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ABSTRACT
Perforated plate liners are widely used to reduce noise
emissions from turbofan engines. Micro-perforated plates
(MPP), with a porosity below 5% and apertures diameter below 1 mm, are of particular interest for this purpose
since they also help to reduce the flow drag, compared to
conventional perforates. In the nonlinear regime without
flow, existing models such as those of Guess or Maa are
not suitable for MPP liners, i.e. when the acoustic velocity
becomes high in the perforations. The effective velocity
through the perforate is a function of the impedance and
conversely. Therefore an iterative procedure is required
to obtain accurate impedance predictions in the non-linear
regime. In the present study, we propose to modify Guess
and Laly impedance models by implementing an iterative
procedure to compute the acoustic velocity. Good correspondence with impedance tube measurements is observed
for sound pressure level up to 150 dB for MPP with a
porosity and a neck diameter down to 1.4% and 0.3 mm
respectively. The modified model can be adapted to predict the impedance when either a white-noise source or a
sine-sweep source is used in the experimental setup. In
addition, we illustrate that considering only the absorption
coefficient is misleading and that it is important to assess
the resistance and reactance to properly evaluate the accuracy of an impedance model.

versely. In the case of macro-perforated plate liners, the
acoustic velocity can be approached correctly by using the
air impedance. But in the case of micro-perforated liners, the acoustic velocity is to high to be approximated using this hypothesis. Therefore, it is necessary to determine
an impedance/velocity couple with an iteration procedure.
This procedure was performed by Beck [3] on a dual resonance acoustic liner and more recently proposed in Laly’s
impedance model [4] for micro-perforated liners based on
a fluid equivalent approach and adding a non-linear term
proposed in [5] to the resistivity. In the present paper, we
propose to modify Guess model by implementing an iterative procedure on the acoustic velocity. The iterative
procedure is also implemented for Laly’s model. Comparisons with impedance tube measurements are performed
with either a sine-swept source or a white noise source. It
is shown that both models can be adapted to the source
type.
2. SEMI-EMPIRICAL MODELS
The semi-empirical models from Guess [1] and Laly [6]
are introduced in this section.
2.1 Guess model
Without background flow, the explicit expressions provided from Guess for the resistance Θ and the reactance
χ are

1. INTRODUCTION
Perforated plate liners are a widespread technology to attenuate noise productions from jet engines, which can
reach high Sound Pressure Level (SPL) up 150 dB. The
perforations of the liners are in contact with the air flowing
through the engine, increasing therefore the flow drag. By
reducing the perforations diameter, the equivalent surface
roughness of the liner decreases and so does the flow drag.
Hence, the micro-perforated plate liners with a porosity
below 5% and holes diameter below 1 mm are of interest for this aeronautic application. Semi-empirical models
such as those of Guess [1] or Maa [2] include a non-linear
term based on measurement for different acoustic velocity in the perforations of the liner. However, the acoustic velocity depends on the unknown impedance and con-
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such that the impedance of the liner is
z = Θ + jχ.

(3)

In equations (1) and (2) ω is angular frequency, Rneck is
the radius of the perforation, σ is the porosity, L is the
height of the cavity, c0 is the sound speed, k = ω/c0 is
the wave number, λ is wavelength and u0 is the acoustic
velocity in a perforation. Here, zν is the non-dimensional

impedance resulting from viscous and mass effects in the
apertures derived by Zwikker and Kosten [7]
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Here, Rt is the flow resistivity which can be expressed directly as a function of u0 such that

K = −jω/ν is the Stokes wave number, ν is the kinematic
viscosity and h is the thickness of the plate. J0 and J1 are
the zeroth and first order Bessel functions, respectively, of
the first kind of complex argument. The − cot(kL) term
corresponds to the cavity reactance. The end correction δ
is defined as
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β is a constant value equal to 1.6 and CD is the discharge
coefficient set to 0.76 in the rest of this paper. The tortuosity α∞nl is expressed as a function of u0 as well such
that

