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�

Preface  

 
As part of the WP E4 there is a task on new materials (E 4.3). Here the focus will be on 
the use of micro-perforated panels (thin plates with small holes/slits that ideally create 
an acoustic resistance close to the wave impedance in air).  Such panels, if made of 
metal or a hard plastic, have the property that they can both act as a guide vane for a 
mean flow and damp acoustic waves. The latter property will depend on the position of 
the panel in relation to the acoustic field and maximum damping occurs when the 
acoustic particle velocity through the plate is high. The purpose of this report is to 
investigate the impedance of this type of plates with circular holes or slits and then 
build models to predict it. Of particular interest is to investigate the effect of the hole 
shape and porosity as well as non-linearities and a grazing mean flow on the perforate 
impedance.   
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List of symbols  

 
Symbol Quantity Dimension 
a  Radius of rig tube m 

oc  Sound speed in air 343m/s at C020  m/s 

d  Diameter of the holes and width of slits m 
e Reference signal (voltage) complex valued amplitude V 
e  Ellipticity   
f  Frequency Hz 

h  Length of slit m 
j  Imaginary unit  
k  Perforate constant (see equation 2-22)  

ok  Wave number  

l  Distance reference section to layer surface m 
+p  Incident wave pressure  complex valued amplitude Pa 
+p  Reflected wave pressure  complex valued amplitude Pa 

ip  Pressure at microphone i   complex valued amplitude Pa 

iq  Volume velocity at microphone i   complex valued 
amplitude 

m3/s 

t  Thickness of the sample m 
u  Particle velocity inside holes or slits  complex valued 

amplitude 
m/s 

ou  Particle velocity before sample  complex valued 
amplitude 

m/s 

u~  rms value of particle velocity inside holes or slits  
complex valued amplitude 

m/s 

fu  Magnitude of the velocity fluctuation due to a turbulent 
boundary layer 

m/s 

r  Normalized resistance  

ecr -  Normalized external resistance of circular hole-shape 
plate 

 

P
lincr -  Normalized linear resistance of circular hole-shape plate  

gr  Normalized grazing flow resistance  

P
ecr -  Normalized external resistance of a circular hole-shaped 

plate 
 

P
esr -  Normalized external resistance of a slit-shaped plate  

P
linsr -  Normalized linear resistance of a slit-shaped plate  

totr  The total normalized of linear and non-linear resistance  

x  Normalized reactance  
P

ecx -  Normalized external reactance of circular hole-shaped 
plate 

 

P
lincx -  Normalized linear reactance of a circular hole-shaped 

plate 
 

gx
 

Normalized grazing reactance  

P
linsx -  

Normalized linear reactance of a slit-shaped plate  
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0J  
The Bessel function of the first kind and zeroth order.  

1J  
The Bessel function of the first kind and first order  

K  Calibration factor  

evH  
Transfer matrix of between particle velocity and reference 
signal 

 

M  Mach number  

sR  
Surface resistance  MKS rayl/m 

S  Cross-section area of rig duct m2 

eeS  
Auto spectrum function of reference signal  

T  Temperature of air  300K 

oT  
Reference temperature  K 

sT  
Constants  110.4K 

Ts  Transfer matrix of the sample  

totT  
Transfer matrix between reference section  

Zs  Specific impedance of the sample Pa s/m3  
Z  Specific impedance Pa s/m3   
Zo  Impedance of empty duct Pa s/m3    

icZ -  
Specific internal impedance of a circular hole- Pa s/m3 

isZ -  
Specific internal impedance of a slit  Pa s/m3 

aa  
Absorption coefficient  

a  End correction coefficient of resistance   
b  Correction coefficient of non-linear term  

pD  Sound pressure difference between the ends of the tube Pa 
h  Dynamic viscosity. Kg/(m.s) 

oh  
Reference dynamic viscosity Kg/(m.s) 

w  Angular frequency Rad/s 

or  
Density of air 1.21kg/m3 

s  Perforation ratio  
F  Non-linearity, also called ‘fai’  
m Kinematic viscosity m2/s 

  

P
totcx -  

Normalized total linear and non-linear reactance of a 
circular hole shaped-plate 

 

x  Input state to the sample  
y  Output state to the sample  
z  Normalized impedance  

Pz  The entire normalized impedance of a MPP plate  
P

icz -  
Normalized internal impedance of a circular hole-shape 
plate 

 

P
isz -  

Normalized internal impedance of a slit-shaped plate  

linnonz -  
Normalized non-linear term with pure tones as source  

Rlinearnonz --  
Normalized non-linear term with random noise as source  
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1 Introduction  

 

1.1 Micro-perforate panel 
It is a Chinese scientist Maa [1] that first presents the idea of absorbing sound by a so 
called micro-perforated panel and builds a model for it. A micro-perforated panel (MPP) 
is a kind of perforated panel with a large number of small holes or slits per square 
meter. The diameter of the holes or the width of the slits is less than 1mm. And the 
distance between holes or slits is much larger than the diameter of the holes or the 
width of slits. Therefore the holes or slits can be regarded as independent with each 
other. Ideally a MPP can provide an acoustic resistance of the same order as the 
characteristic impedance of air and a small acoustic reactance, thereby creating good 
absorption properties. Under conditions with high temperature or high hygiene a MPP 
has advantages compared to fiber materials. MPP can be made of metal or plastic. No 
matter what kind of material the plate thickness should be large enough to avoid 
vibrations.  

