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Abstract: In this paper, the comparison of acoustic resistance of a perforated plate absorber for two characteristic
cases is shown: one with a thin porous layer glued tightly to the backing of the perforated plate, and the other with a
thin porous layer placed near the perforations, without tight contact. The measurements were done in the Kundt's tube,
by using eight setups: four plates with different porosities (4.4%, 8.5%, 12.9% and 16.9%) and a 2 mm thick porous
layer with two different air layer depths. The porous layer can simply be added to the acoustic resistance in the case of
its tight placement to the perforated plate. On the other hand, absorber resistance is much less increased when a
loosely placed porous layer is introduced to the perforations, but still shows a positive correlation with the resistance
increase in the case of tight placement. Measured acoustic resistances are shown for two characteristic cases, including
their numerical ratios between tight and loose contact. These ratios are introduced as an improvement to the analytical
expression used for calculating the acoustic impedance, as well as an addition to the methods of tuning the acoustic
resistance in complex absorber setups.
Key words: perforated plate absorber; acoustic impedance; resonant absorber.

1. INTRODUCTION
Perforated plate absorbers are widely used for adjusting
the reverberation time of spaces.
Due to their underlying physical principles, they usually
work in a narrow frequency band. The most basic
acoustic resonance can be achieved by using the
Helmholtz resonator, which essentially consists of an airfilled cavity with a relatively small opening. The most
common implementation of this structure is as a
perforated plate resonator. Helmholtz resonator requires a
smaller volume than porous absorbers in the frequency
range they work most efficiently, but they also lack
absorption due to small amount of energy dissipation. In
order to achieve a more significant amount of sound
absorption, damping (porous) material has to be added to
the resonator cavity.
Although the impedance of a perforated plate in contact
with air alone has been extensively researched by a
number of authors [1-3], the amount of papers researching
the impedance (especially resistance) of a perforated plate
in contact with porous material is quite limited. For
example, Selamet et al [4] and Lee et al [5] have done a
number of researches concerning an increase in reactance
when a porous layer is put in contact with the

perforations. Models of acoustic resistance of a thin
porous layer in contact with perforations were mostly
developed by Ingard [6]. He added the porous layer
resistance to the one induced by the viscosity of air in the
perforations, gaining substantial increase in sound
absorption in comparison to the case with no porous layer
added. This “hard” contact stands for the case of porous
material being placed near the perforations, within the
distance of one orifice diameter, where the particle
velocity of the sound wave still doesn’t go back to the
uniform value after propagating from the orifices, as it
had before entering the holes [7]. This paper demonstrates
the validity of the model [6] in calculating acoustic
resistance for the case when the porous layer is tightly
glued to the perforated plate. Another case is introduced,
namely when the mentioned layer is still in hard contact
with the perforations (within the distance of one orifice
diameter), but loosely placed near the perforations. For
the latter setup it can be shown that the increase in
resistance, compared to the case with no porous material
added, is not as substantial as when the tightly placed
porous layer is introduced. A validation of the mentioned
hypothesis was done by measuring the sound absorption
of 8 different samples for two characteristic cases.

2. IMPEDANCE CALCULATION
2.1. Perforated absorber setup and general impedance
calculation
A typical perforated panel consists of 4 layers, with setup
depicted in Fig. 1:
- perforated plate,
- thin porous absorber,
- air cavity,
- rigid backing.

Fig. 2. Acoustic impedance and the wavenumber of
bordering layers.
2.2. Impedance of air and porous layers
The impedance of the rigid backing layer is usually taken
as 𝑍𝑏𝑎𝑐𝑘𝑖𝑛𝑔 = ∞. Therefore, with known depth of the air
𝜔
layer d, its wave number (𝑘𝑎𝑖𝑟 = ), characteristic
𝑐
impedance of air 𝑍𝑎𝑖𝑟 , and the surface impedance of the
previous layer (in this case, 𝑍𝑏𝑎𝑐𝑘𝑖𝑛𝑔 ), the air layer surface
impedance can be calculated as:
𝑍𝑠,𝑎𝑖𝑟 = 𝑍𝑎𝑖𝑟
which yields
Fig. 1. Cross-section of the chosen setup.
Absorbing (porous) material may or may not be added,
but in order to increase absorption, a layer of the material
should be placed behind the perforations.
Acoustic impedance of various layers can easily be
calculated using transfer matrices, with the solution:
𝑍𝑠𝑖+1 = 𝑍𝑖
where

