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ABSTRACT

In this investigation, the impedance of perforated plates
subjected to a combination of high amplitude acoustic ex-
citation and a grazing flow is studied experimentally. Dur-
ing the experimental program, the acoustic pressure am-
plitude is increased stepwise up to approximately 150 dB
while the grazing flow speed is varied up to a maximum
Mach number of 0.2. Dimensionless variables are used to
correlate the change of impedance with the variation of the
acoustic excitation amplitude and the grazing flow veloc-
ity. Results show that the acoustic excitation only has an
effect on the impedance of the perforated plate if the root
mean square amplitude of the particle velocity in the holes
of the perforate exceeds the threshold of approximately
two times the skin friction velocity. For the resistance, an
additive relation between the contributions of grazing flow
and high-level acoustic excitation can be assumed in case
the particle velocity in the orifices exceeds the threshold
level. For the reactance, the influence of high-level acous-
tic excitation above the threshold level is small compared
to the influence of the grazing flow.
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1. INTRODUCTION

The jet engine constitutes one of the main sources of noise
caused by aviation. One method to reduce the noise emis-
sion is to dampen the sound directly in the engine by so
called acoustic liners. Most conventional liners function
according to a mass spring system and are composed of
a perforated facing sheet attached to an assembly of cavi-
ties, referred to as honeycomb, terminated by a rigid back
plate. The perforated linings are grazed by a continuous
flow of high velocity and sound waves of considerable am-
plitudes. The acoustic characteristics of perforated plates
express a dependence on the grazing flow velocity as well
as the acoustic particle velocity inside the orifices. Hence,
in the design of liners, the knowledge of the interaction
of grazing flow and sound waves with high sound pres-
sure is of importance. The acoustic characteristics of such
devices are usually described by the acoustic impedance.
High sound pressure amplitudes cause flow separation at
the edges of the perforations once the particle displace-
ment exceeds the orifice dimensions [1,2]. The effect was
first described by Sivian [3]. The impedance dependent on
the sound pressure amplitude is commonly referred to as
nonlinear impedance [1]. Due to continuous flow grazing
the perforated walls, a turbulent boundary layer forms at
the orifices consequently causing a flow through the ori-
fices and flow separation [4]. Modeling the impedance of
orifices and perforated plates, the effects of grazing flow
and high sound pressure amplitudes are often considered
to be independent of each other and therefore contribute to
the impedance simultaneously [5–7]. Several studies link
the skin friction velocity in the turbulent boundary layer
caused by the grazing flow to the changes of impedance
and, furthermore, investigate the interaction between high
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sound pressure amplitudes and grazing flow. The studies
show that the impedance is only dependent on the acous-
tic particle velocity once its amplitude exceeds a certain
threshold value, usually of the magnitude of the skin fric-
tion velocity [8–10]. In this manuscript the effect of high
amplitude acoustic excitation of perforated plates under
grazing flow above this threshold level is studied. Dimen-
sionless quantities are used to first identify the respective
threshold value for our experimental facility and, subse-
quently, to compare the effects of high sound pressure
level amplitudes on the impedance with and without graz-
ing flow.

2. EXPERIMENTAL SETUP AND ANALYSIS
METHOD

2.1 Experimental setup

Figure 1. Experimental Setup.

Figure 1 presents the experimental setup. The study
is conducted at the rectangular flow duct DUCTR of the
department Engine Acoustics of the German Aerospace
Center, DLR. Each section of the duct is of width 80 mm
and height 60 mm and terminated by an anechoic termi-
nation. In the no flow case, the duct features plane wave
excitation up to a frequency of approximately 2142 Hz.
Grazing flows with maximum flow velocities of Mcl =
ucl

c0
≈ 0.3 can be applied to the main duct via section 1.

Mcl is the Mach number, ucl refers to the grazing flow
velocity measured at the centerline of the duct and c0 rep-
resents the speed of sound. To study the impedance of the
perforated plate under grazing flow and high sound pres-
sure amplitudes, a third section is installed between the

sections 1 and 2 of the main duct. The perforated plate
is mounted flush to the wall at the intersection of the duct
segments. Table 1 lists the specifications of the plate. ϕ
represents the porosity of the perforated sheet, d the diam-
eter of the orifices and h the thickness of the plate. The
acoustic measurements, restricted to plane wave propaga-
tion, are conducted in section 3.
The experimental method is based on the assumption that
the radiation impedance is independent of the grazing flow
in the main duct [11]. According to Ingard and Singhal the
assumption is valid for average grazing flow velocities up
to Mavg =

uavg

c0
≈ 0.2 [12]. Considering that the ef-

fect of both, high sound pressure amplitudes and grazing
flow, is to decrease the inertial end correction of the ori-
fices, which constitutes the imaginary part of the radiation
impedance [13], the measurement errors are expected to
be larger for the reactive part of the impedance, especially
for low frequencies and small hole diameters.