 

1.2 Definition of Acoustics Impedance 
The mathematic definition of the impedance Z  is the ratio of the acoustic pressure 

drop pD  across to the normal velocity u  for a sample. That is: 
u
p

Z
D

= , where 

complex quantities are assumed. It is also assumed since micro-perforate panels are 
always very thin, compared to the wavelength, that the normal velocity at the two sides 
can be taken as the same. The impedance is complex valued: iXRZ += . The real 
part is referred to as resistance which corresponds to the viscous forces and the 
imaginary part is referred to as reactance which corresponds to the effective mass of 
fluid “trapped” by the holes. Usually the dimensionless normalized impedance defined 

as
ooc

Z
z

r
=  is used, where oocr  is the characteristic impedance and )(zrealr =  is the 

normalized resistance and ( )x imag z= is the normalized reactance. 

 

1.3 Non-linear effects  
In 1935 Sivian [2] first found the phenomenon that the acoustic resistance increases 
with a corresponding increase of the particle velocity inside the orifice. The reason for 
this is because when the sound intensity is high at the exit of the holes a jet is formed. 
In other words the acoustic energy is converted into vorticity and lost. This energy loss 
causes an increased resistance.  

Ingard [3] describes this phenomenon by using the word “circulation”. He defined four 
regions for the various types of the circulation. In the forth region, corresponding to the 
highest sound intensity, the formation of jet and vortex structures can be observed, 
resulting in a non-linear behavior. The resistance is increased as a function of the 
sound amplitude and the reactance remains relatively constant. At sufficiently high 
sound intensity the reactance will decrease.  
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1.4 Grazing flow effects 
With flow over a perforated panel there are additional physic contributions to the 
impedance. The tangential flow over the perforated surface is commonly referred to as 
grazing flow. It has been observed that acoustic resistance is increased proportional to 
the magnitude of the grazing flow while the reactance is decreased. [17, 22] 
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2 Models of MPP Impedance 

 

2.1 The linear part 
 

There are four possible dissipation mechanisms: viscosity, thermal, radiation and flow 
interaction. Compared to the dissipation due to viscosity and flow the thermal and radiation 
effects can be neglected. The magnitude of the flow related losses has not been properly 
investigated for MPP:s earlier, some first results will be presented in section 5. The viscous 
dissipation of a MPP consists of two parts, the losses inside holes or slits (internal effect) and 
losses on the surface of the plate (external effect).  

 

2.1.1 Viscous dissipation for circular holes 
 

A. Internal effect 

 

Figure 1:   Geometry of a short narrow tube, d  is the diameter and t  is the thickness 
of the panel (length of tube) 

 

 

The equation of aerial motion in a tube short compared to the wavelength as given by 
Rayleigh [4] is: 

t
p

u
r

r
rr

uj o

D
=

¶
¶

¶
¶

- )(
1

1
11

h
wr .                                                                                     (2-1) 

where pD is sound pressure difference between the ends of the tube, 

1r - The radius vector of cylindrical coordinates inside the tube. 

The specific acoustic impedance of a short tube is the ratio of pD  to the average value of 
u over the cross sectional area of the tube [5]: 

1

0

1

)(

)(2
1

-

-
�
�
�

�

�
�
�

�

-

-

-
-=

jkJ

jkJ

jk
tjZ oic wr                                                                         (2-2) 

where the subscript cdenotes circular hole-plates, i denotes the internal effects, icZ -  is the 

specific acoustic impedance of one hole and hwr 4/odk = , the perforation constant,  is 

the ratio of the radius to the viscous boundary layer thickness inside the hole. The 
normalized internal impedance P

icz -  for an entire plate can be written as: 
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jkJ

jkJ

jkc
tj

c

Z
z

ooo

icP
ic s

w
sr

                                                             (2-3) 

where the superscript P denotes an entire plate and s  is the perforation ratio. 

When 1< k <10, that is the radius of the holes is the same order of magnitude as the 
boundary layer, the hole internal impedance is important. Maa [1] gives an approximate 
equation for k in this range. 

2 2
1/2 2 1/ 2

2

32
[ (1 ) (1 (3 ) )],

32 2c i o
o

k k
Z j t

jd
h

wr
r w

-
- = + + + +                                                 (2-4) 

For a gas,h , the viscosity coefficient is a function of temperature. By using the formula below 
the viscosity coefficient can be calculated in the actual environment [13]. 

s

so

oo TT
TT

T
T

+
+

��
�

	



�

�
=

2/3

h
h

                                                                                                      (2-5)                                                                         

where the reference values are 300=oT K(27oC), 510846.1 -´=oh Kg/(m.s) and 

4.110=sT K     

By the development of computers and mathematic softwares today it is easy to use the 
original formula directly. Actually there is a small difference between the approximate value 
and the exact value. Figure 2 shows a comparison of these two formulas with the same 
parameters and without any end corrections. 

Figure 2:   Comparison of the exact equation for hole impedance, equation (2-2), with 
Maa’s approximate equation, equation (2-4). The result is normalized (Z / ssss0rrrr 0) and 
calculated for the case which air at 20oC and t =0.5mm, d =0.5mm. 
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B. External effect  

Viscosity end correction: 

The viscous dissipation inside the holes has been fully considered. What remains is to add 
viscous dissipation around the holes. As suggested by Ingard [8] this effect can be estimated 
by looking on the power dissipated by an oscillating motion on a plane surface. The 
dissipation caused by the surface of the panel is called “surface resistance”. The value for 
one side of the hole is 

whr oSR 2
2
1

=                                                                                                           (2-6) 

For two ends of a narrow tube the total resistance is 2 SR . Ingard [8] mentions that this value 

may be in serious error when the radius of curvature is small. The experimental value in his 
article is 4 SR  with sharp edges. This is the old value use by Maa in his first article [12]. 

Based on the measurements done here the best agreement is obtained by setting the 
surface resistance equal to 8 SR  rather than 4 SR  for plates with sharp edged holes. The 

normalized external resistance P
ecr -  of a circular hole-shape plate for sharp edged holes is:  

ooS
P

ec cRr sr/8=-                                                                                                           (2-7) 

 

Mass end correction 

Besides the reactance inside the holes there are also contributions from air motion outside 
the holes. Under the condition that the plate thickness and diameter of holes are much 
smaller than the wavelength in air a hole will behave as a piston of air. This air will push the 
air around both sides of the hole acting as an extra mass attachment. That external 
reactance is called mass end correction and is illustrated in Figure 3. 

