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Abstract 
This thesis contains three papers investigating problems of interest for noise control in 

ducts. 

The first part of this thesis treats the sound propagation in rectangular ducts with 

flexible walls. Various experimental techniques are performed to measure the internal 

sound propagation and radiation to the surrounding. An analytical model is derived to 

calculate the coupled propagation wavenumber and radiated sound power. The two-port 

formalism is used. 

The second part starts with the sound propagation in open ended circular straight pipe 

with airflow (a tailpipe). Various aspects such as: acoustic damping, reflection and 

transmission at the open termination are investigated. Sound absorption due to vorticity 

shed at the opening is also treated. The geometry of the opening is then modified 

(oblique cuts, diffusers) and comparisons with the reference straight pipe is made for the 

sound transmission and flow induced noise generation. The effect of an upstream bend 

close to the opening is also investigated.  

In the third part the acoustic impedance of perforated plates are investigated. In 

particular the application to small perforation ratios ( %1≈ ) and holes or slits with 

apertures of sub-millimetre size, so called micro-perforated plates, are of interest. Linear 

and non-linear regimes are investigated. A model is derived to calculate the linear 

acoustic impedance of perforated elements.    

 

Keywords: two-port, plane wave, HVAC system, tailpipe, exhaust system, flexible 

duct, pipe, reflection coefficient, impedance, flow noise, vorticity, damping, scaling 

laws, impedance, transmission loss, perforated plate, slit, non linearity. 
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Acoustic poetry 

 

“if you would blow on my heart, near the sea, weeping, 

it would sound with a dark noise, 

with the sound of sleepy train wheels, 

like wavering waters,  

like a leafy autumn, 

like blood, 

with a noise of moist flames burning the sky, 

sounding like dreams or branches or rains, 

or foghorns in a dreary port” 

 

Extract from “Bacarole”, Pablo Neruda (1904-1973) 

 

The type of noise you certainly do not want to attenuate... 
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1 Introduction 
 

Airflow is required to expel exhaust fumes and particulates formed during the 

combustion process in an internal combustion engine. In a ventilation system, air blown 

by fans is required to transport heat to ensure comfort. In addition, noise produced by 

elements such as fans, engines or by the flow itself when flow separation occurs is 

borne by the flow. Therefore, two fields (acoustic and flow) coexist.  Aeroacoustics is 

the branch that investigates interaction between these two fields. 

Paper I in this thesis deals with the sound propagation in ventilation systems. The flow 

speed is of magnitude less than 10 m/s. Thus, phenomena associated with flow is not 

investigated in this part. Influence of the flow is considered in paper II where exhaust 

tailpipes and various terminations is analysed. For this case flow effects on the sound 

propagation and on the sound generation are studied. The main application of this 

investigation concerns the automotive industry. No flow investigation has been 

performed in paper III where perforated plates are studied. However, flow effects can 

play a role to understand the acoustical behaviour of such systems.  

 

In an internal combustion engine, pulsating exhaust gas flow excites the structure. 

Engine elements such as the piston generate structural vibrations. This energy is 

transmitted through the other components and radiates as sound. In a ventilation system, 

the ducted elements are sometimes made of thin flexible aluminium sheets. These 

panels are easily excited either by vibrations or by the sound and flow fields present in 

the airway and transmit structural vibrations. Vibrating structures are also found in 

shells of silencers. Vibroacoustics deals with the types and the behaviour of the 

different structural waves that can exist. In paper II and paper III the pipe wall and 

perforated samples are considered rigid and therefore structural vibration is neglected. 

Paper I includes vibroacoustic effects as the rectangular ventilation ducts studied are 

allowed to vibrate and radiate acoustic energy. 

Thermal effects and thermoacoustics are not considered in this thesis. Temperature 

gradients are known to be of importance for the sound propagation in an exhaust 

system. This is particular true for exhaust element closest to the engine, e.g., catalytic 
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converters. But for the tailpipes investigated here, the effect of temperature gradients is 

not important. The tests reported in paper III have therefore been done at cold 

conditions (ambient temperature Co20≈ ). 

This thesis focuses on three acoustic elements found in buildings and cars or trucks, 

namely, a duct ventilation system (Paper I), an exhaust system (Paper II) and a 

perforated element (Paper III). Noise in fluid machinery systems can be reduced directly 

at the source or along the propagation parts which is studied here. The walls of a, e.g., 

ventilation system, can be stiffened to shift the resonance frequency and reduce the 

radiating sound. Porous materials can be applied on the walls to absorb outgoing sound 

waves. An internal additional sound treatment is often required. The easiest consists of 

placing sound absorbing material within the ventilation duct. However, sufficient sound 

reduction requires the use of bulky material that takes up space. Thin perforated panels 

are often preferred. They are placed in front of walls and form panel absorbers. At 

specific frequencies depending on the geometries of the perforations and depth of the 

backing cavity, resonance occurs and an enhanced reduction of noise is obtained. 

Absorbing sheets and materials can be placed in the cavity to improve the sound 

reduction level. Another interesting approach is to reduce the size of the perforations to 

the sub-millimetre range, creating so-called micro-perforated panels. For minute 

dimensions, it has been shown that acoustic losses occur within the perforations. The 

other advantage of sound reduction through micro-perforated elements is the low 

frequency efficiency and large bandwidth.  
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2 Summary of the papers 
2.1 Paper I. Low frequency sound propagation in rectangular ducts 

Ducts with thin flexible vibrating walls are used in buildings for airflow transportation 

between the various locations for ensuring better living conditions. Ventilation systems 

are also operated in many other applications, e.g., cars and trains. The manufacturing 

process usually consists of folding thin aluminium or steel sheets into rectangular ducts. 

Although, the main purpose is the transportation of a fluid such as air, noise is also 

carried out along the duct. Various sources can be thought of, the most obvious one is 

the fan or fluid machine connected to the duct. Other sources are flow induced noise due 

to flow separation, speech and other external sources which enters the duct via openings 

or via breakin through duct walls. The sound transmission to the external environment is 

sometimes referred as the breakout effect. This is a low frequency process and promotes 

the extraction of the internal acoustic energy. This is of interest as a sound reduction 

effect as long as the external environment is not populated. Another effect called 

structural flanking transmission takes place when the acoustic energy is transmitted to 

the structure and is carried away until it radiates into the core of the duct. Radiation 

bypass occurs when the noise is first transmitted out of the duct, propagates in the 

external environment and re-enters the duct. Porous materials are lined onto the walls to 

maximise the sound absorption and bars or corrugations are applied to stiffen the 

structure. The acoustic effects (external radiation to the outside, transmission along and 

internal absorption) need to be quantified for the case when the flexible duct is part of 

an entire system composed of other duct elements. An analytical approach is preferred 

for its simplicity and ease of implementation for calculations involving multiple 

acoustic elements. For the low frequency plane wave range, which is of main interest 

here, a building block technique where the duct elements are represented as acoustic 

two-ports can be applied. 

Transmission of sound through walls of flexible ducts has been exhaustively treated by 

Cummings (1978). An accurate calculation of the radiation from the complete 

rectangular structure requires the solving of the equations of the motion of the walls. 

The structural wave theory is used to predict the wall admittance and attenuation in the 

wall. Cummings (1978) derives a simple low frequency model based on coupled 
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acoustic/structure wave system. Cummings (1978) treats the radiating duct as a finite 

length source with a single travelling wave. Cummings (1978) obtains good comparison 

with experimental results up to 2/3 of the cut-on frequency of the lowest cross-mode of 

the equivalent rigid walled. An extreme test of the theory is made (Cummings (1978)) 

on a short duct with rigid termination and gives good prediction using the single wave 

model. 

 

A high frequency approximate asymptotic model has been derived by Cummings (1983) 

based on the “mass law” wall impedance and including a single higher order mode. The 

duct is treated as a radiating circular cylinder with the same surface velocity 

distribution. The predicted radiated power is slightly underestimated. External lagging 

consisting of wrapping up the duct with porous material such as mineral wool and glass 

fibre covered by an impervious layer such as plaster or sheet metal has been treated 

theoretically by Cummings (1979). External lagging is used for two purposes: thermal 

insulation and sound reduction. A study of the stiffness control of the duct walls has 

been performed by Cummings (1981) by using materials (Firmalite, polystyrene, 

honeycomb) with different stiffness/mass ratios to reduce low frequency acoustic 

breakout related to transverse resonances and to increase the fundamental transverse 

resonance frequency of the walls. A low frequency approximate method is given to 

calculate the transmission loss of ducts. Flanking transmission effects (structural and 

breakout/breakin) have been modelled by Cummings (1995) using the reciprocity 

theorem. A more accurate and refined modelling has been performed using a finite 

element scheme (Astley & Cummings (1984)) for acoustic transmission through ducts 

with flexible walls. This study has shown that the radiation damping is negligible in 

comparison to structural damping. Moreover, the investigation of the relation between 

near field and far field has demonstrated the simplicity of the far field radiation pattern.   

 

The internal reduction of sound in a duct with flexible walls and porous material has 

been treated analytically by Astley (1990). A functional is derived based on the wave 

equations in the airway, the porous material and the flexible structure. The dispersion 

relationship obtained is solved to compute the propagating coupled wavenumber. The 

imaginary part is converted to a loss factor. 
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Paper I focuses on two aspects of low frequency (plane wave) sound propagation in 

rectangular ducts. The first one concerns the internal attenuation of sound waves inside 

a lined duct with flexible walls. From a functional based on boundary conditions and 

wave equations in the structure and fluid, the fundamental characteristics of sound in 

flexible ducts are computed. The model used is based on Astley (1990). 

The second aspect deals with the radiation of sound by the same duct. Using the 

equations derived for the internal sound attenuation model, one can analytically estimate 

the radiation. An analytical model, which regards the duct as a line of monopole 

sources, is used. This procedure is applicable and gives good results as long as only the 

fundamental plane mode is investigated. The model used in this case is based on 

Cummings (1978, 1979). 

These two theoretical models have been validated experimentally using different test 

ducts. The two-microphone technique was used and radiation measurements were 

performed in a reverberation room at the MWL laboratory. All measurements were 

done in the plane wave range of the test ducts (0-2000 Hz). 

One aim of this research is to implement the models in the software code SID (“Sound 

in ducts”) developed at MWL to simulate sound propagation in duct networks (Nygård 

(2000). 

 

 

Figure 1: Industrial ventilation duct. 
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2.1.1 Summary of the results  

 

Internal transmission loss  

Theoretical and measurement results of the internal transmission loss for a lined and 

unlined corrugated duct are shown in Figure 2. In the lined case, only the bottom wall 

was lined with polyurethane foam (thickness: 22 mm, length: 2m). 

Unlined case 

 

 

Lined case 

 
Figure 2: Predicted and measured internal transmission loss for the unlined and lined 

corrugated steel duct. Duct length: l=2m, cross-section area: 2200150 mm× , wall thickness: 

1 mm. 
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The measurement results are in close agreement with data obtained from the theoretical 

models. Both plots display four resonance peaks due to the presence of two pairs of 

walls of different lengths (150 and 200 mm). At these frequencies maximum 

transmission loss occurs. It can be seen that in the lined case (right plot), the trend is for 

the transmission loss to increase as frequency rises. This is due to the presence of the 

lining material which is more acoustically efficient for higher frequencies. No 

noticeable deterioration between measurement and theory can be observed for 

frequencies above the cut-off frequency of the corrugated duct (850 Hz) for which 

higher-order mode perturbations would be expected. Inspection of the left plot (unlined 

case) reveals a standing-wave like pattern. This can be explained by reflected waves 

produced at the duct termination.  Figure 3 shows the internal transmission loss for the 

three tested duct 
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Figure 3: Comparison of measured internal transmission loss for the three lined ducts 

investigated. 

 

Except at the first bending wave resonances the lined flexible ducts behave as a rigid 

duct. 
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Radiation transmission loss 

Theoretical and measured results of the radiation transmission loss for the lined and 

unlined corrugated duct are shown in Figure 4. As for the transmission loss analysis, the 

bottom wall was lined with the same material (polyurethane foam). 

 

Unlined case

 

 

Lined case

 
Figure 4: Predicted and measured radiation transmission loss for the unlined and lined corrugated 

duct 
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Good agreement between theory and measurement is observed even for frequencies 

above the corrugated duct cut-off frequency (850 Hz). This time, four dips are displayed 

at the frequencies for which the internal transmission loss reaches a peak (resonance 

frequencies of the flexible walls). The reason for this behaviour is that the acoustical 

energy is mostly attenuated in the structure. No deviation occurs at resonance 

frequencies although the radiation model based on monopole distribution was expected 

to be violated. Comparison of the unlined and lined cases shows that the presence of the 

lining does not greatly influence the radiation magnitude of the duct.  
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Figure 5: Same as in Figure 4 but in 1/3-octave band. 
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2.2 Paper II. Aeroacoustic behaviour of tailpipes 

The exhaust system of a car is typically composed of various elements such as the 

silencer and termination (tailpipe). An efficient exhaust system implies the tuning of all 

the elements respective to each other. The silencer has been exhaustively investigated. 

The termination of the exhaust system has on the other hand received less attention.  

A classical theoretical work on the sound radiation from on open end straight pipe with 

no flow has been done by Lewine & Schwinger (1948). They obtain numerically the 

reflection coefficient for the velocity potential and the amplitude of the diverging 

spherical wave in the far field. The reciprocity relation is employed to relate the 

radiation characteristics to the attenuation of the plane sound waves.    

Another major work on the radiation of sound from an open ended straight pipe with 

flow has been performed by Munt (1977, 1990). The mathematical model involves the 

use of the Wiener-Hopf technique and a full Kutta condition (boundary conditions at the 

lips stating that the flow velocity is fixed and finite). The model describes the air jet as a 

semi-infinite cylinder pipe bounded by an unstable boundary layer. Cargill (1982) 

derived analytical expressions for the far field radiation and pressure reflection 

coefficient at the opening of a flow pipe. The agreement with Munt’s model is good.   

 

The aeroacoustic behaviour of an open pipe has been treated experimentally with a 

multimicrophone technique by Peters and al. (1993). The technique enables the 

measurement of the acoustical attenuation due to visco-thermal effects along the wall 

and the determination of the impedance, the pressure reflection coefficient and end 

correction at the opening. The authors point out that the geometry of the opening does 

not affect the low frequency reflection coefficient. The internal acoustic damping along 

the walls of a straight pipe with an open end has also been treated by Dokumaci (1998), 

Davies (1988) and Howe (1995). The attenuation in the core of the fluid is usually 

neglected. 

 

Flow diffusers and bends have been characterised by Dequand and al. (2002), van Lier 

and al. (2001). A parallel has been drawn between the two geometries. It has been found 

that the aeroacoustic behaviour is accurately predicted by a quasi-stationary model 
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when the flow separation occurs at sharp edges. Non-linear effects are more important 

for smooth geometries and can not be predicted by an incompressible quasi-steady 

theory. In the case of a smooth bend, it is theoretically preferable to replace the element 

with an equivalent smooth straight pipe. The study of flow diffuser (van Lier and al. 

(2001)) has shown that at low and moderate sound amplitude, the diffuser is a source of 

sound at a specific Strouhal number. At high excitation level, the diffuser behaves as a 

sound sink. 

 

Paper II starts by describing the acoustics of a straight pipe with circular termination 

which is used as a reference case. A second part treats modified tailpipes, i.e., a straight 

pipe terminated with different configurations such as oblique cuts, diffusers and with 

upstream bends 

 

Straight pipe 

An experimental investigation is carried out on the propagation and radiation of plane 

waves from an open end in a pipe. This study seeks to analyse the acoustic response of 

tailpipes commonly found in an exhaust system. The silencer located upstream has to be 

designed in accordance with this response. The flow velocity was varied over a Mach 

number range of 0-0.2. Using an array of six in-duct flush mounted microphones 

associated with an iterative method; one can extract the rate of acoustical energy 

attenuation through internal visco-thermal effects. Reflection coefficient and impedance 

at the opening are obtained in a similar fashion. Munt’s model (Munt (1977, 1990)) is 

run to compute these quantities for confrontation with experimental data. A rotating 

microphone placed in the far field of a reverberation room is employed to measure the 

rate of attenuation through vorticity in the flow jet. An analytical model (Bechert 

(1980)) regarding the opening as a point monopole and a point dipole is coded to predict 

the radiated power in the far field and consequently the acoustical energy dissipation in 

the jet.  

 

Tailpipes 

An experimental investigation is carried out on the transmission, reflection, and 

generation of low frequency acoustical energy from different exhaust pipe geometries 
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(oblique cuts, diffusers and bends). Measured data are compared with theoretical 

models based on Munt (1977, 1990). A low frequency experimental investigation has 

shown that the diffuser elements deviate from the straight pipe case when flow is 

present. It has been found that the magnitude of the pressure reflection coefficient for 

the diffusers is larger than 1 and increase with the diffuser angle and flow Mach 

number. The measured impedance data for flow diffusers are implemented in the 

modelling of exhaust lines to test the potential of such elements in reducing sound 

radiation. 

Another aspect of interest is the determination of flow-induced noise emitted from the 

same geometries; no other sources of sound being present. The main purpose being to 

estimate the level of extra-noise generated by the elements compared to the reference 

case (straight pipe). Based on this data, scaling laws could be obtained for the elements 

after collapse of measured sound power levels as function of Strouhal number. The 

velocity dependence found is of importance to understand the mechanism governing the 

flow noise generation. 

 
Figure 6: Exhaust system with double tailpipe configuration. 

 

2.2.1 Summary of the results 

 

Straight pipe 

Experimental results for internal damping in the boundary layer 

The influence of flow on acoustic damping can be seen in Figure 7. The theoretical 

damping presented in Figure 7 corresponds to the absolute value of the imaginary part of 

the wavenumbers k+/- obtained from the cluster technique. The experimental results for 

the no flow case in Figure 7(a) agree well with the classical Kirchoff (1868) formulation. 

However, with flow (Figure 7(b)), the often quoted formulation by Davies (1988) does 

not work and can significantly under predict the damping.  
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Figure 7: Acoustical attenuation rate in a straight pipe with and without flow. 
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Reflection coefficient at the opening 

Experimental data presented in Figure 8 are obtained using the cluster technique without 

iteration (two-microphone technique, Bodén & Åbom (1986)) and a pure real 

wavenumber k=ω/c (no damping) and with iteration. The latter corresponding to the 

case for which the measured damping is included in the experimental determination of 

the reflection coefficient R using the complete wavenumber k=ω/c-iα, where α is the 

attenuation rate. 
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Figure 8: Measured reflection coefficient and comparison with Munt’s model (1990). 



 15

Attenuation along the pipe does not greatly modify the reflection coefficient |R| when 

no flow is present in the pipe (Figure 8(a)). As can be seen from Figure 8(b) the Munt 

model agrees quite well with the measured data except for Strouhal numbers < 1.   

 

End correction results 

Munt’s model allows for the determination of the complex value of the reflection 

coefficient R at the opening. In this section, the phase of R is converted into an end-

correction term. Both experimental and theoretical results are presented and shown in 

Figure 9(a), (b). 
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Figure 9 (a): End correction for an open end. 
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Figure 9 (b): End correction for an open end. 

 

For the no flow case, prediction of the end correction agrees well with the experimental 

value. The low frequency limit obtained experimentally is very close to the value of 

0.6133 derived by Levine & Schwinger (1948). An interesting and already noticed 

feature is observed in the high Strouhal number region. In this portion of the plot 

(St=ka/M >>1), one can see from comparison with the no flow case that the flow does 

not change the value of the end correction. The theory tends to overestimate the end 

correction at low Strouhal numbers (St< 5). It can also be seen that the measurements 

clearly support the drop in the end correction for small St-numbers predicted by Munt’s 

model. For small St-numbers the flow field plays an active part and coupling between 

the acoustic field and the flow field is of importance. This coupling is imposed by Munt 

theoretically through the full Kutta condition. This condition governs the transfer of 

energy between the acoustic field and the flow field.  

 

Sound absorption by vorticity shedding   

The presence of mean flow in the pipe influences the rate of sound radiated to the far 

field. The results presented in Figure 5 show that acoustic losses due to vorticity is 
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dominantly a low frequency process. The upper frequency limitation of the theory 

developed by Bechert (1980) is indicated by a vertical dashed line in Figure 10. 
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Figure 10: Theoretical (Bechert (1980)) and measured sound absorption by vorticity. 
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Tailpipes 

 

Reflection coefficient 

The experimental and theoretical results presented in this section have been obtained at 

the inlet of the elements.  

 

Oblique cuts 

 
Figure 11 presents the oblique cut dependence for the magnitude |R| of the reflection 

coefficient for the case of no flow. Theoretical models for one oblique cut case (α=45°, 

M=0) are validated against measurement in Figure 12.   
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Figure 11: Reflection coefficient for oblique cuts in terms of Helmholtz number for no flow 

case. 
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Figure 12: Models for reflection coefficient for an oblique cut (45°) and no flow. 

 

Inspection of Figure 11 reveals the major feature of these geometries. The reflection 

coefficient magnitude drops and the transmission increases. This can have a positive 

effect since one problem with normal tailpipes is resonances, which amplify the radiated 

sound at certain frequencies. For a fixed frequency the transmission increases with the 

angle and for a fixed angle the effect increases with the frequency. Figure 12 shows that 

increasing the cross-section area, i.e, using an equivalent radius at the opening is not 

sufficient to predict the reflection coefficient. In other words, the obliquity has also an 

effect on the acoustical propagation. To take this geometrical effect into account, a 

model based on parallel coupled pipes with different lengths was developed. 
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Diffusers 

 
Figure 13 and Figure 14 illustrate the diffuser case for two angles 5° and 7.5° for the no 

flow case and a case with flow. 
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Figure 13: Experimental and theoretical reflection coefficient for diffuser (5°) for the no flow 

case. 
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Figure 14: Experimental and theoretical reflection coefficient for diffuser (7.5°) and M= 0.09. 
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The simple model used to predict the reflection coefficient for the no flow case agrees 

well with the experimental data. The model is based on the conical element in the SID 

code2 terminated by an impedance obtained from Munt’s theory (1977, 1990). 

Modelling of the standing wave pattern (undulation) is achieved theoretically. The 

discrepancy between the calculated and measured values for lower frequency when flow 

is present in the rig (Figure 14) is suspected to be due to the flow separation that occurs 

for this angle. Dequand and al. (2002) showed for diffusers of this type the flow 

separation point is not fixed and moved along the inner walls of the elements. Munt´s 

model used at the outlet cross-section is based on a sharp-edged condition with a thin 

shear boundary layer. Due to the flow separation the boundary layer at the opening is 

substantially thicker violating the simple flow separation model used by Munt. 

 
Bends 

 
The reflection coefficient results for tailpipes with an upstream bend confirms the 

findings of Dequand and al. (2002). The bends can be replaced theoretically by a 

straight pipe.  

 

Flow noise 

Oblique cuts 

Figure 15 draws an experimental comparison for the flow induced sound power level 

for the oblique cut. Only the last case corresponding to the most pronounced angle (60°) 

is shown since it is obviously the “loudest”. It is compared to the measurement with no 

element (straight pipe reference case). No significant difference in terms of the sound 

                                                 
2 Sound In Ducts (SID), a 2-port code developed at MWL/KTH (Nygård (2000)). 
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flow production can be observed for the oblique cuts. It behaves like a straight-pipe; no 

additional noise is generated due to the obliquity.  
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Figure 15:  Measured sound flow power level for oblique cut (60°) and straight pipe. 

 

Diffusers and bends 

Dimensionless sound power spectra for diffusers and bends are presented in Figure 16. 

The dimensionless spectra ( )( )StFlogLs 1010= , where St is the Strouhal number based 

on the pipe diameter for the bends and outlet diameter for the diffusers is based on the 

equation  

( )3 2 2
0 LW U D M C F Stαρ=  (2-1)

where W is the flow induced noise sound power, U is the flow speed, D is the pipe 

diameter. The exponent α depends on the source type and the dimensionality of the 

sound field. 

The velocity dependence for the bends is 4U  and 6U  for the diffusers (1/3-octave 

band). As expected bend 1 corresponding to the greatest curvature (R/D=1.6) generates 

higher sound power level.  
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Figure 16: Complete sets of dimensionless spectra based on equation (2-1) obtained from our investigation 

and Nygård (2000). 
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A summary of the main findings for tailpipes are listed in Table 1. 

Elements Reflection coefficient/Impedance Flow noise 

Oblique cuts Deviates from straight pipe at 

frequencies > 1500 Hz. No effect 

for low frequencies. 

 Equivalent to a straight pipe 

Diffusers Kutta condition not valid for >5° 

Deviations from the straight pipe at 

low frequencies and with flow 

1°: equivalent to a straight pipe 

2.5°, 5°, 7.5°: Flow noise sound power 

level at opening α 6U  

Bends Equivalent to a straight pipe 45° bend(L=0):  Equivalent to a 

straight pipe 

45° bend(L=5D), 90°bends (R/D=1.6, 

2.5): Flow noise sound power level at 

the bend α 4U  

Table 1: Comparison between the tailpipes and the straight pipe. 