𝑍𝑠𝑖 cosh(𝛾𝑖 𝑑𝑖 ) + 𝑍𝑖 sinh(𝛾𝑖 𝑑𝑖 )
,
𝑍𝑠𝑖 sinh(𝛾𝑖 𝑑𝑖 ) + 𝑍𝑖 cosh(𝛾𝑖 𝑑𝑖 )
𝛾𝑖 = 𝑗𝑘𝑖 .

(1)

(2)

𝑍𝑖 and 𝑘𝑖 are the corresponding characteristic impedance
and wavenumber of the 𝑖𝑡ℎ layer, respectively. The
surface impedance is calculated for the top of the 𝑖𝑡ℎ
layer, which is then used to calculate the impedance at the
top of the (𝑖 + 1)𝑡ℎ layer. 𝑍𝑠𝑖 is the surface impedance at
𝑥 = 𝑥𝑖 ; 𝑍𝑠𝑖+1 is the surface impedance at 𝑥 = 𝑥𝑖+1 .
The aforementioned acoustic layers are shown in Fig. 2.

𝑍𝑏𝑎𝑐𝑘𝑖𝑛𝑔 cosh(𝛾𝑖 𝑑𝑖 ) + 𝑍𝑎𝑖𝑟 sinh(𝛾𝑖 𝑑𝑖 )
, (3)
𝑍𝑏𝑎𝑐𝑘𝑖𝑛𝑔 sinh(𝛾𝑖 𝑑𝑖 ) + 𝑍𝑎𝑖𝑟 cosh(𝛾𝑖 𝑑𝑖 )

𝑍𝑠,𝑎𝑖𝑟 = −𝑗𝑍𝑎𝑖𝑟 𝑐𝑜𝑡(𝑘𝑎𝑖𝑟 𝑑).

(4)

It is obvious that the air layer adjacent to the rigid backing
will be included only as a reactance.
For the porous layer, the characteristic impedance of the
material, as well as its wave number, is not known a
priori, as for the case of air impedance calculation. Two
main models for the calculations are used (Delany-Bazley
[8] and Allard-Champoux [9]), but require a lengthspecific flow resistivity parameter, defined as a pressure
drop on the material of thickness d, with constant particle
velocity u:
𝜎=

𝑝2 − 𝑝1
,
𝑢𝑑

(5)

and is expressed in Rayl/m, where 1 Rayl equals 1
𝑁𝑠� .
𝑚3

The auxiliary term X is presented, incorporating air
density 𝜌 and frequency f:

𝑋=

𝜌𝑓
𝜎

.

(6)

The Allard-Champoux model for impedance and wave
number of porous layer is given as:
𝑍𝑝𝑜𝑟𝑜𝑢𝑠 = 𝑍𝑎𝑖𝑟 [1 + 0.0571𝑋 −0.754 − 𝑗0.087𝑋 −0.732 ], (7)
𝑘𝑝𝑜𝑟𝑜𝑢𝑠 = 𝑘𝑎𝑖𝑟 [1 + 0.0978𝑋 −0.700 − 𝑗0.189𝑋 −0.595 ]. (8)

Surface impedance on top of porous and air layer is
finally:
𝑍𝑎 = 𝑍𝑝𝑜𝑟𝑜𝑢𝑠

𝑍𝑠,𝑎𝑖𝑟 cosh�𝑘𝑝𝑜𝑟𝑜𝑢𝑠 𝑑� + 𝑍𝑝𝑜𝑟𝑜𝑢𝑠 sinh(𝑘𝑝𝑜𝑟𝑜𝑢𝑠 𝑑)
𝑍𝑠,𝑎𝑖𝑟 sinh�𝑘𝑝𝑜𝑟𝑜𝑢𝑠 𝑑� + 𝑍𝑝𝑜𝑟𝑜𝑢𝑠 cosh(𝑘𝑝𝑜𝑟𝑜𝑢𝑠 𝑑)

.

