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Abstract 
Perforate plates and Micro-perforated plates (MPP) are devices used to absorb sound and reducing its 
intensity. They consist of a thin plate, with small punched or drilled holes. Perforates appears in many 
technical applications, e.g., automotive mufflers, aircraft engine liners, combustion chambers, ventilation 
systems and room acoustic. It is well-known from the literature that perforated plate noise reduction can be 
influenced by the mean flow field, temperature, and acoustic excitation level. They can become non-linear 
at fairly low acoustic excitation levels. The purpose of the present work is to study the non-linearity at the 
perforated plate, which is associated with large particle velocities, and directly extract the non-linear 
acoustic properties including harmonic interaction from a limited set of experiments using either random or 
periodic excitations. The expermintal results show that although preliminary results were promising the non-
linear scattering matrix model is not sufficient for describing the physics of non-linear harmonic interaction 
effects for perforates with random and multi-tone excitation. 

1  Introduction  

Perforated plates and micro-perforated plates (MPP) with different design and material are frequently used 
in aircraft engine liners and automotive mufflers to reduce the sound intensity. In these applications 
perforates are exposed to mean flow at high-level acoustic excitation which are both known to change the 
acoustic properties form linear to non-linear at t fairly low acoustic excitation levels with description of 
acoustic impedance [1-7].   
The important parameters that can change the acoustic properties of perforates are the mean flow field, the 
temperature, and the acoustic excitation level [8-17]. The non-linear losses caused by high acoustic 
excitation levels are associated with particle velocity in the holes and vortex shedding at the outlet side of 
the perforated opening at high pressure levels. This gives losses mainly to vorticity, but a small fraction of 
the energy is also converted to acoustic energy at higher harmonics of the excitation frequency. 
For pure tone excitation, the impedance will be associated with the acoustic particle velocity at that 
frequency. If the acoustic excitation is random or periodic with multiple harmonics the acoustic properties 
at a certain frequency will depend also on the excitation level at other frequencies.  
The quantities that characterize the sample impedance are pressure difference over the sample and particle 
velocity through the sample. In the linear case the impedance is independent of the excitation level but when 
the sound pressure level is high the perforate impedance is dependent on the acoustic particle velocity in the 
holes, which can be expressed as an inverse Strouhal number. Semi-empirical models indicate that the 
sample impedance is proportional to the peak particle velocity through the sample in the non-linear regime. 
Figure.1 shows the schematic of this non-linear mechanism at the sample.  



 

 

 
Figure. 1: the schematic of this non-linear mechanism at the sample. 

In this paper we attempted to study the harmonic interaction. We Performed experiments using tonal, multi-
tone excitation and random excitation. The results are presented in terms of spectra, ordinary reflection 
coefficients and impedance, non-linear scattering matrices and reflection, transmission and absorption 
factors. The main long-term purpose of this study is to increase the physical understanding and to help 
develop a model including these effects. In the present paper it was investigated if the non-linear scattering 
matrix methodology from [6] can be used for bandlimited random excitation.  
 

2 Methodology  

This section gives a brief description of the analysis techniques used in the study. 
In [6] the non-linear scattering matrix was suggested as a possible technique to study of harmonic interaction 
effects using tonal excitation, bandlimited random, and multi tone. In order to determine the parameters of 
the non-linear scattering matrix using only impedance tube data series of assumptions and simplifications 
need to be made following the discussion in [6].  

• First it has been assumed that the signals are analytical. 
• Second, the non-linear energy transfer only occurs from lower frequency components to higher 

frequency harmonics.  
• Third, the non-linear energy transfer is only to odd harmonics.  
• Finally, there is only one frequency component with high level excitation and the system 

components for other frequencies can be determined from linear scattering matrix or reflection 
coefficient measurements. 

