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ABSTRACT:
High sound pressure levels cause impedance changes in orifices and perforated plates due to vortex shedding and jet

formation at the orifices. The effects of an additional high amplitude stimulus, unrelated in terms of frequency and

phase, on the impedance of perforated plates received little attention. This work experimentally studies the impedance

changes of perforated plates at various primary frequencies when an additional unrelated high-level single tone actuation

is applied. It is shown that the impedance, the primary sound field faces, is altered dependent on the particle velocity

induced in the orifices by the secondary actuation. Dimensionless quantities correlating the change of impedance with

the secondary excitation are identified from the measurements and an empirical model for the change of resistance at

quasi-steady flow conditions is derived. The results show that for low amplitude primary sound fields, the change of

impedance is completely dependent on the secondary sound field. In case of a high amplitude primary sound field, the

impedance is dependent on the particle velocities induced by both sound fields, whereas the larger induced particle

velocity is the main contributor to the impedance changes. For unsteady flow conditions, a dependency on the frequency

of the secondary actuation is found. VC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0004951

(Received 11 January 2021; revised 16 April 2021; accepted 19 April 2021; published online 21 May 2021)
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I. INTRODUCTION

For low sound pressure levels, the impedance of perfo-

rated plates is only dependent on the geometric parameters of

the perforated plates. For this so-called linear domain, a vari-

ety of models exist to calculate the impedance of perforated

plates, e.g., Ref. 1. With rising sound pressure level, however,

the impedance exhibits nonlinear behaviour due to flow sepa-

ration and shows dependency on the particle velocity in the

holes of the perforated plate. Several experimental studies

were carried out on the nonlinear effects of orifices and perfo-

rated plates. Ingård and Labate2 observed the formation of jets

and vorticity shedding at the exit of an orifice. Acoustic

energy is converted into kinetic energy of the vortices, leading

to an increase in the resistance of the perforation. Ingård and

Ising3 found the resistance to increase linearly with the parti-

cle velocity in the orifice at high sound pressure levels. The

behavior of the reactance is more complex and received less

attention in the literature since the effects of the particle veloc-

ity on the reactance are comparably small when coupled to a

cavity. The reactance decreases with increasing particle veloc-

ity and tends to an asymptotic limit of approximately one half

of its linear value.3 This is based on the assumption of irrota-

tional flow at only the very side of the orifice where the flow

is directed into the orifice. Various more or less empirical

models exist that describe the nonlinear change of impedance

under high sound pressure levels, e.g., Refs. 4–6. Bod�en7 stud-

ied the acoustic properties of perforated plates and orifices

under high level multi tone excitation. While mostly focusing

on harmonically related stimuli, he found a change of imped-

ance at one frequency when varying the strength of excitation

at another frequency. In contrast to previously conducted

research, this work experimentally studies the impedance

changes of perforated plates at a primary sound field due to, in

terms of frequency and phase, an unrelated high amplitude

secondary single tone actuation. Measurements of the change

of impedance, induced by the secondary stimulus, are con-

ducted and the results are correlated with dimensionless quan-

tities. Thereby, both sound fields are varied in terms of

amplitude and frequency. Particular focus is set on how the

variation of actuation strength and frequency of the unrelated

secondary stimulus affects the change of impedance of the

perforated plate at the frequencies of the primary sound field.

II. THEORETICAL CONSIDERATIONS

Following the derivations of Kawell et al.,8 the flow

through an orifice, resulting from the interaction of two

sound fields, can be described by a modified Bernoulli equa-

tion in the time domain. Note that the time dependency in

Eqs. (1) and (3) has been omitted,

�Dðpp þ psÞ ¼ ppð0Þ þ psð0Þ � ðppðhÞ þ psðhÞÞ

¼ q0Lin
du

dt|fflfflfflffl{zfflfflfflffl}
Inertia

þ 1

2C2
d

q0ujuj
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Convection

þl
@u

@r

� �
W

4Lres

d|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Friction

:

(1)

pp represents the sound pressure of the primary sound field

and ps the sound pressure of the secondary sound field with
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their corresponding frequencies fp and fs. Respectively,

�Dðpp þ psÞ represents the pressure differential over the

orifice of thickness h. q0 is the density of air. Lin

¼ hþ 2Dein is the effective inertial length and the sum of h
and an inertial end correction Dein, multiplied by 2, account-

ing for fluid moving outside, on both sides of the orifice.