                 

Figure 3:   The idealized and actual attached mass of air outside the hole, the idealized 
mass is represented as a cylindrical volume with the same cross section as the hole. 

 

 

Usually this end correction value expressed as an added length of the hole is 0.85 d for the 

two ends.  Based on this the normalized external reactance for an entire plate P
ecx -  can be 

written as: 

P
ecx - = oocd sr/85.0                                                                                                        (2-8) 

Actual attached 

mass distribution 

Cylinders outside 
the hole 
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Finally the normalized linear resistance of the plate with circular shaped holes P
lincr -  is: 

oo

P
linc cjkJ

jkJ

jkc
tj

r
s

mwa
s
w 22

)
)(

)(2
1Re(

1

0

1 +
�
�
�

�

�
�
�

�

-

-

-
-=

-

-                                                (2-9) 

where a  is a factor that depends on the sharpness of hole edges. For sharp edges Ingard 
[8] suggests 2»a . The data presented here (section 4.2.1) gives 4»a for micro-perforated 
plates.  

The normalized linear reactance of an entire circular hole-shaped plate P
lincx -  is 

1

1

0

( )2 0.85
Im( 1 )

( )
P
c lin

o o

J k jj t d
x

c ck j J k j

w w
s s

-

-

� �-
= - +� �

- -� �� �
                                                  (2-10) 

These expressions are valid as long as the amplitudes are small enough so that non-linear 
effect can be neglected. 

 

 

2.1.2 Viscous dissipation for slit-shaped holes  
 

A. Internal effects 

For this type of plates Allard [6] gives an equation for the impedance of a slit isZ - : 

1

0

)tanh(
1
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-
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�
�

�
-=
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jk
tjZ is wr                                                                                    (2-11) 

where the subscript sdenotes slits. The normalized impedance of a slit-shape plate is P
isz - : 
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                                                                     (2-12) 

 

Maa [7] also offers an approximate formula for the normalized impedance for this type of 
plates:  

 [ ] 2/122

2/12

2
251

32
1

12 -

- +++�
�

�
�
�

�
+= k

c
t

j
k

dc
t

z
ooo

P
is s

w
sr

h
                                                 (2-13)  
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Figure 4:   Comparisons of two models for slit-shaped holes for the case of air (20oC) 
and slits with a width d = 0.24 mm and a thickness t = 1mm. 
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The comparison with these two formulas is showed in Figure 4; there is a small difference 
between them.  

 

 

 

 

B. External effects: 

Viscosity end correction 

Just as for plates with circular holes there is surface dissipation for plates with slit-shaped 
holes. Therefore a viscosity end correction is needed. For the resistance Maa [7] suggests 
the value originally proposed by Ingard [8]: 

 oo
P

es cRsr sr/4=-                                                                                                        (2-14) 

Mass end correction 

For the slit-shape MPP Maa [7] suggests that the rectangular shape (width d, length h) can 
be equivalent to an ellipse. By introducing an ellipticity factor the end correction can be 

defined as: 0

1
( )

2s eX dF ewr- =                                                                        (2-15)                                                      
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where 
/ 2

2 2 1/20
( )

(1 cos )
d

F e
e

p q
q

=
-
  ,                                                              (2-16) 

which expressed as a series becomes: 
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                                             (2-17) 

 where e the ellipticity is given by: 

21 ( )
d

e
h

= -                                                                                                               (2-18) 

There is a table in the book [7]; it lists the value of bh / corresponding to the ellipticity and 
end correction value.  

 

Table 1: The mass end correction of an ellipse from Maa [7] 

/h d  21 ( )
d

e
h

= -  )(
2
1

eF  

2 0.86603 1.0785 

5 0.97980 1.508 

10 0.99499 1.845 

20 0.99815 2.192 

50 0.99980 2.663 

100 0.999949 2.988 

200 0.999888 3.348 

500 0.999996 3.792 

1000 0.999999 4.016 

2000 0.99999975 4.500 

 

The normalized linear resistance for a plate with slit-shaped holes  P
linsr -  is: 

1

0 tanh( ) 2 2
Re( 1 )P

s lin
o o

k jj t
r

c ck j

mww
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                                                          (2-19) 

The reactance P
linsx -  can be written as: 
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2.2 Non-linear effects 

2.2.1 A non-linearity parameter 

If the particle velocity in front of a MPP is ou  then the particle velocity u inside the holes or 

slits is the particle velocity in front of a MPP divided by the perforation ratio: s/ouu = .  From 

this the displacement inside holes or slits can be deduced: 
wsj

uo . When the amplitude of the 

displacement is the same order as the diameter of holes or the width of slits non-linear 
effects (acoustic vortex shedding) exist [8].  With the diameter of the holes or the width of the 
slits d  the non-linearity can therefore be defined via the parameter:  

d

uo

ws
=F                                                                                                                     (2-21) 

which is a measure of particle displacement in holes or slits relative to the diameter of holes 
or the width of slits.  

 

2.2.2 Non-linear impedance models 
When the sound pressure level of the sound source is increased the resistance is also 
increased. This can be explained as a conversion of acoustic energy into vortical energy. 
Specifically when sound interacts with orifices vorticity is shed at edges and dissipates the 
acoustic energy. This dissipation creates an increase in the resistance and it is also found 
that the reactance starts to decrease. The reason of this phenomenon is still not clear. 
However, most agree that the turbulent jet produced by the intense sound “breaks apart” the 
oscillating slug of mass in and around the near field or the orifice [15].  