Modelling of exhaust lines 

The measured load impedances for flow diffusers have been implemented in the 

calculation of the insertion loss (IL) of exhaust lines. Figure 17 demonstrates the 

potentiality of flow diffusers to increase the losses at the tailpipe resonances. 
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Figure 17:  Increase in IL for the diffuser 7.5° at various flow Mach numbers M. 
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2.3 Paper III. Linear and non linear acoustic regimes of perforated plates 

Sound absorbers are traditionally made of porous materials of fibrous types. The 

drawbacks of these types of materials are numerous: they are brittle therefore 

hazardous, bulky and inefficient at low frequencies. A new trend in the automotive 

industry is to use thin micro-perforated panels to enhance the noise reduction. These 

panels are required to be made with perforations of sub-millimetre size in order to 

obtain high acoustic attenuation without the drawbacks of the traditional porous 

materials. An analytical treatment has been suggested by Maa (1998) to model the ratio 

of the acoustic pressure drop through a panel made of micro-circular holes to the 

acoustic particle velocity over the panel. This ratio is called the acoustic (flow) 

impedance and is used to characterise the material. Based on Maa’s formulation, a 

similar analytical expression for panels made of rectangular apertures is derived in 

paper III. 

Measurement of the impedance of single rectangular and circular apertures at low and 

high excitation amplitudes has been performed by Sivian (1935). An analytical model 

consisting of the various internal and external linear acoustics terms of an aperture is 

also detailed.  However, only non linear resistive results are presented. Sivian (1935) 

neglects the role of the reactance on the overall acoustics of the opening. 

Ingard (1967, 1974) has investigated the acoustics of apertures. Numerous effects such 

as interaction effects between neighbouring apertures, non linear effects, the effects of 

the geometry of the plane (baffled, unbaffled, circular, rectangular) in which the 

aperture is located are treated by Ingard. 

Randeberg (2000, 2002) has derived a model for a slitted plate with multiple layers. The 

analytical model is coupled to a finite element scheme to predict the absorption 

coefficient of the complete assembly. The modelling is checked with a slitted sample 

mounted in an impedance tube. In paper III various experiments are carried out on 

perforated samples with single or multiple apertures of square, circular and rectangular 

geometries mounted in a rig to measure the linear and non-linear impedance. Empirical 

observations and experimental comparisons between the different plates investigated are 

made. A technique is suggested to measure the perforation area ratio (porosity) σ  of 

these samples.  
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Figure 18 : An example of a commercial micro-perforated plate (Acustimet) with slit -shaped 

apertures. 

 

2.3.1 Summary of the results 

Figure 19 shows the flow impedance of single apertures of square and rectangular 

geometries. It can be seen that the more elongated the aperture, the lower is the 

reactance due to that the end correction term is reduced. 

Figure 20 demonstrates the differences between square, rectangular and circular 

geometries with the same cross-sectional area. It can be seen that the square and circular 

apertures have the same acoustics behaviour. An elongation of the aperture towards a 

rectangular geometry results in the reduction of the end correction as observed for 

Figure 19. 
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Figure 19: Normalised flow impedance ζ´S  based on the interior particle velocity V for plates with 

single square and  rectangular apertures. 

 



 28

0 2 4 6 8 10 12 14
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Peak particle velocity inside the aperture (m/s)

N
or

m
al

is
ed

 re
si

st
an

ce
 

ba
se

d 
on

 th
e 

pa
rti

cl
e 

ve
lo

ci
ty

 in
si

de
 th

e 
ap

er
tu

re

w=52 mm, h=2.5 mm

w=11.4 mm, h=11.4 mm

d=12.9 mm

100 Hz

100 Hz

100 Hz

300 Hz

300 Hz

300 Hz

 

0 2 4 6 8 10 12
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

Peak particle velocity inside the aperture (m/s)

N
or

m
al

is
ed

 re
ac

ta
nc

e 
ba

se
d 

on
 th

e 
pa

rti
cl

e 
ve

lo
ci

ty
 in

si
de

 th
e 

ap
er

tu
re

w=52 mm, h=2.5 mm

w=11.4 mm, h=11.4 mm

100 Hz

100 Hz

300 Hz

300 Hz

d=12.9
mm

300 Hz

100 Hz

 

 
Figure 20: Normalised impedance ζ´S  based on the interior particle velocity V for plates with 

single square, rectangular and hole orifices (σ =0.0265). 
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Figure 21 shows the impedance for samples composed of multiple apertures with the 

same geometry (width w: 5 mm, height h: 1 mm). Interaction effects are observed as the 

number of slits increases. A comparison between the linear slit model (straight line) and 

linear and non-linear measurement carried out on a slitted plate is given in Figure 22 and 

shows good agreement. 
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Figure 21: Single aperture normalised flow impedance ζ´S  for plates with multiple rectangular 

apertures (w=5 mm, h=1 mm). 
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Figure 22: Normalised flow impedance ζS for a plate with sixteen rectangular apertures (w=5 mm, 

h=1 mm, σ=0.016). 
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3 Main contributions 
 

Paper I: A new two-port model for rectangular flexible ducts has been developed. 

Paper II: First systematic investigation of tailpipe aeroacoustics. 

Paper III: A new analytical model for the acoustic impedance of slitted plates has been 

derived. 

 

The papers also contain a number of results and conclusion of practical interest.  

Paper I has demonstrated that except at the first wall bending wave resonance the effect 

of flexible walls can be neglected in practice. It has been shown that the lining position 

is not of importance in the low frequency (plane wave) range..  

Paper II has shown that an outlet diffuser can significantly modify the low frequency 

reflection coefficient and reduce the effect of low frequency tailpipe resonances. An 

oblique cut tailpipe opening can reduce the reflection coefficient at high frequencies and 

reduce the effect of high frequency tailpipe resonances. Other results of the study are 

summarised in Table 1. 

Paper III has presented an experimental technique to obtain the porosity of perforated 

plates. 
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4 Future research 
 

Paper I. Low frequency sound propagation in rectangular ducts 

To improve the presented two-port model, in particular around the cut-on frequencies 

for the structural bending waves, a complete 1-D wave model could be derived. Such a 

model should include not only the acoustic wave types but also the structural bending 

waves and could be build on the works presented by Martin (1991) and Martin and al. 

(2004). Another topic of interest is to investigate the effect of flow and the existence of 

instability waves. Such waves could exist close to the cut-on frequency of the bending 

waves where the wall impedance is close to “zero”. 

  

Paper II. Aeroacoustic behaviour of tailpipes 

The model of Munt (1977, 1990) has been coded to predict the acoustics at the opening. 

However, in its full application, sound absorption in the near field and the sound 

radiation can also be calculated. This could be used for a more complete validation of 

the dissipation by vorticity at the opening and to investigate the far-field directivity. It 

has been shown that flow diffusers can reduce the sound radiation at low frequencies by 

reducing the effect of tailpipe resonances. However, a diffuser will also increase the 

flow noise at low and mid frequencies. A more detailed experimental study of these two 

effects would reveal the true potential of this type of acoustic elements. Non-linear 

effects could be also investigated since high noise amplitude propagates in exhaust 

systems. 

  

Paper III. Linear and non linear acoustic regimes of perforated plates 

Here the work should focus on developing models for non-linear impedance effects for 

rectangular (slit) apertures. Also the effect of grazing flow on the impedance of micro-

perforated plates is important for vehicles applications. A large amount of works exist 

for perforated pipes and aircraft liners (Elnady (2004)). These works present semi-

empirical models, but the data are based on plates with larger holes and higher 

perforation ratios than what is typical for micro-perforated plates. 
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Paper I.  Low frequency sound propagation in rectangular ducts 

 

Abstract 
HVAC (heating, ventilation and air-conditioning) systems can be found in buildings and 

are commonly used to transport airflow to different locations to ensure optimum living 

and working conditions. The duct walls are sometimes made of thin flexible aluminium 

or steel sheets. Noise generating by the units (fans, compressors) can propagate and 

radiate to another locations. An investigation of the internal sound propagation and 

radiation to the surrounding is conducted in this paper. Flow effects are neglected due to 

the relative low airflow velocity (< 10 m/s) and only low frequency (plane wave) sound 

is treated. Various experimental techniques are employed to validate analytical models. 

Two main theoretical treatments are conducted to predict the propagation along the duct 

and transmission through its walls. Good agreements are obtained between 

measurement and theoretical models for future implementation in 2-port based 

simulation codes. These codes are necessary to facilitate the predictions of internal 

sound propagation and radiation in complex duct network. 
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1. Introduction 
 

HVAC (heating, ventilation and air-conditioning) systems are commonly found in 

buildings and vehicles. They are used to transport airflows to ensure comfortable 

working or living conditions. The ducts used in HVAC systems have either a circular or 

a rectangular cross section. For the case of rectangular ducts, wall vibrations are easily 

excited and radiate sound. The walls are sometimes lined with porous material that 

provides efficient acoustical attenuation at medium and high frequencies. Noise 

produced by the units (fans, compressor) or picked up along the system from other 

sources such as speech (breakin effects), propagates along the entire system and is 

radiated (breakout effects) into other locations. These ventilation systems also carry 

airflows with speeds up to 10 m/s corresponding to a Mach number M less than 0.05. 

This implies that mean flow effects (convection) can be neglected in the analysis.  

For high frequencies, well above the plane wave range, power based analysis methods 

as described in standard procedures, e.g., ASHRAE (2003). However, such methods do 

not apply to the low frequency plane wave region where standing wave effects can be 

important. For the plane wave range, the most efficient is to model the duct system as a 

network of acoustical 2-ports (Munjal (1987), Davies (1988)). Each element in a 

network is characterised by its acoustic 2-port. The building block technique consists of 

combining these elements to form complex networks of elements. The overall 

performance of the entire system can then be calculated. 

 

The aim of this study is to investigate low frequency propagation in rectangular ducts 

and transmission through the walls and derive analytical models for implementation in 

2-port codes, e.g., the SID code developed at KTH (Nygård (2000)).  

Various analytical and numerical methods have been developed (Astley (1990, 1991), 

Astley & Cummings (1984, 1987), Cabelli (1985a), Cummings (1978, 1979b) to predict 

the propagation of sound in ducts with flexible walls. A time-dependent finite difference 

method (Cabelli (1985b) has been used. The variational technique has been employed by 

Cummings & Astley (1995). A finite element technique has been used by Astley & 
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Cummings (1987), Astley and al. (1991), Martin (1991) and Kirby & Cummings 

(1998). 

 

Astley (1991) derives a dispersion relationship for the case of infinite-length lined 

elastic ducts. The formulation starts with deriving the governing equations in the duct 

cross-section in the different media (structure, airway, liner). The boundary conditions 

of the geometry gives a functional which can form the basis for various theoretical 

techniques and is defined for the low frequency range of interest corresponding to the 

frequency range below the cut-off frequency of the duct. A uniformly distributed 

pressure profile (plane wave) is assumed over the duct cross section.  

Authors such as Cabelli (1985a) uses a Fourier series to define the pressure distribution 

on the duct wall due to the presence of higher-order modes. A comparison of both 

models of internal sound field (non-uniform in Cabelli and uniform in Cummings) has 

been made by Cummings (2001). It turns out that up to the cut-on frequency of the 

equivalent rigid duct, no deviation is observed between these two ways of expressing 

the internal sound field acting on the flexible walls. Thus, it is not greatly in error to 

consider only uniform pressure over the duct cross-section. 

With this simplifying assumption, the minimisation of the functional is straightforward 

and leads directly to a dispersion relationship. Implementation of an iterative technique 

such as the Newton-Raphson scheme for solving the roots of this dispersive equation is 

done to obtain the propagating coupled wavenumber along the duct axis. The novelty in 

this paper is the derivation of the transfer matrix after theoretical derivation of the duct 

wavenumber and impedance. The internal transmission loss is obtained from the 

elements of this transfer matrix. 

 

The analytical approach taken in this paper to obtain the radiated sound power level and 

transmission loss has been derived by Cummings (1979b, 1980) based on the line source 

model from Rennisson & Brown (1974). It regards the vibrating duct as a distribution of 

monopole sources of infinite length. A radiation efficiency is introduced to compensate 

for the finite length of the duct.  

A finite element based analysis of the sound radiation from finite length rectangular 

ducts has been performed by Astley & Cummings (1984).  
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The experimental apparatus used in this thesis consists of a broadband noise excitation 

generated from a loudspeaker located on each side of the tested rectangular ducts. Using 

an experimental technique involving measurement of the acoustical upstream and 

downstream1 conditions, one can experimentally obtain the transfer matrix (Åbom 

(1999)). No measurement is conducted inside the rectangular duct. In contrast, 

Cummings (1978) used a traverse probe to scan the sound field inside the duct as done 

in an impedance tube apparatus.  

Radiation effects (breakout) are measured from a rotating microphone located in a 

reverberation chamber. Liner properties required in the full prediction is measured 

separately in a special rigid walled duct. All the measurements are done with no flow. 

Noise retransmitted to the inside after reflection from the surrounding (breakin-breakout 

bypass effect) is not treated.  

 

The paper structure can be broken into two main parts: the first one accounts for the 

internal propagation of the plane wave and the second part treats the radiation. Both 

aspects are detailed theoretically with derivation of simple analytical models and 

confronted with results from different experiments. Various experimental techniques are 

described to characterise the sound fields in the different regions of the rig (circular pipe 

sections, internal flexible duct and external region). Experimental investigations of the 

termination effects in the airway and in the structure are also presented.  

                                                 
 
1 It should be noted that the upstream and downstream sections refer to the circular pipes placed on both 
sides of the test ducts (see Figure 9). No airflow has been used in the paper. 
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2. Theory 
 

In this section, mathematical derivations are presented for two theoretical models 

investigated in this paper. The first one concerns the propagation of sound waves inside 

a flexible walled duct and is based on a method derived by Astley (1990, 1991). A 

dispersion relationship derived from a functional describing coupled fluid-structure 

waves is used to compute the fundamental characteristics of the propagation of low 

frequency (plane) waves within a duct. The result is further implemented into a two-port 

formulation which is the main contribution of the present work.  

The second part of this section deals with the radiation of sound from duct walls. Using 

the equations derived for the internal sound propagation, one can analytically estimate 

the level of sound emitted by the duct walls. The model used is based on a work by 

Cummings (1978) on the so-called duct “breakout” effects. It regards the duct as a line 

of monopole sources. This method gives good results as long as only the fundamental 

(plane wave) propagation mode is investigated.  

 

2.1 Governing equations, functional and dispersion relationship 

A schematic outline of the duct with homogeneous properties along its z-axis is shown 

in Figure 1. 

 
Figure 1: Definition of duct coordinate system and symbols used. 



 6

where R is the cross-section area, C is the boundary, s is the length coordinate for the 

flexible wall, c is the speed of sound (c0= 343 m.s1 in the airway), ρ is the density and k 

is the wavenumber. Waves propagating in lined flexible walled ducts are present in 

three different media (wall, liner, air) with different acoustical characteristics. Acoustic 

energy is transmitted along the duct in the form of coupled fluid-structured waves where 

the wave energy is split between the fluid (air and liner) and the structure. 

2.1.1 Air-borne waves 

The acoustic pressure in the airway is assumed to be harmonic and has the following 

form 

( ) ( ) ( ) ,ey,xp̂t,z,y,xp zti αω −= 00  (2-1)

where ^ denotes a complex valued (Fourier) quantity, z is the direction of the wave 

propagation, i.e., along the axial direction of the duct and po is the pressure mode shape. 

It is assumed that no airflow is present in the duct. 

 

The wave equation governing the propagation of the first harmonic mode in the air 

filled region (Region R0) is 

( ) ,p̂kp̂ 01 0
22

0
2 =′−+∇ α  (2-2)

where the subscript 0 denotes the airway, 0ck ω=  is the plane wave number, 

kα α′=  is the fluid-structure coupled complex axial wavenumber. Solution of the 

dispersion relationship derived later in this section gives the frequency dependent 

dimensionless wave number α´. 

 

2.1.2 Waves in the liner 

The acoustic pressure in the liner is also assumed to be harmonic and is written as 

( ) ( ) .ey,xp̂p tti
aa

αω −=  (2-3)

In the liner (Region Ra), the propagation of sound waves is characterised by the 

following equation 

( ) ,p̂kp̂ aaa 0222 =−+∇ α  (2-4)

where the subscript a denotes the liner. ka
 is the frequency dependent liner complex 

wavenumber which can be determined by standard models or experimentally using 

various acoustical measurement techniques (cf Appendix). 
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2.1.3 Structure-borne waves  

The flexible walls vibrate and radiate energy to the surrounding environment. This 

structural vibration significantly influences the internal propagation of sound wave.   

Assuming thin plate theory, the equation governing the normal displacement u of such 

flexible walls is represented by 

( ) ( ) ( ) ,esût,z,su zti αω −=  (2-5)

where s and z are the spatial coordinates for the flexible wall/plate.  

Assuming only bending waves in the plate; the standard equation for a thin plate gives 

,puB
t
um u+∇−=

∂
∂ 4

2

2

 (2-6)

where hm sρ= , ( )( )23 112 ν−= EhB  and 
B
mk p

2
4 ω

= . ρs is the plate density, h its 

thickness, E its elastic Young’s modulus and ν its Poisson’s ratio. 

Substituting (2-5) into (2-6). 

( ) .p̂ûk
s
û

s
ûB up =⎥

⎦

⎤
⎢
⎣

⎡
−+

∂
∂

−
∂
∂ 44

2

2
2

4

4

2 αα  (2-7)

The pressure or dynamic loading applied on the plate (the pressure difference between 

the upper and lower surface) is represented by pu (the subscript u denotes the flexible 

wall) and can have different forms. However, the pressure along the wall is assumed to 

be uniform in this paper due to the low frequency plane wave propagation. 

Regarding the acoustical losses, three types exist: 

-Structural internal loss factor 

-Boundary loss factor 

-Radiation loss factor 

In the model they are comprised in only one single loss factor, the structural loss factor 

η in the plate used in conjunction with the Young’s modulus E 

( ),iEE η+= 10  (2-8)

where E0 is the standard Young’s modulus which can be found in any engineering hand 

book. For example: ( )SteelPa.E 10
0 10519 ×= . 

The general solution of (2-7)) is 
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( ) ( ) ( ) ( ) ( ) ( ) ,
k'B

p̂sksinDskcosCsksinhBskcoshAsû
p

u
ssss 44 −

−+++=
α

 (2-9)

where ( ) 22
ps kk'k −= α  and A, B, C, D are boundary coefficients. 

For rectangular flexible ducts with pairs of vibrating walls oriented along x and y, the 

displacement fields are given by 

( ) ( ) ( ) ( ) ( ),sksinDskcosCsksinhBskcosAsû ssssx +++=  (2-10)

( ) ( ) ( ) ( ) ( ),sksinHskcosGsksinhFskcosEsû ssssy +++=  (2-11)

where s varies between 0 and Sx and Sy respectively. 

Determination of the eight coefficients from A through F are established using the 

following eight boundary conditions (Cummings (1979a)). 

 No displacement at the corners 

,)S(û)(û xxx 00 ==  (2-12)

,)S(û)(û yyy 00 ==  (2-13)

 A fixed 90° angle between adjacent walls, e.g., 

,
s

)(û
s

)(û yx

∂
∂−

=
∂

∂ 00  (2-14)

 The uniform internal pressure assumption (plane wave range) implies that 

the displacement for each plate has a slope equal to zero in the middle of the plate. 

( ) ,
s

Sû xx 02
=

∂
∂  (2-15)

( )
,

s
Sû yy 0

2
=

∂
∂

 (2-16)

 Balance of the transverse bending moments for adjacent walls. 

( ) ( )
.

s
û

B
s

ûB y
y

x
x 2

2

2

2 00
∂

∂
=

∂
∂  (2-17)

  

2.1.4 Boundary conditions 

In order to express the problem in a variational form, one needs to state the different 

boundary conditions of the problem. 

At the interface between two media, the pressure p and the normal displacement should 

be conserved, i.e., be continuous across the interface.  
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Using the appropriate momentum equation relating the pressure and the displacement, it 

is possible to write down the different boundary conditions. 

On C1 (along the rigid wall), the velocity in the direction of the normal is zero, it 

implies that 

.np̂a 01 =⋅∇  (2-18)

On C2 (between the liner and the airway), there should be continuity in the particle 

displacement along the normal, i.e., 

( ) ( ).np̂np̂ a
a

22202
0

11
⋅∇=⋅∇

ωρωρ
 (2-19)

On C3 (along the plate), there should be continuity in the displacement in the normal 

direction, i.e., 

ûnp̂a
a

=⋅∇ 32
1
ωρ

 (2-20)

 

2.1.5 Derivation of the functional  

From the wave equations ((2-2), (2-4) and (2-7) and boundary conditions ((2-18), (2-19) 

and (2-20)) for this problem, it is now possible to create a single expression called a 

functional.  This functional is stationary for acoustic and vibration fields that satisfy the 

equations and the boundary conditions. This functional is then used to setup finite 

element schemes or to derive approximate solutions using suitable ansatz functions. 

After some manipulations, it is found (Astley (1990)) that the functional F for this 

problem is given by 

( ) ( )

( ){ } ( ){ } .dxdyp̂'kkp̂p̂dxdyp̂'kp̂p̂

dsp̂ûûk'k
s
û'k

s
ûgp̂,ûF

aR
aaaa

aR

C
up

∫∫

∫

−−∇⋅∇+−−∇⋅∇+

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎪⎩

⎪
⎨
⎧

−
⎪⎭

⎪
⎬
⎫

−+⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=

222202
0

22
00

2444
2

22
2

2

2
2

0

2
1

2
1

2
2
1

0

3

α
ρ
ρα

ααωρ
 (2-21)

 

2.1.6 Analytical formulation 

The functional (2-21) forms the basis for a simple analytical analysis from which a 

dispersion relationship is obtained. However, one has to make complementary 

assumptions to further proceed. Generally, when the acoustic wavelength is larger than 

the characteristic dimension of the duct, it may be suitable to see the wave as a plane 
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wave, that is, all acoustic properties such as pressure and velocity can be considered as 

constant over the cross-section of the duct. Thus, 

( ) ttanconsp̂p̂p̂p̂y,xp̂ intau ===== 0  (2-22)
This also implies that the external radiation load is neglected. 

Looking back at (2-7) (the equation describing the motion of the flexible walls) it can be 

further noted that the solution ( )sû  can be expressed in the form 

( ) ( ),',s'ûp̂sû int α=  (2-23)

where intp̂ represents the uniform pressure applied on the inner surface of the flexible 

wall and ( )','ˆ αsu  is the solution of (2-7) for which intp̂  is set to unity (unit pressure). 

Incorporating this into (2-21) the functional F is rewritten in the form 

( ) { } ,
k
k'R'Rp̂kp̂S'ikF a

a
aintint

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛−+−+=

2
202

0
222 1

2
1

2
1 α

ρ
ρααβ  (2-24)

where S represents the total length of flexible walls and  

( ) ( ) ( ) dsûScidsS ∫∫ ′==′ 001 ωρβαβ  (2-25)

is the averaged wall admittance β  over the vibrating length S. ρa and ka correspond 

respectively to the liner density and wavenumber. Minimisation of this functional with 

respect to intp̂  (plane wave approximation) gives the dispersion relationship (2-26) from 

which the roots α’ are sought 

( ) ( ) { } .
k
k'R'RkS'ik'G a

a
a

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛−+−+=

2
202

0
2 1

2
1

2
1 α

ρ
ρααβα  (2-26)

Solving this dispersion relationship through a Newton-Raphson scheme gives the 

dimensionless frequency dependent complex axial coupled wavenumbers kαα =′ .  

Such iterative method requires an initial guess, in an attempt to predict the different 

wavenumbers in this problem, two initial guesses were tested corresponding to the plane 

wave number α’=1-0.1*i and to the bending wave number ( )4 Bmckk' p ωα == . 

The result that emerges is that the root obtained from this scheme converges to the same 

coupled wave number for any initial guess. The reason for this is the ansatz in (2-23) 

which will always track an acoustic type of mode, i.e., the one that transports acoustic 

energy in the air. For the in-duct sound transmission problems of interest here, it will be 
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assumed that it is sufficient to only include this mode type in the analysis. 

 

2.2 Flexible duct transfer matrix formulation 

The predicted coupled propagating wavenumber α is now used to build the 2-port 

transfer matrix corresponding to the flexible duct element. This transfer matrix is 

suitable for calculation of the element transmission loss index or can be inserted in an 

acoustic network composed of various other elements for which the transfer matrices 

are known. The block technique consists of multiplying the transfer matrices to obtain 

the network transfer matrix. 

The transfer matrix for an element is characterised by two independent state variables: 

acoustic pressure p and volume velocity q on each side of the element.  

 
Figure 2: Duct transfer matrix defining a relationship between the plane wave state variables 

(p,q) at the input 1 and the output 2 cross sections. 

 

One can define the duct transfer matrix Td as 

.
q̂
p̂

T
q̂
p̂

d ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

2

2

1

1  (2-27)

Assuming a straight homogenous duct section along z with length l and low Mach 

number (M<<1) (cf Figure 1) , the duct transfer matrix is (Munjal (1987), Davies(1988)) 

,)lcos(
Z

)lsin(i
)lsin(iZ)lcos(

TT
TT
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d

d

d
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⎟

⎠

⎞
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⎜

⎝

⎛
=⎟⎟

⎠

⎞
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⎝

⎛
= αα

αα

2221

1211  (2-28)

where Zd is the duct impedance defined as 

.
T
TZd

21

12=  (2-29)

Zd can be obtained theoretically as described in the following section. The wavenumber 

kα α′= is obtained after solving (2-26). 