With these simplifying assumptions the non-linear scattering matrix describing the relation between the 
high-level excitation at frequency f and response at f and 3f can be described by the following matrix 
equation, 
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The assumption of non-linear energy transfer only from lower to higher harmonics gives 			𝑆",$"=0, One 
further assumption made is that		𝑆$",$"	 = R(3f) can be measured  through a separate low-level excitation 
measurement at frequency 3f. The other component 			𝑆"," =R(f), is measured with varying level excitation 
at f, and it can be calculated form reflection coefficient at f  Then the term caused by non-linear energy 
transfer from the excitation frequency to the third harmonic , 			𝑆$",",  can be determined from:  
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To illustrate the non-linearity data will be presented either as a function of the absolute value of the 
amplitude of the incident pressure wave at the sample (Abs (Pi(f))) or as a function of an inverse Strouhal 
number (St) proportional to the particle velocity (u(f)) at the sample. 
 1/St = u(f)/w/t (3) 
The inverse Stouhal number is equivalent to the ratio between particle displacement and perforate thickness. 
In some cases, results will also be presented as function of frequency.  
The results in previous studyshow that although preliminary results were promising the non-linear scattering 
matrix model is not sufficient for describing the physics of non-linear harmonic interaction effects for 
perforates with random and multi-tone excitation[18][19].  
Therefore, in this study ccomparisons will also be made with acoustic power balance calculations expressed 
using reflection, transmission and absorption factors: 
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Absorption in the frequency range without exciation: 
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Reflection: 
Reflection in the excitation frequency range: 
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Reflection in the frequency range without exciation: 
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Transmission: 
transmission in the excitation frequency range: 
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transmission in the frequency range without exciation: 
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In the experiments broadband random excitation limited to below 500 Hz was used. The summations in Eq. 
(4) to (9) therefore refers to summation in the frequency range with excitation (20-500 Hz) or in the region 
without excitation (510-5000 Hz). 
 



 

 

3 Experimental setup 

In this section the impedance tube experimental setup used in the project is briefly described. A two-port 
measurement test rig, see Fig. 1, was used in this study. to perform wave decomposition and obtain the 
pressure wave amplitudes of the incident (Pi) and reflected (Pr) waves. In some of the results presented here 
only measurements from one side of the two-port setup was used, so in this case the test sample consisted 
of a perforated plate backed by the downstream side of the test.  
 
Experiments were made with three different downstream terminations:  a closed rigid end, an open end and 
a closed end with absorbing material.  The power amplifier input circuitry includes a continuously variable 
attenuator for attenuation of the input signal. This is followed by a gain control, in 10 dB steps from 0 to 40 
dB, and a pre-amplifier. The preamplifier is capacitively-coupled to the driver stage, which is equipped with 
a clipping detector. Three B&k ¼ -inch type GRAS 26CB with microphones a frequency range 2.5 Hz - 200 
kHz.  The smallest microphone separation was 34 mm and the largest microphone separation 200 mm. The 
diameter of the test duct is 43 mm. To acquire data, we used a LabView based data acquisition system 
controlled by a MATLAB code. Figure.2 shows the setup in MWL lab.  

 

 
Figure. 2: Setup in MWL Lab. 

Figure 3 shows a sketch of the two-port impedance tube setup used for the experiments. 

 
 

Figure. 3: Sketch of the test setup. 



 

 

 
The perforate sample was placed in a holder on the middle of the duct and measurements were made with 
and without the sample for both tonal and random excitation. Figure 4 shows a photo of the test sample with 
1.2 mm hole diameter, 1.2 mm thickness and 2.45% open area. There were also measurements made on 
another sample with the same hole diameter and thickness but 36% open area.  
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Figure. 4: a) Diameter of the hole at the perforated plate b) Distance between two holes c) Photo of  perforate 
test sample 

Two-microphone wave decomposition was performed and the reflection coefficient and acoustic impedance 
at the sample surface along with the amplitudes of the incoming and reflected pressure waves were saved 
for further analysis and comparison. Measurements were made with 10 different levels of excitation for 
tonal excitation at 210Hz and multi-tone excitation at 210Hz and 230 Hz and five tones at 210, 230, 250, 
270 and 290 Hz and either with broadband random excitation up to 2000 Hz or up to 500 Hz. In this 
experiment we calibrated microphones both relatively and absolute value. Figure. 5 shows calibration 
pistonphone for absolute value calibration, and relative calibration duct. 
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Figure. 5: a) Relative calibration rig, b) pistonphone for absolute calibration 

