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Nomenclature 

Latin Letters 
  Area of an Orifice 
  Speed of Sound 
   Bias Flow Resistance Coefficient  
   Discharge Coefficient 
  Diameter of Perforation 
  Frequency 
  Enthalpy 
  Wave Number 
   Cavity Depth 
   Acoustic End Correction Length 
     Acoustic Effective Thickness of a Plate 
   Real Thickness of a Plate 
  Flow Mach Number in Perorations 
   Bias Flow Mach Number 
  Pressure 
  Acoustic Signal Amplitude 
  Resonance Parameter 
  Normalzied Specific Acoustic Resistance 
  Radial direction of a Cylindrical Coordinate System 
   Radius of Perforations 
   Bias Flow Induced Normalzied Specific Resistance 
  Reflection Coefficient 
   Momentum Source Term 
    Momentum Source Term in Porous Media Model 

  Time 
  Temperature 
  Velocity Component in x direction 
    Physical Velocity in the Porous Media Region 

      Velocity in Axial and Radial Directions  
    Acoustic Particle Velocity in Orifices 
   Mean Bias Flow Velocity in Orifices 
  Particle Velocity 
  Normalized Specific Acoustic Reactance 
  Coordinate Location in x Direction  
  Normalized Specific Acoustic Impedance 
  Specific Acoustic Impedance 
  
Greek Symbols  
  Absorption Coefficient 
  Porosity of Perforated Plate 
  Dynamic Viscosity of Air 
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2.5 Two Microphone Method in Impedance Tubes 

The data collecting and processing strategy for the CFD simulations followed those applied in the 
validation experiments. The two-microphone method (51) was applied in many experiments cited in 
this work (7, 10, 41). Figure 3 shows a typical impedance tube setup using two-microphone method. 
Two microphones are installed in front of the test sample with distances of    and    respectively.  

 

Figure 3 An acoustic experiment setup in an impedance tube using two-microphone method 

Pressures at the microphones are the superimposition of two acoustic pressures travelling in the 
positive X direction and negative X direction and pressure at the two microphones at a given instant 
is: 
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Solve for amplitudes of the waves    and   , results in: 
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From which the acoustic reflection coefficient of the panel absorber may be obtained:  

  
  

  
 ( 16 ) 

At the test sample surface (   ) , acoustic pressure and acoustic velocity as a result of 
superimposition of the incident wave and the reflected wave are respectively : 

            
  

  
 
  

  
 ( 17 ) 

Therefore, the normalized specific acoustic impedance of the panel absorber is: 

       
 

   
 
     

     
 
   

   
 ( 18 ) 

where   is the normalized specific acoustic resistance which is a measure of opposition that the 
perforated plate absorber presents to the acoustic flow resulting of the acoustic pressure,   is the 
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normalized specific acoustic reactance which describes the phase difference between the driving 
pressure difference and the resultant orifice velocity. The acoustic energy that is not reflected by the 
absorber is absorbed by the perforated plate absorber and the energy absorption coefficient is:  

    | |  
  

(   )    
 (19) 

As can be seen from equation (19), the optimum absorption effect of a perforate plate absorber 
takes place at the frequency where acoustic reactance is zero.  

The two-microphone method calls for prior microphone calibration to match the phase and 
magnitude response of the two microphones. High precise calibration of microphones is however 
sometimes very difficult to achieve.  Another simplified one-microphone transfer function method 
has been proposed by Chu (52) where only a single microphone is required to sequentially collect 
pressures at two different locations. Microphone calibration is avoided by using this method and this 
method is applied in the experiment by Jing and Sun (17) which is chosen as the validation 
experiment. 

3. Experiments Used For Validation 

3.1 Linear Absorption Regime 

Validation of the PVPM model commenced with the study of the acoustic attenuation properties of 
perforated plate absorbers in the linear absorption regime. In this regime the sound pressure level 
(SPL) is such that in the acoustic resistance of a plate barely changes with incident SPL. The 
experiment of Lee and Kwon (7) was re-visited by the proposed CFD method in order to investigate 
effects of porosity, multi-layer perforated panels and the effect of an array of perforated plates. The 
experiment employs an impedance tube, similar to that shown in Figure 3 in which four perforated 
plates were tested in a 1m long 60mm×60mm square impedance tube.  