The duct internal transmission loss ITL is computed using the following relation for no 
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flow and equal input and output impedance RcZ p 00ρ=  where R is the cross-section 

area of the pipe. 

.TTZ
Z
TTlogITL p

p
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+++=

2

2221
12

1110 4
110  (2-30)

 

2.2.1 Theoretical duct impedance 

The duct transfer matrix Td formulated in (2-28) necessitates the coupled wavenumber α 

obtained after solving the dispersion relationship (2-26) and the duct internal impedance 

Zd evaluated as follows 

Figure 3: Schematic of wave propagation in lined duct with flexible walls. 

 

Assuming a harmonic particle velocity v and pressure p, the linearized equation of 

motion is given by  

.p
t
v

−∇=
∂
∂
r

ρ  (2-31) 

Thus, one gets in the absorber and in the airway for waves in positive direction 

Absorber: ,ip̂v̂i int,aa αωρ +=  (2-32) 

Airway: ,ip̂v̂i int,oo αωρ +=  (2-33) 

Rearranging (2-32) and (2-33) gives 

.v̂v̂p̂ aaint,
++

+ == 00ρ
α
ωρ

α
ω  (2-34) 

The volume velocity is given by 

.v̂Rv̂Rq̂ aa
+++ += 00  (2-35) 

The duct impedance Zd is defined from (2-34) and (2-35) 
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⎛
+

== +
+

0

0

ρρ
α

ω  
(2-36)

The same results with a change of sign will apply to negative direction. 

 

2.3 The line source method for acoustic radiation/breakout from duct walls 

Attention is now brought to the calculation of acoustic energy propagation through 

flexible walls. A radiation transmission loss index RTL can be derived to estimate the 

level of sound radiated.  

The model to predict the radiated power was first derived by Brown & Rennison (1974) 

for circular pipes and adapted to rectangular ducts by Cummings (1978). This model 

regards the duct as a distribution of monopole sources. The source strength of these 

sources is obtained from the duct wall displacement integrated and averaged around the 

duct wall perimeter.   

 

It can be shown (Cummings (1978)) that the radiated sound power per unit length for an 

infinitely long line source with supersonic waves can be calculated using  

,
q̂

W
8

2
0ωρ

=∞  (2-37)

where q̂  is the volume velocity per unit length and can be expressed in terms of the 

averaged wall admittance β  as 

.S
c

p̂q̂ int β
ρ 00

=  (2-38)

 

The averaged wall admittance β  depends on the geometry of the flexible wall and is 

expressed in equation (2-25). 

 

For a duct of finite length l, the radiated sound power for any type of waves is obtained 

using a radiation efficiency factor Cr. Equation (2-37) then becomes 

.
q̂C

CWW r
rrad 8

2
0ωρ

== ∞  (2-39)

Cr is obtained graphically from Figure 4 and is taken from Cummings (1978) where 
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k=ω/c0 and α=α´k is the axial propagating wave obtained from the dispersion 

relationship (2-26). 

The line source model derived originally by Brown & Rennison (1974) only considered 

one single travelling wave. In an attempt to refine this model, Cummings (1980) 

incorporates an additional reflected wave. A modified radiation efficiency factor Cr is 

thus derived from the assumption of two sinusoidal travelling waves. Cummings (1980) 

claims that it does not affect the total radiated power. Therefore, the single wave 

assumption for the radiation model is valid even when structural reflections occur. 
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Figure 4: Radiation efficiency Cr of a source with finite length l. 

 

Concerning now the internal sound power in the positive direction W+,int, it is defined 

from 

,
Z

Rep̂W
d

int,int, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ++

12
 (2-40)

where Zd is the duct impedance obtained from (2-36). 

Using the definition for RTL (radiation transmission loss)  

.
W
W

logRTL
rad

int,
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= +

1010  (2-41)

Equations (2-39) and (2-40) are used to derive the expression for the radiation 
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transmission loss RTL of the flexible duct 

( )[ ] .
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βω

ρραρ  (2-42)

Theoretical models have been derived concerning the internal propagation and radiation 

of plane waves in rectangular ducts with flexible walls. The models give the 

transmission loss due to the internal propagation and the radiation (“breakout” effect). 

Experimental evaluation is presented in the next section in order to validate the theory.   
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3. Methods and materials 
In order to test the theory, three ducts have been constructed and the tests have been in a 

reverberation room. This acoustical environment is practical to measure the 

transmission loss due to the radiation of sound waves through the flexible walls.  

This section presents the equipment and procedures used to carry out the measurements 

of the internal propagation and radiation through the flexible walls. The measurement of 

the liner properties are described in the appendix.   

 

3.1 Rig description 

3.1.1 Types of ducts  

Duct with one flexible plate 

The geometry of the first duct tested can be seen in Figure 5 and Figure 6. This duct has 

been built at MWL and represents a first benchmark test for the theory. The idea was to 

have a duct with a single flexible wall and with well defined boundary conditions. 

Different duct types are tested. The first one, shown in Figure 6, consists of three 

wooden rigid walls and a flexible wall made of steel (thickness: 0.5 mm).  

 

 

 
Figure 5: Specification of the duct with a single flexible wall (length l=2m). The liner has a 

thickness of 22 mm. 
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Figure 6: Measurement set-up in the reverberation room of MWL. 

 

A sheet of porous material (Figure 8) of thickness 22 mm is made slightly larger than 

the transverse dimensions of the duct so no glue or support is required for this liner and 

the arrangement allows the air spacing between the liner and the wall to be easily 

varied. The transverse dimensions for this duct is 169 by 153 mm (cut-off frequency: 

1000 Hz). The edges of this plate are rigidly fixed onto the walls to satisfy the clamped-

clamped boundary conditions used in the theory (Figure 7).  

 

Figure 9 shows the experimental apparatus for the duct with one flexible wall and the 

circular plastic pipes (diameter 0.150 m, cut-off frequency 1350 Hz) on which the 

microphones are mounted. The microphones on the left and right hand side are used for 

the plane wave decomposition using the two-microphone technique (Bodén & Åbom 

(1986)). Three microphones are used on each side to extend the frequency range. The 

transfer matrix is determined via the so-called source switching technique (Åbom 

(1999)) using loudspeaker LS I and LS II.  

 

Flexible steel plate  Circular pipes for microphone 
mounting 

Rotating half-inch microphone 

Mineral wool used to reduce breakin and breakout effects 
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Figure 7: Variation of the boundary conditions at the inlet and outlet section, I : clamped, II: 

unclamped. 

 

 

 
Figure 8: Porous material (Polyurethane foam). 

 

The set-up is also used for the corrugated and rigid ducts. Some mineral wool material 

encloses the flexible plate (Figure 6) when internal propagation measurement is 

performed in order to avoid any breakin-breakout bypass effects. The radiating length of 

the three ducts is 2 m. 
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Corrugated duct 

  
Figure 10: Corrugated duct. 

 

Figure 10 shows a picture of the second duct investigated: a rectangular corrugated 

industrial duct made of four flexible steel walls. The transverse dimensions are 150 by 

200 mm (cut-off frequency: 850 Hz). Specifications of the manufacturer give a 

thickness of about 1 mm. The radiating length of this corrugated duct is also 2 m. The 

corrugated duct is mounted without supports to the circular pipes used for the 

measurement (Figure 9). 

 

Rigid walled duct 

The duct with a single flexible wall is also used to obtain the liner properties (cf 

Appendix for more details). It is necessary to remove the flexible plate and replaced it 

with a thick wooden plate. The duct is then made completely rigid as shown in Figure 

11. 

 
Figure 11: Rigid walled duct. The polyurethane foam is lined at the bottom. 
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3.1.2 Electronic equipment 

Sound waves are generated from two loudspeakers (Figure 9) connected to a Tektronix 

signal processor which is used to produce the signal fed to the loudspeaker. The 

microphone is connected to the second channel. Correlation between the input signal 

and microphone response is performed. The spacing between the microphone locations 

dictates the range of frequency under investigation. For a measurement frequency 

ranging between 50 and 2000 Hz, a minimum spacing of 70 mm and of maximum 

spacing of 270 mm are required.  

 

3.2 Internal experimental measurement techniques 

The experimental procedures used to measure the sound fields in the different duct 

sections are now described. The separate measurement techniques to characterise the 

liner properties are given in the appendix. 

 

3.2.1 Experimental duct transfer matrix 

The standard two-microphone technique (Bodén & Åbom (1986)) applied separately on 

the upstream and downstream pipe is used to determine the duct transfer matrix Td of 

the acoustical element tested. The procedure used is based on the so-called source 

switching technique described for instance by Åbom (1999).   
One can define the duct transfer matrix Td as 
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where α is the propagation wavenumber and 2112 TTZd =  is the internal duct 

impedance.  

Only one microphone is used at six different locations (Figure 9). Although it is time 

consuming to move the microphone to the various locations, the necessary phase 

calibration between multiple microphones is eliminated.  

First measurements of the transfer functions between the loudspeaker voltage and one of 

the six microphone positions are done using loudspeaker LS I (Figure 9).  
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The procedure is then repeated for the second loudspeaker LS II. A total of 12 

measurement files are then collected during each measurement session. A Matlab code 

is used to obtain the transfer matrix Td  and internal transmission loss ITL (see (2-30)) 

 

3.2.2 Incident power and duct internal sound power  

The test ducts are positioned between the two circular pipes. Measurement of transfer 

functions at different microphone positions is carried out to decompose the waves as 

shown in Figure 12.  

Figure 12: Schematic of the travelling plane wave pressures. 

 

By placing a microphone at different positions x as shown in Figure 9 and measuring 

the transfer function between the position and the loudspeaker and calling the result 

HLp/x, it is possible to determine the travelling waves upstream,p̂+   and upstream,p̂− . Using the 

impedance of both the pipe and the test duct, one calculates the travelling 

pressures int,p̂+ and int,p̂−  propagating in the duct. The circular pipe impedance is taken as 

RcZ p 00ρ= and the internal duct impedance Zd is obtained from the duct transfer 

matrix (3-1). 

  

Travelling pressure waves in the pipe ( upstream,p̂+ , upstream,p̂−  ) 

Using one separation, for example, position 1 and 2 and referring to Figure 12, the 

relation between the travelling pressure waves and 1p̂  (reference position 1) 
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and 2p̂ (position 2) is given by 

,p̂p̂p̂ upstream,upstream, −+ +=1  

,ep̂ep̂p̂ iks
upstream,
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−
+ +=2  

(3-2)

where s is the distance between microphone positions 1 and 2. In matrix form this 

becomes  
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Rearranging (3-3) to extract upstream,p̂+   and upstream,p̂−  (wave decomposition) yields 
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Dividing formally by the loudspeaker voltage ê , this gives 

,
kssini
HeHH /ê
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iks

/ê
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Recalling that  
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where 
−− p̂p̂S and 

++ p̂p̂S are the uncalibrated autospectra of the incident upstream,p̂+  and 

reflected wave upstream,p̂− and êêS  the loudspeaker autospectrum. 

The true autospectra for the travelling waves are given by 

,SHKSKS êêupstream,p̂/êcalp̂p̂cal
t

p̂p̂ ××=×=
+++++

222  (3-10)

,SHKSKS êêupstream,p/êcalp̂p̂calp̂p̂
t ××=×=

−−−−−

222  (3-11)

where Kcal is the calibration factor [Pa/V] of the quarter-inch microphone mounted on 

the circular pipe. 
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 Travelling pressure waves inside the duct ( int,p̂+ , int,p̂− ) and duct internal power W+,int 

Due to the reflection free termination of the duct, int,p̂−  is small and neglected. The duct 

internal pressure int,p̂+  is derived as 

,p̂Tp̂ upstream,int, ++ =  (3-12)

where the transmission factor T is   

,
ZZ

T
dp+

=
1

2  (3-13)

where Zp and Zd are the pipe and duct impedances respectively. The duct internal power 

W+,int is calculated using (2-40). 

 

3.3 Duct radiated sound power (external measurement)  

Measurements are performed in the reverberation room at MWL using a Brüel & Kjaer 

reference source with calibrated third octave band frequency data. Conversion of these 

data to smallband with the same frequency resolution as the one obtained from the one 

used in the in-duct measurements 

),n(logLL wnBw 1031 10−=  (3-14)

where nBwL  is the sound power level in narrowband, Lw1/3 is the sound power level in 

1/3-octave band from the source calibration data sheet and n is the number of narrow 

band points within a 1/3 octave band. White noise within each band is assumed. A 

rotating half-inch microphone in the reverberation room at a distance of at least 1m 

away of any reflecting surface is used to measure the sound radiated. A room factor K is 

determined according to  

,
S

W
)f(K

pp

sourceref=  (3-15)

where Wref source is the narrow band converted reference source calibration data and Spp is 

the rotating microphone autospectrum. Once the room factor K has been obtained, the 

sound power radiated per unit length by the duct of length l is given by  

( ) .lKSW ductpprad =  (3-16)

The radiation transmission loss RTL defined in equation (2-41) can now be obtained by 

combining the measured in-duct sound power Wint and radiated power Wrad.
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4. Results and discussion 
In the following section, attention is brought to the comparison between measured and 

predicted data. The results derived from the two theoretical models (internal and 

radiation) and experimental data for the three test ducts are compared. For specifications 

of the three ducts (duct with single flexible wall, corrugated duct and rigid duct) 

investigated, the reader is referred to section 3.1.1. The same porous material (liner) is 

used in all three ducts. The influence of the liner position is tested. The effect of 

different boundary conditions both in the fluid and in the structure is also tested. 

 

A special problem when using the models described earlier is the choice of the loss 

factor η for the flexible walls. Cummings (2001) points out that he uses anomalously 

high structural loss factor in his model. 

This loss factor is especially important at the eigenfrequencies of the flexible walls. To 

handle this problem, the loss factors are determined experimentally and fitted to the 

formulas given below 

For the duct with one flexible wall 
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(4-1)

and for the corrugated duct 
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where fr corresponds to the resonance frequencies so that a maximum loss factor occurs 

at these frequencies and bw corresponds to the bandwidth factor. These parameters are 

set to the values tabulated in Table 1. 
 

Duct η1 η2 η3 η4 bw1 bw2 bw3 bw4 

First duct with one flexible wall 6% 1.5%   10 10   

Corrugated duct 20% 22% 3.5% 2% 10 10 10 10 

Table 1: Structural loss factors. 
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4.1 In-duct investigation 

4.1.1 Duct with one flexible wall (internal propagation) 

Internal sound propagation for the unlined duct with one flexible wall 

The first series of measurements are performed on a duct with three rigid walls and a 

flexible plate made of steel (thickness: 0.5 mm). Measured and predicted internal 

transmission loss results are shown in Figure 13.   
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Figure 13: Predicted and measured internal transmission loss for the unlined rigid duct with one 

flexible plate. 

 

The predictions are in acceptable agreement with the measured data, the discrepancy 

being approximatively 1 dB over the whole range frequency. The largest transverse 

dimension for this duct is 169 mm yielding a cut-off frequency of 1000 Hz. This can be 

seen in the measured plot with an increase of the number of peaks for frequencies above 

this cut-off frequency. Concerning now the resonances in the flexible wall 

corresponding to the peaks in the transmission loss, they occur twice within the 

investigated frequency range. The first one is attributed to a frequency of 93 Hz and 510 

Hz for the second resonance. It can be mentioned that it has been necessary to adjust the 

value of the plate Young’s modulus used in the model so both measured and theoretical 

resonance peaks would coincide. The value has to be increased by 40%. Inspection of 

the plate revealed that due to its small thickness (only 0.5 mm) it has been buckled and 

it is not flat when mounted.  
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Internal sound propagation for the lined duct with one flexible wall  

Theoretical and measured internal transmission loss results are illustrated in Figure 14 

and Figure 15 for the case when the polyurethane foam sheet is lined with no air gap.  

In order to achieve this experimentally, the steel plate is taken off the duct and the liner 

piece is put in place so part of it comes off the top of the duct. The liner is then pushed 

evenly downwards with the aid of the flexible wall to ensure no air gap between the 

wall and the liner. The effect of lining the flexible wall with polyurethane foam on the 

measured internal transmission loss is seen in Figure 14. 
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Figure 14: Experimental transmission loss for the one walled flexible duct. 
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Figure 15: Predicted and measured internal transmission loss for the lined rigid duct with one 

flexible plate. 

As seen from Figure 15, the presence of the liner does not shift the two resonance 

frequencies; however, the magnitudes are reduced. The first resonance occurring at a 
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frequency of 93 Hz is still the dominant peak.  As expected lining the duct, even on only 

one wall improves drastically the internal transmission loss at high frequencies.  

 

4.1.2 Corrugated duct (Internal propagation) 

The same measurements are performed on a corrugated duct of rectangular geometry. 

This time not only one but four walls vibrate.  

 

Internal sound propagation the unlined corrugated duct 

The transmission loss result for an empty duct is shown in Figure 16. 
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Figure 16: Predicted and measured internal transmission loss for the unlined corrugated duct. 

 

Due to the fact that two pairs of walls of different lengths (150 and 200 mm) are 

excited, four resonance peaks are seen in Figure 16. A further analysis shows that these 

resonances occur at the following frequencies 
 

Corrugated walls Observed resonance frequencies 

150 mm 82 Hz, 640 Hz 

200 mm 213 Hz, 1109 Hz 

Table 2: Resonance frequencies of the corrugated duct. 

 

For each pair of walls, the first peak (82 Hz and 213 Hz) is the most dominant. In other 
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words, the transmission loss is maximal at these frequencies (10 dB and 20 dB 

respectively). The discrepancy between the fourth peak at the computed frequency of 

1109 Hz and the measured resonance is mainly due to the cut-off frequency. For this 

corrugated duct, the cut-off frequency is 850 Hz, thus higher-order modes are 

propagating above this frequency. The thickness of the plate which gave the best fit to 

the resonance peak values was 1.02 mm, close to the 1 mm thickness obtained for the 

manufacturer’s specifications. A sinusoidal oscillation in the transmission loss between 

resonance peaks can be observed. It is caused by the relatively inefficiency of the walls 

to attenuate the acoustic energy (less than 2 dB attenuation). A standing wave pattern 

composed of minima and maxima is created by the reflected waves interacting with the 

incident waves. This pattern does not differ greatly with the one observed in Figure 13 

in the case of the duct with one flexible wall as both ducts have the same length (2m). 

 

Internal sound propagation for the lined corrugated duct 

The porous material used previously in the first duct is now put on the bottom wall of 

the corrugated duct. As for the duct with one flexible wall (Figure 14), lining the 

corrugated duct modified the measured internal transmission loss curve in a similar 

fashion (Figure 17). Experimental and theoretical data for this lined corrugated duct are 

shown in Figure 18. 
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Figure 17: Experimental internal transmission loss for the lined corrugated duct. 
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Figure 18: Internal transmission loss for the lined corrugated duct. 

 

Comparison of Figure 15 (lined duct with one flexible wall) and Figure 18 (lined 

corrugated duct) shows, except at the peaks, transmission loss values that are more or 

less equal. In practice, this implies that the effect of flexible walls in a lined duct is only 

of importance around structural resonances, in particular the first.  

 

4.1.3 Internal sound propagation for the rigid walled duct 

Measurements on the liner mounted in a rigid walled duct have also been performed to 

determine the liner properties, see appendix A. From these results, the transmission loss 

for a lined rigid walled duct can be obtained, see Figure 19.  
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Figure 19: Measured internal transmission loss for the lined completely rigid duct. 
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In Figure 20, the transmission loss for all the three tested lined ducts is presented. As 

can be seen the differences are small except at the first resonance peak. 
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Figure 20: Comparison of measured internal transmission loss for the three lined ducts 

investigated. 

 

4.2 Sound radiation investigation 

The sound radiation from the ducts is measured and theoretically evaluated in the 

following section. Due to the uncertainties of the dynamic properties of the duct with a 

single flexible wall, only the sound radiation results for the corrugated are presented. 

 

Sound radiation transmission loss for the corrugated unlined duct 

Measurement and theoretical radiation transmission loss results for the unlined 

corrugated duct are shown in Figure 21 in narrow band with the duct impedance Zd 

determined experimentally (see (2-29)) or theoretically (see (2-36)) and in Figure 22 in 

1/3 octave band. 
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Figure 21: Radiation transmission loss for the unlined corrugated duct. 
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Figure 22: 1/3 octave band radiation transmission loss for the unlined corrugated duct. 

 

A reasonable agreement between theory and measurement is observed. Four resonance 

dips are displayed at the same frequencies as the resonance peaks of the structural 

waves, see Figure 16.  

 

 

Sound radiation transmission loss for the corrugated lined duct 

The effect of lining the bottom of the corrugated duct on the radiation transmission loss 

is shown in Figure 23 and Figure 24. 



 35

100 200 300 400 500 600 700 800 900 1000 1100
15

20

25

30

35

40

45

Frequency (Hz)

E
xt

er
na

l r
ad

ia
tio

n 
tra

ns
m

is
si

on
 lo

ss
 (d

B
)

 

 

lined 

Experimental
Model+Theoretical duct impedance Zd
Model+Experimental duct impedance Zd

 

Figure 23: Predicted and measured radiation transmission loss for the lined corrugated duct. 
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Figure 24: 1/3 octave band radiation transmission loss for the lined corrugated duct. 

 
4.3 Parameter investigations 

The effects of some parameters on the interior sound transmission are now investigated. 

4.3.1 Effect of liner positioning 

The effect of the position of the liner material inside the duct with one flexible plate is 

now studied. Measurement of the transmission loss is performed and shown in Figure 25 

for two different lining methods. 

The liner is positioned at the flexible wall and at the opposite side against the rigid wall. 

In both cases there is no air gap between the liner and the wall. 
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Figure 25: Influence of the lining position within the one walled flexible duct. 

 

As can be seen from Figure 25 the position of the liner is not critical.  

 

4.3.2 Effect of structural conditions 

Structural termination effects on the internal transmission loss for the first duct (single 

flexible wall) are studied and experimental results are given in Figure 26. Two 

termination conditions are studied: clamped and unclamped (Figure 7). The coupling 

between the acoustic and the structural wave is mainly important around the structural 

resonances. This is clear for instance from comparing the transmission loss for the lined 

flexible duct and the lined rigid duct in Figure 20. Also in Figure 26 one can see that the 

termination conditions affect the behaviour around the structural resonances. 
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Figure 26: Internal transmission loss in the one walled unlined flexible duct with different 

experimental axial boundary conditions. 

 

4.3.3 Effect of the reflection in the airway 

For a thorough treatment of the radiation to the surrounding, the calculation of the total 

internal sound pressure intp̂  should include the reflected internal sound pressure waves 

int,p̂−  as 

.ep̂ep̂)t,z(p̂ )zt(i
int,

)zt(i
int,int

αωαω +
−

−
+ +=  (4-3)

That leads to 

( ).kzcosp̂p̂p̂p̂p̂ int,int,int,int,int 22
222

−+−+ ++=  (4-4)

An average duct internal pressure is now defined  

( ) ),klsin(
kl

p̂p̂
p̂p̂dzzp̂

l
p̂ int,int,

int,int,

l

intint 2
2

1 22

0

22 −+
−+

×
++== ∫  (4-5)

where l is the axial length of the duct. As long as kl>>1 the cross term can be neglected. 

Maximum reflectivity (R=1) at the outlet of the duct implies then that 

int,int, p̂p̂ −+ = leading to a maximum internal duct power increase of 3 dB.  
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5. Conclusions 
In this paper low frequency (plane wave) transmission in lined ducts with flexible walls 

has been studied. 

These models have been compared with experimental data and a satisfactory agreement 

has been obtained, especially for an industrial corrugated duct. The results are in 

accordance with the findings of Astley (1990) concerning the internal propagation and 

Cummings (1980) for the radiation. Peaks and dips attributed to resonances in the walls 

are well predicted. 

The main contribution in this work is the implementation of the results in 2-port or 

transfer matrix form. The model can be implemented in the software code SID 

(developed at MWL) or in other codes based on this formulation.  
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Appendix A A note on measurement of liner properties 
 

This section is devoted to the techniques used to measure liner properties; mainly the 

frequency dependent liner density ρa and complex wavenumber ka. These parameters 

are necessary for analytical predictions of sound propagation through lined flexible 

ducts. Three techniques described in this section are tested. Results obtained from the 

one and two-sided techniques show some characteristics (resonances) which are not 

observed when the porous material is mounted in the test ducts. It is believed that these 

resonances are coupled to the mounting conditions used in these techniques since 

samples had to be cut and fit into a circular pipe. The last technique where the sample is 

mounted along a duct similar to the case of interest gave the most satisfactory results. 

 

Two-microphone technique measurement (one-sided technique) 

The sample is mounted at the end of tube as shown in the following picture. 

A two-microphone technique (Bodén & Åbom (1986)) is used to determine the 

normalized impedance ζ1 on the surface of the sample of thickness t. Using the transfer 

function H12 between the microphone positions 1 and 2, the normalized impedance on 

the surface sample 1 is found to be 
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where Ra is the sample cross-section area. 

Employing the sample transfer matrix 
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where Za=ρaca/Ra . 

This leads to 
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where .q̂p̂Z 222 =  Za and γa are thus determined from the measurement of the normal 

incident impedance Z1 for samples of two different thickness t. 