2.2 Acoustic measurements

A speaker of type BMS 4599ND is mounted on the rear
side of section 3 and five microphones of type GRAS
40BP are mounted flush to the wall. The space between
the microphones is reduced logarithmically towards the
perforated plate. The sound field, restricted to plane wave
propagation, is excited in the form of pure tone stimuli.
The study only considers the respective fundamental fre-
quencies of the stimuli, as the effects of uneven higher
harmonics, generated at the orifice [14,15] and the ampli-
tude of distortion introduced by the speaker in the form of
even harmonics is, in agreement to previous studies [16],
observed to be small compared to the fundamental fre-
quency. The study focuses on measuring the change of
impedance due to either grazing flow or high amplitude
acoustic actuation or a combination of both effects. Con-
sequently the effects have to be separated. Therefore, in a
first step, the linear impedance, i.e. the impedance inde-
pendent of the sound pressure amplitude, is determined.
The linear regime is determined empirically without graz-
ing flow: The sound pressure level is reduced until no
change of impedance with sound pressure amplitude is
observed. Because the grazing flow in the main duct in-
troduces significant flow noise, the sound pressure was
carefully adjusted to maximize the signal to noise ratio.
Subsequently, for every grazing flow velocity measured
as well as for the no flow case, the sound pressure level at
a certain frequency f is increased stepwise from its linear
value in order to study the effects of the sound pressure
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amplitude on the impedance.

Table 1. Geometric specifications of the perforated
plate under study.

Plate ϕ [%] d [mm] h [mm]
P1 4.09 2.5 1

2.3 Analysis of the acoustic measurements

The plane wave sound field in section 3 is transformed into
frequency domain by the method of Chung [17] in order to
reject flow noise, and is subsequently decomposed into its
forward and backwards travelling components. Thereby,
thermo-viscous losses at the walls of the duct are incor-
porated [18]. For an extensive discussion of the analysis
method, one should refer to [19]. For each microphone,
located at a position x, the sound field can be written as:

p̂3(x) = p̂+3 e
−ik+x + p̂−3 e

ik−x, (1)

where the subscript denotes the duct section and the
super script the travelling direction of the wave. Us-
ing multiple microphones results in an over determined
system of equations which is solved for the unknown
complex pressure amplitudes of the forward and back-
ward travelling waves p̂+3 and p̂−3 at the perforated sheet
(x = 0). From the plane wave components, the reflection
coefficient r is calculated by the common relation r = p̂−

3

p̂+
3

and, subsequently, the normalized specific impedance ζ is
derived by

ζ =
Z

ρ0c0
=

1− r

1 + r
, (2)

where ρ0 represents the density of air and c0 is the
respective speed of sound. The acoustic particle velocity
in the orifices of the facing sheet is given in terms of a
root mean square velocity (RMS) and is calculated from
the plane wave components at x = 0 under the assumption
of continuity and by applying Euler’s law:

|ū0| =
|p̂+3 − p̂−3 |
ρ0c0ϕ

√
2
. (3)

2.4 Grazing flow measurement

The grazing flow velocity at the centerline of the duct ucl
is measured by a Prandtl’s tube in section 2. From ucl the
average flow velocity uavg is derived by nonlinear regres-
sion [20]. uavg is estimated in order to comply with the
limit of Mavg ≤ 0.2 of the experimental method [11, 12].
Table 2 displays the measured center line Mach numbers
Mcl and the corresponding approximate average Mach
numbers.

Table 2. Average Mach number Mavg derived from
center line Mach number Mcl by nonlinear regres-
sion.