Rayleigh showed the end correction for one side of the ori-

fice to be Dein ¼ 4d=ð3pÞ.9 u ¼ up þ us is the effective spa-

tially averaged particle velocity in the orifice and the sum of

the particle velocities of the primary and secondary sound

fields up and us in the orifice. The discharge coefficient Cd in

the convective term is a function of time, as u changes over

an oscillation period, and is dependent on the geometrical

parameters of the plate: The orifice diameter d, h and the

porosity r. The third term on the right side represents a fric-

tional correction term accounting for viscous losses, where

Lres ¼ hþ 2Deres is the resistive correction length and

ð@u=@rÞW is the gradient of the particle velocity at the wall.

At low particle velocities and for sharp edges, eres � ein.

With increasing particle velocity amplitudes, the particle

displacement is increasing and flow separation starts to

occur as the displacement becomes comparable to the orifice

dimensions. The ratio comparing orifice diameter to acoustic

particle displacement is the Strouhal number defined as10

St ¼ 2pfd

juj : (2)

For St� 1, the convective contributions are negligible.

For 1 � St � 5, the flow conditions become unsteady and

vortices form at the edges of the orifice, but no shedding

occurs. For St < 1, the particle displacement exceeds the

orifice dimensions, and flow separation arises. The flow can

be assumed quasi-steady. Due to flow separation, Lin can be

reduced by at least Dein. As the convective term becomes

dominant, the friction term can be neglected. When

jupj � jusj, the quadratic terms of jupj can be neglected.

Hence, under the assumption of independence of secondary

and primary sound field, the resistance of the primary sound

field solely faces flow separation effects due to jusj.
Focusing on the primary sound field, Eq. (1) is written as

�Dpp¼q0Lin
dup

dt
þ 1

2C2
d

q0upjusjþl
@us

@r

� �
W

4Lres

d
: (3)

The effect of wall friction is approximated by the model

for thin viscous boundary layers of Morse and Ingard.11

Taking the Fourier transform of Eq. (3) under the assump-

tion of fp � fs yields

Z ¼ iq0xLin þ
q0jusj
pC2

d

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
l

q0x
2

r
ð1þ iÞ 4Lres

d
; (4)

where Z ¼ �Dpp=up describes the acoustic impedance of a

single orifice, the primary sound field is facing. Under the

assumption of homogeneously distributed orifices, the

impedance of a perforated plate is given by dividing Eq. (4)

by r. Based on a literature review,3–5,12,13 we assume Z to

be a function of q0, c0, d, h, r, fp, fs, and the amplitudes of

the root-mean-square (rms) particle velocities in the perfora-

tions, induced by the primary and secondary sound source

j�upj and j�usj. Using dimensional analysis, we express the

dimensionless impedance f ¼ Z=q0c0 as

f ¼ f Mac; r;
h

d
; Stp; Sts;

j�upj
j�usj

� �
; (5)

where Mac ¼ j�usj=c0 is the acoustic Mach number for the

secondary excitation. Stp ¼ 2pfpd=j�usj and Sts ¼ 2pfsd=j�usj.
Note that in this study, we define the Strouhal number in

terms of the rms particle velocity j�uj as it is approximately

equal to the time averaged particle velocity for a harmonic

excitation.

III. EXPERIMENTAL DESIGN

A. Experimental setup and analysis method

Figure 1 depicts the experimental setup. The setup con-

sists of two identical rectangular duct sections, each of

80 mm width, 60 mm height, and 1550 mm length. We use

four 1
4

in. pressure microphones of type GRAS 40BP per sec-

tion. Both sections are equipped with loudspeakers of type

BMS 4599ND and weakly reflecting terminations in order

to minimize standing waves in the duct. The reflection factor

r � 0:15 for both terminations over the measured frequency

range. The perforated plate, illustrated as a dashed line, is

mounted between both sections at x¼ 0. Loudspeaker A (LS

A) excites the primary sound field in Fig. 1, section 1 in a

FIG. 1. (Color online) Schematic description of experimental setup.
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frequency range from 200 to 1600 Hz with single tone stim-

uli in 51 Hz steps. LS B actuates a secondary high amplitude

sound field in section 2. The secondary sound field is varied

in amplitude and frequency: Single tone stimuli of two dif-

ferent frequencies fs ¼ 331 and fs ¼ 943 Hz are used. Both fs
are unrelated to the primary sound field frequencies fp in

terms of frequency and phase. To study possible differences

resulting from linear and nonlinear primary sound fields,

measurements are conducted for two different amplitudes,

defined by the rms sound pressure level (SPL) of the inci-

dent plane wave: In the linear domain, the primary sound

field is emitted with an incident plane wave SPL of �pþ1;l ¼
100 dB. The nonlinear primary sound field is adjusted to

�pþ1;nl ¼ 135 dB. The specific values are determined empiri-

cally: �pþ1;l is found by successively decreasing the SPL, until

the impedance of the plate with the lowest porosity (see

Table I) is unaffected by the sound field. To specify �pþ1;nl,

we increase the incident SPL for the plates with high poros-

ity until the impedance exhibits significant nonlinear effects.

