝝁 Dynamic viscosity of fluid Pa·s 

𝝂 Kinematic viscosity of fluid  m²/s 

𝝆 Density of air kg/m³ 

χ(ω) Frequency-dependent reactive component of impedance - 

ω Angular frequency  rad/s 
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