 

For an open end termination, three measurements are necessary: 

-Measurement on an empty duct (no sample) for determination of Z2 (radiation 

impedance) 

-Measurement of Z1,sample 1 and Z1,sample 2 for two samples of two different 

thicknesses t1 and t2 

It follows that 

( ) ( )( ) ( ) ( ) ,tksiniZZtkcosZtkcosZZtksiniZ aaaaaaasample, 01
2

2112111 =+−+  (A-4)

( ) ( )( ) ( ) ( ) ,tksiniZZtkcosZtkcosZZtksiniZ aaaaaaasample, 02
2

2222221 =+−+  (A-5)

Equations (A-4) and (A-5) can be solved iteratively using a Newton-Raphson scheme to 

obtain Za and ka=ω/ca. 

 

Two-port measurement (two-sided technique)  

 
The sample is mounted in a rigid pipe. Cautions have to been taken to ensure no air gap 

between the wall of the pipe and the sample. 

Measurement on each side of the sample using the two-microphone technique allows 

determination of the sample transfer matrix T (Åbom (1999)) 
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Using the elements of the sample transfer matrix T, the sample properties can be derived 

as 
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Rigid duct 

Here the liner is mounted similar to the test cases but in a rigid walled duct as shown in 

Figure 27. 

 
Figure 27: Rigid walled duct with liner. 

The same pieces of liner remained in the bottom of the rigid duct. Using the two-

microphone technique upstream and downstream of the duct as in the double-sided 

technique, it was possible to measure the transfer matrix for this complete rigid lined 

duct given as 
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Using this measured transfer matrix and assuming no reflected wave, it yields the 

experimental duct impedance Zd expressed as (see (2-36))  
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The liner density ρa is hence 
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The complex axial wavenumber α is obtained from the elements T11 and T12 in the 

measured transfer matrix Td using (A-8). 

For a rigid walled duct with no mean flow, Astley (1990) expresses the propagating 

coupled wavenumber α as   
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Combining (A-11) and (A-12) gives the wavenumber ka in the liner 
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Paper II. Aeroacoustic behaviour of tailpipes 

 

Abstract 
This paper investigates the influence of the opening geometry and upstream bends on 

the propagation and generation of sound in exhaust-system tailpipes found in cars or 

trucks. The muffler positioned upstream has to be acoustical designed in accordance 

with these termination effects. Starting with a reference straight pipe case, the author 

describes the acoustical behaviour in different regions. For the investigation of sound 

propagation, the acoustical excitation is provided at the inlet of the test rig by 

loudspeakers. The flow Mach number was varied over the range 0-0.2. Damping of the 

acoustical waves corresponding to the acoustical attenuation along the inside walls of 

the pipe is experimentally derived in conjunction with an array of six microphones. End 

effects are estimated from the pressure reflection coefficient and impedance at the 

opening. Sound transmission to the far-field is obtained with a rotating microphone in a 

reverberant room. This enables the determination of acoustical losses due to the 

vorticity after comparison with the incident acoustical power obtained from in-duct 

measurement. Two main mathematical models were employed to validate experimental 

data. The end effects are predicted from a model of Munt (1977, 1990) and validity of 

assumptions made in the model are discussed and experimentally proved. Absorption in 

the vorticity is calculated from an analytical model derived by Bechert (1980). The next 

step corresponds of an investigation on the influence of the opening geometry on the 

acoustic of the termination and on flow induced noise (loudspeaker turned off). Three 

main types are considered: oblique cuts, diffusers and bends. Flow generated noise is 

measured in the far-field by means of a rotating microphone for each termination for 

different Mach numbers. Empirical laws (scaling laws) can then be derived by 

combining the data from different flow speeds. The velocity dependence of these laws is 

of great importance to determine the aeroacoustic mechanism governing the sound 

generation.  
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1. Introduction 
A typical modern exhaust system is composed of one or several mufflers, a device for 

exhaust gas cleaning and an exhaust pipe also called tailpipe. Exhaust pipes are 

inevitably associated with cars, trucks and motorcycles. They can also be found in gas 

turbine and jet engine systems. Exhaust noise is an important source of noise from an 

internal combustion (IC) engine and effective exhaust mufflers are therefore needed. 

Exhaust noise can also radiate mainly from the shell of expansion chamber mufflers. 

Exhaustive research has been conducted on mufflers to find efficient types that with a 

minimum pressure drop can sufficiently reduce the pressure pulsations emitted from the 

engine manifold. 

Mufflers are also to be found also in heating, ventilation and air-conditioning systems. 

Two types of muffler exist. Reactive mufflers based on impedance mismatching that 

create reflection of sound; this is usually done by a sudden change of geometry such as 

an expansion chamber. Dissipative mufflers are characterised by the presence of porous 

material or flow constrictions. Acoustical energy is dissipated through visco-thermal 

effects in the porous material or via turbulence dissipation. Usually, both of these 

mechanisms are present in a muffler. The impedance mismatch is used for low 

frequencies (tones) and the dissipative mechanism at mid and high frequencies. For high 

flow speeds, care must be taken so that the aeroacoustic noise produced by the muffler 

itself does not become a problem. Mufflers have to be compact to fit , e.g., under a car. 

In this paper the aeroacoustics of different exhaust tailpipes is investigated. Both the 

acoustic impedance and the flow generated noise are investigated experimentally. 

We start by investigating the different regions of a straight pipe with open end 

termination. This study aims to set the foundations for another investigation concerning 

the effects of changing the termination geometry (oblique cuts, diffusers and bends). 
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1.1 Earlier related work 

1.1.1 Propagation in straight pipes 

The standard analytical model for sound attenuation (damping) inside a pipe with no 

flow is that of Kirchoff (1868). Davies (1988) has suggested an ad hoc modification of 

the Kirchoff formula for the flow case. Howe (1995) also discusses the damping of 

sound in the internal shear boundary layer of a pipe. Measurement of the damping with 

a multi-microphone technique has been previously carried out by Peters and al. (1993) 

and is reproduced in this thesis. A six-microphone array technique which treats 

individually two clusters of three flush mounted microphones is performed. The 

technique allows computations of complex wavenumber from which the attenuation can 

be extracted.  

 

1.1.2 Radiation from openings 

Theoretical investigation on the acoustics of the opening of a straight pipe without a 

mean flow has been done by Levine & Schwinger (1948). Munt (1977, 1990) has 

extended this work to the case with flow. The main assumptions in Munt’s model are 

the use of a full Kutta condition at the opening and the description of the jet out of the 

semi-infinite pipe as cylindrical and bounded by an unstable vortex layer.  

A flow jet at the opening of a straight pipe is unstable and turbulent. Forced vortex 

shedding at the duct outlet edge can absorb acoustical energy before it reaches the far 

field (Bechert (1980), Howe (1980)). A method using in-duct measurement to determine 

the incident power and a measurement (radiated power) in a reverberation room enables 

the investigation of the rate of the acoustic energy converted into vorticity for a straight 

pipe. The experimental data is compared with the analytical model of Bechert (1980). 

Experimental and theoretical studies of sound propagation in diffusers and bends can be 

found in Dequand and al. (2002), van Lier (1999), van Lier and al. (2001) and Huijnen 

(1998). 

 

1.1.3 Flow generated noise 

Concerning the noise generated by the airflow the work of Kuhn & Morfey (1976) can 

be mentioned. The scaling law technique proposed by Nelson & Morfey (1981) is used 

here to derive scaling laws for various tailpipe geometries. These laws are necessary to 
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predict the flow noise sound power level for a specific configuration and flow speed. 

Nelson & Morfey (1981) regard the flow separation process as a dipole type of source. 

In other words, the physical mechanism of flow noise sound production can be 

summarized as a fluctuating force acting at a specific position in the element. A similar 

investigation on flow noise has been performed earlier for other geometries by Girath 

and al. (2001) and Nygård (2000).  

The present document consists of four main parts. The first one concerns only the 

straight pipe for which open-end reflection coefficient and impedance are treated 

theoretically and experimentally under the variation of the flow Mach number. The 

damping of the sound wave inside the pipe, the end correction and the absorption by 

vorticity are also discussed.  

The second part deals with tailpipes of various geometries (oblique cuts, diffusers and 

bends). Only one aspect is considered for the tailpipe investigation: the sound pressure 

reflection coefficient and impedance at the inlet and outlet. Measured low frequency 

diffuser termination impedances are used in section three for calculation of the 

performance of an exhaust line terminated by a diffuser. This shows the influence of 

diffusing geometries and the flow Mach number on the efficiency to attenuate sound at 

low frequency in an exhaust line. The fourth section concerns the sound power levels of 

flow generated noise and presents scaling laws for the straight pipe and tailpipes. The 

methodology systematically undertaken in this section is the comparison of the flow 

noise produced by the tailpipes with the straight-pipe (reference case) results.  
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1. General methodology 
 

This section describes the experimental rigs and theoretical analysis used for the 

investigation of the acoustics of a straight pipe and tailpipes. The flow noise generated 

from a straight pipe and tailpipes is treated in a separate chapter.   

For both rigs, a rotating microphone is located in a reverberant room to measure the 

flow noise. An additional measurement was performed using the rotating microphone 

for the first straight pipe; the radiation of the sound from the straight pipe rig. It is 

required to estimate the sound absorption in the vorticity. 

 

1.2 Pressure reflection coefficient and impedance at openings 

Prediction of pressure reflection coefficient and impedance at openings 

Evaluation of the performance of exhaust systems requires the determination of the 

acoustic properties at the opening such as the pressure reflection coefficient R. The 

calculation of this pressure reflection coefficient has been performed using a MATLAB 

model coded by two master students (Bierkens (2002), in’t panhuis (2003)) from the 

Eindhoven university of Technology (TUE). Their model calculates the complex valued 

pressure reflection coefficient R at an opening of radius r and with outlet flow Mach 

number M based on two papers written by Munt (1977, 1990). It is believed that this 

rather mathematically involved model is presently the most refined and accurate . 

Starting with the wave equation with velocity potential as variable, Munt (1977, 1990) 

splits the problem in terms of the polar coordinate system. In the radial direction, the 

solution can be solved analytically as the mode shape is known and is function of the 

radial direction r. The axial direction aspect is treated through the Wiener-Hopf 

technique (Fourier transform of the wave equation with specific boundary conditions). 

The wave is assumed to be monochromatic for ease of mathematical derivation. The 

boundary condition states that at the lips the velocity is finite (full Kutta condition) and 

the flow jet is leaving the pipe uniformly with a thin cylindrical boundary layer. This 

assumption is experimentally obtained for sharp edged pipe lips. 
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1.3 Description of the airflow facility and two-microphone technique  

Air flow was provided from the flow facility located on the KTH/MWL service floor ; a 

maximum flow rate of 10 m3/s and pressure up to 10 kPa can be achieved. The flow is 

taken to an anechoic room acting as a settling chamber. The pressurised anechoic room 

then creates a flow in the test duct mounted between this room and the reverberation 

room (see Figure 2). 

A smooth inlet cone situated in the anechoic room is connected to the inlet of the rig to 

ensure minimum flow background noise. Preliminary tests showed dips in the 

measurement of the coherence function at the microphones due to resonances in the 

pipe. In order to reduce these standing waves in the rig, an ordinary car muffler is 

inserted upstream in the rig. Sufficient levels of excitation during measurement at 

higher flow speeds is provided by two loudspeakers mounted onto the pipe further 

downstream. 

The airflow Mach number M measurement procedure consists of a Pitot tube connected 

to a pressure transducer to ensure measurements of flow speeds in the pipe. The Pitot 

tube is aligned with the centreline of the pipe where measurement of maximum 

velocities is performed. For 63 102.3Re104 ×≥≤× , the ratio of the mean to the 

maximum velocity is  8.0max =UUmean  (Schlichting (1968)). The flow Mach number M 

and wavenumber k+/- are assumed to be independent of the axial position (Peters and al. 

(1993)).  

For the plane wave decomposition in the pipes, the two microphone technique described 

in Åbom & Bóden (1988) is used. It is based on the transfer function between two flush 

mounted microphones. The reflection coefficient and normal impedance can then be 

calculated and moved to a specific position in the pipe.    

The normalised1 acoustic impedance Z is calculated from the complex reflection 

coefficient R using 

( ) ( ).RRZ −+= 11  (1-1)

 The measurable frequency range in the two-microphone technique is determined from 

the distance s between the microphones and is given (for no flow) as 

                                                 
 
1 In this paper Z refers to both the specific and normalised acoustic impedance. This is not completely 
correct, the normalised impedance should be denoted as ζ  as in paper III. 
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,
s
c.ff

s
c.f maxmin

00 40050
=≤≤=  (1-2)

where c0 is the speed of sound. 

The acoustical excitation is provided by a loudspeaker mounted upstream. Random 

noise is generated for lower velocity cases (up to 40 m/s). In cases of a Mach number 

greater than 0.1, a stepped-sine acoustic excitation was shown to be more satisfactory to 

reach a good signal-to-noise ratio.  

 

The straight pipe rig consists of an array of six microphones whereas three microphones 

are used for the tailpipes studied (different rig). The measured pressure reflection 

coefficient R1 at microphone 1 for either rig is for example moved to the opening as 

follows 
( )( ) ,eRR Mikl

opening

212
1

−=  (1-3)

where k=ω/c0, M is the Mach number and l is the distance separating the reference 

microphone to the straight pipe open end or to the tailpipe inlet as shown in Figure 1. 

The acoustical damping over the length l is neglected. 

 
Figure 1: Distance reference microphone to pipe opening or tailpipe inlet. 
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2. Acoustics of a straight pipe 
This section details the experimental techniques and models used to determine the 

damping, reflection coefficient and impedance at the opening and losses due to vorticity 

shedding for a straight pipe. The results of the experimental investigations are also 

presented. 

 

2.1 Methods and materials 

2.1.1 Presentation of the straight pipe rig 

The rig as shown in Figure 2 was constructed entirely of a single straight steel pipe of 

length of 6 m, thickness of 2 mm and inner diameter of 35 mm (cut-off frequency of 

5800 Hz). Six microphones are flushed mounted and are arranged in two clusters. 

Cluster I is composed of microphones 1, 2 and 3 and cluster II corresponds to 

microphones 4, 5 and 6. 

The two-microphone technique frequency criteria (see equation (1-2)) implies  

 Cluster I Cluster II 

 
Microphone 1 

and 2, s12=28 mm 

Microphone 1  

and 3, s13=218 mm 

Microphone 6 

and 5, s65=28 mm 

Microphone 6 

and 4, s64=173 mm 

Two-

microphone 

frequency 

criteria (Hz) 

4900610 ≤≤ f  64080 ≤≤ f  4900610 ≤≤ f  800100 ≤≤ f  

 

The measurement is performed for various flow speeds in the pipe measured with a 

Pitot-tube probe and is tabulated  

Pitot-tube reading (m/s) (maximum 

velocity at the pipe centreline) 
18 32 47 61 76 
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Cluster technique 

A refined experimental determination of the sound propagation in a pipe is carried out 

with an array of six microphones located into two distant clusters. In each cluster, one 

microphone signal is chosen as reference for determination of the reflection coefficient 

through the means of the standard two-microphone technique (Åbom & Bodén (1988)). 

Microphone 1 in cluster I was preferred as reference for its proximity to the opening of 

the pipe. In cluster II microphone 6 which is closest to the loudspeaker was chosen. 

The complex valued pressure )x(p̂)x(p̂)x(p̂ nnn
−+ += at the microphone n consists of 

two travelling pressure waves +
np̂ and −

np̂ . 

This implies at Cluster II: microphones 4, 5, 6 (reference) 

,p̂p̂p̂ −+ += 666  (2-1)
( ) ( ) ,ep̂ep̂p̂ xxikxxik 6565

665
−−−−+ −+ +=  (2-2)

( ) ( ) ,ep̂ep̂p̂ xxikxxik 6464
664

−−−−+ −+ +=  (2-3)

where k+/- are the wavenumbers in the positive and negative directions.  

Evaluation in matrix form gives 

( ) ( )

( )

( ) ,
p̂
p̂

e
e

eep̂
p̂

xxik

xxik

xxikxxik ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−
−

−
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−

−

−−−−

+

+

−

+−
5

6

6

6

1
11

65

65

6565
 (2-4)

which leads to 

( ) ( )
( )( ),p̂p̂e

ee
p̂ xxik

xxikxxik 566
65

6565

1
−

−
= −

−−−
+ −

+−
 (2-5)

( ) ( )
( )( ) .p̂p̂e

ee
p̂ xxik

xxikxxik 566
65

6565

1
+−

−
= −−

−−−
− +

+−
 (2-6)

This implies that 
( )

( ) .
p̂p̂e

p̂p̂e
p̂
p̂R xxik

xxik

56

56

6

6
6 65

65

−
+−

== −

−−

+

−

−

+

 (2-7)

To minimise the effect of noise on the measured data, equation (2-7) can be written in 

terms of transfer functions êêH nen =  where nê is the output voltage from microphone 

n and ê is the voltage to the loudspeaker in the test rig. 

Equations ((2-5), (2-6), (2-7) can be rewritten in terms of these measured transfer 

functions 
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( ) ( )
( )( ) ,H/HHe

ee
H cêê

xxik
xxikxxikêê 6556

65

65656

1
−

−
= −

−−−
−

+−
 (2-8)

( ) ( )
( )( ) ,H/HHe

ee
H cêê

xxik
xxikxxikêê 6556

65

65656

1
+−

−
= −−

−−−
+

+−
−  (2-9)

where  cêcêc HHH 6565 =  is obtained from the microphone calibration procedure in 

which the two microphones are exposed to the same acoustic pressure. 

Equations (2-8) and (2-9) imply that the pressure reflection coefficient at microphone 6 

is 

.H/HR
êêêê +−=

66
6  (2-10)

Using the same procedure with the microphone pair 4 and 6 a lower frequency range is 

covered. 

The procedure is repeated for cluster I composed of microphones 3, 2, 1(reference) to 

obtain the pressure reflection R1 at microphone 1. 

Referring to cluster I, one derives for microphone 1 and 2 

( ) ( )
( )( ) ,H/HHe

ee
H cêê

xxik
xxikxxikêê 1221

12

12121

1
−

−
= −−

−−−
−

+−
+  (2-11)

( ) ( )
( )( ) ,H/HHe

ee
H cêê

xxik
xxikxxikêê 1221

12

12121

1
+−

−
= −

−−−
+

+−
−  (2-12)

.H/HR
êêêê +−=

11
1  (2-13)

The cluster technique can be used to determine the damping in the pipe. Two 

formulations can be used. The first one (performed by the author) uses the travelling 

pressure to determine the complex wavenumber whereas the second method (derived by 

Peters and al. (1993)) uses the pressure reflection coefficient. The damping technique 

consists essentially in combining the results obtained separately from the two clusters of 

microphones. 

It can be demonstrated that the relations between the travelling pressures at microphone 

1 and 6 can be written as 
( ) ( ) ,HH/Hp̂/p̂e cêêêê

xxik
1661

61

61
++

+ == ++−−  (2-14)

( ) ( ) .HH/Hp̂/p̂e cêêêê
xxik

1661
61

61
−−

− == −−−  (2-15)

Experimentally derived wavenumbers k+/- are extracted from (2-14) and (2-15) and 

reinserted into the two-microphone technique ((2-8) and (2-11),(2-9) and (2-12)) for 
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each cluster iteratively until convergence is obtained. As starting values for the iteration 

technique the classical no flow value for the wavenumber are used, i.e., 0ck ω=−+ . A 

damping coefficient α+/- is finally obtained from the absolute value of the imaginary 

part of k+/-. An improved value for the complex reflection coefficient is thus obtained 

from this method. 

 

2.1.2 Damping of plane wave  

Damping modelling  

The interior losses in the fluid can normally be neglected (Pierce (1989)). Kirchoff 

(1868) derived a formulation (2-16) for the visco-thermal damping that occurs in the 

boundary layer in a straight pipe without flow. The second term in (2-16) proportional 

to (1/Sh2) was added by Ronneberger (1975) and Tijdeman (1975). The attenuation of 

acoustical energy α is expressed as the imaginary part ( ( )kIm=α ) of the wave number 

kno flow expressed as 

,i
cPrPrSh

i
PrSh

i
c

k //flowno αωγγγγω
−=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
−

−
+−⎟

⎠
⎞

⎜
⎝
⎛ −

+
−

+=
0

21221
0

1
2
111111

2
11  (2-16) 

where γ  is the specific heat ratio, ( )μωρ0aSh = is the shear wavenumber of a pipe 

of radius a, ρ0 is the density and μ is the shear viscosity coefficient, κμ pCPr=  is the 

Prandtl number, Cp is the specific heat coefficient and κ is the thermal diffusivity. 

The modified Kirchoff’s formulation suggested by Davies (1988) for the acoustic 

wavenumber k+ and k- propagating respectively with and against the flow is expressed 

as 

,
M

k
k flowno

+
=+ 1

 .
M

k
k flowno

−
=− 1

 (2-17)

The corresponding attenuations are ( )++ = kImα  and ( )−− = kImα . 

  

2.1.3 End correction  

Definition 

The end correction corresponds to the extended length required to obtain a phase shift of 

180° between the incident and reflected wave. Its value normalised with respect of the 

pipe radius is influenced by the opening geometry (Peters and al. (1993)) and by flow 



14 
 

(Boij (2003)). The low and high Strouhal limits of the magnitude of the end correction 

have been found experimentally and theoretically to not be modified under the variation 

of flow Mach number M. However, for intermediate Strouhal number around the 

vicinity of St=1, the end correction behaviour is changed for different flow conditions 

due to the strong coupling flow-acoustic fields in this region. 

 

End correction determination  

The end correction δ can be defined as the extra length that must be added to the pipe to 

produce a reflection coefficient of -1. This implies 

,eReRR iM
k

i π
δθ

0
1
2

0
2 == ⎟

⎠
⎞

⎜
⎝
⎛

−
+

 (2-18)

where R is the reflection coefficient at the opening. 

The definition of the normalised end-correction δ  is  

( )( ) ,
ka

M
a 2

1 2−−
=

πθδ  (2-19)

where θ  is the phase of the reflection coefficient R obtained from theoretically Munt’s 

model (1977, 1990) or experimentally from the cluster technique and a is the pipe 

radius. 

 

Another way to derive the end correction is through the imaginary part of the 

termination impedance Z, 

.jXR
q̂
p̂Z ZZ +==  (2-20)

The end correction δ  can then be derived from the reactance XZ as 

,kS
c

X Z δ
ρ

=
00

 (2-21)

where S is the pipe cross-section. 

The normalised reactance XZ is obtained from (1-1). 

 

2.1.4 Sound absorption by vorticity shedding in the near field  

This section looks at the sound dissipation through vorticity. Flow separation at the lips 

of the pipe (vorticity shedding) is known to absorb the acoustic energy (Bechert (1980), 

Howe (1980). The sound wave energy is converted into vortex kinetic energy. The 
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vortices are propagating further downstream before they break up into turbulence and 

converted into heat. An analytical model derived by Bechert (1980) is reviewed and 

used to predict the losses due to vorticity shedding. An experimental method is 

presented to obtain these losses. It requires the separate measurement of the incident and 

radiated sound energies.  

 

Analytical formulation for the sound absorption in the vorticity shedding  

Bechert (1980) derives an analytical model based on a multipole distribution at the 

opening. By assuming a monopole and a dipole source at the opening of the pipe and 

deriving the power radiated into the far field by these two sources, Bechert (1980) 

obtains 

( ) ( ) ( ) .Mcap̂caWr
2

3
42

0

2

100
2 12 += + ωρπ  (2-22)

The transmitted power Wt  at low frequency is expressed as  

( ) .p̂McaWt

2

100
22 += ρπ  (2-23)

It follows that the ratio of radiated sound power Wr to the transmitted sound power Wt is 

( )[ ]( ) .caMMWW tr
2

0
2

3
4 41 ω+=  (2-24)

 

Experimental investigation of the sound absorption in the vorticity shedding 

Measurement of the losses through vorticity requires the determination of the incident 

power in order to estimate the acoustic power coming out of the pipe (transmitted 

power). A separate measurement in a reverberation room allows the radiated acoustic 

powers to be measured. The losses are obtained by comparison of the transmitted and 

radiated powers. 

In order to obtain experimentally the incident wave amplitude +p̂  at the opening, an 

induct measurement is performed using the microphone cluster located next to the 

opening (cluster I, cf Figure 2).  

Using the definition of the microphone calibration factor K1 [V/Pa] 

( ) ,SHp̂KS êêêêêê

22

1
2

1
111
+++ == +  (2-25)

where ++
11 êê

S is the autospectrum for the incident pressure expressed as V2, êêS is the 
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loudspeaker voltage autospectrum. +
1êê

H is given in (2-11). 

It follows that the incident sound power Wi is  

( )
( )

( ) .MS
cK

SH
MS

c
p̂

W pipe

êêêê
pipei

2

00
2

1

2

2

00

2

1 11 1 +=+=
+

+

ρρ
 (2-26)

The incident power Wi can be combined with the pressure reflection coefficient R1 

(equation (2-13)) to determine the sound power Wt transmitted out of the pipe 

( ) ( )[ ] .MRMS
c

p
W pipet

22
1

2

00

2

1 11 −−+=
+

ρ
 (2-27)

The radiated sound power level Wr has been measured in a reverberation room by 

measuring the autospectrum from a rotating microphone and using a calibrated sound 

source (ISO 3747).  