The four plates (L1, L2, L3 and L4) were of the same thickness of 1mm and same orifice diameter of 
2mm. The porosities of the individual plates, L1, L2, L3, L4 were respectively 1.40%, 3.14%, 5.59% 
and 7.07%. This was achieved by changing the hole separation distance and the number of holes as 
shown in Figure 4. Each layer of perforated panel was backed by a 70mm deep air cavity. The 
acoustic signal was a random noise signal and the incident sound pressure level was kept below 
102dB to avoid any non-linear absorption effect. Transient pressure data were collected and 
processed by the aforementioned two-microphone transfer function method in the experiments 
which will also be followed in the CFD simulations. 

 
Figure 4 Picture of those perforated plates studied in Lee’s experiment (7) 
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3.2. Non-Linear Absorption Regime 

The inertial resistance becomes significant in non-linear absorption regimes due to high particle 
velocities in the neck of the perforation hole. As a result, variations in incident sound pressure levels 
could alter the flow resistance and the overall noise attenuation effect of a plate absorber in the 
non-linear absorption regime. Past research has indicated that plates with smaller porosities tend to 
reach the non-linear absorption regime at lower sound pressure levels compared with those with a 
larger porosity (19, 30, 41). Therefore, for a more convincing validation of the model, a perforated 
plate with  a larger porosity was taken from the experiment by Melling (41) and a second orifice 
plate with a smaller porosity was taken from the experiment by Jing and Sun (17). Details of the two 
cases are shown below in Table 1.  

 

Plate Porosity Hole Diameter Incident SPL Orifice Thickness 

Melling RT335/00 7.6% 2.8mm 116-160dB 0.56mm 
Jing and Sun 0.5% 8mm 96-144dB 0.1mm 

Table 1 Experimental parameters for the experiments of Melling (41) and Jing and Sun (17) 

 

 

Figure 5 Experimental test rig setup in the experiment by Jing and Sun (17) 

 

Figure 6 Picture of perforated plates studied in Melling’s (41), Jing and Sun’s experiment (17) 

The experimental test rig in the experiment of Melling was again an impedance tube as shown in 
Figure 3. CFD calculations are carried out for the case where plate, indicated as RT335/00, was 
backed with a 25.4mm deep cavity with an incident 1130Hz sine-wave signal.  

The experiment of Jing and Sun featured a single Ø8mm circular orifice in the middle of a 
100mm×100mm square plate as shown in Figure 5. Downstream of the orifice, the cavity was filled 
with sound attenuation material so that acoustic wave reflection was negligible. The sound signal 
used in this experiment was a 200Hz sine wave. Transient pressure data were collected and 
processed by the one-microphone transfer function method proposed by Chu (52). Melling's plate 
RT335/00 and the plate investigated in Jing and Sun's experiment are illustrated in Fig.6. 

Speaker Microphones Sound Absorbing Wedges 
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3.3. Bias Flow and Inertial Effect 

Jing et al. (10) investigated how the presence of bias flow affected acoustic properties of three 
perforated plate absorbers. Geometric specifications of those perforated plate absorbers 
investigated by Jing (10) are listed in Table 2 and shown in Figure 8. The impedance tube in Jing's 
work as shown in Figure 7 was a 100mm×100mm square tube in which sound signal of a wide 
frequency range (100Hz-1700Hz) could be tested. Further upstream of the impedance tube was 
equipped with an extension space and was filled with sound absorbing porous material so that 
incoming acoustic waves would not be bounced back to the impedance tube. Transient pressure 
data were collected and processed by the aforementioned two-microphone transfer function 
method in the experiments which will also be applied in their CFD simulations. Acoustic energy 
absorption coefficients were plotted against a resonance parameter   and which is a geometry 
dependent feature (6): 
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(20) 

 

where   is dynamic viscosity of the air,   is the signal wavenumber,    is radius of orifices,    is the 
cavity depth which is 20mm or 60mm. The cross section of the cavity is a 120mm×120mm square. 