Mcl 0.05 0.1 0.15 0.2 0.23

Mavg 0.045 0.082 0.13 0.17 0.2

In an earlier study flow profiles over the width of the
duct have been measured in the hard walled sections of
DUCTR [21]. By fitting the measured profiles to the law
of the wall, the skin friction velocity u∗ at the hard walled
section 1 is derived. Fig. 2 displays the calculated skin
friction velocity. A linear relationship between u∗ and
ucl is seen. A linear least squares fit, where the origin is
forced to zero, is applied to u∗. The fitting process yields
u∗ ≈ 0.035ucl m/s. The approximation of u∗ is used to re-
late the measured centerline velocities of this study to the
approximate skin friction velocity in the boundary layer
of the hard-walled duct.

3. RESULTS

3.1 Resistance

The resistance is depicted as the difference between the
resistance at a certain sound pressure and grazing flow
velocity ℜ{ζfs,GF } and its linear value at the respective
grazing flow velocity ℜ{ζlin,GF } for one orifice:

ℜ{∆ζ}c0
πfd

=
ℜ{ζfs,GF − ζlin,GF }ϕc0

πfd
=

ℜ{∆Z}
ρ0ωr

,

(4)
where ω = 2πf and r represents the radius of the

orifices. Eq. (4) reflects the effects of the high amplitude
excitation only. Studies show, that the linear resistance is
independent of the interaction between adjacent holes [22,
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Figure 2. Skin friction velocity u∗ at the hard walls
of the flow duct. ×: Measured u∗,meas; , −−: Linear
fit u∗,fit ≈ 0.035ucl m/s.

23], so multiplying ℜ{ζfs,GF − ζlin,GF } by ϕ represents
the change of resistance of one orifice.

Fig. 3 depicts ℜ{∆ζ}c0
πfd over the inverse Strouhal num-

ber based on the orifice diameter d, 1
Std

= |ū0|
2πfd , for a

variation of the acoustic particle velocity as well as the
grazing flow speed. Compared to the results for Mavg =
0, we find the particle velocity in the orifices to decrease
with increasing Mach number. Due to the grazing flow,
the resistance of the perforated sheet increases. The graz-
ing flow is effectively hindering the acoustic flow through
the orifice. It is seen that the change of resistance is de-
pendent on the frequency of the impinging sound wave
and the grazing flow speed. With decreasing frequency as
well as increasing grazing flow, a higher particle velocity
|ū0| is required to affect the resistance of the perforate.
Consequently, the Strouhal number based on the skin fric-
tion velocity u∗, 1

Stτ,d
= u∗

2πfd , is considered to further
evaluate the results.

Fig. 4 depicts ℜ{∆ζ}c0
πfd over the inverse Strouhal num-

ber, built from the difference between |ū0| and 2u∗,
1

St∆τ,d
= |ū0|−2u∗

2πfd . The measurements for varying
grazing flow velocities and frequencies correlate for the
Strouhal number built from the ”effective velocity” (|ū0|−
2u∗) in the orifice. Three flow regimes can be distin-
guished: For |ū0| < 2u∗, the resistance is independent
of the acoustic particle velocity. For |ū0| ≈ 2u∗ a tran-
sition regime can be identified, where the change of re-
sistance expresses a quadratic dependence on the inverse

Figure 3. Change of resistance ℜ{∆ζ}ϕc0
πfd for vary-

ing grazing flow velocities and sound pressure am-
plitudes over 1

Std
= |ū0|

2πfd . ⋆: ℜ{∆ζ}c0
πfd for Mavg = 0;

◦: ℜ{∆ζ}ϕc0
πfd with f = 331 Hz for Mavg ≈ 0.2; ◁:

ℜ{∆ζ}ϕc0
πfd with f = 637 Hz for Mavg ≈ 0.13; ⋄:

ℜ{∆ζ}ϕc0
πfd for Mavg ≈ 0.045.

Strouhal number and comparably small changes in resis-
tance due to the particle velocity in the orifices can be
observed. A similar transitional domain is also observed
in the case without grazing flow [24]. For |ū0| > 2u∗,
a linear dependence on the inverse Strouhal number and,
consequently, on the amplitude of the acoustic particle ve-
locity in the orifice is observed. In this regime, the resis-
tance increases in the same manner as for the case without
grazing flow. Thus, an additive relation between the con-
vective parts of the resistance can only be assumed in case
the acoustic particle velocity exceeds the skin friction ve-
locity. In the results presented here, the additive relation
is valid for |ū0| > 2u∗. Threshold values of more or less
the same order of magnitude are derived in [8–10]. The
exact threshold value may vary depending on the duct and
measurement method to determine the respective acoustic
and skin friction velocity.