(9)

For very thin layers of porous material, used for purposes
of this paper, the porous layer calculations can be
disregarded in this section, since its contribution will be
added to the perforated plate impedance in subsection 2.4.
For this reason impedance 𝑍𝑎 can be written as
𝑍𝑎 = 𝑍𝑠,𝑎𝑖𝑟

(10)

in the case of porous material being very thin, or nonexistent.
2.3. Impedance of perforated plate in contact with air
alone
The specific acoustic impedance of a hole is defined as:
𝑍ℎ =

𝑝1 − 𝑝2
𝑡
= 𝑅 + 𝑗𝜔𝐿𝑠 = 4𝑅𝑠 (1 + ) + 𝑗𝑘𝜌𝑐𝑙𝑒𝑓𝑓 ,
𝑢ℎ
2𝑟

(11)

where 𝑅𝑠 is specific resistance, 𝐿𝑠 the specific inertance, t
is the thickness of the perforated plate and r is the radius
of the hole on the plate. 𝑙𝑒𝑓𝑓 is defined as the effective
length of the hole:
𝑙𝑒𝑓𝑓 = 𝑡 + 2𝛿𝑟,

(12)

with δ being the reactance end correction coefficient. The
reason for this correction is that the mass of air in the hole
consists not only of the mass in the hole itself, but also of
air on both sides of the aperture.
Rayleigh [10] suggested the factor 𝛿 as
𝛿=

8
.
3𝜋

(13)

This correction factor only works for one hole in a plate,
so Ingard [6] did an extensive research in which he
considered two holes on a plate and their coupling. Fok
[11] also researched the effect (known as “Hole
interaction effect” – HIE), and Rschevkin [12] derived a
modification to Rayleigh’s factor by using the so-called
Fok function:

𝜓(𝜀) = (1 + 𝑥1 𝜀 + 𝑥2 𝜀 2 + 𝑥3 𝜀 3 + 𝑥4 𝜀 4 + 𝑥5 𝜀 5
+ 𝑥6 𝜀 6 + 𝑥7 𝜀 7 + 𝑥8 𝜀 8 )−1

(14)

𝑥1 = −1.4092 𝑥2 = 0 𝑥3 = 0.33818 𝑥4 = 0
𝑥5 = 0.06793 𝑥6 = −0.02287 𝑥7 = 0.03015
𝑥8 = −0.01641.

This modified correction factor now equals to

𝛿

𝜓(𝜀)

, where

plate porosity 𝜀 can be taken as a ratio of hole and plate
surfaces. It is apparent that this correction factor gets
smaller with higher porosity, due to higher amount of air
fluctuation in hole interaction.
Surface resistance of the plate, in the case of air being on
both sides of the aperture, was also derived by Ingard [6]:
𝑅𝑠 =

1
�2𝜇𝜌𝜔,
2

(15)

where 𝜇 is the viscosity of air, with a small value of
1.84 ∗ 10−5 poiseuille. This is the reason why plate
resistance (R) is almost negligible, and requires a (thin)
layer of cloth, screen or other porous material to increase
the overall resistance.
The pressure drop 𝑝1 − 𝑝2 is the same in the hole as well
as on the plate itself, with different particle velocities, one
being 𝑢ℎ in the hole and another being 𝑢𝑝 on the plate.
Their ratio can be extrapolated from the continuity
equation:
𝑢𝑝 =

𝐴ℎ
𝑢 = 𝜀𝑢ℎ ,
𝐴𝑝 ℎ

(16)

where 𝐴ℎ is the surface area of holes and 𝐴𝑝 the surface
area of the whole plate.
Correspondingly, the overall plate impedance without
adjacent porous material can be written as
𝑡
𝑝1 − 𝑝2 4𝑅𝑠 (1 + 2𝑟 ) + 𝑗𝑘𝜌𝑐𝑙𝑒𝑓𝑓
𝑍𝑝 =
=
.
𝑢𝑝
𝜀

(17)

It is evident from Eq. (17) that the plate impedance can be
greatly influenced by varying the porosity 𝜀.