 

Figure 7 Impedance tube test rig setup in the experiments of Jing and Sun (10) 

 

 Orifice radius Hole-Hole distance Porosity Thickness 

No.1 1.5mm 17mm 0.0254 0.2mm 

No.2 1.0mm 13mm 0.0201 0.2mm 

No.3 1.5mm 17mm 0.0254 2.0mm 

Table 2 Geometric specifications of plates in the experiment by Jing and Sun (10) 

 

 

Figure 8 Picture of those perforated plates studied in the experiment by Jing and Sun (10) 
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4. Computational Simulation and Validation 

4.1. Linear Absorption Regime 

Acoustic absorption coefficients of four perforated plate absorbers in the experiments by Lee and 
Kwon (7) were simulated by modelling the perforated plate using the PVPM model. The CFD results 
are compared with experimental results in Figure 9. Smoothing operation has been applied in both 
the experiment and CFD generated curves to remove minor random oscillations in the absorption 
data. As illustrated, the CFD generated absorption curves are in close agreement with the 
experimental results both in terms of resonance frequencies and the absorption bandwidth. CFD 
simulations were also carried out for two-layer L2 and three-layer L2 plate absorbers. The 
corresponding comparisons are shown in Figure 10 (a) and Figure 10(b). It is shown that the multi-
layer configuration reduces the first resonance frequency and the number of absorption effect peaks 
is the identical with the number of liner layers.  

Figure 10(c) displays the absorption coefficient curve of an absorber made of three different plates 
in the sequence of L1-L2-L3 from upstream to downstream. By contrast, Figure 10(d) displays 
absorption coefficient of the absorber made of the same three-layer plates in the reverse order L3-
L2-L1. These two configurations yield very different attenuation effects. Large fluctuation exists in 
absorption coefficient curves of the former configuration while the latter configuration gives much 
smoother absorption curves. In addition, the L3-L2-L1 absorber setup yields much better absorption 
effect than the single layer L3 configuration as shown in Figure 4. CFD modelling indicates high levels 
of consistency with experimental data as all these features in experimental results are highlighted in 
the CFD results. 

 
Figure 9 CFD and experimental comparison of absorption coefficients for single layer plate absorbers 

from the experiments of Lee and Kwon (7) 
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Figure 10 CFD and experimental comparison of absorption coefficients for multi-layer perforated 
panel absorbers: (a) 2-layer plate L2 (b) 3-layer plate L2 (c) 3-layer absorber of L1-L2-L3 (d) 3-layer 

absorber of L3-L2-L1 (7) 

4.2. Non-Linear Absorption Regime 

Figure 11 compares the normalized specific acoustic resistance of plate RT335/00  (41) obtained by 
CFD and experiment. CFD and experimental results agree closely and both methods show that the 
normalized specific acoustic resistance rises from a very low value (0.03) to approximately 1.5 as the 
incident sound pressure level rises from 118dB to 160dB. Ingard and Ising (18) found in their 
experiment that acoustic specific resistance of an orifice due to high sound pressure levels is 
proportional to particle velocity amplitudes in the orifice. This finding was later confirmed by 
experiment by Jing  et al. (17). Therefore, normalized resistance of an orifice in the presence of high 
particle velocities may be expressed as:  

         
   

 
     (21) 

Where   denotes Mach number of the neck particle velocity and the normalized specific acoustic 
resistance of the liner surface is: 

        
   

  
 
  √    (   )

  
 

(22) 
 

The normalized specific acoustic resistance for Melling’s plate RT335/00 is calculated by imposing 
C=1 in equation (22) using CFD acquired particle velocity and the result is plotted in Figure 11. Its 
agreement with experimental and numerical results is very close above SPL 130dB.  Equation (22) 
assessed resistance is however somewhat lower than the experimental and numerically resistance at 
low sound pressure levels. This is because Ingard's linear equation is acquired at high sound pressure 
levels and tends to underestimate the contribution of viscous effect in low sound pressure levels. 