Ingard [16] states that the relation between the pressure and the particle velocity inside 
orifices is quadratic. He assumes that the pressure drop in a narrow tube is a certain fraction 
m  of pD  on the basis of Bernoulli’s law. That is:  

2(1 ) ( / 2)(1 )om p u ur s- D = × -                                                                                 (2-22) 

m  is set equal to 1/2. Since the porosity of a MPP always is quite small the value of  2s  can 
be neglected. The pressure drop in the non-linear region can therefore be written as 

op u urD @ × , where u is the particle velocity inside holes. Then the non-linear contribution to 

the plate impedance is: P o
non lin

u
Z

r

s- = .   

The total normalized acoustic impedance becomes:  

/ / /P P
o o lin o o non lin o oz Z c Z c Z csr sr sr-= = + . Therefore the non-linear term is frequency 

independent. Based on this Maa [9] suggests a formula for the normalized non-linear 
term linnonz - : 

non lin
o

u
z

cs- =                                                                                                               (2-23) 
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Using this definition the total (linear +non-linear) normalized resistance totr  is: 

P
tot lin non linr r z -= +                                                                                                           (2-24) 

Equation (2-24) applies to both circular holes and slits. Based on his measurements Maa [9] 
also suggests an empirical formula for the reactance using this non-linear term:                                                                           

2 2 1/2 11 (3 / 2) 0.85 (1 )P P
c tot non lin

o

t d
x k z

c t
w
s

- -
- -

� �= + + + +� �� �
                                              (2-25)  

The results above are valid for pure tone excitation. For broad-band excitation no definitive 
results are available from the literature. Here it was decided to use an ansatz with a modified 
non-linear term defined as: 

o

tot
Rlinnon c

u
z

s
b

~
=--                                                                                                         (2-26) 

where subscript R  denotes the random noise excitation, totu~  is the total rms value and b  is 

a constant factor.  

 

2.3 Models of grazing flow impedance 

2.3.1 Grazing flow resistance: 
For the complexity of the problem there are only a few models to predict the grazing flow 
effect of perforate impedance. Ingard & Ising [16] suggest based on experiments that the 
normalized grazing flow resistance can be expressed as: 

o

f
g c

u
r ×

-
=

s
s )1( 2

                                                                                                       (2-27) 

Since the perforation ratio for a MPP is small, the factor 1)1( 2 »- s , therefore this factor can 
be neglected: 

o

f
g c

u
r ×=

s
1

 ,                                                                                                               (2-28) 

where fu  is the magnitude of the velocity fluctuation due to a turbulent boundary layer. It is 

stated in [17] that this value can be related to the steady flow Mach number along the plate 
by means of turbulent boundary layer relations. Rice [19] gives an empirical relation for this 
value with the mean flow Mach number: 

M
c

u

o

f k=                                                                                                                     (2-29) 

That means the acoustics grazing flow resistance is approximately proportional to the mean 
flow Mach number. 

For a perforated panel Rice indicated that k is equal to 0.3. That is:
0.3P

g

M
r

s
=       (2-30) 
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Rao & Munjal [20] gives a higher value for this term: 
0.53P

g

M
r

s
= .                        (2-31) 

And Elnady [17] suggests based on his measurements at KTH the term: 

0.50P
g

M
r

s
= .                                                                                                               (2-32) 

                                                                                                 

2.3.2 Grazing flow reactance: 
It is commonly believed that a grazing flow blows away some of the end correction. Then the 
kinetic energy stored in the oscillating medium across the orifice is lost and the reactance is 
decreased.  

Elnady [17] suggests that this effect can be estimated by: 0.3 /P
gx M s= - .               (2-33) 
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3 Measurement method 

 
The main quantity to investigate is the impedance. At MWL a special test rig (the Hartmut rig) 
[10] exists for measuring impedance based on determining the 2-port for a sample. This rig 
was used here for all the tests with no flow. For the limited tests done with flow the lined rig 
developed by Elnady [17] is used, the section 5.  

 

3.1 Theory of the measurement method for impedance 
 

 Figure 5:   Test rig for determination of the acoustic 2-port for a sample 

 

 

In the plane wave range a 2-port matrix totT  can be defined that relates the input ( x ) and 

output ( y ) state vectors of a test sample. 

xTy tot ×=                                                                                                                       (3-1) 

The matrix is a 2 2´ matrix with four unknowns. Thus two pairs of input and output states 
should be measured. In order to create two states two different methods can be used: the 
two load case and the two source case. The two load case changes the acoustic load of the 
system and the source remain unchanged. The two source case changes the location of the 
source and the test geometry is unmodified. It is experimentally found that the two source 
case is less sensitive to errors than the two load case [21].  Therefore the two source method 
is chosen.  

The transfer matrix of an empty duct between mic1. and mic.2 is : 
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where: ok  is the wave number oc/w , s  is the distance between microphones, S  is the duct 

cross section, ip is the  pressure at microphone i , iq  is the volume velocity at microphone i  

and ScZo oo /r= . 
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The T -matrix can be rewritten as: 
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For convenience let )cot(*)/( skZojA o-=  and ))sin(/( skZojB o=  

From this the velocity at microphone 2 2q  and microphone 3 3q  can be written as: 

122 ** pBpAq --=                                                                                                     (3-4) 

433 ** pBpAq ++=                                                                                                     (3-5) 

The sample is located somewhere between mic2 and mic3. The transfer matrix of the whole 
system totT  describes the system from the mic2 to mic3. 
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where totT  is the complete transfer matrix. By measuring the in and output to the system for 

at least two different input states totT  can be derived. 