 



 

 

4 Results and discussion 

Measurements have been made with bandlimited random excitation, pure tone excitation and multi-tone 
excitation and results are presented in terms of spectra, ordinary reflection coefficients and impedance, non-
linear scattering matrices and reflection, transmission and absorption factors. 

 

Figure.6 :Amplitude of the incident wave on the upstream side the sample expressed as sound pressure level, 
for the case with closed end downstream termination and random excitation up to 500 Hz. Blue – lowest 
level (level One) of excitation, red highest level (level ten) of excitation. 

Figure.6 shows the amplitude of the incident wave on the upstream side of the sample expressed as sound 
pressure level, for the case with closed end downstream termination and random excitation up to 500 Hz. It 
can be seen that although there is only excitation up to 500 Hz there is clearly signal content above 500 Hz 
due to the non-linear transfer of energy from lower to higher frequencies at the sample. Figure.7shows the 
sound pressure level for the incident wave for tonal excitation at 210 Hz. It can be seen that the odd 
harmonics at 630 Hz, 1050 Hz and 1470 are dominating spectral components caused by non-linear harmonic 
interaction. 

 
Figure.7: Amplitude of the incident wave on the upstream side of the sample expressed as sound pressure 
level relative 2e-5 Pa, for the case with closed end downstream termination and excitation at 210 Hz, blue 
– lowest level of excitation, red highest level of excitation. 



 

 

Figure.8 and Figure.9 shows spectra for multi-tone excitation at 210Hz and 230 Hz and five tones at 210, 
230, 250, 270 and 290 Hz. Here it can be seen that the largest higher harmonic levels are not at the odd 
harmonics of the excitation frequencies but at other adjacent frequencies. It is probable that the same 
mechanism is in place for band-limited broadband random excitation such that the assumptions leading to 
the non-linear scattering matrix that excitation at a certain frequency only give rise to odd higher harmonics 
of the same excitation frequency, are probably not valid. 
 

 
Figure.8: Amplitude of the incident wave on the upstream side of the sample expressed as sound pressure 
level relative 2e-5 Pa, for the case with closed end downstream termination and excitation at 210 and 230 
Hz, blue – lowest level of excitation (level One), red highest level of excitation (level ten). 

 

Figure.9: Amplitude of the incident wave on the upstream side of the sample expressed as sound pressure 
level relative 2e-5 Pa, for the case with closed end downstream termination and multi-tone excitation at 210, 
230, 250, 270 and 290 Hz, blue – lowest level of excitation, red highest level of excitation.  



 

 

Ordinary reflection coefficients and impedances seen from the upstream side of the sample has been 
calculated. Figure 10 shows the absolute value of the reflection coefficient for the case with random 
excitation up to 500 Hz and closed end downstream termination. It can be seen that above 500 Hz the 
reflection coefficient has a magnitude larger than one indication that the reflected wave away from the 
sample is larger than the incident wave. So, the source is at the sample and not at the loudspeaker in this 
frequency range. The same can be illustrated using the normalized impedance as can be seen in Figure 11. 
Here it can be seen that the real part of the impedance is negative at frequencies above 500 Hz and exhibits 
the typical behavior, if the sign is changed, of the impedance looking into a duct of a certain length, with 
maxima at the duct anti-resonances. 

 
Figure.10: Amplitude of the reflection coefficient on the upstream side of the sample, for the case with 
closed end downstream termination and random excitation up to 500 Hz, blue – lowest level of excitation, 
red highest level of excitation. 

 
Figure 11: Real part of the normalized impedance on the upstream side of the sample, for the case with 
closed end downstream termination and random excitation up to 500 Hz, blue – lowest level of excitation, 
red highest level of excitation. 