The noise due to the flow generation in the pipe and at the opening has been measured. 

It has been intended to compare this quantity to the sound power level transmitted from 

the loudspeaker to the room to ensure a good signal-to-noise ratio. The measurements 

are conducted using a broadband type of excitation as stipulated in standards for 

measurement in a reverberation room (ISO 3741). 

The experimental ratio of radiated sound power Wr to transmitted sound power Wt is 

evaluated as 

( ) ( )[ ]
.

MRMS
c

p̂

W
W
W

pipe

r

t

r

22
1

2

00

2

1 11 −−+

=
+

ρ

 
(2-28)
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2.2 Results and discussion 

A mean value Mach number M and Kirchoff damping are explicitly assumed if not 

otherwise stated. 

 

2.2.1 Internal damping in the boundary layer of a straight pipe 

The influence of flow on acoustic damping can be seen in Figure 3. The theoretical 

damping α (see (2-16) and (2-17)) presented in Figure 3 corresponds to the absolute 

value of the imaginary part of the calculated wavenumber k+/-.  
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Figure 3: Acoustical attenuation rate in a straight pipe (M=0, 0.14). 
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The experimental results are obtained using the two-microphone and cluster techniques 

and with formulation based on travelling pressures (cf (2-14), (2-15)). The cluster 

technique consists of an array of six in-duct flushed mounted microphone. 

The experimental results for the no flow case in Figure 3(a) agree well with the 

calculated results using the Kirchoff formulation (see (2-16)). No significant difference 

in damping is seen between the upstream and downstream propagating waves. 

Comparison of the plots in Figure 3 shows that introducing flow into the pipe does not 

significantly change the damping α+ of the downstream propagating wave. An increase 

in the damping is however observed for the upstream propagating wave α- (reflected 

wave). It also appears that Davies’ modified theory (Davies 1988) of Kirchoff for the 

case with flow (see equation (2-17)) underpredicts the damping.  

A transmission loss TL [dB/m] due to the viscous-damping can be calculated from the 

value of the damping α [1/m] measured and shown in Figure 3. The TL is given as  

..TL α78=  (2-29)

Using the maximum value (α=0.2) observed at 4.5 KHz for the flow case M=0.14 gives 

a TL of 2 dB/m. 

This result shows that attenuation through viscous boundary layer along the inner wall 

of a pipe is not an efficient method to prevent acoustic energy propagation. The value of 

the damping will increase for smaller pipe diameter, i.e., it can be of importance in 

narrow pipes as found in catalytic converters (Allam (2004)). 

 

On the influence of the internal sound attenuation on the measured reflection 

coefficient 

The experimental data presented in Figure 4 plotted as function of the Helmholtz number 

ka for the case without flow and Strouhal number MkaSt = for the flow cases) are 

obtained using the cluster technique without iteration (two-microphone technique) and a 

real wavenumber k=ω/c0 (no damping) and with iterations corresponding to the case for 

which the measured damping is included in the experimental determination of the 

reflection coefficient R. It can be seen from Figure 4 hat the Munt’s model predicts quite 

well the trends of the measured data (typical error <10%). 
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Figure 4 (a), (b): Magnitude of the pressure reflection coefficient R at the opening of the 

straight pipe measured with and without the effect of damping. 
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Figure 4 (c) : Magnitude of the pressure reflection coefficient R at the opening of the straight 

pipe measured with and without the effect of damping. 

 

On the velocity input for Munt’s model 

Figure 5 studies the effect of the choice of the flow speed (maximum, mean) for 

computation of the reflection coefficient |R| using Munt’s model (Munt (1977, 1990)).  
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Figure 5: Reflection coefficient for straight pipe. 
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Experimentally, the maximum velocity is obtained with a Pitot-tube aligned with the 

centreline of the pipe. The relation between the maximum flow speed and the mean 

velocity over the cross section is given in Schlichting (1968). At the Reynolds number 

of this study, the mean velocity is 20% less than the maximum value. It can be seen 

from Figure 5 that using the maximum speed seems to improve the predictions. 

 
 

2.2.2 End correction  

Munt’s model allows the determination of the complex value of the reflection 

coefficient R at the opening. In this section, the phase of R (measured and predicted) is 

converted into an end-correction term (see (2-18) and (2-19). Both experimental and 

theoretical results are presented and shown in Figure 6. For the no flow case (Figure 6 

(a)), prediction of the end correction agrees well with the experimental value for which 

two types of excitation were tested: a broadband noise and steeped-sine excitation 

ranging from 0 to 5 KHz. No discrepancies between the predicted and measured no flow 

end correction appear even at low Helmholtz number for which experimental problems 

can be encountered (room acoustic, low driving efficiency of loud-speaker, etc..). The 

result for the low frequency limit obtained experimentally is very close to the value of 

0.6133 derived by Levine & Schwinger (1948). An interesting feature is observed in the 

high Strouhal number region. In this region ( 1>>= MkaSt ), one can see from 

comparison with the no flow case that the flow does not change the value of the end 

correction. It can also be seen that the measurements clearly support the drop in the end 

correction for small St-number predicted by Munt’s model. For small St-numbers the 

flow field plays an active part and coupling between the acoustic field and the flow field 

is of importance. This coupling is imposed by Munt theoretically through the full Kutta 

condition. This condition governs the transfer of energy between the acoustic field and 

the unstable vortex sheet outside the opening.  
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Figure 6 (a), (b): End correction for a straight pipe. 
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Figure 6 (c): End correction for a straight pipe. 
 
 
Another investigation shown in Figure 6 (c) corresponds to the choice (mean or max) of 

the value of the Mach number to be used in Munt’s model. The turnout is that the max 

speed gives a better prediction up to 54 −≅St and for higher St-number the mean speed 

appears to be the best choice. The low frequency behaviour of the end correction has 

been checked by using a larger microphone separation. The experimental normalised 

end correction ( )250.a ≈δ  obtained is very close to the predicted value for 

200 .M,St =→ . 

 
2.2.3 Sound absorption due to vorticity shedding 

Measurement of the rate of the acoustic absorption related to vorticity production at the 

pipe opening requires an estimation of the background noise due to the wall friction and 

flow separation noise. Figure 7 shows the various levels of background noise. It is 

necessary to ensure that the radiated power is of at least 10 dB greater than the 

background noise generated by the flow and other rig noise. It is found from Figure 7 

(a) that good SNR could not be obtained in the narrow region of 1.0 KHz. The 

measurements presented below have been therefore restricted to Mach numbers less 

than 0.2. 
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Figure 7: Various sound power levels externally measured with a rotating microphone. 

 

 

Flow case sound absorption in the vorticity shedding  

The presence of mean flow in the pipe influences the rate of sound radiated to the far 

field. The results presented in Figure 16 shows that acoustic losses due to vorticity is 

dominantly a low frequency process. In contrast, sound attenuation through viscous 

damping within the pipe is a high frequency mechanism. Bechert (1980) demonstrates 

the connection between flow separation and sound reduction by conversion of the 

acoustical energy into kinetic energy of the flow field. The upper frequency limitation 

of the theory developed by Bechert (1980) is given as acMf π<  and is indicated by 

a vertical dashed line in Figure 8. The analytical model derived by Bechert (1980) is in 

its form rather simplistic although good agreements are observed with our experimental 

data. Linear effects are usually encountered in the near field where low frequency sound 

absorption occurs. Thus, traditional and simple mathematical derivations are feasible in 

this region. An analytical approach as the one described by Bechert (1980) can thus be 

made. 
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Figure 8: Theoretical and measured sound absorption by the vorticity. 

 

Such a linear approach is not possible in the further downstream region where the flow 

breaks into turbulence and sound energy is converted into heat. Turbulence creates 

sound of quadrupole type much weaker than the absorption in the near field (dipole 

sound sink). Another interesting mechanism pointed out by Bechert (1980) is the noise 

conversion from narrow band to broader band in this region.  The effects in this jet 

mixing region are small and can be neglected.  
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2.3 Summary 

This chapter has dealt with the sound propagation in an open straight pipe. Different 

regions have been examined theoretically and experimentally and variation of the flow 

speed has been performed up to a Mach number of 0.2. The internal damping through 

viscous boundary layers has been measured with the means of a six-microphone array. 

The measured results of the damping agree well with the Kirchoff’s formula when no 

flow is present in the pipe. However, for flow conditions, the formulation suggested by 

Davies (Davies (1980)) based on Kirchoff’s no flow formula underpredicts the internal 

damping in the flow pipe. The experimental technique also allows to determine the 

pressure reflection coefficient and impedance at the opening. The prediction is 

conducted with a model derived by Munt (1977, 1990). A quite good agreement is 

observed between the theoretical and experimental results even at relatively high flow 

speeds.  

The end correction derived from the experimental pressure reflection coefficient has 

been compared with that of Munt’s model (Munt (1977, 1990)) derived for the 

theoretical pressure reflection coefficient. The trends are well predicted and limits at 

low frequency agree with the experimental data obtained at low frequency. 

The acoustic losses caused by the shedding of vorticity at the opening of the flow pipe 

has been experimentally obtained from induct and external measurements. The 

analytical model of Bechert (1980) defines the opening as a distribution of monopole 

and dipole sources. This model has been used to predict the sound absorption in the 

vorticity shedding. Good agreement has been obtained with the experimental data.  
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3. Acoustics of tailpipes 
 
3.1 Methods and materials 

Experimental and theoretical treatments of the pressure reflection coefficient R at the 

opening and flow noise in the far field for a number of different tailpipe geometries are 

presented. The aim of this section is to investigate the deviation of the results obtained 

from the straight pipe when the opening geometry is varied. The reflection coefficient 

and impedance at the opening and flow noise generated are studied.  

 

 

3.1.1 Presentation of the tailpipe rig 

The tailpipe experimental rig consists of several sections assembled as shown in Figure 

9. The main difference compared to the rig used in the treatment of the aeroacoustics of 

the straight pipe is the number of microphone used. Here, three microphone locations 

are used in conjunction with the two microphone technique, whereas a six-microphone 

array is used in the straight pipe rig in order to also measure the acoustic damping. The 

arrangement is designed to permit flexibility between measurements. The microphones 

are flush mounted to minimise flow disturbances. The cut-off frequency based on the 

internal pipe radius (42 mm diameter, 2 mm thickness) for this pipe is 4.8 KHz. Pitot-

tube results are shown in Table 1. A smooth inlet cone is used to minimise flow 

separation noise at the inlet of the rig. 
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Elements V1.max V2, max V3, max 

Straight pipe 25 43 80 

Oblique cut 0° 25 43 80 

Oblique cut 30° 24 42 80 

Oblique cut 45° 24 42 80 

Oblique cut 60° 24 43 80 

Diffuser 1° 25 44 80 

Diffuser 2.5° 27 47 90 

Diffuser 5° 27 48 90 

Diffuser 7.5° 25 48 91 

45° Bend L=0 23 41 80 

45° Bend L=1D 24 41 80 

45° Bend L=2D 24 42 80 

45° Bend L=5D 24 42 80 

90° Bend 1 R/D=1.6 23 41 78 

90° Bend 2 R/D=2.5 24 41 78 

Table 1:  List of tailpipes tested and the flow speeds used. 

 

3.1.2 Presentation of the tailpipe elements 

Schematic diagrams and pictures of the various elements tested are now presented. 

Three main categories are investigated: oblique cuts, diffusers and bends. Reflection 

coefficients and sound power levels of the flow generated noise are compared with the 

straight pipe case (reference). 

 

Oblique cut 

The steepness of the oblique cut at the outlet is given by the angle between the no cut 

case (straight pipe) and the oblique cut. This angle has a value of 30°, 45° and 60° as 

shown in the following drawings (Figure 10). It should be noticed that the total length of 

the element is constant (150 mm). The purpose of this cut is to reduce the reflection at 

the outlet and thereby reducing the effect of resonances. 
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Figure 10: Oblique cuts in a circular pipe. 

Diffusers 

The second type of element investigated is the diffusing element (Figure 11). Slowly 

divergent conical elements having a fixed length of 105 mm are studied. Measurements 

on diffusers of semi angles of divergence of 1°, 2.5°, 5° and 7.5° are carried out. The 

diffuser can reduce reflections at an opening and possibly also reduce flow noise 

produced at the outlet. 
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Figure 11: Diffusers. 

45° bends 

The bend elements consist of three parts, an upstream straight part, the bend and a 

downstream straight pipe. The upstream distance between the inlet and the bend edges 
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has a fixed value of 70 mm (Figure 12). The downstream section located after the 

curvature and extended to the outlet takes the length L of 0, 42, 82 and 210 mm. The 

curvature radius for the bends is 50 mm. An angle of 45º is found between the upstream 

and downstream sections. 

 

 

  

 

 

 

 

 

Figure 12: 45° bends. 

90° bends 

For the 90° bends the angle separating the upstream and downstream sections is 90° 

L=0 

L

L=5D 

L=D D

L=2D 
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(Figure 13). Two radii of curvature (67 mm and 105 mm) at the bends permit ratios of 

curvature radius R to pipe diameter D to be of 1.6 and 2.5. The interest here is on the 

aeroacoustics of bends close to the tailpipe opening. 

 

 

 

 

Figure 13: 90° bends. 

3.1.3 Modelling of pressure reflection coefficients and impedances 

Theoretical investigation of the reflection coefficient and impedance at the inlet and 

outlet of the elements differs slightly between the types of elements. Each case is now 

theoretically detailed.  

The main approach is to calculate the reflection coefficient at the outlet of the element 

using Munt’s model (Munt (1977, 1990)) and to move the results to the inlet through its 

transfer matrix calculated from SID (Nygård (2000)) (Sound in Duct software 

developed at MWL).  

The outlet impedance Zout is calculated after derivation of the outlet reflection 

coefficient Rout  using the relation 

,
S
c

R
RZ

out

out
out

00

1
1 ρ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
+

=  (3-1) 

where Rout is calculated from Munt’s model (Munt (1977, 1990)) based on the radius 

and mean Mach number M at the outlet for diffusers. For the oblique cuts, it was found 

preferable to use the inlet element radius.  

R 

D

R/D=2.5

R/D=1.6
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The transfer matrix relating the pressure p̂ and volume flow speed q̂  between the inlet 

and outlet of the element is of the form 

.
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Re-arranging this expression yields the impedance at the inlet 
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Using (3-1), the reflection coefficient Rin at the inlet can similarly be written  
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00
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+
−

=
ρ
ρ  (3-4)

The elements T11, T12, T21 and T22 are obtained from the transfer matrix calculated using 

SID. 

Regarding the bends, no transfer matrix calculation is done; the reflection coefficient is 

shifted to the outlet through a straight pipe with same length. 

 

Oblique cut case 

It was primarily assumed that only the increase in the cross-section area at the outlet 

dominated the behaviour of the reflection coefficient. Therefore an equivalent radius has 

been calculated for this opening and used with Munt’s model for same Mach number. 

However, the reflection coefficient obtained from Munt’s model with this calculated 

radius did not agree well with the experimental data at high frequency. This discrepancy 

can be explained by the additional acoustical effect of the obliquity. As opposed to the 

other elements, the acoustical wave does not encounter the lips of the oblique cut at the 

same time, thus the wave is reflected at different time along the oblique cut introducing 

a phase difference. To model this, it was decided to split the oblique cut in a number of 

parallel pipes with varying length as shown in Figure 14.  

 

 
Figure 14: Pipe network for oblique cut transfer matrix calculation. 
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A network composed of these segments mounted in parallel enabled the determination 

of the transfer matrix for the entire element. This is done using the SID code.  

The reflection coefficient at the outlet calculated from Munt’s theory is based on the 

radius of the straight pipe and not on the equivalent radius of the oblique opening. The 

technique described from (3-1) to (3-4) allows determination of the reflection 

coefficient at the inlet of the network, i.e., the oblique cut.    

 

Diffuser case 

The theoretical transfer matrix for diffusers is derived from the software SID (Sound in 

Duct). The methodology used in SID is to split the overall diffuser into straight pipe 

segments connected to each other in serial. The user inputs for any diffuser elements are 

the inlet and outlet cross-section, the length and the number of straight pipe segments. 

Knowing the transfer matrix for each straight pipe and applying continuity of pressure 

and volume flow at the interface between two consecutive pipe elements, the transfer 

matrix for the entire network is derived. The centreline distance inlet-outlet, i.e., the 

length, for the diffusers has a fixed value of 105 mm. A number of 10 segments is 

chosen for the splitting as shown in Figure 15. 

 
Figure 15: SID geometry for diffusers. 

By combining the outlet pressure reflection coefficient Rout predicted from Munt’s 

model with the diffuser transfer matrix, we can derive the inlet pressure reflection 

coefficient Rin and impedance Zin. 

 

Bend case 

No transfer matrix calculation is performed for the bend cases. The reflection 

coefficient is calculated at the outlet of the bend using Munt’s model and moved to the 

plane of interest by a centreline distance separating these two points. In other word, the 
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bend curvature is not taken into account for the prediction of the internal noise 

propagation in bends. 

3.1.4 Experimental procedures 

The experimental technique to measure the pressure reflection coefficient R for all 

elements is based essentially on the two microphone technique (Åbom & Bodén 

(1988)). The separations between the microphones in the rig yield a frequency range 

(see (1-2)) as follows  

 

 Microphone 1 and 

2, s12=28 mm 

Microphone 1 

and 3, s13=170 

mm 

Two- microphone 

frequency criteria (Hz) 
4900610 ≤≤ f  800100 ≤≤ f  

 

3.2 Results and discussion 

Acoustic properties of the tailpipe geometries and the deviation from the straight pipe 

case are now studied. The circular straight pipe termination is replaced by various 

elements; oblique cuts, diffusers and bends as described in the previous section. 

Influence of the termination geometry and flow speed on the reflection coefficient and 

impedance and flow noise generated is investigated with comparison to the reference 

case, the straight pipe. 

 

3.2.1 Reflection coefficient and impedance 

Results for the reflection coefficient and impedance at the outlet of the tailpipe elements 

described in this section are now presented. The impedance for the tailpipe elements are 

moved assuming a straight pipe from the reference position (microphone 1) to the outlet 

opening. This procedure, which gives an equivalent radiation impedance, enables a 

direct comparison with the reference straight pipe case. Experimentally, it is obtained 

using three microphones with the one located the nearest to the pipe open end chosen as 

reference. Data are presented up to the straight pipe cut-off frequency (4800 Hz). Thus, 

only plane waves are considered in this analysis. An overview of experimental data 

collected for the elements are presented, and the influence of mean flow speed M is 

studied.  
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Oblique cuts 

Influence of the obliquity angle without flow 

Figure 16 shows the experimental reflection coefficients for the oblique cuts for various 

angles and for no flow condition. At low frequencies (<1500 Hz), all the elements 

behave as a straight pipe. It can be explained by the relatively large wavelength 

compared to the opening characteristic dimension. In other words, at low frequency, the 

sound propagation is not influenced by the geometry of the elements. Bechert (1980), 

Peters and al. (1993) report the same observation.   

Deviation between the elements is observed at high frequencies. The decrease in the 

reflection coefficient as the obliquity angle increases is related to the successive 

removal of a distinct cross section where the pipe terminates.  
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Figure 16: No flow reflection coefficient data for oblique cuts. 
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Results for the acoustic impedance Z are given in Figure 17. 
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(b) 

Figure 17: No flow opening impedance experimental data for oblique cuts. 
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As for the reflection coefficient, both the real and imaginary parts of the impedance tend 

to zero in the low frequency limit as for the straight pipe. It appears that the real part is 

not affected by the change of the obliquity. A deviation can be noticed, however, for the 

mid-frequency range when considering the imaginary part. A peak is observed for the 

sharpest cut (60°) for which a resonance seems to occur.  

 

Effect of mean flow  

Figure 18 shows the experimental values for the reflection coefficients and impedances 

for the oblique cut elements of different angles and straight pipe for flow Mach number 

of 0.19.  Figure 18 shows that the general behaviour of the oblique cut elements is not 

ruled by the presence of the flow in the pipe.  
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Figure 18 (a):  Experimental reflection coefficient for flow oblique cuts. 
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Figure 18 (b), (c): Experimental impedance for flow oblique  cuts. 
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Theoretical investigation  
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Figure 19: Theoretical analysis of no flow oblique cut case. 

 

The prediction by the transfer matrix model including the geometrical effects agrees 

reasonably well with the experimental data. At even higher frequencies, the transfer 

matrix theory breaks up and deviates from the experimental result. A more refined 

model is certainly needed. shows the results obtained for the model including Munt’s 

theory (Munt (1977, 1990)) and transfer matrix calculation.  
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Figure 20: Modelling the opening reflection coefficient of oblique cuts. 
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Figure 21: Modelling the opening reflection coefficient and impedance of oblique cuts. 
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Diffusers 

The diffuser elements are now studied. Experimental data are presented for the diffusers 

and the straight pipe. It is followed by a comparison using the transfer matrix 

methodology. Discrepancies between the experiment and measured data are explained 

by a series of measurements performed at low frequencies.  

 

Influence of diffuser half-angle α 

Figure 22 (no flow), Figure 23 (flow case) present the experimental results obtained for 

diffusers with different angles.  
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Figure 22:  Diffuser experimental results at outlet (reflection coefficient) and no flow. 
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Figure 22: Diffuser experimental results at outlet (impedance) and no flow. 
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Figure 23: Diffuser experimental results at outlet (impedance) and with flow. 
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Figure 23: Diffuser experimental results at outlet (reflection coefficient) and with flow. 

 

One interesting feature observed from the flow case is the significant increase for low 

frequencies of the reflection coefficient. Instead of approaching 1 as it always does for 

the straight pipe, it seems to approach a value larger than 1. 
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Influence of flow Mach number 

Flow effects are shown for a specific diffuser angle in Figure 24 (1°) and Figure 25(7.5°).   
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Figure 24: Influence of the Mach number on the outlet impedance of the diffuser 1°. 
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Figure 25(a), (b): Influence of the Mach number on the outlet impedance of the diffuser 7.5°. 
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Figure 25 (c): Influence of the Mach number on the pressure reflection coefficient and outlet 

impedance of the diffuser 7.5°. 

 

It can be seen that an increase of the Mach number results in a reduction of the radiation 

resistance (real part of the load impedance Z) at low frequency. The end correction 

(imaginary part of the load impedance Z) is on the other hand unchanged at low 

frequency. At high frequency, the resistive term is not dependent on the flow speed 

whereas the end correction increases with the flow Mach number. The two cases 

presented here (also at low frequency, see Figure 26 and Figure 27) show that both the 

angle and flow influence the acoustics of the termination. 

 

Diffuser low frequency measurement  

The experimental investigation is repeated on the diffusers with a larger separation 

between the microphones in order to cover a lower frequency range (0-200 Hz).The full 

Kutta condition used in Munt’s theory stipulates that the flow at the lips leaves the pipe 

as an uniform cylindrical flow with thin boundary layers. Flow separation inside the 

element violates this boundary condition. The low frequency limit of the pressure 

reflection coefficient R predicted with the Kutta condition is not valid anymore.  
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Figure 26 (a), (b): Low frequency reflection coefficient measurements for diffusers (M=0, 0.06). 
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Figure 26 (c), (d): Low frequency reflection coefficient measurements for diffusers (M=0.12, 

0.19). 
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Hirschberg and al. (1988) have studied the vortex sound generated by diffusers. They 

use the energy reflection coefficient RE defined as 

( )
( ) ,

M
MRRR BE 2

2
22

1
1

+
−

==  (3-5)

where RB is the enthalpy reflection coefficient and R is the sound pressure reflection 

coefficient used throughout this paper. It indicates that for RE exceeding unity, sound is 

amplified by the flow separation mechanism. As seen from Figure 26 the tested diffusers 

are not producing extra sound. But for angles around 5-7.5° we approach the limit 

( ( ) ( )MM −+ 11  of no losses, i.e., all the incident acoustic power is reflected for low 

frequencies. 

   

Diffuser impedance results 

Measurement of the complex pressure reflection coefficient R enables the derivation of 

the complex impedance Z (see (1-1)) for the same low frequency range. 

 

Influence of diffuser half-angle α 

The real and imaginary part of the impedance is plotted in Figure 27 as function of the 

Helmholtz number ka , the diffuser angle α and flow Mach number M. The data was 

obtained at the microphone reference 1 and moved to the open end by a distance of 

l=150 mm (cf Figure 1) corresponding to the opening of the straight pipe and to the inlet 

of the diffusing elements. The length of the elements is constant (105 mm). 

For results with no flow (M=0), no deviations are observed between the diffusers. It 

shows that the diffusers have the same behaviour when no airflow is introduced in the 

pipe. 

In view of the flow results, M=0.05 and 0.2, the trend is for the real part of the 

impedance (radiation resistance) to decrease as the diffuser angle α and Mach number 

M increase. This observation is of paramount importance when the diffuser is connected 

to an exhaust line. An optimal design of exhaust system requires to minimise such 

radiation. Modelling and performance estimation of exhaust line with these measured 

load impedance data are presented in the section “Modelling of exhaust lines”. 
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Figure 27 (a): Normalised inlet impedance measurement at low Helmholtz number for diffuser 

elements (M=0). 
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Figure 27 (b): Normalised inlet impedance measurement at low Helmholtz number for diffuser 

elements (M=0.05). 
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Figure 27 (c): Normalised inlet impedance measurement at low Helmholtz number for diffuser 

elements (M=0.2). 
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Theoretical investigation of the opening acoustics of diffusers 
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Figure 28: Theoretical and experimental comparison for reflection coefficient 

for diffusers with no flow. 
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Figure 29: Theoretical and experimental comparison for reflection coefficient for flow diffusers. 
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The results presented in Figure 28 from the transfer matrix model used to predict the 

reflection coefficient for the no flow case agrees well with the experimental data. 