The 16Rneck / (3π) term is derived from Rayleigh’s integral√[8] and model the radiation effect. The factor
(1 − σ) account for the interaction between multiple perforations. Finally the term featuring the acoustic velocity
u0 account for sound amplitude effects. Guess approximates equation (4) for the high and low frequency regime,
namely for |KRneck > 10|
!
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h0 = h + 2Rneck is a corrected length accounting for the
viscous effects occurring outside the perforation. This correction is not accounted for in equation (4). It may be noted
that equation (6) is suited for macro perforated configuration. In addition, approximations (6) and (7) are not valid
for the micro perforated configurations studied further below, for which 1 < |KRneck | < 10. Lack of information
is given to model the impedance in this range of parameters in Guess [1]. Therefore, in this set of parameters, the
model is completed by implementing the following linear
interpolation:
zν ' zνM = zνL (ωL ) +

zνH (ωH ) − zνL (ωL )
ω,
ωH − ωL

(8)
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2
where ωH = 100ν/Rneck
and ωL = ν/Rneck
.

2.2 Laly’s model
Laly’s model [6] is derived using an equivalent fluid approach. The impedance of a micro-perforated plate zM P P
is defined as
ωh
zM P P = j
α∞nl
σc0
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where Ψ is set to 4/3 and the coefficients an are defined
by a0 = 1.0, a1 = −1.4092, a2 = 0.0, a3 =
0.33818, a4 = 0.0, a5 = 0.06793, a6 =
−0.02287, a7 = 0.003015, a8 = −0.01614. These
coefficients correspond to the Fok’s function [9] accounting for hole interaction effect. Finally the impedance including the cavity reactance is given by
zl = zM P P − j cot (kL) .

(12)

3. ITERATION PROCEDURE
In the non-linear regime, the impedance z of the liner is
strongly dependent on the velocity in the perforations and
conversely. Indeed, the velocity u0 is expressed as
u0 =

pref 10SP L/20
,
ρ0 c0 |z|

(13)

in which pref = 2 · 10−5 Pa is the reference pressure and
SP L is the sound pressure level in dB. Therefore, the velocity and the impedance need to be determined using iteration. The iteration procedure can be adapted when either
a sine-swept or a white noise source is used in impedance
tube measurements.
3.1 Sine-swept source
In the case of sine-swept source, the velocity depends on
the frequency f . Therefore, the iterations need to be done
for each frequency independently. This was performed by
[3] and [6] and shows good correspondence with measurements. The iterations are initialized with a first guess of
u0 determined using the normalized air impedance z0 = 1
instead of the liner’s impedance in equation (13). The initial velocity is used to compute the initial impedance using
(3) for Guess model or (12) for Laly’s model. The velocity is computed using the liner’s impedance and conversely
until the difference between two successive iterated velocities is below 10−7 m · s−1 to ensure the convergence of the
resulting impedance.
3.2 White noise source
In the case of a white noise source, the acoustic velocity corresponds to the Root Mean Square (RMS) velocity

u0,RM S which can be calculated using the velocities u0,i
corresponding to each frequencies fi such that
sX
(14)
u0,RM S =
u20,i .
i

The iterations are performed on the RMS velocity in a similar manner as for the sine-swept source. An initial RMS
velocity is computed with the air impedance and the initial impedance is computed for every frequencies. The iterations stop when the difference between two successive
RMS velocities is below 10−7 m · s−1 . It is of important
to note that the resulting impedance is dependent on the
frequency range of interest.
4. COMPARISONS WITH IMPEDANCE TUBE
MEASUREMENTS
The results obtained from iterative models are now compared with impedance tube measurements. These measurements are carried out in accordance with the NF EN
ISO 10534-2 standard method. The diameter of the tube is
29 mm. The cut-on frequency of the first non plane mode
is 6932 Hz. Two 1/4” microphones with a 20 mm spacing
are used to determine the surface impedance of the liners.
The distance between the sample and the closest microphone is 45.2 mm. The frequency range is between 400 Hz
and 6400 Hz. The cavity height is L = 29 mm. The normalized impedance Re(z)/(ρ0 c0 ) and the normalized plate
reactance Im(z)/(ρ0 c0 ) + cot(kL) are plotted against the
frequency. The absorption coefficient α defined by
α=1−