2.4. Impedance of perforated plate in contact with
tightly placed thin porous layer
Resistance and reactance correction factors differ from
the ones in subsection 2.3 when there is a (thin) porous
layer adjacent to the plate.
Kirby and Cummings [3] suggested a semi-empirical
formulation for the effect of a porous layer on hole
reactance, which Lee et al [5] expanded by modifying
effective hole length to

′
𝑙𝑒𝑓𝑓
=𝑡+

𝑍𝑝𝑜𝑟𝑜𝑢𝑠 𝑘𝑝𝑜𝑟𝑜𝑢𝑠
0.75
�1 +
� 2𝑟.
2
𝑍𝑎𝑖𝑟 𝑘𝑎𝑖𝑟

where

𝜖 =1+

(22)

Eq. (22) corresponds both to subsections 2.3 and 2.4.

This particular reactance end correction of 0.75 was
calculated for a porosity of 4.7%, but it is still a good
approximation for most setups.
Ingard [6] stated that by “hard-facing” the porous layer to
the plate (within a distance that equals the diameter of the
hole), the resistance of the hole R can be greatly
increased, by including the resistance of the mentioned
porous material:
𝑅𝑡𝑖𝑔ℎ𝑡 = 4𝑅𝑠 (𝜖 +

𝑍𝑎𝑙𝑙 = 𝑍𝑝 + 𝑍𝑎 .

(18)

𝑡
),
2𝑟

(19)

𝜎𝑡 ′
.
4𝑅𝑠

(20)

3. MEASUREMENTS
3.1. Measurements setup
All measurements were done in the Kundt's tube, in order
to find the acoustic resistance and reactance, and
consequently to calculate the absorption coefficients. 8
different samples were measured for two characteristic
cases of porous layer placement, giving a total of 16
measurements. The sample setups (Table 1) included a
porous layer (2 mm thick foam with 12000 Rayls/m flow
resistivity), and a 15 mm thick perforated wooden plate
with holes of 3 mm radius. This layout of the used
perforations is shown in Fig. 3.

Once again, 𝜎 is flow resistivity per unit length of porous
material and 𝑡 ′ is the thickness of porous material.
It should be noted that although Morse and Ingard [13]
proposed a dynamic flow resistivity parameter, that is
weakly frequency dependent (proportional to �𝑓). It is
considered that in practice the static flow resistivity
parameter 𝜎 is accurate enough for modeling in any
acoustic regime [8].
The whole perforated plate impedance can now be
modeled analogous to the previous subsection, which
yields:

𝑍𝑝 =

4𝑅𝑠 (𝜖 +

𝑡
′
) + 𝑗𝑘𝜌𝑐𝑙𝑒𝑓𝑓
2𝑟
.
𝜀

(21)
𝜎𝑡 ′

In order to maximize the absorption, the term
must be
𝜀
made as close as possible to the characteristic air
impedance 𝜌c.
Finally, the perforated plate impedance can simply be
added to the one calculated at the top of porous layer:

Fig. 3. Layout of perforated samples.