By using 1 and 2 to characterize the two different measurements, the matrix can be obtained 
from: 
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In order to reduce the influence of noise the measured values are obtained in relation to a 
reference signal. The reference signal can be the voltage from the loudspeaker or the 
spectra measured by a reference microphone. In this thesis the voltage ( e) of the 
loudspeaker is used as reference. 

epH ipi /=                                                                                                                    (3-8)                                                                                             

)/1(*)/2(*2 epBepAH q --=                                                                                   (3-9) 

)/4(*)/3(*3 epBepAH q +=                                                                                   (3-10) 

where ip  is the pressure at the microphone i  and edenotes the reference signal.  

If the inverse of the output state matrix exists  totT  can be derived: 
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The total T-matrix is related to the sample matrix Ts via: 

21 TTsTTtot ××=                                                                                                            (3-12) 
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 where 1T  and  2T  are the transfer matrices between microphones 2 and 3 and the sample 

surface. When totT  is known the transfer matrix for the sample only Tscan be calculated:                                                                                   

1
tot

1 TTTTs -- ××=                                                                                                       (3-13) 

 where 
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oo                                  (3-14) 

is the inverse of a empty tube transfer matrix, where l is the distance between the 
microphone and the sample. 

For acoustically thin samples, i.e. with a thickness that is much smaller than the wavelength, 
the sample can be characterized by its impedance only. This implies: 

@Ts  
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1

Zs
                                                                                                         (3-15) 

That means the element 12T of the matrix is the impedance of the sample.  

 

 

3.2 Test rig and measurement set up 
 

Figure 6:   Photo of Hartmut test rig [10] 

 

 

Following the procedure described in the previous section the measurements were done 
using the Hartmut rig at MWL [10]. 

In order to avoid large errors in the measured data the plane wave decomposition should be 
restricted to the frequency range [11]: 

 
s
c

f
s

c oo 4.005.0
<<                                                                                                    (3-16) 

The microphone separations in the Hartmut rig are 1s =256mm and s2=32mm. The short 
distance is for the high frequency range and the long distance for the low frequency range. 
Then the valid measurement frequency range is:  

67Hz< 1f <535.9 Hz and 535.9Hz< 2f <4287.5Hz 
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The cut on frequency for the first mode in a circular duct with radius a  is: 

aco /29.0 . With 100mm for the diameter of the Hartmut rig, the first cut on frequency is about 

2 kHz.  No higher modes were investigated in this thesis. 

A drawing of the complete measurement setup is show in Figure 7 

 

Figure 7:   Measurement set up 

 

 

 

 

3.3 The measurement procedure: 
A loudspeaker is connected with an amplifier and the amplifier is connected with a SigLab 
spectral analyzer. The volume of the loudspeaker can be controlled by the SigLab through 
the amplifier. A ¼ -inch microphone (Norsonic type 1245) is used and connected with a pre-
amplifier. Signals from the loudspeaker and from the microphone are fed into SigLab spectral 
analyzer as input signals. The signal from the loudspeaker is used as the reference signal. 
Both input signals and output signals are converted into digital signals by the SigLab system 
and then processed by a computer. By moving the single microphone to six positions the 
data of these six positions is stored. The use of a single microphone eliminates the need for 
phase and amplitude calibration.  

Measurements are done at room temperature (20oC). The frequency range is chosen from 
0Hz to 5000Hz with a frequency resolution of 1.5625Hz.  
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3.4 Measurement of particle velocity 
 

Figure 8:  Propagating sound waves in the test rig  

 

 

 

 

The method to determine the particle velocity is the two microphone method. The frequency 
range is determined by equation (3-16). The distances of microphone 1 and 2 and 1’ and 2 
determine the frequency range. By using the two microphone method +p  and -p  can be 
determined 
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where 1ss =  or 2s . 

This implies: 

)sin(2/))exp(( 21 skjsjkppp oo--=+                                                               (3-18) 

)sin(2/))exp(( 21 skjsjkppp oo+-=-                                                                (3-19)  

From the relation between pressure and velocity in a propagating plane wave we get:  

ooooo cxjkpxjkpxu r/))exp()exp(()( -+ --=                                                           (3-20)                                                             

When x= l , == )(luuo oooo cljkpljkp r/))exp()exp(( -+ --                                    (3-21)    

Instead of using two microphones one microphone is used and moved to different positions. 
The signal from the loudspeaker voltage e is used as reference signal. Based on this the 
transfer function is written as:  

oooeoe
o

ev csjkHsjkH
e

u
H r/))exp()exp(( -+ --==                                                   (3-22) 

where )sin(2/))exp(( 21 skjsjkHHH ooeee --=+                                                      (3-23) 
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)sin(2/))exp(( 21 skjsjkHHH ooeee +-=-                                                         (3-24) 

The next is to get the amplitude of the particle velocity ou  via the relation:  

eeev
o

o SHe
e

u
u .. ==                                                                                              (3-25) 

where eeS  is the auto spectrum of the voltage. 

Since the FFT-analyzer measure voltage rather than the pressure from microphones a so 
called microphone calibration factor K [V/Pa] is needed. The value of K  can be obtained by 
exciting the test microphone with a calibrator and measuring the rms voltage response on 
the SigLab system. When K  is known the peak particle velocity is  

K

SH
u eeev

o 2= .                                                                                                    (3-26) 

And the rms particle velocity is : 

K

SH
u eeev

o =~                                                                                                            (3-27)  

For the calculation of impedance with pure tones peak particle velocity is used whereas with 
random noise, the total rmsparticle velocity is used. 

KSHu eeevtoto /.~ 2�=-                                                                                            (3-28) 

where the summation is over all frequency lines. 

From this the particle velocity inside holes or slits is calculated using: s/ouu = , 

s/~~
tototot uu -= . 
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4 Measurement results and analysis 
 

4.1 Test samples 
 

MPP:s with circular holes 

 

Figure 9:   Photos of the tested MPP:s with circular holes 

 

 

 

 

 

 

 

          Sample 1   (C1)                                     Sample 2 (C2) 

 

 

 

 

 

 

 

Sample3 (C3), N.B. rounded holes. 