The overall sound field is transformed into the frequency

domain. Under the assumption of negligible nonlinear prop-

agation effects in the duct14 and the sole propagation of

plane waves, the frequency data is decomposed into forward

and backward travelling wave components p̂þ and p̂� by a

plane wave decomposition in both sections separately.15

Thermo-viscous damping is included by calculating the

wave number k according to the model proposed by

Dokumaci.16 The complex amplitudes are used to calculate

the impedance of the perforated plates and the correspond-

ing peak particle velocity in the orifices. The specific imped-

ance of the plate f is calculated for the frequencies of the

primary sound field at x¼ 0 in section 1 of Fig. 1 and is

given as

f ¼ Dp

q0c0ûpr
¼ p̂þ1 þ p̂�1 � p̂þ2 � p̂�2

p̂þ1 � p̂�1
; (6)

where ûp is derived from Euler’s law and calculated from the

plane wave components of the primary sound field at x ¼ 0

in Fig. 1, section 1 under the assumption of continuity. ûs is

calculated in the same manner from the wave components of

the secondary sound field at x ¼ 0 in Fig. 1, section 2,

ûp ¼
p̂þ1 � p̂�1
q0c0r

; (7a)

ûs ¼
p̂�2 � p̂þ2
q0c0r

: (7b)

Note that in addition to measurement equipment, non-

linear behavior of an orifice introduces higher harmonics,

see, e.g., Ref. 17 for an in depth treatment. As the generation

of higher harmonics was sufficiently low in the conducted

measurements, the study is limited to the fundamental har-

monic of the particle velocity. Measurement errors are

assessed with randomly repeated measurement points.

Results from repeated measurements exhibit deviations

smaller than 3%.

B. Specifications of the samples

Table I gives an overview of the geometric parameters

of the plates under study. The hole distribution is homoge-

neous and the hole geometry is circular for all specimens

considered.

IV. RESULTS AND DISCUSSION

A. Resistance

1. Dimensionless control variables

With a primary sound field of low amplitude, we solely

measure the change of resistance due to flow separation

induced by the secondary excitation. The results are dis-

played as the difference of specific resistance RefDfg when

both sound fields act on the perforated plate Reffg com-

pared to the specific resistance with only the primary sound

field being present Reffpg. Furthermore, RefDfg is divided

by the Helmholtz number He ¼ dpfp=c and multiplied by r
to approximately display the resistance of one orifice,

RefDfgHe ¼
ðReffg � ReffpgÞ � r

He
: (8)

Data analysis shows that the best correlation of

RefDfgHe is achieved for the parameter 1=Stp. Figure 2

depicts RefDfgHe of plate P1 plotted against 1=Stp. As can

be seen, the measurement results collapse. Hence, they can

be correlated via the dimensionless quantity 1=Stp. For

fp � fs, the measured values of RefDfgHe (þ symbols)

deviate slightly from the trend of the remaining points. The

deviations decrease with increasing 1=Stp, i.e., j�usj and will

be discussed in detail in Secs. IV A 2 and IV A 3. For

1=Stp � 1; RefDfgHe shows a quadratic dependence upon

the particle velocity j�usj. For 1=Stp > 1, the relation

becomes linear. This behavior was observed in several stud-

ies regarding the nonlinear impedance of perforated plates

at single tone excitation.10 However, the peculiarity is that

the increase in resistance, seen at the primary sound field

frequencies fp, is induced by the unrelated secondary sound

field due to flow separation.

2. Effects of the secondary stimulus on the particle
velocity of the primary sound field

Figure 3 shows the particle velocity of the primary

sound field j�upj at different 1=Sts. The local variations of

j�upj correspond to standing wave patterns in the duct. Two

TABLE I. Geometric parameters of the perforated plates.