Table 1. Parameters of measured samples.
Setup designation

a)

b)

c)

d)

e)

f)

g)

h)

Perforated plate porosity

4.4%

4.4%

8.5%

8.5%

12.9%

12.9%

16.9%

16.9%

Air layer thickness [mm]

75

35

75

35

75

35

75

35

3.2. Comparison of
absorption coefficients

calculated

and

measured

In order to prove the validity of the mathematical model,
the comparison of the absorption coefficient for
calculated and measured acoustic impedance is given in
Fig. 4. Due to the third-octave filtering (which is not as
precise as e.g. 1/12-octave measurements) and errors in

Kundt’s tube measurements, an offset in resonant
frequency and absorption of up to 10% was expected. The
measurement curve shifts to lower frequencies when
compared to simulated curves (with a relative maximum
of 10%). Mathematically speaking, this manifests itself as
an added mass to the sample (i.e. air layer thickness is
larger than it appears).

Fig. 4. Comparison of calculated and measured absorption coefficients. ———— measured, - - - - - - - calculated.
3.3. Comparison of measured absorption of samples
with tightly and loosely placed porous layers
Fig. 5 shows the comparison of absorption for measured

samples in the observed cases. As it can be seen, the
samples with loosely placed porous layers show a
significant drop in absorption, compared to the ones with
tightly placed porous layers.

Fig. 5. Comparison of measured absorption of samples with tightly and loosely placed porous layers. ———— tight
................
contact,
loose contact.

3.4. Comparison of acoustic resistances of samples
with tightly and loosely placed porous layers
Due to the fact that the compared cases have the same
perforated plates and the same air layer thicknesses, the

only change could have originated in the acoustic
resistance of the samples, while maintaining the same
reactance. Fig. 6 shows the comparison of acoustic
resistances for observed cases with different porous
material placement.

Fig. 6. Comparison of acoustic resistances of samples with tightly and loosely placed porous layers. ———— tight
................
contact,
loose contact.
Table 2 shows the ratios of acoustic resistance in tight and
loose contacts over 11 frequency bands.
Table 2. Frequency dependent ratios of acoustic resistance for samples with tightly and loosely placed porous layers

Frequency [Hz]

a)

b)

c)

100

1.95

1.26

1.98

125

2.24

1.05

160

2.27

200
250

Acoustic resistance ratio 𝑘𝑟
d)

e)

f)

g)

h)

1.44

1.96

1.28

1.52

1.47

2.34

1.29

1.83

1.31

1.74

1.33

1.14

1.83

1.60

2.29

1.54

2.29

1.80

3.05

1.15

2.55

1.50

2.25

1.03

2.09

1.53

1.48

1.92

1.58

1.67

2.62

1.56

2.50

1.70

315

1.32

0.97

1.48

1.79

2.59

1.48

2.55

1.83

400

1.75

1.75

1.37

1.97

2.56

2.10

2.37

2.36

500

1.54

1.28

1.55

1.49

1.75

1.96

2.21

2.21

630

2.24

1.21

1.07

0.98

1.69

2.48

2.14

2.45

800

1.71

1.16

1.15

1.03

1.59

1.30

1.68

1.70

1000

1.40

1.51

1.80

1.30

1.28

0.82

0.96

1.43

4. CONCLUSIONS
The perforated plate resistance varies with the placement
of the porous layer in regard to the adjacent perforated
plate. It has been shown, for 4 porosities and 2 different
air masses in the perforated absorber, that the acoustic
resistance was reduced when incorporating loose contact,
while the porous layer was still within the distance of one
orifice diameter from the plate.
The model with the porous layer glued tightly to the plate
was validated by comparing the measurements with the
numerical model introduced in section 2. Absorption of
the samples in tight contact was then compared to the
absorption of samples in loose contact, and a significant
reduction in the latter case was shown. The frequency
dependent ratios of acoustic resistance values for two
observed cases were shown in Table 2.
These ratios, which can be described as factors of
reduction in acoustic resistance when moving from tight
to loose contact, can be used as an important factor in
absorber design, where minor changes in the placement of
the porous layer (tight or loose) can increase the
versatility of acoustic resistance values, thus giving a new
approach in tuning the absorption characteristics of
absorbers with the same geometry. A more extensive
research, such as measurements including different
porous layer thicknesses and taking into account the
effects of diffuse sound field, is required in order to fully
validate the results.
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