 

Table 2: Data of circular holes. The plate material is steel. 

Sample  Diameter  Thickness  Distance  Perforation ratio 

C1 0.5mm 0.5mm 2.25mm 4.0 % 

C2 0.5mm 0.5mm 3.50mm 1.34 % 

C3 0.4mm 0.6mm 4.75mm 0.56% 
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MPP:s with slit-shaped holes 

 

Figure 10: Photos of the tested MPP:s from SonTech (Acoustimet)  with slit-shaped 
holes 

 

 

 

 

 

 

Sample 4 (S1)                                                    Sample5 (S1) 

 

Table 3: Data for the slits. The plate material is aluminum. 

Sample  Averaged width Thickness  Length  Distance  Perforation ratio 

S1 0.240mm 1mm 4.4mm 1.25mm 6.5 % 

S2 0.095mm 1mm 4.0mm 1mm 4.3 % 

 

The slits on the Acoustimet plates have a complex (3-D) geometry therefore an “equivalent 
slit” geometry was used. The averaged width, slit length and perforation ratio given in Table 3 
were determined by putting the plates on an illuminated glass table together with a millimeter 
scale and taking a digital photo. The thickness was taken as the plate thickness.   
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4.2 Linear effect results 

4.2.1 Circular holes  
 

Figure 11: Measured and calculated results for sample C1 
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Figure 12: Measured and calculated results for sample C2 

 

 

 

 

 

 

 

 

 

 

 

The calculations for these two samples are done with the equation (2-9) and (2-10), with 
a =4 which gives a better agreement with the data. From the figures it can be seen that there 
are dips and peaks. This can be explained by the effect of structural resonance of the plates 
themselves. For the sample C2 the absorption coefficient was also measured and calculated 
by the method presented in [1] 

By putting a rigid termination behind a sample about 10cm in the test tube a cavity is formed. 
The absorption coefficient [1] is: 
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=                                                                              (4-1)                                   

D  is the depth of  the cavity.  By using equation (2-9) and equation (2-10) for r  and x  
respectively the absorption can be calculated. As seen from Figure 13 the measurement 
result matches the calculation quite well. 

 

Figure 13: Measured and calculated absorption coefficient for C2 
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There is a difference for the surface condition of the sample C3 and the sample C1 & sample 
C2. The edge of holes is not sharp but rounded on C3 as showed in figure 9. For the plate 
C3 the factor of a  in equation (2-9), that accounts for the effect of the edge on the exterior 
losses should be reduced. As seen from Figure 14 a value a =2, as originally suggested by 
Ingard [8], gives the best agreement. 

 

Figure 14: Measured and calculated results for sample C3. The best agreement for the 
resistance part is obtained with a =2. 
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4.2.2 Slit-shaped holes 
For the mass end correction stated in chapter 2.1.2, equation (2-15), could work with the 
perfect slit shape MPP. It will be different for the Acoustimet MPP. The typical shape of a slit 
in an Acoustimet plate is showed in Figure15.  

  

Figure 15:   Typical shape of the slits in an Acoustimet plate. 

                                                       

 

For such complex 3-D slit shapes it appears somewhat pointless to introduce an end-
correction effect. Instead it is assumed that the ‘equivalent slit’ geometry determined by the 
procedure described in connection with Table 3 can be used without end-correction. 

The comparison with the measurement results also show the equation works well without any 
mass end corrections. 

 

Figure 16: Measured and calculated impedance for Sample S1 

 

 

Figure 17: Measured and calculated impedance for Sample S2 
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The calculations are done with equation (2-19) and equation (2-20) without mass end 
correction. 

 

4.3 The non-linear region  
The key factor for the non-linear effect is the particle velocity inside the micro-perforate holes.  
It is the increased particle velocity that transfers acoustic energy to vorticity energy. The 
particle velocity inside holes is determined by the velocity in front of the MPP and the 
perforation ratio. 

 

4.3.1 Pure tone excitation 
 

A. Circular hole 

From the non-linearity parameter F  defined by equation (2-21) it can be expected that the 
non-linear effect appears in the low frequency range and is small at high frequencies. 
Therefore test frequencies of pure tones are chosen in the low frequency range. The 
frequencies of the pure tones used are 100, 200, 300, 400, 500 Hz.  

In order to reach the non-linear effect the volume of the loudspeaker is increased to generate 
a high sound pressure level. When the volume of the loudspeaker is increased the particle 
velocity inside the rig (velocity before the sample) also increased. Based on the theory the 
resistance will be increased with the volume and the reactance will be decreased. As 
expected the measurements fit this quite well. 

 

Figure 18:   Measured impedance for sample C1 with pure tones 
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Table 4:   Peak particle velocity before the sample C 1 based on equation (3-26) 

ou (m/s)�� ou ���� ou ���� ou ���� ou ���� ou 5�� ou ����

�������+�]�� �������������� ������������ �������������� ���������� ���������� ����������

�������+�]�� �������������� �������������� �������������� ���������� ���������� ����������

�������+�]�� �������������� ������������ �������������� ������������ ���������� ������������

�������+�]�� �������������� �������������� ������������ ������������ �������������� ��������������

�������+�]�� �������������� ������������ ������������ �������������� ������������ ������������

  

Table 5:   Non-linearity parameter of sample C1 based on equation (2-21) 

F �� F ���� F ���� F ���� F ���� F ���� F ����

�������+�]�� ���������� ���������� ���������� ������������ ������������ ������������

�������+�]�� ������������ �������������� ���������� ���������� �������������� ������������

�������+�]�� ������������ �������������� ���������� ������������ ������������ ����������

�������+�]�� �������������� ������������ ������������ �������������� ���������� ����������

�������+�]�� ������������ �������������� ������������ ������������ ������������ ��������

 

Table 6:   Peak particle velocity inside the holes of sample C1: 

u ��m/s���� 1u �� 2u �� 3u
0u

�� 4u �� 5u �� 6u ��

�������+�]�� ���������� �������� �������������� �������� ���� ������������

�������+�]�� �������������� ���������� �������������� ���� �������� ������������

�������+�]�� �������������� ���������� �������������� �������� �������� ��������

�������+�]�� ���������� �������������� ������������ ������������ �������������� ��������������

�������+�]�� �������������� ������������ ������������ �������������� ������������ ����������

                                                                                                                  

Calculations of the impedance with the non-linear effect are done using equation (2-9) with 
a =4 and equation (2-10) together with the non-linear term, equation (2-21) and the 
velocities above. 