Modelling of the standing wave pattern (undulation) is achieved theoretically. There is a 

significant discrepancy between the calculated and experimental values for lower 

frequency when flow is present in the rig (Figure 29). Dequand and al. (2002) showed 

for diffusers of this type that the flow separation point is not fixed but moves along the 

inner walls of the diffuser elements. Munt´s model to calculate the pressure reflection 

coefficient at the outlet cross-section is based on a sharp-edged condition (Kutta 

condition). Flow separation is assumed to occur solely at the lips in Munt’s model. Due 

to the flow separation within the diffuser element for half-angle greater than 4°, the 

boundary layer at the opening is substantially thicker violating the simple flow 

separation model used by Munt. 

 

Bends 

Experimental results for the reflection coefficient of bends and straight-pipe 

terminations are given in Figure 30 and Figure 31. it emphasises and confirm the 

findings of Dequand and al. (2002) , i.e., the bends can be replaced by a straight pipe. 

The curvature of the bend does not affect the internal sound propagation under the 

present conditions. Dequand and al. (2002) showed that smooth bends do not differ 

strictly from a straight pipe. Their attempt to predict sound propagation through smooth 

bends using an incompressible quasi-stationary model failed to give satisfactory data 

due to the flow separation point moving along the wall. This model is valid for 

geometries involving sharp edges such as: slit, perforated plates, abrupt expansions. In 

the case of smooth elements in slowly divergent conical diffusers or smooth bends, 

other effects come into play that are not well predicted by the quasi-stationary theory. 

Dequand and al. (2002) demonstrates that modelling the sound propagation through 

smooth bends using a Fanno model give better agreement with experimental data than 

using a quasi-stationary model. Such a model characterises the bend as a straight pipe of 

the same length as the centreline distance between the inlet and outlet of the bend and 

includes a finite friction factor. The pressure loss used in this Fanno model to estimate 

the friction magnitude is either obtained experimentally by measuring the pressure drop 

between the inlet and outlet of the element or can be found in Blevins (1984).  
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Figure 30 (a): Reflection coefficient measurements for 45° bends. 
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Figure 30: Impedance measurements for 45° bends. 
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90° bends    
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Figure 31 (a) : Reflection coefficient measurements for 90° bends. 
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Figure 31 (b): Impedance measurements for 90° bends (M=0). 
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Figure 31 (c) :  Impedance measurements for 90° bends (M=0.19). 
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3.3 Summary  

Experimental and theoretical investigations have been performed on various elements 

terminating a straight pipe. Internal sound propagation in a pipe terminated by elements 

such as oblique cuts, diffusers and bends have been both experimentally and 

theoretically studied. The experimental procedure consisted of the standard two-

microphone technique. Thus, inlet and outlet data have been obtained for any element 

by shifting the measured pressure reflection coefficient at the microphone reference to 

the position of interest. Measurements have been carried out for no flow and for flow up 

to a Mach number of 0.2. Experimental results show the aeroacoustic behaviour 

differences between the elements. The theoretical procedure to compute the pressure 

reflection coefficient or impedance consisted of combining the outlet impedance from a 

model derived by Munt (1977, 1990) and an element transfer matrix calculated from the 

SID software. For the oblique cuts a reasonable agreement with experimental data is 

observed when the obliquity effect is approximated using a number of parallel pipes 

with varying length. However, this model breaks up at high frequencies due to the lack 

of non-plane wave effects. A more exhaustive model is required to fully predict the 

behaviour of the oblique cut elements. Concerning the diffuser elements, the model 

works well for the no flow case. Discrepancies between the experimental and theoretical 

results have been observed at low frequencies when flow is present in the rig. 

Measurements have been repeated at even lower frequencies (0-200 Hz) and confirm 

such a trend. Results from the straight pipe indicate that the magnitude of the reflection 

coefficient tends to unity at low frequencies. Diffusers behave differently and show a 

reflection coefficient magnitude larger than 1 in the low frequency limit. Inspection of 

the impedance results for diffusers also reveals deviations from the straight pipe 

behaviour at low frequency. In order to assess the practical applicability of these 

observations on the diffusers, the results are used in the next chapter to model complete 

exhaust lines. The purpose of this modelling is to estimate the potential of the diffusers 

to improve the insertion loss at low frequencies, in particular at tailpipe resonances. 

Experimental comparison between bends and the straight pipe confirms an observation 

previously made; the internal sound propagation in bends is similar to that of a straight 

pipe. Thus, no special transfer matrix calculation is required.  
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4. Modelling of exhaust lines 
 

The experimental investigation on internal noise propagation has highlighted various 

acoustical phenomena for the tailpipes studied. It is now necessary to implement and 

estimate these effects in designs of exhaust lines in order to test the usefulness for a 

typical automotive application of the results. It has been found that the acoustic 

properties of the oblique cut elements start to deviate from that of a straight pipe at 

frequencies above 1500 Hz. The dominating pulsations in a diesel engine can be 

observed at much lower frequencies (< 200 Hz). Deviations from a straight pipe at this 

low frequency range have been observed for flow diffusers. Thus, diffuser terminations 

show interesting acoustic properties at low frequencies for automotive applications. The 

acoustic properties of bends do not differ significantly from the straight pipe over the 

investigated frequency range (<5000 Hz).  

Two types of exhaust lines (“automotive” and “single pipe”) are modelled using the 

measured data of the diffuser load impedances, ZL.  

The automotive exhaust line has been designed in such way that the Insertion Loss IL 

index has been calculated between two systems having the same source and measured 

load termination impedance but with different elements. In the case of the single pipe 

exhaust line, the elements remain the same, only the load termination is changed. The 

single pipe exhaust line is used to explain the improvements observed for the 

automotive line.  

 

4.1 Description of an exhaust line 

A typical schematic of an exhaust line is given in Figure 32. It comprises of a source, 

elements and termination. 

 

Figure 32: Schematic of a standard exhaust line. 
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The volume flow speed 2q̂  at the outlet of the exhaust line can be calculated by defining 

(Bodén (1989)) the source impedance Zs, the source pressure Sp̂  (source pressure), the 

transfer matrices of the elements positioned between the source and the termination and 

the load impedance. Comparison of the volume flow speed 2q̂  from a reference system 

enables the determination of the Insertion Loss (IL). 

The pressure p̂ and volume flow speed q̂  at the inlet (1) and outlet (2) of the exhaust 

line depicted in Figure 32  is given by 

,q̂Zp̂p̂ SS 11 −=  

.q̂Zp̂ L 22 =  
(4-1)

The state variables pressure p̂ and volume flow speed q̂  at the inlet (1) and outlet (2) 

of the entire system is related for any exhaust line through its transfer matrix. The 

exhaust line transfer matrix ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2221

1211

TT
TT

Texh depends on the elements composing the 

line between the source and the termination. The relation between the pressure p̂ and 

volume flow speed q̂  at the inlet (1) and outlet (2) is given as  
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(4-2) can be rearranged as 

,q̂Tp̂Tp̂ 2122111 +=  

.q̂Tp̂Tq̂ 2222211 +=  
(4-3)

The complex pressure reflection coefficient Rref is measured at the in-duct flush-

mounted reference microphone using the two-microphone technique. The value of the 

reflection coefficient RL at the inlet is calculated using (1-3). 

The load impedance used in the calculation of the IL for the exhaust lines is formulated 

as 

,
S
c

R
RZ

L

L
L

00

1
1 ρ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
+

=  (4-4)

where S is the inlet cross-section area. The results for the normalised load impedances 

are given in Figure 27. 

Due to the low frequency investigation, it is assumed throughout this section that the 
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sound radiated to the far field is of monopole type, i.e., it is proportional to the volume 

flow speed q̂  at the outlet of the entire system. The low frequency range studied also 

implies that the inlet tailpipe impedance is equivalent to the outlet impedance.  

Combining (4-1) and (4-3) gives the monopole source strength 2q̂  at the outlet (2) of 

the exhaust line 

.
TZTZZTTZ

p̂q̂
SLSL

S

22211211
2 +++

=  (4-5)

 

4.2 The automotive exhaust line  

An automotive exhaust line is typically composed of a source, two straight pipes of 

length L1 and L2 respectively and a silencer, as depicted in Figure 33. In some cases, 

e.g., trucks, it is sometimes necessary to use a long tailpipe L2. This is problematic since 

it will introduce low frequency tailpipe resonances that are in the same frequency range 

as the engine harmonics. 

Figure 33: The automotive exhaust line. 

 

For the case studied below a Scania truck exhaust line with L1=1.3m and L2=2.6m is 

used (Glav (1994)). 

The total transfer matrix for the entire system in Figure 33 is calculated from 

,
TT
TT

TTTT
exhexh

exhexh
L,spsilencerL.spexh ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=××=

2221

1211
21

 (4-6)

where the straight pipe transfer matrix Tsp is given in equation (4-11). 

The frequency independent source impedance ( ) SicZS 4/7exp00 πρ=  where S is the 

pipe cross-section area is taken from Callow & Peat (1988). No source strength Ps is 

required and can be set up to any value as it cancels out when deriving the expression 

for IL. 
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The measured truck silencer transfer matrix is given as 

⎟⎟
⎠

⎞
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⎝

⎛
=

silsil

silsil
silencer TT

TT
T

2221

1211  (4-7) 

provided by the Swedish heavy-vehicle manufacturer Scania for no flow condition gives 

the following transmission loss  

.TTZ
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TTlogTL silsil
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The inlet and outlet impedances are equal to ScZ 000 ρ=  with S taken as the inlet and 

outlet silencer cross-section area and equal to 310668 −×.  m2. A plot of the Scania 

silencer transmission loss is given in Figure 34. 
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Figure 34: Transmission loss for Scania silencer. 

 

The transfer matrices for the two pipes 
1L,spT and 

2L,spT  in Figure 33 are computed using 

(4-11) with L1=1.3m and L2=2.6m. 

In order to derive the IL, it is necessary to define a reference system. It is defined as 

shown in Figure 35 as a source, a pipe of zero length with transfer unit matrix and the 

measured termination impedance ZL 
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Figure 35: Reference system for the automotive exhaust line. 

 

Insertion loss  

An insertion loss index IL is calculated for the system in Figure 33 and the reference 

system in Figure 35 with the same load impedance ZL. The IL is defined as the ratio of 

the source strength calculated for the automotive exhaust line in Figure 33 ( exhq̂ ) to the 

reference line in Figure 35 ( refq̂ ).  

,
exhTSZexhTLZSZexhTexhTLZ
refTSZrefTLZSZrefTrefTLZ

log
refq̂
exhq̂

logexhIL
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛

+++

+++
−=

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
−=

22211211

22211211
10201020  (4-10) 

where T11ref, T12ref, T21ref, T22ref  elements are given in (4-9), T11exh, T12exh, T21exh, T22exh 

elements are obtained from (4-6) and ZL is the measured tailpipe load impedance. 

The measured load impedance ZL is obtained on elements with an inlet diameter of 42 

mm. The silencer data provided by Scania corresponds to an inlet and outlet diameter of 

105 mm. It was thus necessary to obtain the load impedance for the diffuser using the 

same dimensionless Helmholtz number ka based on either the silencer or pipe radius.

  

Results  

The IL calculated from (4-10) for systems terminated with the diffuser elements of 

different semi-angle α are shown in Figure 36 for the no flow condition. It can be seen 

from Figure 36 that changing the diffuser element at the termination of the automotive 

exhaust line do not significantly modify the IL results in the case of no airflow. The 

large dip ( Hz55≈ ) comes from the first half-wavelength resonance in the tailpipe L2. 

However, when flow is introduced, it can be seen from Figure 37 that the larger the 

diffuser half angle α, the larger the IL value at the resonance frequency. An increase in 
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the IL is interpreted as an improvement as it means that the radiation to the outside of 

the exhaust line is reduced. It can be noted that the IL value at the resonance dip is 

improved with more than 10 dB. 
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Figure 36: No flow IL for the automotive exhaust line terminated with diffusers. 
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Figure 37: IL with flow for the automotive exhaust line terminated with diffusers. 
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Looking at the largest angle (α=7.5°) investigated, Figure 38 shows the improvement at 

different Mach numbers. 
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Figure 38: Automotive exhaust line IL for the diffuser 7.5° at various flow Mach number M. 

 

It appears that the IL is greater when flow Mach number and diffuser angle increase. 

In order to understand these results on the tailpipe resonance, a simplified system 

consisting only of a tailpipe is studied next. Since the tailpipe at the upstream end is 

normally connected to a “large volume” (silencer), it will be assumed that the source 

impedance ZS is zero. 

 

4.3 The single pipe exhaust line  

This system comprises a pipe of length L and a source strength Zs=0  as shown in Figure 

39. 

Figure 39: The single pipe exhaust line. 
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A reference system is taken for the single pipe exhaust line terminated with diffuser of 

angle α=1° to ensure overall fixed length. The diffusers have a constant length of 105 

mm.  

The transfer matrix for a straight pipe element with flow of length L is  
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 (4-11)

where ( )Mkk ±=−+ 1/ . A length L=2.6m is used. 

 

Insertion loss  

An insertion loss IL is calculated and is defined as the ratio of the source strength 

calculated for the exhaust line in Figure 39 ( spq̂ ) terminated with diffusers to the same 

exhaust line but with the diffuser of angle 1° ( refq̂ ). 
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The elements T11sp,L, T12sp,L, T21sp,L, T22sp,L are obtained theoretically from (4-11). The 

measured load impedance for the 1° diffuser (ZLref , reference case) and tailpipe ZLtailp are 

taken from the measurement of the pressure reflection coefficient RL and (4-4). 

 

Results 

Figure 40 shows the effect of the diffuser angle α on the IL for the single pipe exhaust 

line with flow Mach number M=0.2. 

An improvement at the tailpipe resonance frequencies 2120 ,n,Lnc = is observed. The 

results are consistent with the observations made on the automotive exhaust line. It is 

immediately apparent from Figure 40 that a diffuser with an angle larger than 1° 

improves the IL at the tailpipe resonance frequencies of the pipe length L. 

Figure 41 displays the influence of the flow Mach number on the IL for the diffuser 

angle α=7.5°.Figure 40 and Figure 41 illustrate and confirm the results obtained from the 

automotive exhaust line, i.e., the IL at the tailpipe resonance frequencies increase with 

the diffuser angle and flow Mach number M. 
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Figure 40: Influence of the diffuser angle for the single pipe exhaust line. 
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Figure 41: Single pipe exhaust line IL for the diffuser 7.5° at various Mach number M. 
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4.4 Summary  

The investigation of the acoustics of diffusers as pipe terminations has showed low 

frequency deviations from the straight pipe case. The magnitude of the pressure 

reflection R at the opening of the diffusers has been experimentally obtained using the 

two-microphone technique. It has been found that at low frequency (< 200 Hz) and with 

airflow in the rig, the magnitude of the pressure reflection coefficient R is greater for the 

diffusers than for the straight pipe.  

The experimental load impedance results for diffusers have been implemented in the 

calculation of the insertion loss IL for two types of designs; a Scania truck exhaust and a 

single pipe system.  

In view of the results obtained for both exhaust lines terminated with diffuser elements, 

it can be concluded that the magnitude of the IL is increased at the tailpipe resonance 

frequencies. The effect increases with the diffuser angle and flow Mach number and 

improvements of up to 10 dB seems possible in practice. 

Another important parameter to consider when designing such system is the sound 

generation due to flow separation. This is treated in the next chapter.  
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5. Flow noise for a straight pipe and tailpipes 
 

In the previous chapters, noise , produced from loudspeakers located upstream the rig, 

propagates through the rig and radiates from the termination. An experimental and 

theoretical investigations have been carried out in the previous chapters on the reflection 

of this sound with and without airflow.  Other sources of sound in this apparatus are the 

flow noise created by the flow inside the pipe and at the terminations. This noise termed 

as flow noise or aerodynamic noise is of a broadband type and has been studied by 

Lighthill and reviewed by Goldstein (1976). The flow noise creation is due to the flow 

separation that occurs inside the pipe, at the lips of the termination and further 

downstream when the flow breaks up into turbulence. This chapter analyses the flow 

noise for a straight pipe with circular open end and for the terminations previously 

studied (oblique cuts, diffusers, bends). The flow noise measurements are performed 

using a rotating microphone located in a reverberant room. The chapter starts by 

estimating the various sound power levels found in a straight pipe in order to identify 

the dominant flow noise mechanism. This is important as data from the tailpipes are 

compared with the straight pipe (reference case) for derivation of scaling laws for the 

flow noise sound power.  

  

5.1 Methods and materials 

5.1.1 Measurement of flow-induced noise in a reverberant room 

The comparative method (ISO 3747) was chosen for determination of noise generated at 

the opening of the rig due to the flow separation. This measurement technique uses a 

reference sound source in a reverberant room for which the sound power level is known. 

The reference sound source power levels are provided in 1/3-octave bands. A half-inch 

microphone mounted on a rotating support measured and averaged sound pressure 

levels of the signal either generated at the opening or from the reference source into the 

diffuse field.  
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5.1.2 Flow noise generation for a straight pipe 

Flow noise is created in different regions of a straight pipe (Figure 42). The following 

section aims to compare the sound power levels of the noise produced inside the pipe 

(1), at the lips (2) and in the jet mixing region located outside the pipe (3). 

 
Figure 42: Flow noise generation mechanisms in a straight pipe. 

 

Starting with the internal flow noise in a straight pipe, a semi-empirical model (VDI 

3733 (1996)) is presented and used to determine the internal sound power level 

generated by the flow inside the pipe.   

The VDI 3733 guideline gives a semi-empirical model obtained from flow noise induct 

measurements on long pipes with anechoic terminations. For Mach number (M=U/c0) 

of less than 0.3, the internal noise generation due to the flow separation inside a straight 

pipe is dominantly of dipole type (VDI 3733) implying that the flow induced sound 

power is proportional to U6. The flow generated sound power level inside a straight pipe 

is empirically formulated as  
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where K=8-0.16U (correction factor) and the reference values are W0=10-12 W, U0=1 

m.s-1 (flow speed), S0= 1 m2 (cross-section area), p0= 101325 Pa (pressure), T0=273 K 

(temperature), N0= 287 J.kg-1.K-1 (specific gas capacity), γ0=1.4 (specific heat ratio). 

 

The internal flow induced sound power level Lwi,1/3 in a straight pipe in 1/3-octave bands 

is expressed as (VDI 3733). 

,dB.LLL oct,WW/,W ii
77431 −Δ+=  (5-2)
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where for f/U >12.5 m-1, the octave band correction is 

),U/f(log.L octoct,W 1051512 −=Δ  (5-3) 

where  foct  corresponds to the octave band center frequencies. 

It has been assumed in VDI 3733 that the flow induced noise power level given by (5-2) 

is due to an internal process in the straight pipe. Thus, part of the acoustic energy is 

reflected at the opening. The external microphone only measures the portion of the 

sound that is transmitted out of the open end. Therefore, it is necessary to compute 

transmitted sound power levels for comparison with our data obtained from the external 

measurement. The ratio of the transmitted sound power Wt to the incident power Wi is 

.R
W
W

i

t 21 −=  (5-4)

The following empirical formulation (Davies and al. (1980)) is used to predict the 

pressure reflection coefficient R. 
2 3 41 0.01336 0.59079( ) 0.33576( ) 0.06432( )R ka ka ka ka= + − + −  (5-5)

The effect of the flow on the reflection coefficient is here neglected. 

In terms of the sound power level, the relation in (5-4) can be rewritten as 

( ).RlogLL
it WW

2
10 110 −+=  (5-6)

Thus, the transmitted sound power level can be rewritten as 

( ) ,RlogLL /,W/,W it

2
103131 110 −+=  (5-7)

where 31 /,Wi
L  is given by (5-2) and corresponds to the empirically predicted internal 

sound power in 1/3-octave bands. 

Figure 43 shows the flow noise measured in the far field together with the internal noise 

results obtained from (5-7). The flow noise measurement corresponds to the flow noise 

generated from the inside, from the lips and jet mixing region and picked up by the 

rotating microphone. The internal flow noise sound power level calculated from (5-7) 

(VDI 3733) indicates that the flow noise created inside the pipe and transmitted out is 

not the dominant mechanism for our external measurement. It appears that the measured 

data correspond to the noise created at the lips and in the jet mixing region under the 

Mach number range investigated.  
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Figure 43: Comparison between the internal noise produced inside the pipe calculated from VDI 

3733 with the measured flow noise in the reverberant room. 

 

Kuhn & Morfey (1976) argue that the jet mixing noise produced outside the pipe 

becomes dominating compared to the noise generated within the pipe and at the lips for 

flow Mach numbers varying from 0.18 to 0.56.  For the tests carried out in this work 

with Mach numbers up to 0.2, it seems probable that the jet mixing noise (quadrupole) 

is weaker than the dipole type of noise generated at the lips. 

 

5.1.3 Scaling laws 

It is of engineering interest to derive semi-empirical laws to predict the sound power 

level of the flow generated noise. This section is devoted to the general procedure to 

obtain such predictions. It is based on the method derived by Nelson & Morfey (1981) 

and Gijrath H. and al. (2001). 

Flow induced noise is commonly considered as a dipole-type of source (Nelson & 

Morfey (1981)), i.e., a fluctuating force acting at the opening is the mechanism of sound 

production. A general scaling law for the flow generated noise can be written noise as 

( )3 2 2
0 LW U D M C F Stαρ=  (5-8)

where W is the flow induced noise sound power, U is the flow speed, D is the pipe 

diameter, α  is the coefficient determining the aeroacoustic source type, F(St) is the 

dimensionless spectra to be calculated for each element, DUfSt =  is the Strouhal 
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number and CL is the pressure loss coefficient. 

The essence of this method is the evaluation of the dimensionless spectrum F(St) in 

(5-8) as a function of the Strouhal number St. Ideally, each acoustical element is 

characterised by a specific dimensionless spectrum F(St). In general, the form of this 

spectrum depends only on the geometry of the tailpipe studied, i.e., oblique cuts, bends 

and diffusers. Knowing this dimensionless spectrum F(St), one can predict the sound 

power level the element generates by the flow at a different characteristic dimension D, 

taken here as the pipe diameter for bends or the outlet diameter for diffusers, and outlet 

flow speed U. For diffuser elements, the flow speed is given as U=Uduct×(Dinlet/Doutlet)2. 

The scaling law method requires the external measurement in a reverberant room of the 

flow induced sound power W at various measured flow speeds U. All the dimensionless 

spectra F(St) calculated from (5-8) for a specific element and at various Mach number 

M  are plotted. 

A routine is implemented to obtain the optimal value of α for which minimum standard 

deviation between the plots is achieved. This procedure is required to obtain only one 

scaling law for each element.  

The value of the coefficient α  in (5-8) depends on the type of frequency bands used 

(1/3-octave band analysis has been performed in this paper), the type of source 

(monopole, dipole, quadrupole) and whether the flow noise generated is internally or 

externally.    

It is usually suitable to present the data in logarithmic scale as 

)).St(F(logLs 1010=  (5-9)

Others authors prefer the use of the formulation derived by Nelson & Morfey (1981) 

having the following form 
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The dimensionless spectrum Ls,Δf  given in equation (5-10) is only applicable in the 

plane wave range, that is, below the pipe cut-off frequency fc, which for a pipe of 

diameter D is  

.
D

c.f o
c π

841
=  (5-11)

The experiment was conducted with a pipe of diameter D of 42 mm (cut-off frequency: 
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4.8 KHz). Comparisons with other authors scaling laws require the conversion of the 

Nelson and Morfey’s formula (5-10) to the form (5-8) used throughout this analysis. 

Using (5-8), (5-9) and (5-10) the conversion (for α=1 in (5-8) ) is found to be 

.dBLL MorfeyNelson,ss 13−= α  (5-12)

Nygård (2000) applied a correction of 3 dB due to the effect of the walls on the in-duct 

sound pressure level measurement he performed. A quasi-reverberant field is caused by 

the presence of the pipe walls resulting in an excess level of the sound pressure level by 

a factor of 0 to 6 dB. VDI 3733 suggests setting this correction factor by 3 dB. 

 

 Determination of the pressure loss coefficient CL 

Table 2 gives the pressure loss coefficient CL calculated from the measured pressure 

drop ΔP and flow speed U.  

Elements Inlet mean 

Velocity U (m/s) 

Inlet Reynolds number Re Pressure loss 

coefficient CL 

Diffuser 1° 25 44 80 4106×  4109.9 ×  41018× 0.25 

Diffuser 2.5° 27 47 90 4101.6 × 41011×  41020× 0..48 

Diffuser 5° 27 48 90 4101.6 × 41011×  41020× 0.37 

Diffuser 7.5° 25 48 91 4106.5 × 4109.9 ×  41020× 0.55 

45° Bend 

L=1D 
24 41 80 4104.5 × 4102.9 ×  41018× 0.17 

45° Bend 

L=2D 
24 42 80 4106×  4102.9 ×  41018× 0.16 

45° Bend 

L=5D 
24 42 80 4106×  4102.9 ×  41018× 0.23 

90° Bend 1 

R/D=1.6 
23 41 78 4106×  4102.9 ×  41018× 0.25 

90° Bend 2 

R/D=2.5 
24 41 78 4106×  4102.9 ×  41018× 0.24 

Table 2: Pressure loss coefficient CL. 
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The pressure loss coefficient CL indicates the pressure difference between the inlet and 

the outlet of an element. For elements (flow constrictions) inside a pipe producing flow 

noise, CL should be used in the scaling law as proposed by Nelson & Morfey (1981). 