z−1
z+1

2

,

(15)

is also shown.
4.1 Sine-swept source
We first use a sine-swept source at 150 dB. Figures 1a
to 1d correspond to the results obtained for a macroperforated configuration. The impedance, the absorption
and the velocity are accurately predicted by both models. In Figures 2a to 2d, the results obtained for a microperforated configuration are shown. The trend of the resistance is correctly predicted by the models although its
value is overestimated, especially for the upper part of
the frequency range. The trend of the velocity is correct but its magnitude is underestimated by both models.
While discrepancies are observed between the measured
and modeled impedance, the absorption coefficient is in
good agreement between the models and the measurement.
Therefore, the accuracy of the impedance models should
not be assessed from the absorption coefficient only.
4.2 White noise source
In this section, the models are compared with measurements performed using a white noise source. The figures 3a to 3c show a very good agreement between measurements and predictions. In this macro-perforated case,

the measured RMS velocity is 14.60 m · s−1 , the iterated
velocity using Laly’s model is 14.13 m · s−1 and the iterated velocity using Guess model is 14.48 m · s−1 . Figures 4a to 4c correspond to the micro-perforated case. The
measured RMS velocity is 20.37 m · s−1 , the iterated velocity using Laly’s model is 17.80 m · s−1 and the iterated
velocity using Guess model is 17.87 m · s−1 . Although the
impedance is reasonably well predicted, discrepancies are
observed with the measurements. In a similar manner that
for the sine-swept case, the good absorption correspondence is misleading.
4.3 Discussion
When switching between a sine-swept or a white noise
source, the trend of the resistance does not remain the
same. The reactance and the absorption remain similar. In
the case of a sine-swept source, the resistance is strongly
dependent on the velocity in the perforations. It is therefore very important to use iterations in this case. When a
white noise source is used, the resistance is almost constant. Both models predict correctly the impedance and
the absorption of macro- and micro-perforated liners, although the impedance predictions are less satisfying in the
micro case. It seems that the models reach their validity
limits when the porosity and the radius of the perforation
become small. Only small discrepancies are observed between both models although the theory is different for the
linear and non-linear parts of the resistance.
5. CONCLUSION
In order to predict the impedance of perforated liners in
the linear regime, an iterative procedure has been implemented on Guess and Laly’s model. The model can be
adapted to fit impedance measurements carried out with a
white noise or a sine-swept source. A very good agreement between the models and the measurements is observed when considering a macro-perforated plate. When
a micro-perforated liner is used, the impedance predictions
are less accurate. It is important not to assess the accuracy
of the models only using the absorption coefficient.
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Figure 1: Impedance, absorption and velocity in a perforation of a macro-perforated liner using a sine-swept source
at 150 dB with Rneck = 0.8 mm, σ = 10 %, h = 1.5 mm
and L = 19 mm.
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Figure 2: Impedance, absorption and velocity in a perforation of a micro-perforated liner using a sine-swept
source at 150 dB with Rneck = 0.15 mm, σ = 1.4 %,
h = 0.6 mm and L = 19 mm.

Figure 3: Impedance and absorption of a macro-perforated
liner using a white noise source at 150 dB with Rneck =
0.8 mm, σ = 10 %, h = 1.5 mm and L = 19 mm.
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Figure 4: Impedance and absorption of a micro-perforated
liner using a white noise source at 150 dB with Rneck =
0.15 mm, σ = 1.4 %, h = 0.6 mm and L = 19 mm.