The calculated and measured impedance are showed as function of particle velocity inside 
the holes in Figures 19-23: 
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Figure 19:   Impedance at 100Hz for sample C1  
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Figure 20:   The impedance at 200Hz for sample C1  
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Figure 21:   Impedance at 300Hz for sample C1  
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Figure 22:   Impedance at 400Hz for sample C1 
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Figure 23:   Impedance at 500Hz for sample C1 
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The agreement between theory and measurement, in particular for the resistive part, is good. 

In figure 24 the impedance is shown as a function of frequency for varying velocity 
amplitudes.  

 

 

Figure 24:   Calculated impedance of sample C1 with pure tones  
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B. Slit-shaped holes 

Still five pure tones are used to test the slit-shape plates, sample S1 and S2. The frequencies 
are 100, 200, 300, 400 and 500 Hz for both samples and a frequency of 600Hz is added for 
sample S2.   

Figure 25: Measured impedance for MPP:s with slit-shaped holes (Acoustimet),  result 
for sample S1 (top),  result for sample S2 (bottom):  
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A comparison of the measured data and the theory will now be done for the sample S1. 

 

Table 7:  Peak particle velocity before the sample S1 based on equation (3-26) 

ou (m/s) ou 1 ou 2 ou 3 ou 4 ou 5 

100Hz 0.042�� 0.071�� 0.141�� 0.283�� 0.495��

200Hz 0.028�� 0.057�� 0.127�� 0.269�� 0.608��

300Hz 0.014�� 0.042�� 0.085�� 0.184�� 0.354��

400Hz 0.012�� 0.028�� 0.057�� 0.122�� 0.226��

500Hz 0.006�� 0.014�� 0.034�� 0.071�� 0.127��

 

Table 8:   Non-linearity parameter F  of sample S1 based on equation (2-21) 

F  F 1 F 2 F 3 F 4 F 5 

100Hz 3.93�� 6.82�� 13.54�� 25.74�� 45.12��

200Hz 1.32�� 2.81�� 5.55�� 12.6�� 28.25��

300Hz 0.52�� 1.2�� 2.77�� 5.75�� 10.64��

400Hz 0.28�� 0.65�� 1.37�� 2.79�� 5.12��

500Hz 0.1�� 0.3�� 0.62�� 1.29�� 2.4��

 

Table 9:   Particle velocity inside the slits for sample S1: 

u (m/s) u 1 u 2 u 3 u 4 u 5 

100Hz 0.65�� 1.09�� 2.18�� 4.35�� 7.61��

200Hz 0.44�� 0.87�� 1.96�� 4.13�� 9.36��

300Hz 0.22�� 0.65�� 1.31�� 2.83�� 5.44��

400Hz 0.18�� 0.44�� 0.87�� 1.87�� 3.48��

500Hz 0.09�� 0.22�� 0.52�� 1.09�� 1.96��

 

 

By using the data measured and equation (2-19) and equation (2-20), without mass end 
correction, together with non-linear term, equation (2-21), the resistance with non-linear 
effect can be predicted. The results are shown in Figures 26-30 
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Figure 26:   Impedance at 100Hz for sample S1 

 

 

 

 

 

 

Figure 27:   Impedance at 200Hz for sample S1 
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Figure 28:  Impedance at 300Hz for sample S1 
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Figure 29:  Impedance at 400Hz for sample S1 
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Figure 30: Impedance at 500Hz for sample S1 
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4.3.2 Random noise excitation 
 

A. Circular holes 

When using random noise as sound source the non-linear effects are not the same as the 
effects with pure tones as stated before. By increasing the loudspeaker’s volume the SPL is 
increased.  The results are shown in figure 31, 32 and figure 33 for sample C1, C2 and 
sample C2 respectively. Examples of the particle velocity auto-spectrum for the two highest 
excitation levels are shown in Figures 34 and 35. As seen from the impedance in particular 
the resistive part, the spectral shape of the excitation does not seem to play a role. Instead it 
will be assumed that it is the rms velocity amplitude that matters. 
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Figure 31: Impedance for sample C1 with random noise excitation 
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The non-linear parameter F  and ou  refer to the max values in the spectrum (see Figures 

34-35). The calculated value neglects non-linear effects.  
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Figure 32: Impedance for sample C2 with random noise excitation 

200 400 600 800 1000 1200 1400 1600 1800 2000
0

0.5

1

1.5

2

2.5

3

3.5

4
Resistance

Frequency Hz

fai=0.05   uo=1.6e-4m/s
fai=0.13   uo=4.5e-4m/s
fai=0.20   uo=7.5e-4m/s
fai=0.35   uo=1.2e-3m/s
fai=0.57   uo=1.1e-3m/s
fai=0.80   uo=2.5e-3m/s
fai=1.27   uo=3.7e-3m/s
fai=3.50   uo=0.010m/s
calculated

 

200 400 600 800 1000 1200 1400 1600 1800 2000
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Resistance