However, for tailpipe terminations, it is not clear that this is useful and therefore CL can 

be omitted in the scaling laws. The flow noise investigation requires the measurement of 

the airflow pressure drop ΔP between the inlet of the elements and the room (Figure 9). 

It was carried out using an averaging method, where four circumferential holes were 

drilled in the pipe to measure simultaneously the static pressure difference between the 

inlet and the outlet of the elements. In turbulent flow the pressure loss coefficient 
2

02 UPCL ρΔ=  is essentially independent of the flow speed U and its magnitude 

depends solely on the geometry of the elements (Blevins (1984)).  

  

Scaling laws for bend cases 

The flow generation process for diffusers occurs at the outlet of the elements whereas 

the sound source of interest to be scaled for bends is located internally at the bends. The 

sound power level measured is performed externally and corresponds to the flow 

induced at the bend and at the opening. Thus, two corrections (open end flow noise 

removal, end reflection) are necessary to compute the proper sound power level 

generated by flow separation in bends. To remove background noise, i.e., noise 

produced along the pipe and at the opening, the measured flow induced sound power 

level of the straight pipe is subtracted from the sound power level measured for each 

bend. However, part of the flow induced sound generated inside the element is reflected 

back at the opening as shown in Figure 44. This is corrected using equation (5-7). 

 
Figure 44: Flow sound power levels in bends. 
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5.2 Results and discussion 

 

5.2.1 Scaling law results for a straight pipe 

Measurement of flow noise in 1/3-octave band in the reverberant room at various flow 

Mach numbers M enables the derivation of scaling law after collapse of sound power 

level curves as shown in Figure 45. 
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Figure 45: Dimensionless spectrum LS for the straight pipe case, formulation used: 

( )StFMDUW αρ 23
0= , α=3 for straight pipe (dipole source in free field). 

 

Figure 45 shows the dimensionless spectrum Ls obtained for the straight pipe. The 

sound power level of the noise generated by the flow is proportional to U6 

corresponding to flow separation at the lips.  

 

5.2.2 Flow-induced noise and scaling law results for tailpipes 

This section addresses the noise generated by flow noise for the rig (Figure 9) terminated 

with elements such as oblique cuts, diffusers and bends. The methodology employed 

consists of systematically comparing the element flow noise to the straight pipe flow 

noise. Scaling laws are derived when additional flow noise of more than 3 dB is 

observed between the element and the straight pipe. 
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 Oblique cuts 

The case corresponding to the most pronounced angle (60°) is studied as it was 

observed to be the one creating the highest sound power level. Measured flow noise 

sound power levels are compared to the results for a straight pipe termination in Figure 

46. 
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Figure 46: Flow induced sound power levels for oblique cuts. 

 
 

We note that no significant difference in terms of the sound production by flow is 

observed between the oblique cuts and the straight pipe termination. In comparison with 

a straight pipe, no additional noise is generated due to the obliquity. Consequently, the 

scaling law for this element equals the one derived in the section regarding the straight 

pipe. 
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 Diffusers 

Flow generated noise for diffusers are now presented and compared with the reference 

case, i.e., the straight pipe termination. 

500 1000 1500 2000 2500 3000 3500 4000
30

40

50

60

70

80

Frequency

Lw
 (d

B)

Straight pipe
1°
2.5°
5°
7.5°

M=0.05 

Straight pipe 

 

500 1000 1500 2000 2500 3000 3500 4000
30

40

50

60

70

80

Frequency

Lw
 (d

B)

Straight pipe
1°
2.5°
5°
7.5°

 M=0.09

Straight pipe 

 

500 1000 1500 2000 2500 3000 3500 4000
30

40

50

60

70

80

Frequency

Lw
 (d

B)

Straight pipe
1°
2.5°
5°
7.5°

 M=0.19

Straight pipe 

 
Figure 47: Flow induced sound power levels for diffusers. 
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The sound generation by flow for diffusers is of dipole type in free field. It means that 

the sound power generated by the flow is proportional to its velocity U6 since the noise 

generation occurs mostly at the opening. At low frequencies, a noticeable deviation 

from the reference case can be observed for all investigated cases. The larger the 

diffuser angle, the greater the sound power level generated by the flow. It is noted that 

the diffuser lip circumferential length increases with the diffuser angle since the 

diffusers have the same length. Consequently, flow separation and flow induced sound 

power at the lips is most pronounced for diffusers with greater angle and same length 

although the outlet airflow speed is reduced. The very small difference in the flow 

induced sound power level LW between the diffuser with an angle of 1° and a straight 

pipe shown in Figure 47 indicates that this diffuser may be regarded as a straight pipe in 

terms of flow induced noise. Dimensionless spectra LS obtained for the diffuser cases 

according to the formulation ( )3 2 2
0 LW U D M C F Stαρ=  are shown in Figure 48. 
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Figure 48: Dimensionless spectra for the diffuser terminations, formulation used: 

( )3 2 2
0 LW U D M C F Stαρ= , α=3 for diffusers (dipole source in a free field). 

 

The collapse of data shown in Figure 48 for each angle was obtained for a velocity 

dependence of U6 (outlet velocity, calculated from Pitot-tube measurement inside the rig 

and outlet cross-section) corresponding to α=3 in ( )3 2 2
0 LW U D M C F Stαρ= ).  
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45° bends 

Flow noise sound power level results for 45 ° bends are shown in Figure 49.  
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Figure 49: Flow induced sound power levels for 45° bends. 
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All bend elements behave as a straight pipe in the high frequency region. It is seen from 

Figure 49 that the greater the flow Mach number, the smaller the deviation compared to 

the results for a straight pipe. It is due to the flow noise at the opening dominating the 

internal flow induced noise at the bend. Coupling occurs between the sound sources at 

the bend and at the opening when the distance separating them is short (Nygård (2000)). 

The exception to this observation is for the bend with the longest upstream length 

(L=5D). For a length of L=5D, the internal flow noise generated is greater than the 

noise generation at the opening. The scaling laws for the 45° bends are shown in Figure 

50. It shows more scattering for the shortest upstream lengths (L=1D and L=2D), due to 

the mixed flow processes at the bend and at the opening. These two processes (internal 

flow noise, flow noise at the opening) are described by two different velocity exponents. 

The change in the velocity exponent α is due to the presence of pipe walls (boundary 

conditions) for the internal noise mechanism (Nelson & Morfey (1981)). No significant 

difference between the shortest 45° bend (L=0) and the straight pipe in terms of flow 

noise is observed, thus the results are not presented. 
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Figure 50: Dimensionless spectra for 45° bend cases, formulation used: 

( )3 2 2
0 LW U D M C F Stαρ= , α=1 for bends (dipole source in an enclosed field). 

 

The dimensionless spectra shown in Figure 50 have been obtained for a velocity 

dependence of U4. 

 
 
 



88 
 

90° bends  

Experimental data for flow generated sound for 90° smooth bends are given in Figure 

51 together with the derived dimensionless spectra for the two 90° bends investigated 

(Figure 52).  
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Figure 51: Flow induced sound power levels for 90° bends. 
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Figure 52: Dimensionless spectra for the 90° bend cases, formulation used: 

( )3 2 2
0 LW U D M C F Stαρ= , α=1 for bends (dipole source in an enclosed field). 

 

The bend with the largest curvature (R/D=1.6) generates the highest sound power level. 

The dimensionless spectra (Figure 52) for the flow sound power generated in these bends 

indicate that the sound generation is proportional to the airflow speed U4. The velocity 

exponent α=1 for the bends differs from that of the diffusers, i.e., α=3. It is due to the 

flow sound generation process, which for the diffusers mainly occurs at the opening 

(free field) whereas it occurs inside the  pipe (enclosed field) for the bends. 

 

5.2.3 Scaling laws review 

Figure 53 shows the scalings laws for diffusers and the straight pipe. 

Nygård (2000) has developed scaling laws for other type of bends. However, the 

formulation based on Nelson & Morfey (1981) used in his derivation of dimensionless 

spectra is slightly different from the procedure taken throughout this document and 

needs to be converted. The conversion is given in (5-12). Complete sets of data from 

Nygård (2000) and our results are shown in Figure 53 together with the formulation 

used to derive the dimensionless spectra LS. 
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Figure 53: Complete sets of dimensionless spectra obtained from our investigation on diffusers. 
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Figure 54: Complete sets of dimensionless spectra obtained from our investigation on diffusers  

and Nygård (2000) after conversion to the following formulation excluding the pressure loss 

coefficient CL: ( )StFMDUW αρ 23
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The semi-empirical laws together with coefficients (Table 3) obtained from Figure 53  

and Figure 54 and a line fitting procedure are given in (5-13).  

( )[ ] ( )[ ] ( )[ ] ( )[ ] ( )[ ] .CStlogCStlogCStlogCStlogCStlogCLs 6
1

5
2

4
3

3
4

2
5

1 +++++= (5-13)

 

 C1 C2 C3 C4 C5 C6 

Straight pipe -68 -44 28 12 10 -59 

Diffuser 2.5° -82 25 33 -19 10 -48 

Diffuser 5° 34 11 -34 -28 15 42 

Diffuser 7.5° 19 19 -24 -33 16 -34 

45° bend L=5D 100 73 -110 -49 1 -61 

90° bend R/D=2.5 -420 -28 -63 -18 0 -61 

90° bend R/D=1.6 310 -170 -120 -3 -2 -58 

Mitre bend (Nygård) -150 -6 47 10 -18 -50 

90° bend R/D=0.5 (Nygård) 15 -27 10 0 -7.5 -54 

Table 3: Coefficients to be used in conjunction with semi-empirical laws derived in 

(5-13) from scaling laws for each element presented in Figure 53. 
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5.3 Summary 

An experimental investigation has been conducted on the noise created by airflow. The 

experimental technique consists of a rotating microphone located in a reverberant room. 

Thus, flow induced sound power levels have been measured from a flow rig terminating 

with different geometries (oblique cuts, diffusers, bends) and at various flow Mach 

number M <0.5. A preliminary investigation on a straight pipe termination has shown 

that the dominant noise creation process occurs at the lips. Flow noise is also created 

inside the pipe. However, this internal flow noise is of lesser magnitude compared to the 

noise produced at the lips or externally for the Mach numbers studied here. 

The flow noise sound power levels determined from the geometries have been 

compared to the straight pipe case and derivations of scaling laws based on these results 

have been obtained. The results demonstrate the different flow noise behaviours of the 

elements investigated. It also indicates the relation between the airflow speed and the 

noise produced due to the flow separation.  

It has been found that the diffusers behave as the straight pipe in terms of the flow 

induced noise process (same velocity exponent), i.e., the flow noise mechanism occur at 

the outlet. Although, the flow speed is reduced due to the expansion of the diffuser, it 

has been found that the flow noise at the diffuser outlet is increased compared to that of 

a straight pipe. It is demonstrated that the diffuser elements behave as a straight pipe in 

terms of flow induced noise. The sound generation mostly occurs at the opening/lips 

(dipole sound mechanism). An increase of the angle of the diffuser (fixed length) results 

in an augmented flow noise production, especially in the low frequency range (see 

Figure 47). Moreover, for half angle α greater than 4°, flow separation also occurs 

within the elements as the flow is detached from the wall. Due to the rather short length 

of the diffuser, this noise creation inevitably interacts with the noise created at the lips, 

though it is believed that the latter is of greater magnitude. On the other hand, the 

oblique cut elements do not generate additional noise and can be treated as a straight 

pipe. The bends require a special treatment as two flow noise processes can be 

accounted for. Flow noise is created internally at the bend and externally at the lips. The 

internal process is of main interest and a correction technique has been applied to 

retrieve the flow noise at the bend from external measurement. Semi-empirical laws to 

calculate flow noise sound power levels have been derived for all elements tested. 



93 
 

6. Summary and conclusions 
 

An experimental investigation on the propagation and generation of sound through a 

straight pipe and various tailpipe configurations has been carried out. The aim of this 

work has been to investigate the sound radiation and the flow noise creation for several 

opening geometries and to provide guidelines for the design of exhaust systems outlets 

in the automotive sector. 

Starting with the straight pipe taken as a reference case, different aspects were studied. 

An array of six microphones was employed jointly with an iterative method to 

experimentally obtain the imaginary part of the complex acoustic wavenumber in the 

straight pipe. Attenuation of the acoustical energy as the wave travels inside the pipe 

can thus be determined. It is found that the empirical formulation commonly used for 

the prediction of acoustical losses when flow is present in the pipe is inadequate. The ad 

hoc formula suggested by Davies (1988) for the acoustical damping of plane waves in 

flow ducts can lead to significant smaller damping values than actually measured. An 

analysis of the end correction was also performed. Opening reflection coefficient and 

end correction results were confronted with the model of Munt (1977, 1990). It was 

found that Munt’s model predicts well the drop in the end correction at low St-numbers  

Sound radiation measurements enabled the determination of acoustical energy loss 

through vorticity by comparing induct and reverberation room measurements. An 

analytical model (Bechert (1980)) treating the opening as monopole and dipole sources, 

validated the experimental results and confirmed the low frequency mechanism 

associated with vorticity absorption.  

A description and evaluation of flow noise encountered in a pipe system are given 

together with derivation of an empirical law for straight-pipe flow induced noise. It is 

found that the major source of flow noise occurred mainly at the lips of the pipe. 

Internal flow noise generation is of smaller magnitude for Mach numbers less than 0.2. 

 

The geometry at the outlet opening of the straight pipe was varied (oblique cut, diffuser, 

bend elements) to study its influence on the acoustic radiation. A systematic comparison 

with the straight-pipe case was the starting point for further analysis to explain any 

deviations. This is of importance to improve the optimal design of an exhaust line in an 
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internal combustion engine. Reflection coefficient models for the various tailpipes 

studied combining Munt’s theory and transfer matrix calculations have been tested 

against measurements performed induct with flush mounted microphones. For the 

diffusers an interesting deviation from the straight pipe behaviour was found, since the 

magnitude of the reflection coefficient is larger than 1 in the low frequency limit. This 

effect gives a significant reduction up to 10 dB of tailpipe resonances. It has been found 

that the phase difference at various points along the cut needs to be modelled for the 

oblique cut elements. Bends behave as a straight pipe regarding the internal sound 

propagation.  

In terms of flow noise, scaling laws formulation based on Nelson & Morfey (1981) for 

calculation of flow induced sound power as function of frequency and characteristic 

dimension, were obtained in a similar fashion as for the straight pipe. A sixth power 

velocity dependence was found for the diffuser cases. Bends scale with U4. No 

additional noise is created by the oblique cuts. 

Regarding future research, one effect that could be of importance in IC-engine intake 

and exhaust systems is non-linearities since the pressure amplitude of the fundamental 

engine harmonics can reach 160-170 dB. Both the diffusers and bends studied are 

elements for which non-linearities can play a role (Dequand and al. (2002)). 

Temperature gradients are known to be of little effect. 

A more refined analysis on the sound propagation in oblique cuts is needed to model the 

role of the sharp cut on the acoustics of such elements.  

 

A complete form of the theory of Munt (1977, 1990) gives also the far-field directivity 

pattern. However, the coded model that was used in this document concerned only the 

reflection coefficient at the opening from which impedance and end correction were 

calculated. A refined coding giving the far-field behaviour, compared with the sound 

transmission measurement obtained here would also give the sound absorption 

magnitude in the near field. In other words, prediction of acoustical energy losses that 

occur in the flow could be also performed using Munt’s model.  
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A summary of the main findings for tailpipes are listed in Table 4. 

Elements Reflection coefficient/Impedance Flow noise 

Oblique cuts Deviates from straight pipe at 

frequencies > 1500 Hz. No effect 

for low frequencies. 

 Equivalent to a straight pipe 

Diffusers Kutta condition not valid for >5° 

Deviations from the straight pipe at 

low frequencies and with flow 

1°: Equivalent to a straight pipe 

2.5°, 5°, 7.5°: Flow noise sound power 

level at opening α 6U  

Bends Equivalent to a straight pipe 45° bend(L=0):  Equivalent to a 
straight pipe 
45° bend(L=5D), 90°bends (R/D=1.6, 
2.5): Flow noise sound power level at 
the bend α 4U  

Table 4: Comparison between the tailpipes and the straight pipe. 
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Paper III. Linear and non linear acoustic regimes of perforated plates 
 

Abstract 
The paper treats the sound transmission through perforated sample. Micro-perforated 

elements are being tested as a substitute for hazardous porous material used for 

automotive application. An experimental investigation is performed on the non linearity 

of samples perforated with different types of apertures (hole, square, rectangular). The 

parameter of interest is the specific acoustic impedance defined as the ratio of the 

pressure drop across the thickness of the sample to the particle velocity. Non linear 

resistive results are used to obtain the perforation area ratio (porosity) of the samples 

tested. A linear analytical model for the flow impedance is formulated. It is composed 

of a series of uncoupled internal and external resistance and reactance terms. The model 

is confronted with the results at low particle velocity (linear regime).    
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1. Introduction 
 

Perforated panels have been used in the automotive industry for decades not primarily 

as a mean to attenuate sound since the perforations are too large (>1 mm) to provide 

substantial viscous-thermal dissipation but to guide the airflow to ensure low back 

pressure, a parameter of paramount importance for the design of silencing systems. A 

reactive silencer is based on the impedance mismatch due to the expansion chamber. 

This results in the reflection of incoming waves. An additional acoustic treatment is to 

line the inside wall of this chamber with porous materials to create a resistive 

(dissipative) type of silencer element. The separation between the silencer core and the 

damping cavity is normally provided by a perforated tube. It has been demonstrated that 

for a perforation area ratio of more than 30%, the panel is acoustically transparent.  

The use of micro-perforated (apertures of submillimetre size) material ensures enough 

losses by itself so that no bulky absorbent material is required. The other advantage over 

traditional porous/fibre type of materials is the higher attenuation efficiency at low 

frequency and the reduction of the hazardous risks associated with the handling of 

brittle material.  

Two mechanisms are responsible for the dissipation of the acoustic energy by micro-

perforated panels. The visco-thermal boundary layers formed along the inner walls of 

the aperture and caused by the fluid interacts with the acoustic waves. This interaction 

cannot be neglected for apertures of small transverse dimension and causes the 

acoustical energy to be converted into heat. Another mechanism is the acoustic particle 

jet formation (vorticity) at the opening. The acoustic particle velocity is increased 

sharply as the wave is squeezed into the minute perforations. A jet is formed as the 

wave exits the other side of the perforation. For high sound amplitude, this results in the 

formation of vorticity at the opening. This non-linear phenomenon enhances the 

dissipation of acoustical energy.  

It is known (Ingard (1953), Morfey (1969)) that the acoustics of apertures depends on 

their geometries. For thin panel and at low frequency, the sound transmission through 

orifices depends mostly on the perimeter of the opening (Morfey (1969)). 

Analytical and experimental investigations have been performed by various authors on 

the acoustics of panels composed of a single circular hole (Ingard (1953), Ingard & 
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Ising (1967)) and a single rectangular aperture (Sivian (1935)). Maa (1998) details a 

unified formulation for the acoustic impedance of panels with multiple micro-circular 

holes. Maa’s analytical model treats the internal and external resistances and reactances. 

No similar model exists for panels composed of multiple rectangular apertures. 

Attempts (Gomperts (1964, 1965), Gomperts & Kihlman (1967), Ingerslev & Nielsen 

(1944)) by building acousticians have been performed on modelling the scattering of 

sound on cracks in walls or opening around door frames. These models regard the slits 

as infinitely long and do not treat the viscous dissipation inside and on the edges of the 

aperture. The cases presented in this paper are on the other hand considered of finite 

dimensions and the internal and external acoustics behaviours including viscous losses 

are detailed. Therefore, the building acoustics models are inadequate for the present 

configurations. 

A more closer approach on modelling the acoustics of perforated slitted panels has been 

carried out by Randeberg (2000, 2002). He describes an analytical model coupled with a 

finite element model for calculation of the absorption coefficient of double slitted 

perforated panels. 

Based on Maa’s method (Maa (1998)) for micro-circular holes and Randeberg’s work  

(Randeberg (2000, 20002)) on slitted plates, an analytical model for the sound 

transmission through a single panel composed of rectangular apertures is derived in this 

paper and each of the terms are discussed. The aim of this derivation is to allow easy 

and flexible calculations of perforated slitted panel properties to attenuate sound.  

One of the main assumptions made when modelling the perforated elements is that the 

apertures do not interact. Therefore, it is convenient to derive the theory for the acoustic 

impedance of one single aperture and use the perforation area ratio (porosity) to model 

the entire panel. The normal incident impedance ûp̂Z =  over the panel is defined as 

( ) ( )[ ] 000011 ccRRZ ζρρ =−+=  where R is the pressure reflection 

coefficient +−= p̂p̂R . The dimensionless normal impedance is defined by 

( ) ( )RR −+= 11ζ . The specific acoustic flow impedance Zs across a sample is 

expressed as ( ) ( )ABAs ûp̂p̂ûp̂Z −=Δ= , where Aû  is the averaged flow speed over 

the sample inlet surface S.  

A commercial micro-perforated panel (Acustimet) is also tested in this paper. The 
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Acustimet panel is composed of small slits obtained after punching aluminium or steel 

plates. This manufacture process is relatively fast and inexpensive to perform. The 

micro-perforated Acustimet product has been already implemented with success in 

cavity to dampen the acoustics modes associated with standing waves. A new area of 

interest is the use of this material for exhaust systems. The potential for silencers made 

of this material is still not well known and the effects of high amplitudes and flow on 

the behaviour should be investigated. 

A closer look at the Acustimec product reveals the presence of minute apertures of 

geometry closer to rectangular than circular orifices. An analytical model based on 

panels composed of rectangular apertures is therefore required to predict the acoustics 

of such panels.  

Previous works (Ingard (1953), Maa (1998)) have relied mostly upon the measurement 

on only one side of the sample. The experimental apparatus consists usually of one 

measuring section (impedance tube) terminated by the sample and a rigid cavity 

(resonator). Microphones mounted on one section allow determination of the reflection 

and absorption coefficients. The techniques presented in this paper are related to a rig 

comprised of two measuring sections. The sample is mounted between these sections 

with anechoic terminations and measurements are performed on both sides of the 

sample. Thus, the sample can be characterised more exhaustively.  

Non-linear regime implies that the acoustic properties, for example, the flow 

impedance, are dependent of the acoustic particle velocity (amplitude of the acoustic 

source). Thus, non-linear parameters are required for prediction of sample properties at 

high sound intensity. It has been demonstrated (Maa (1998)) that there is not a sharp 

distinction between the linear and non-linear regimes. 
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2. Modelling the acoustics linear regime of perforated plates 
In the following section, an account of the analytical terms describing the impedance at 

low sound intensity is given for a plate composed of multiple rectangular apertures 

(subscript ra). Smits & Kosten (1951) points out that the rectangular aperture has two 

dimensional characteristics due to the slow divergence of the airflow whereas the 

circular hole introduces one dimensional mechanism related to the fast divergence of the 

airflow. In other word, the apertures have different acoustic behaviour, thus 

emphasising the importance of separate treatments. The methodology taken by Maa 

(1998) to obtain the acoustic impedance of plates with micro-circular holes is used to 

derive a similar expression for an array of rectangular apertures. Interaction effects 

between neighbouring apertures are also discussed. 

 

2.1.1 Analytical terms for the acoustic impedance of a single aperture  

Sivian (1935) splits the orifice impedance into two regions: the interior (subscript i) 

corresponding to the inside of the orifice and the external (subscript e) related to the 

opening and near field. Sivian (1935) writes the total impedance for any orifice shown 

in Figure 2 

( ) ( ) ,v̂p̂iXRjXRZZZ eeiiei Δ=+++=+=aperture single  (2-1)

 

where p̂Δ is the acoustic pressure drop through the thickness t of the orifice and v̂ is the 

interior acoustic particle velocity. This is related to the external velocity Aû  given in 

equation (4-11). The impedance is composed of a resistance term R and reactance term 

X. The plate is assumed to be thin so the particle velocity v̂ is assumed to be the same 

on both sides.  

 

The following section sets out the analytical expressions for the various analytical terms 

for the acoustic impedance of circular and rectangular orifices with geometries depicted 

in Figure 1.  
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Figure 1: Nomenclature for single rectangular aperture. 

 

 

 
Figure 2: Internal and external impedances for an orifice. 

 

Internal terms 

Internal viscous losses 

Internal propagation of acoustic waves through narrow apertures causes the acoustical 

energy to be converted into other forms of energy. The main sound dissipation 

mechanism encountered in sound propagation through small apertures is of viscous 

nature. Thermal effect corresponding to the heat conduction between the fluid and the 

wall is usually neglected.  