3.2 Reactance

The decrease of reactance under flow separation is linked
to a loss of end correction. Mass of fluid is dispatched
from the orifices by turbulence [9, 24]. We assume the
effective inertial length of an orifice Lin at high sound
pressure amplitudes and grazing flow can be expressed as
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Figure 4. Change of resistance ℜ{∆ζ}ϕc0
πfd for vary-

ing grazing flow velocities and sound pressure am-
plitudes over 1

St∆τ,d
= |ū0|−2u∗

2πfd . ⋆: Mavg = 0; ◦:
ℜ{∆ζ}ϕc0

πfd with f = 331 Hz for Mavg ≈ 0.2; ◁:
ℜ{∆ζ}ϕc0

πfd with f = 637 Hz for Mavg ≈ 0.13; ⋄:
ℜ{∆ζ}ϕc0

πfd for Mavg = 0.045.

[25]:

Lin = h+ 2∆eψlfs,GF . (5)

Thereby, lfs,GF = f(|ū0|, u∗) represents a loss fac-
tor accounting for the decrease of end correction with high
sound pressure amplitude and grazing flow. 2∆e = 8

3πd
describes the external end correction, accounting for mass
moving outside of the orifice [26]. In contrast to the resis-
tance, hole interaction has to be considered for the reac-
tance. The hole interaction ψ is incorporated by the func-
tion of Fok [27].
lfs can be derived for sole high sound pressure ampli-
tudes, for grazing flow only and for the combined ef-
fect respectively by considering the appropriate measure-
ments. The loss of end correction due to sole high sound
pressure amplitude excitation, lfs, is derived from the
change of reactance with increasing sound pressure am-
plitude at a certain grazing flow velocity:

ℑ{ζfs,GF − ζlin,GF } · ϕ
2He

=
2∆e · ψ · (lfs − 1)

d
, (6)

where He = πfd
c0

is the Helmholtz number. Solving
for lfs gives:

lfs =
ℑ{ζfs,GF − ζlin,GF } · ϕ · d

2He · 2∆e · ψ
+ 1. (7)

Redefining Eq. (7) by always using the linear no flow
reactance as reference gives the combined influence of the
high amplitude effects and the grazing flow on the end
correction lfs,GF :

lfs,GF =
ℑ{ζfs,GF − ζlin,GF=0} · ϕ · d

2He · 2∆e · ψ
+ 1. (8)

Analogous to Eqs. (7) and (8), by building the dif-
ference only using measurements at low sound pressure
amplitudes and varying the grazing flow velocity, the loss
of end correction due to grazing flow exclusively lGF can
be derived.

lGF =
ℑ{ζlin,GF − ζlin,GF=0}} · ϕ · d

2He · 2∆e · ψ
+ 1. (9)

In contrast to the resistance, the Strouhal number on
the basis of the plate thickness h, 1

St∆τ,h
= |ū0|−2u∗

2πfh , is
used to display the results. h appears to be the relevant
length scale when comparing the end correction of
orifices and perforated plates with varying geometric
properties under grazing flow and high sound pressure
amplitudes [9].
Fig. 5 depicts the loss of end correction lfs due to high
amplitude excitation only, as defined in Eq. (7), for
various grazing flow velocities. Without grazing flow,
lfs decreases and rapidly approaches a plateau value of
approximately 0.5. Hence, the end correction is reduced
to approximately one half of its linear value due to high
sound pressure amplitudes, as qualitatively assumed by
Ingard and Ising [14]. Under grazing flow, the loss of end
correction due to the high sound pressure amplitude is
decreased, dependent on 1

Stτ,h
= u∗

2πfd . For 1
Stτ,h

> 0.3,
the end correction is independent of the sound pressure
amplitude as lfs ≈ 1. Thus, the end correction does not
decrease with increasing sound pressure amplitude once
a certain 1

Stτ,h
and, respectively, a certain grazing flow

velocity is attained. The different flow regimes observed
for the resistance can also be related to the behavior of
the end correction: In case |ū0| < 2u∗, no end correction
is lost due to the acoustic excitation, since the effects of
grazing flow are dominant. For 1

St∆τ,h
≈ 0, the depen-

dence on |ū0| starts to develop and the end correction (for
small 1

Stτ,h
< 0.3) decreases with |ū0|. A slight increase
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in end correction is observed to mark the beginning
of the transition regime. An increased end correction
is also reported for high amplitude acoustic excitation
without grazing flow and is connected to vortex formation
at the orifices without separation of the flow [24].
Consequently, the increase in end correction observed
here might be for the same reason. For 1

St∆τ,h
> 0 (and

small 1
Stτ,h

< 0.3), the end correction approximates a
plateau value. Thereby, the smaller 1

Stτ,h
, the higher

is the correlation of lfs to the case without grazing
flow. The question why no loss of end correction due
to acoustic excitation is observed for 1

Stτ,h
> 0.3 remains.