Frequency Hz

fai=0.05   uo=1.6e-4m/s
fai=0.13   uo=4.5e-4m/s
fai=0.20   uo=7.5e-4m/s
fai=0.35   uo=1.2e-3m/s
fai=0.57   uo=1.1e-3m/s
fai=0.80   uo=2.5e-3m/s
fai=1.27   uo=3.7e-3m/s
fai=3.50   uo=0.010m/s 
calculated            

 

 

 

 

 

 

 

 



                                                                                                                                                                                 

__________________________________________________________________________ 
SILENCE report: E.D15 – New materials  

42 

 

Figure 33: Impedance for sample C3 with random noise excitation 
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Figure 34:  Particle velocity auto-spectrum for the two highest excitation levels of 
sample C1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Particle velocity auto-spectrum for the two highest excitation levels of 
sample C2 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

The calculation of the impedances with non-linear effect is done with equation (2-9) and 

equation (2-10) with the non-linear term P total
non linear R

o

u
z

c
b

s- - =
�

, equation (2-26) using =a 4 for 

sample C1 and C2 and =a 2 for sample C3. 

It appears that the factor b  depends on the perforation ratio. For the plates investigated here 

it is found that b =1 for perforation ratios larger than 4% (sample C1, S1 and S2) and b =1/2 
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for perforation ration around 1% or smaller (sample C2 and C3). The results are presented in 
the Figures 36-38. 

 

Figure 36:  Calculated non-linear effect with random noise excitation for sample C1 

 

 

 

 

 

 

 

 

 

 

Figure 37: Calculated non-linear effect with random noise excitation for sample C2 
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Figure 38: Calculated non-linear effect with random noise excitation for sample C3 

 

                                                                  

  

 

 

 

 

 

 

 

 

 

 

 

B. Slit-shaped holes 

The measurement results are show in figure 39 and figure 40 for slit-shaped holes. The non-
linear effect is averaged over all the frequency range.  

 

 

Figure 39:  Impedance for the Sample S1 with random noise excitation 
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Figure 40: Impedance for the Sample S2 with random noise excitation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calculations of resistance are done with equation (2-19) together with the non-linear 

term
o

total
Rlinearnon c

u
z

s
b

~
=-- , equation (2-26). The results are shown in Figure 41 and 42. As 

discussed above about the mass end correction is typically small and can be neglected for 
slit plates (Acoustimet). This is also evident from the measured data where the reactance is 
more or less independent of the excitation level.  

 

 

Figure 41: Calculated non-linear effect with random noise excitation for sample S1 
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Figure 42: Calculated non-linear effect with random noise excitation for sample S2 
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C. The parameter b  

The calculation of the non-linear part is decided by using the non-linear term: 
s

b
o

tot

c

u~
. 

By taking out the non-linear resistance, that is )Re()Re( 1zzn - , where subscript n  denotes 

the highest excitation level, and 1 denotes the lowest excitation level, b  can be obtained 
from the equation: 

1

1

Re( ) Re( )n

tnot tot

o

z z
u u
c

b

s

-
=

-� �
 

Figure 43 shows the variation of the parameter b  with the perforation ratios  for all the 
samples (except S1) 

 

Figure 43: Variation of the parameter b  with frequency and the perforation ratio s . 
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5 Investigation of mean flow effects 
 

5.1 The inverse method for determining liner impedance [18]  
The main idea of the inverse analysis method is to measure the sound pressure before and 
after a lined section by using the two microphones method. Then to find the impedance 
boundary condition that fits the measured sound field by using mode-matching in the lined 
section. The details of the model and procedure can be found in [18]. 

 

 

Figure 44:   Test rig configuration for procedure described in [18]  

 

 

 

5.2 Performed tests and results  
Tests are performed on the sample C1 and S1. For the sample S1 no useful results could be 
obtained. The data exhibit a large scatter and the exact reason for this is not known. One 
reason could be that the slightly corrugated sample S1 did not fit rightly in the rig. For the 
sample C1 the results also show scattering but for the lowest Mach-number tested (M=0.05) 
an average value could be obtained. See Figure 45. 
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Figure 45:  Resistance with grazing flow of sample C1. 
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It can be seen from the figure that the resistance is increased when flow is added. According 

to equation (2-32) the normalized grazing flow resistance is 
s

M
rg

50.0
= . The perforation 

ratio of sample C1 is 4% with a Mach number of 0.05, the grazing flow resistance is equal to 
0.625. The measured result shows the increase is smaller than 0.625. The reason for this is 
probably because the MPP behaves different from the normal perforated plates used in 
earlier studies. But more investigations are needed to answer this question with certainty.  
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6 Summary and conclusions 
 

Models for the impedance of micro-perforated plates with circular and slit shaped holes have 
been investigated. Results from earlier works by e.g. Maa [1, 19, 12] have been reviewed 
and compared with new experimental data. It is found that the effect of edge induced losses 
is larger than suggested by Maa [1] who based his results on the model of Ingard [8]. 
Typically these losses are twice as large as originally proposed by Ingard [8]. But it appears 
that this effect will increase its relative importance with smaller hole radius and that rounding 
the hole edges can reduce the effect significantly.     

 

Furthermore, for the slit shaped plates of the type manufactured by SonTech (Acustimet) the 
slits formulas obtained from Allard [6] works well. To handle the complex 3D geometry an 
‘equivalent’ slit geometry was defined using a photographical technique as explained in 
connection with Table 3. It can be noted that for the slit shaped plates there is no need to add 
an end-correction since this effects appears to be negligible.  

 

Non-linear effects were also investigated and compared to earlier works some new results for 
broad-band excitation are presented, see section 4.3.2.  

 

Finally, the effects of a grazing flow were investigated. In accordance with other 
investigations an increase in the resistance is found but somewhat smaller than expected. 
However, the obtained data showed a large scatter and more accurate measurements are 
required to finally settle this issue.  
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