Allard (1993) derives the complete internal acoustic impedance Zi,ra of a single 

rectangular aperture. The internal resistive term Ri,ra for rectangular geometry is taken 

as the real part of the expression for Zi,ra. 
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where w is the width of the rectangular aperture, t is the thickness, η (dynamic 

viscosity)= 5108.1 −×  2−⋅ mNs  and ρ0 =1.2 3−⋅ mkg  

 

Internal reactance 

The internal reactance Xi,ra for single rectangular aperture can be extracted by taking the 

imaginary part of the complete internal impedance formulation Zi,ra (see equation (2-5)) 

derived by Allard (1993).  
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For small transverse dimension, this reduces to 

tjX rai 0, ωρ=  (2-4)

 

Internal impedance 

The complete internal impedance Zi,ra for a slit orifice with no thermal effect has been 

calculated by Allard (1993) and Cremer & Müller (1982). It is calculated from the 

effective density ρeff of the air inside the slit following Kirchoff’s method. It is assumed 

that the width w is greater than height h but less than the acoustic wavelength. The 

thermal losses are neglected. It is expressed as 
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External terms 

External friction resistance and radiation resistance 

Under the condition of the non presence of porous materials or screens, the acoustic 

energy is mostly dissipated through viscous effects and heat conduction on the surfaces 

of the aperture.  

The external resistance Re corresponds to these losses caused at the opening due to the 

friction against the opening surfaces. Ingard (1953) obtains  

( ) .RR Sca,e ωηρ0221==  (2-6)

This formulation is valid for the case of an oscillating flow over a surface. This formula 

must be modified for the effects of the edges of the opening. Ingard (1953) suggests 

based on experiments a value of 4Rs. Maa (1998) argues that this value is too high and 

sets it to Rs in his model for micro-circular holes. This is probably due to the fact that he 

uses Crandall’s internal resistance term (Crandall (1927)) whereas Ingard (1953) treats 

the internal losses with an approximate form. Randeberg (2000, 2002) uses a factor of 2 

together with the internal resistance predicted by Allard (1993). This model will also be 

used here, i.e.,  

.RR Sra,e 22 0 == ηωρ  (2-7)

 

End correction on one side of the orifice 

Sivian (1935) calculates the air mass reactance on a rectangular aperture based on the 

following assumptions: 

-The particle velocity v̂  normal to the plane of the aperture is constant across the 

orifice. 

-The aperture transverse dimensions (width w, height h) are small compared to the 

wavelength (kw<<1, kh<<1). 

-The aperture is located in an infinite baffle. 

These assumptions allow him to write a simple and easy to calculate velocity potential 

based on v̂ . The end correction for one side of a rectangular aperture is then given by 
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Our analytical model for rectangular apertures includes the end correction on both sides.  

 

Mass attached reactance 

The external mass attached reactance Xe for one side of the aperture derived from the 

end correction term δ is of the form 

.X e ωδρ0=  (2-9)

 

2.1.2 Analytical expression for a single aperture (linear regime) 

It is now time to assemble all the previous terms into a single expression for the acoustic 

impedance Zra of an orifice of rectangular geometry at low sound intensity.  
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2.1.3 Analytical expression for panels  

Having reviewed the expression (2-10) for the acoustic impedance Zra for a single 

rectangular orifice, the next step is to compute the overall acoustic impedance for the 

panel depicted in Figure 3. 
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(b) 

Figure 3: Schematic of perforated samples with n apertures and cross section S=L1L2. 

 

The total panel acoustic impedance calculated for panels as depicted in Figure 3 and 

normalised with respect to ρ0c0 is given by  

( ) ,cûp̂jxrcZcZ ASSSS 000000ra ρρσρζ Δ=+===  (2-11)

where the perforation ratio area (porosity) σ is defined as  

,Snhw=σ  (2-12)

where n is the number of apertures. The particle velocity Aû  corresponds to the 

averaged particle velocity over the entire sample surface of cross section S. 

Equation (2-10) assumes no interaction between the apertures. Melling (1973) indicates 

that this assumption is valid for a perforation ratio area of less than 4% for panels with 

circular holes. Ingard (1953) has studied the interaction effect for an array of rectangular 

apertures and argues that the effect is slightly more pronounced for rectangular 

apertures than for circular holes. However, we believe that a limit of 4% for the panel of 

rectangular aperture is also acceptable. As with Maa (1998), the coupling effect is not 

included in our model for rectangular apertures.  
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3. Acoustic non linear regime of perforated plates 
 

At low excitation level, the acoustic flow through an aperture is irrotational, laminar and 

symmetrical, i.e., the behaviour is the same at the inlet and outlet of the orifice. The 

acoustic dissipation is mostly due to the viscous dissipation as the acoustic flow enters 

and leaves the orifice. Internal friction against the inside walls of the aperture also 

causes acoustic energy losses. Above a certain excitation level, turbulence occurs and 

vorticity is formed at the outlet (see Figure 4). The flow is therefore no longer 

symmetrical. Maa (1994) theoretically demonstrates that the acoustic non linearity of 

apertures is an external phenomenon, i.e., the internal impedance is independent of the 

sound intensity. Melling (1973) presents a clear review about previous work on the non 

linearity of orifices before proposing a theoretical model for the non linearity of 

perforated plates. His model is based on the knowledge of the discharge coefficient (the 

product of the velocity and contraction coefficients). He points out that the discharge 

coefficient is difficult to estimate and needs to be measured. Sivian (1935) demonstrates 

that the increase of the acoustic losses when the excitation level is raised is not only due 

to the turbulence generation as the flow exits the orifice but also comes from the flow 

separation when the flow enters it. A few decades later, Ingard & Ising (1967) 

experimentally determined that at low particle velocity (linear regime), the relation 

between the excitation pressure and the particle velocity is of linear nature whereas 

under non-linear regime this relationship becomes quadratic. This was a starting point 

for Ingard & Ising (1967) to further derive novel empirical observations on the non 

linearity of orifices. According to Ingard & Ising (1967), the suggested non linear terms 

are frequency independent. They observe that the reactance decreases as the excitation 

level goes up. Maa (1998) explains this reduction by the presence of the turbulent jet 

formed in the near field of the orifice. Inspired by Sivian (1935), Ingard & Ising (1967) 

also apply the Bernouilli’s law for orifices in order to get a better understanding of the 

linear relationship observed between the orifice resistive term and the particle velocity 

inside the orifice for high particle velocities. They derive the following relation between 

the non linear resistive term and particle velocity inside a single circular hole 
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( ) ( ) ,qv̂R 1
2

0 11 −−= σρ  (3-1)

where σ  is the perforation area ratio (porosity) and q1 is the fraction of the excitation 

pressure corresponding to the acoustic pressure inside the hole.  

Maa (1994) suggests a modified version of this for the case of micro-perforated plates 

with small porosity σ and expresses the normalised non linear resistance term for a 

complete perforated panel as 

( ) ( ) ,cûcv̂r A 0
2

0 σσ ==  (3-2)

where Aû  is the acoustic particle velocity on the inlet sample surface. 

 

 
Figure 4: Flow vorticity 
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4. Experimental apparatus  
 

4.1 Experimental investigation of the acoustics of perforated panels 

In this section, we describe the experimental apparatus and techniques used to measure 

the sample normalised acoustic impedance ξS and the inlet sample particle velocity 

Aû and the normalised acoustic impedance ξ’S based on the interior particle velocity v̂ . 

 

4.1.1 Description of the experimental rig 

The rig shown in Figure 6 and Figure 5 consists of two identical sections. Positions 1 and 

2 are part of the upstream1 section whereas positions 3 and 4 are referred to the 

downstream1 section.  

The two sections are clamped and tightened together through flanges. To prevent air 

leakages, rubber joints are installed on each section at the location of the sample.   

The walls of the duct are perfectly rigid so that no vibration occurs. The duct is 

terminated on both sides with porous material to reduce standing waves inside the duct. 

Mounts for microphones have been manufactured to facilitate the change of position. 

The cut-off frequency for this square duct is given by HzLcfc 245020 ==  where c0 is 

the speed of sound (343 1−⋅ sm ) and L is the duct transverse dimension (70 mm). Plane 

wave propagation occurs below the cut-off frequency. No higher order modes are 

investigated.  

 
Figure 5: Experimental rig for sample testing. 

                                                 

 
1 The upstream and downstream sections refer to the rectangular tubes located on both sides of the 

sample. No airflow has been used in this paper. 
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4.1.2 Samples  

Table 1 shows the samples investigated together with their dimensions in mm. The total 

cross section of the plate is 70 by 70 mm. 

 

  

 

 

 

 
Acustimet  

  
Table 1: Samples tested. 
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4.1.3 Presentation of the experimental technique 

The main methodology consists of determining the sound fields on either side of the 

sample. The difference between them is attributed to the properties of the material. No 

direct measurement is made on the sample. The requirement is to map the propagation 

of acoustic waves in both sections of the duct (Figure 7).  

In order to achieve this, two microphones are used simultaneously. Frequency response 

(transfer functions) measurements are carried out between the two microphones. The 

data acquisition system and signal to the loudspeaker was provided by a Brüel & Kjær 

PULSE system. The PULSE software programming language necessitates to derive the 

real and imaginary parts of the parameters investigated. The drawback of using of two 

microphones simultaneously is that a phase and magnitude calibration between the 

microphones is needed.  

 

Figure 7: Rig propagating sound waves. 

 

Calibration of the two microphones  

The experimental technique requires a separate phase and magnitude calibration for the 

two microphones. This calibration procedure in this case consists of placing the two 

microphones through a coupler mounted on a calibrator producing random noise. By 

measuring the sound intensity, one can adjust the phase difference within the PULSE 

software to compensate for any differences. The calibration transfer function H21 cal 
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between the two microphones is saved. The index 1 and 2 in the calibration procedure 

refers to the microphone number (1 and 2) whereas it indicates the duct position number 

(1 through 4) when they are mounted on the duct. The calibration saved transfer 

function H21 cal is combined with the measured frequency response H21 meas to calculate 

the true frequency response H21 true as follows 

 

,HHH
calmeastrue 212121 =  

 

( ) ( ) ( ) ( ) ( )[ ] ( ) ( )[ ],HImHReHImHImHReHReHRe
calcalcalmeascalmeastrue

2
21

2
212121212121 ++=  

 

( ) ( ) ( ) ( ) ( )[ ] ( ) ( )[ ].HImHReHImHReHImHReHIm
calcalcalmeasmeascaltrue

2
21

2
212121212121 +−=  

(4-1)

From now on, the true frequency response for the automation technique is simply 

referred to H21. 

 

Overview of the technique 

The procedure starts by measuring the downstream properties (anechoic termination), 

i.e., the normal impedance ζB by placing the microphones at positions 3 and 4 (Figure 7). 

Ideally, this impedance corresponds to the value of an infinite duct (no reflection at the 

termination), i.e., 1=Bζ . In practice this cannot be obtained especially at low 

frequencies.  This normal impedance is thus saved. The microphones are next moved to 

position 1 and 2 for determination of the normal incident impedance ζA. Finally, the 

acoustic impedance ζS=ζA-ζB is derived after the impedance have been moved to the 

sample surfaces A and B.  

 

Downstream properties 

The calibration procedure is followed by mounting the microphones 1 and 2 onto 

positions 3 and 4 respectively. The anechoic termination on the downstream is fixed for 

the entire procedure. Therefore, the downstream section properties are determined only 

once and used for any sample and excitation level by loading the saved impedance ζB  to 

determine the sample acoustic impedance ζS  after comparison with ζA. 

The true frequency response H43 (microphone 1 in location 3, reference microphone 2 in 
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location 4) is calculated from equation (4-1) using the calibration file. The calculation of 

the pressure reflection coefficient R4 at position 4 for the downstream condition is 

further performed. The real and imaginary parts for R4 are given as 

,
eH

eHR jks

jks

34

34

43

43
4 −−

+−
=  

 

( ) ( ) ( )( ) ( ) ( )( ) ( ) ( )( )
( ) ( )( ) ( ) ( )( )
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2
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34434334
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4 ++−
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=  

 

( ) ( ) ( ) ( )( )
( ) ( )( ) ( ) ( )( )

,
kssinHImkscosHRe
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3443

2
3443

344334
4

2
++−

−
=  

(4-2)

 

where s34= 340 mm is the distance separating positions 3 and 4. 

Assuming no losses, the reflection coefficient R4 is moved to the sample surface B (cf 

Figure 7) through the distance s34+l3s=440 mm using the expressions 
( )( ) ,eRR slskj

B
3342

4
+−=  

 

( ) ( ) ( )( ) ( ) ( )( ),lsksinRImlskcosRReRRe ssB 33443344 22 +++=  

 

( ) ( ) ( )( ) ( ) ( )( ).lsksinRRelskcosRImRIm ssB 33443344 22 +−+=  

(4-3)

 

The normalised normal impedance ζΒ on sample surface B is thus 

,
R
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B
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+
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1
1ζ  
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( )( ) ( )( )

,
RImRRe
RImRReRe

BB

BB
B 22

22

1
1

+−
−−

=ζ  

 

( ) ( )
( )( ) ( )( )

.
RImRRe

RImIm
BB

B
B 221

2
+−

=ζ  

(4-4)
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Upstream properties 

Throughout the course of the experimental investigation, the anechoic termination on 

the downstream section is unchanged. Therefore, it is assumed that ζB remains constant 

and independent of the sample tested. The experimental data corresponding to the 

normal impedance ζB on surface B obtained from equation (4-4) with the two 

microphones mounted at positions 3 (microphone 1) and 4 (microphone 2) are saved 

within the PULSE software environment and are loaded for further evaluation. The two 

microphones are then moved to position 1 (microphone 1) and 2 (microphone 2) for 

determination of the sound field of the upstream section leading to the normal 

impedance ζA on the surface A. The wave decomposition is essentially the same as 

performed for the downstream section to obtain the pressure reflection coefficient R4 at 

position 4. However, we now obtain the pressure reflection R2 at position 2 given as 

,
eH

eHR jks

jks

12

12

21

21
2 −−

+−
=  
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++−
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(4-5)

where s12= 340 mm is the distance separating positions 1 and 2. 

 

The pressure reflection coefficient R2 is moved to the sample surface A (cf Figure 7) 

through the distance l2s=100 mm using the expressions 
( ) ,eRR sklj

A
22

2=  

( ) ( ) ( ) ( ) ( ),klsinRImklcosRReRRe ssA 2222 22 −=  

( ) ( ) ( ) ( ) ( ).klsinRReklcosRImRIm ssA 2222 22 +=  

(4-6)

 The normalised normal impedance ζΑ on sample surface A is thus 

,
R
R

A

A
A −

+
=

1
1ζ  (4-7)
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Sample flow impedance 

The normal impedance ζA and saved normal impedance ζB are further combined to 

derive the sample normalised acoustic impedance ζS given as  
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Inlet particle velocity Aû  

An extra measurement is required on the upstream section. One of the aims of this 

investigation is to estimate the dependence of the level of excitation on the acoustic 

impedance of the sample mounted between the two sections. Therefore, one also needs 

to measure the particle velocity Aû  on the surface A (see Figure 7) of the sample using a 

wave decomposition technique.  

The expressions used are 
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Consequently, it can be seen from equation (4-9) that the experimental derivation of the 

particle velocity Aû  at the surface A requires the measurement of the transfer function 

H21, the autospectrum S22 at position 2 (microphone 2) together with the magnitude 

calibration K2 [V/Pa] of the microphone 2 located at position 2. For a thin sample, the 

particle velocity is the same on either side, i.e., BA ûû = . 

 

Acoustic impedance based on the interior particle velocity v̂  

The normalised acoustic impedance based on the interior particle velocity v̂  is defined 

as 

( ) SSS
A

S xjr
cû

p̂
cv̂
p̂ ′+′==

Δ
=

Δ
=′ σξ

ρσρ
ξ

0000

 (4-10)

 

 

Interior particle velocity v̂   

The particle velocity v̂  inside the orifice is obtained from 

,ûv̂ A σ=  (4-11)

where Aû  corresponds to the averaged particle velocity over the inlet sample cross 

sectional area given in equation (4-9) and σ is the porosity.  
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5. Results and discussion 
Empirical observations and comparisons are first made on the different plates 

investigated. The transitional particle velocity tv̂  is defined as the threshold for the 

internal acoustic velocity for which non linearity is observed. Non-linearity resistive 

results are further exploited to determine experimentally the porosity of the samples.  

The second part treats the modelling of the plates with the model previously described. 

Unless specified, all the plates have a thickness of 1 mm. 

Experimental results 

Plate with a single aperture  
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Figure 8: Normalised impedance ζS  for the rectangular aperture (w=50 mm, h=1 mm, 

σ=0.0102). 
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Plate with multiple apertures 
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Figure 9: Normalised impedance ζS  for a plate with multiple circular holes (d=0.4 mm, t=0.6 

mm σ=0.0056). 
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Figure 10: Normalised impedance ζS  for a plate with multiple circular holes (d=0.5 mm, t=0.5 

mm σ=0.041). 
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Figure 11: Normalised impedance ζS  for the Acustimet micro-perforate sample. 
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Figure 12:Normalised impedance ζS for a plate with four rectangular apertures (w=5 mm, h=1 

mm,σ=0.004). 



28 

 

5.1 Comparison between plates 

The normalised impedance ζ´S  based on the internal acoustic particle velocity v̂  is 

chosen in this section to facilitate the comparison of results for the various plates 

investigated. 
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Figure 13: Normalised impedance ζ´S  based on the interior particle velocity v̂  for plates with 

single square and  rectangular apertures. 
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Figure 14 shows the acoustic impedance based on the internal particle velocity v̂  for 

different excitation levels for plates with the same porosity and different single aperture 

geometries. 

 

It is immediately apparent from Figure 14 that the overall acoustic behaviours for both 

regimes are not related to the type of geometry. The square, rectangular, hole apertures 

all show a linear increase of the resistive rS and a drop of the reactance xS above a 

certain transitional acoustic particle velocity tv̂ . 

It can be seen from Figure 14 that the linear and non linear normalised resistances rS 

appear to be independent of the frequency. The normalised resistance is related mostly 

to the porosity of the sample.   

The normalised reactance xS is the same for the square and circular orifices with same 

porosity. An elongation of the aperture results in a reduction of the end correction. The 

transitional particle velocity tv̂  increases with the frequency. Figure 13 indicates that an 

elongated aperture causes the particle velocity tv̂  to be reduced. This can be explained 

on the basis that vorticity is more likely to be formed as the aperture narrows. 

Figure 13 emphasises the point previously discussed concerning the transitional particle 

velocity tv̂ . The narrower the dimensions, the smaller the particle velocity tv̂ . The 

square and rectangular apertures (w=52 mm, h=2.5 mm) have the same porosity 

implying the same averaged particle velocity Aû  over the entire sample cross section. 

Comparison between these two geometries shows that an elongated aperture results in a 

lower reactance. This is due to the end correction term, the external reactance being 

nearly identical due to the same thickness t=1mm.  
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Figure 14: Normalised impedance ζ´S  based on the interior particle velocity v̂  for plates with 

single square, rectangular and hole orifices (σ =0.0265). 
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Multiple apertures 

Figure 15 shows the impedance for a plate composed of the same slit dimension (w=5 

mm, h=1 mm) and different porosity values σ. 
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Figure 15: Single aperture normalised impedance ζ´S  for plates with multiple rectangular 

aperture (w=5 mm, h=1 mm). 
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Figure 15 demonstrates the effect of the coupling between adjacent rectangular apertures 

as Ingard (1953) and Melling (1973) have discussed for circular orifices. An increase of 

porosity results in a reduction of both the resistance and reactance linear results. It also 

appears than the limit of 4% for the porosity previously assumed has been 

overestimated. Coupling effects take place for lower porosity values in the case of 

aperture of rectangular geometry.  

 

5.2 General discussion 

In view of the experimental results obtained, some empirical observations can be made. 

The linear limit seems more or less independent of the frequency for the resistive term. 

For the reactance the linear limit on the other hand is frequency dependent and increases 

with the frequency. Commenting the non-linear regime now, the resistive term is 

linearly proportional to the peak particle velocity increases and independent of the 

frequency. The non-linear reactance is reduced as the particle velocity Aû  rises. From 

Figure 14 it is clear that the transition between the linear and non-linear regime is 

dependent of the geometry of the orifice. Non-linearity effects are triggered for lower 

interior particle velocity tv̂  for the rectangular aperture than for the square aperture. 

This is due to the narrower dimension causing the acoustic flow to break down into 

vorticity. This observation emphasises the argument of Maa (1994) that non-linearity is 

an external phenomenon. Maa (1994) states that the internal impedance is independent 

of the sound intensity. 

 

5.3 Experimental determination of the porosity 

Following Ingard (1953) and Maa (1998) treatments of the non linear resistive 

impedance, a procedure is now discussed to measure the perforation ratio area of the 

samples. At high (non-linear regime) sample inlet particle velocity Aû , the normalised 

resistance of the sample is observed (Figure 8-Figure 12) to be linearly related to the 

particle velocity Aû . Using a line fitting technique, the slope of the normalised 

resistance as function of the particle velocity Aû  is obtained for the non-linear regime. 

According to Maa (1998), the slope is equal to ( )0
21 cσ . Therefore, the perforation ratio 

area σ  is obtained from the measured non-linear normalised flow resistive term rS. 
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Results for the samples investigated are given in Table 2 and show good agreement with 

the true porosity calculated from the dimensions of the orifice and the entire plate. 

 

Samples Measured porosity Calculated porosity 

Single rectangular aperture 

(w=5 mm, h=1 mm) 
0.0013 (200 Hz) 0.001 

Two rectangular apertures 

(w=5 mm, h=1 mm) 

separated by a distance of 20 mm

0.0023 (100 Hz) 0.002 

Single rectangular aperture 

(w=50 mm, h=1 mm) 
0.0121 (100 Hz) 0.0102 

Four rectangular apertures 

(w=5 mm, h=1 mm) 
0.0047 (100 Hz) 0.004 

Sixteen rectangular apertures 

(w=5 mm, h=1 mm) 
0.02 (100 Hz) 0.016 

Single square aperture 

(w=11.4 mm, h=11.4 mm) 
0.0249 (100 Hz) 0.0265 

Single rectangular aperture 

(w=52 mm, h=2.5 mm) 
0.0246 (100 Hz) 0.0265 

Single circular hole 

(d=12.9 mm) 
0.0238 (100 Hz) 0.0267 

Multiholed plate 1 

(d=0.4 mm) 

0.0093 (100 Hz) 

0.0084 (400 Hz) 
0.0056 

Multiholed plate 2 

(d=0.5 mm) 
0.041 (100 Hz) 0.041 

Sontech Acustimet micro-

perforated sample 
0.0224 (100 Hz)  

Table 2: Porosity measurement technique results. 

5.4 Plate modelling 

The plain straight line corresponds to the calculated value for the linear regime based on 

equation (2-10). 
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Figure 16: Normalised impedance ζS  for a plate with one rectangular aperture (w=52 mm, 

h=2.5 mm, σ=0.0265). 
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Figure 17: Normalised impedance ζS  for a plate with one rectangular aperture (w=50 mm, h=1 

mm, σ=0.0102). 
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multiple apertures 
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Figure 18: Normalised impedance ζS  for a plate with two rectangular apertures (w=5 mm, h=1 

mm, σ=0.002). 
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Figure 19: Normalised impedance ζS  for a plate with four rectangular apertures (w=5 mm, h=1 

mm, σ=0.004). 
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Figure 20: Normalised impedance ζS for a plate with sixteen rectangular apertures (w=5 mm, 

h=1 mm, σ=0.016). 
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Results from Figure 16 to Figure 20 show that the normalised resistive term rS is well 

predicted for the samples investigated. Nevertheless, the tendency is to underpredict the 

losses. This can be explained on the fact that the external friction resistance RS is greater 

or at least of the same magnitude than the internal resistance Ri,ra  over the width w 

investigated ( mm 5≥ ). The external friction resistance ( ) ωηρ0221=SR  has been 

empirically obtained from the Ingard investigation on circular orifices (Ingard (1953)). 

The magnitude of the external friction resistance RS has been multiplied by a factor of 2. 

This appears to be not sufficient and need to be treated in more detail. 

In the case of the plates with multiple slits and at high porosity, the underprediction is 

compensated by the coupling effect. It has been said and experimentally shown that as 

the separation between the apertures gets smaller, the resistance and reactance reduce.  

The theoretical values for the normalised reactance xS tend to be overpredicted for 

samples with larger porosity. This can be explained by the coupling effects between 

neighbouring apertures for the plates with multiple apertures. These effects are not 

taken into account in the models.  
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6. Conclusions 
The experimental determination of the acoustic impedance for plates with single, 

multiple circular and rectangular apertures have revealed the major differences 

regarding the linear and non linear regimes of these plates. 

It has been observed than an elongated aperture show a reduction in the normalised 

reactance due to the smaller end correction. The non-linear transitional particle velocity 

tv̂  is also reduced for elongated rectangular geometries. A model for plates with 

multiple rectangular apertures has been carried out to predict the acoustic impedance for 

the samples. An overprediction has been observed for the reactance of samples with 

higher porosity. Previous experimental works have relied upon the means of a rigid 

cavity backing up the sample together with measurement of absorption coefficient by 

using the impedance tube method. A similar experimental approach could be taken in 

the future for complementary validation of our model for slits. The measured non-linear 

resistive results have been used to derive experimentally the porosity of the samples. 

The technique gives satisfactory results.  
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