 

 

Figure.12 shows a comparison of impedance at 210 Hz as function of inverse Strouhal number for: tonal 
excitation at 210 Hz, multi-tone excitation at 210 and 230 Hz and multi-tone excitation at 210, 230, 250, 
270 and 290 Hz. It can be seen that the excitation at other frequencies as expected has an influence at the 
impedance at 210 Hz. 
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Figure.12: Normalized transfer impedance of the sample, solid line - real part, dashed line imaginary part. 
a)  closed end downstream termination, b) absorbing downstream termination, c) open downstream 
termination. 

Non-linear scattering matrices according to Eq.1-2 has been estimated for the cases with different excitation. 
Figure.13 shows the absolute value of non-linear scattering matrix component S3ff for the measurements 
using random excitation up to 500 Hz for the three different downstream terminations and frequencies 
between 170 Hz and 500 Hz. Some outliers giving values above 0.2 has been removed. It can be seen that 
there is a scatter of the values for different frequencies and level of excitation but on the average, there seem 
to be a similar trend. An average over the result at different frequencies has therefore been calculated for 
the same level of excitation and results are shown in Fig.14 The resulting non-linear scattering matrix 
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component for pure tone excitation at 210 Hz has also been included for reference. It can be observed that 
the inverse Strouhal numbers for random excitation obtained are much lower than for tonal excitation. 
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Figure .13: Absolute value of non-linear scattering matrix component S3f,f as function of inverse Strouhal 
number. a)-c) broadband random excitation up to 500 Hz, d) tonal excitation at 210 Hz, a) closed end 
downstream termination, b) absorbing downstream termination, c) open downstream termination. 

Figure.14 shows absorption, reflection and transmission factors at the excitation frequency region according 
to Eq’s 4, 6 and 8 for the three different downstream terminations as function of total sound pressure 
difference over the sample.  It can be seen that the reflection and absorption factors for all three cases are 
around 0.5 and the transmission factors are small. Most of the absorption is lost to vorticity but a small 
fraction is converted to acoustic energy at higher frequencies. 
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                                                      c) 
Figure.14: Absorption, reflection and transmission factors according to Eq: 4-6 and 8  as function of pressure 
difference over the sample, black – absorption factor, red reflection factor, blue – transmission factor. a) 
closed end downstream termination, b) absorbing downstream termination, c) open downstream 
termination. 

Figure.15 shows reflection factors at the frequency region without excitation (Eq. 7) compared to an average 
of the absolute value squared of the non-linear scattering matrix element S3ff over the result at different 
frequencies. Results are presented as function of total sound pressure difference over the sample. It can be 
seen that there is a fair agreement between theses to quantities and also for different downstream 
terminations.  
So, the conclusion is that on the average the same fraction of energy is transferred to higher harmonics, at 
least for these excitation levels. 
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                                                   c) 
Figure.15: Reflection factors at the frequency region without excitation compared to an average of the 
absolute value squared of the non-linear scattering matrix element S3ff over the result at different frequencies, 
as function of pressure difference over the sample, black – averaged squared non-linear scattering matrix 
component S3ff, red reflection factor. a) closed end downstream termination, b) absorbing downstream 
termination, c) open downstream termination  

5 Conclusions 

A study has been made of the non-linear acoustic properties of a perforate. Measurements were made with 
bandlimited random excitation, pure tone excitation and multi-tone excitation and results presented in terms 
of spectra, ordinary reflection coefficients and impedance, non-linear scattering matrices and reflection, 
transmission and absorption factors. It can be concluded that directly applying non-linear scattering matrix 
theory for broadband random excitation will not work as already for multi-tone excitation the non-linear 
transfer of energy to higher frequencies is not dominated by the odd higher harmonics alone. Instead an 
analysis of averaged non-linear scattering components and reflection factors over frequency bands seem to 
give consistent results and could be a way to quantify non-linear interaction effects for multi-tone and 
random excitation. 
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