14 
 

 
Figure 11 CFD and experimental comparison of normalized specific resistance of Plate RT335/00 in 

different incident sound pressure levels (41) 

 
Figure 12 CFD and experiment results for Jing's orifice plate: change of normalized resistance with 

normalized incident sound pressure amplitude (17) 
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Figure 13 Determination of the proportional coefficient C in Ingard's equation 

 
Figure 14 CFD and experimental comparison: change of orifice particle velocity with normalized 

incident sound pressure amplitude (17) 

Figure 12 compares normalized acoustic resistance acquired for an orifice plate in the experiment of 
Jing et al (17) and by corresponding CFD simulations. Incidence sound pressure levels, specific 

acoustic impedance and orifice velocity are normalized by      
 ,      ,     respectively, where   

is the incidence signal angular frequency,    is the radius of the orifice. CFD generated results again 
agree with the experimental results with quite satisfactory accuracy. Figure 13 plots normalized 
specific resistance acquired by equation (22) against that obtained by experimental and numerical 
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method. As can be seen, imposing a higher coefficient C=1.15 in equation (22) mat ches CFD 
generated results more closely than C=1 which is a more accurate value for Melling’s plate. 

Figure 14 plots how particle velocity in the perforated plate region changes with incident sound 
pressure amplitude. First, particle velocities obtained by CFD method agree very closely with those 
experimental results in a wide range of incident sound pressure amplitudes. Second, both methods 
indicate that particle velocity in the perforation is proportional to incident sound pressure amplitude 
within low incident sound pressure amplitudes. However, increase of particle velocity with incidence 
sound pressure amplitude slows down at high sound pressure levels and the pressure amplitude 
gradually changes to be in a quadratic relationship with particle velocity. This proves that the 
proposed CFD method is able to predict the resultant particle velocity due to a wide range of 
incident pressure amplitude and therefore is able to generate correct acoustic impedance within a 
wide range of incident sound pressure levels. 

4.3 Bias Flow and Inertial Effect 

Jing and Sun (10) experimentally tested acoustic properties of three perforated liners under various 
bias flow conditions. CFD and experimental absorption coefficient curves are compared in Figure 15 
for an absorber made of plate No.1 under zero bias flow and 5m/s bias flow conditions. High degree 
of agreement between CFD and experiment is achieved in these two bias flow conditions. Both 
methods suggest that the presence of 5m/s bias flow is able to yield much higher absorption 
magnitude and broader absorption bandwidth. CFD and experimental results of normalized specific 
acoustic impedance for this absorber is compared in Figure 16. The reactance curve is flatter and 
zero reactance occurs at higher frequencies when 5m/s bias flow is present. According to equation 
(19), a flatter reactance curve and the higher frequency with zero reactance in 5m/s bias flow 
condition correspond well to Figure 15 where the absorption curve is broader and resonance 
frequency is higher in 5m/s bias flows. In addition, normalized specific resistance of the absorber 
increases from 0.2-0.3 in zero flow condition to 1-1.2 in 5m/s bias flow and this resistance rise is why 
absorption effect is noticeably enhanced by the presence of 5m/s bias flow. 

Figure 17 displays the absorption effect of plate absorber made of plate No. 2 under several bias 
flow conditions. CFD results indicate that the noise attenuation effect rapidly rises with the 
introduction of bias flows. The absorption coefficient rises from approximately 50% in zero flow 
condition to 95% when bias flow Mach number is approximately 0.01. Nearly 100% absorption is 
achieved at Mach number 0.012. After this point, the absorption coefficient gradually declines but 
remains above 60% up to        . The experimental curve follows the same trend with CFD 
curves: absorption coefficient increases from 60% in zero flow condition to 100% at Mach number 
0.012, it then declines at even higher bias flow Mach numbers. However, CFD method indicates 
somewhat better attenuation effects than the experiment does in low bias flow conditions. This 
error could potentially be exaggerated due to errors in the experimental absorption result which 
shows an abrupt change near Mach number 0.005. 

Figure 18 shows that both experiment and CFD indicate a linear acoustic resistance with bias flow 
velocities. The linear relationship between acoustic resistance and bias flow velocity is found by 
other researchers as well (53, 54).  