Figure 5. Change of end correction due to high
sound pressure amplitudes lfs for varying grazing
flow velocities over 1

St∆τ,h
= |ū0|−2u∗

2πfh . ⋆: 1
Stτ,h

= 0;

◦: 1
Stτ,h

≈ 0.085 ×: 1
Stτ,h

≈ 0.11; ◁: 1
Stτ,h

≈ 0.32;

+: 1
Stτ,h

≈ 0.45.

Fig. 6 depicts lfs,GF and lGF over 1
Stτ,h

= u∗
2πfh .

The ⋆-Symbols represent lGF . The solid lined curve, fol-
lowing the grazing flow only results, represents its respec-
tive empirical approximation:

lGF =
0.14

0.14 + 1/St2τ,h
. (10)

Eq. (10) was derived by fitting the function lGF =
κ

κ+1/St2p,h
with the free variable κ to the measurement re-

sults by applying the Nelder-Mead-Simplex method [28].
The remaining symbols depict results for measurements

at their maximum acoustic particle velocity in the orifices
and the same respective grazing flow velocities as pre-
sented in Fig. 5. Moreover, additional results for two mea-
surements, conducted at their respective maximum acous-
tic particle velocities and higher grazing flow velocities,
are presented (□ and ⋄ symbols).
The end correction for the case of grazing flow only de-
creases quickly with increasing u∗. For 1

Stτ,h
≈ 1, the

end correction is almost completely lost as lGF approxi-
mates zero. Comparing the loss of end correction for only
grazing flow to the combined effect conveys the small in-
fluence the acoustic excitation has on the end correction,
especially when grazing flow is present. The end correc-
tion is almost completely lost due to the grazing flow. For

1
Stτ,h

≈ 0.32 (◁ symbol), lGF ≈ 0.5 roughly corre-
sponds to the plateau value of the loss of end correction
at mere acoustic excitation and zero grazing flow, see ⋆
symbols in Fig. 5. Thus, it is assumed that only a certain
amount of external mass can be convected away from the
orifices by acoustically excited flow separation, and, once
this value is attained, the acoustic excitation induces no
further loss in end correction. This would explain why no
loss of end correction can be observed for measurements
with 1

Stτ,h
> 0.3 despite considerable acoustic particle

displacement being prevalent in the orifices ( 1
Sth

> 1).

4. CONCLUSIONS

This study concerns the effect of high amplitude acous-
tic actuation on the impedance of perforated plates under
grazing flow. The results demonstrate that the impedance
of perforated plates is independent of the acoustic excita-
tion amplitude in case the amplitude of the acoustic par-
ticle velocity in the orfices of the plate |ū0| is smaller
than two times the skin friction velocity u∗, measured
in the hard walled part of the flow duct. Based on the
threshold of 2u∗, three flow regimes are distinguished.
For |ū0| < 2u∗, the grazing flow dominates and the
impedance is only dependent on the velocity of the graz-
ing flow. For |ū0| ≈ 2u∗ a transition takes place, where
a dependence of the impedance on the acoustic particle
velocity in the orifices develops. For |ū0| > 2u∗, the
impedance expresses a dependence on the sound pressure
amplitude. While the influence of the sound pressure am-
plitude on the resistance can be quite large under grazing
flow, the reactance only shows a small dependence on the
sound pressure amplitude, because a considerable part of
the end correction is already lost due to the grazing flow.
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Figure 6. Change of end correction due to sole graz-
ing flow lGF compared to the change of end cor-
rection for a combination of grazing flow and high
sound pressure amplitudes lfs,GF over 1

Stτ,h
= u∗

2πfh .

⋆: 1
Sth

≪ 0.5 ◦: 1
Sth

≈ 2.46 ×: 1
Sth

≈ 3.65; ◁:
1

Sth
≈ 9.03; +: 1

Sth
≈ 4.43; □: 1

Sth
≈ 3.78; ⋄:

1
Sth

≈ 7.27.
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