  
    

  
 
    

 
 (23) 

The proportional constanct    is related to contraction coefficients of the bias flow jet (54). The 
constant is approximately 1.5 for the current liner setup according to the CFD and  experimental 
results shown in Figure 18. It is interesting to see the high similarity between equation (23) for mean 
bias flows and equation (22) for high sound incidence levels situations. The sole difference is that the 
proportional constant is higher in the presence of mean bias flow.  
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Figure 15 CFD and experimental comparison of absorption coefficients  for perforated liner No.1 in 

5m/s bias flow and zero bias flow conditions (       ) (10) 

 
Figure 16 CFD and experimental comparison of normalized specific acoustic impedance for 

perforated liner No.1 in 5m/s bias flow and zero bias flow conditions (       ) (10) 
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Figure 17 CFD and experimental comparison of absorption coefficients for perforated liner No.2 in 

different bias flow situations (   ,        ) (10) 

 

Figure 18 CFD and experimental comparison of normalized specific acoustic impedance for 
perforated liner No.2 in different bias flow situations (   ,       ) (10) 
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Figure 19 CFD and experimental comparison of absorption coefficients for perforated liners No.1 and 

No.3 with different thickness under 5.4m/s bias flow (        ) (10) 

 

Figure 20  CFD and experimental comparison of normalized specific acoustic impedance for 
perforated liners No.1 and No.3 with different thickness under 5.4m/s bias flow condition 

(        ) (10) 

Figure 19 illustrates absorption coefficient curves acquired by CFD and experiment for perforated 
liners No.1 and No.3. The two liners No.1 and No.3 are with different thickness with all other plate 
features identical. Both CFD and experimental curves indicate that the thicker liner No.3 has a peak 
absorption effect at lower frequencies. In addition, the absorption coefficient curve for the thinner 
liner No.1 remains at high values within wider frequency range whereas the absorption curve for the 
thicker liner No.3 shows more rapid decline at high frequencies. This difference may be explained by 
considering the acoustic reactance curves displayed in Figure 20. The acoustic reactance curve of 
liner No.3 is steeper and zero reactance occurs at a lower frequency than that of liner No.1. 
According to equation (19), a steeper reactance curve and larger magnitudes of reactance will give 
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rise to a narrower absorption coefficient curve according to equation (19). The absorption curves 
obtained by CFD and experiment for liner No.3 agree very well in terms of the general trend. 
However, errors exist as well, magnitude of CFD generated absorption coefficients are about 0.05 
higher than those acquired by experiment within high frequencies. 

In summary, CFD and experiments confirm that the introduction of bias flow enhances the noise 
attenuation effect of perforated liners. CFD is able to accurately predict the bias flow speeds at 
which optimum absorption effect is achieved. The effect of plate thickness on liner absorption 
property is represented by CFD with fairly good accuracy as well. In addition to the overall 
satisfactory agreement between CFD results and experimental results, there exists a limited degree 
of discrepancies as well in most CFD and experimental comparisons. These discrepancies could be 
caused by the fact that porous media model, by assuming homogeneous flow in a homogeneous 
region, overlooks the flow and geometric in-homogeneity near those orifices in a real perforated 
plate. 

5. Conclusion and Discussion 

In this paper the acoustic behaviour of a perforated plate was represented by a homogenous 
physical velocity porous media (PVPM) model. The model was demonstrated to be able to 
significantly reduce the grid resolution in comparison to detailed geometric resolution of a 
perforated plate, whilst being able to accurately simulate the acoustic behaviour under normal 
signal incidence conditions in an impedance tube. Experimental results from a number of well-
acknowledged acoustic experiments were reproduced by the proposed CFD method. Comparison 
between three dimensional, compressible, laminar flow CFD simulations and experimental data, 
demonstrated that the porous model is able to correctly represent the acoustic properties of 
perforated plate absorbers. This was demonstrated for both linear and non-linear absorption 
regimes and also for the inertial effect in the presence of a mean bias flow.  

Application of this model will provide a computationally efficient method for the CFD simulation of 
multi-perforated plates. The model significantly reduces the computational resource required in 
comparison to full geometric resolution and is thus a promising tool for the engineering design of 
perforated plate absorbers. 
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