Sample r (%) d (mm) h (mm)

P1 1.03 1.5 1

P2 4.09 1.5 1

P3 4.09 2.5 1

P4 6.18 1.5 1

P5 6.18 1.5 2
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different effects can be seen: First, for low fp, i.e., fp < fs
and low to medium j�usj, the excitation of the secondary

sound field at different fs yields different j�upj. This results in

the small deviations of RefDfgHe seen in Fig. 2 and can be

explained by considering the ratio of secondary particle dis-

placement to the orifice diameter, i.e., 1=Sts and the corre-

sponding condition for the approximation of quasi-steady

flow, 1=Sts > 1: While quasi-stationary flow conditions are

attained for fs ¼ 331 Hz for comparably low j�usj, for fs
¼ 943 Hz higher j�usj have to be induced. When 1=Sts > 1

for both fs, as for the case of 1=Sts ¼ 4:87 at fs ¼ 331 Hz and

Sts ¼ 1:67 at fs ¼ 943 Hz, corresponding to j�usj � 15 m/s, the

resulting j�upj and hence RefDfgHe become independent of fs
and coincide, as seen in Figs. 3 and 2. The dependency of

RefDfgHe on fs for 1=Sts � 1 will be discussed in detail in

Sec. IV A 3. Second, as Bod�en7 showed, the effect of the

secondary sound field is to reduce j�upj by increasing the

resistance of the perforates. Notably, the reduction of j�upj is
dependent on fp. For 1=Sts ¼ 1:66 at fs ¼ 331 Hz and

1=Sts ¼ 0:55 at fs ¼ 943 Hz, corresponding to j�usj � 5 m/s,

one can see, that for frequencies above fp � 800 Hz, no

reduction of j�upj occurs. This corresponds to a limit of

1=Stp � 0:65. For 1=Stp < 0:65, the effect of the secondary

particle velocity does not affect j�upj. Increasing the second-

ary particle velocity to j�usj � 10 m/s, i.e., Sts ¼ 3:29 and

Sts ¼ 1:15, also increases the range of reduction from j�upj to
fp � 1600 Hz. The limit is also seen in Fig. 2, as no signifi-

cant change in resistance is seen below 1=Stp � 0:65.

For 1=Sts ¼ 4:87 at fs ¼ 331 Hz and 1=Sts ¼ 1:69 at fs
¼ 943 Hz, reduction of j�upj is seen for all fp studied. Above

the limit, j�upj is inversely proportional to j�usj, confirming

the validity of the quasi-steady assumption in Eq. (4).

3. Effects of the secondary frequency

This section concerns the effects of the secondary fre-

quencies on the resistance for 1=Sts � 1. Figure 4 displays

RefDfgHe of P3 at �pþ1;l ¼ 100 dB. The ? symbols depict

results for frequency ratios fp=fs > 1, i.e., results, that are

independent of fs. Due to an increased orifice diameter d
¼ 2.5 mm, the measurements at fs ¼ 943 Hz fall into the

unsteady flow regime 0:2 � 1=Sts � 1 of the secondary

sound field. Deviations from the trend are seen for fp=fs

� 1. Compared to Fig. 2, the magnitudes of deviations

FIG. 2. (Color online) Sample P1: Change of resistance at �pþ1;l ¼ 100 dB

plotted against dimensionless parameter 1=Stp. Red dashed line: Eq. (13)

(see Sec. IV A 3). Symbol reference:

� þ � � � � x � 	 /

fp [Hz] 255 255 459 459 867 867 1326 1326 1581 1581

fs [Hz] 331 943 331 943 331 943 331 943 331 943

FIG. 3. (Color online) Sample P1: Particle velocity in the orifices induced

by the primary sound source at �pþ1;l ¼ 100 dB for different 1=Sts.

FIG. 4. (Color online) Sample P3: Change of resistance RefDfgHe at
�pþ1;l ¼ 100 dB. ? Symbols: RefDfgHe for fp=fs 
 1. Symbol reference for

fp=fs < 1:

� þ 	 � x � �

fp [Hz] 204 255 306 459 716 204 255

fs [Hz] 943 943 943 943 943 331 331
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increase with d/h. The reason for the deviation is that the

unsteady secondary sound field and hence the flow condi-

tions through the orifice change fast with respect to the pri-

mary excitation: In extreme cases considered here, j�usj
cycles through four oscillation periods during one oscilla-

tion period of the primary sound field. The deviations

decrease with increasing fp=fs, since the amount of variation

of j�usj over one oscillation period of the primary sound field

decreases. The dependency on fs becomes insignificant,

when fp=fs 
 0:5 (� symbols). Considering the results for

fp=fs < 0:5 (�, þ, and 	 symbols), maximum deviations

occur, independent of 1=Stp, at j�usj ¼ 9:92 m/s, i.e., 1=Sts

¼ 0:67. Increasing j�usj, so that 1=Sts � 1 results in decreas-

ing dependency on fs, as quasi-steady flow is approached for

the secondary excitation. The same behavior, despite its

negligible extent, can also be seen for fs ¼ 331 Hz (� and /
symbols): The results at 1=Stp ¼ 0:78 and 1=Stp ¼ 0:62 cor-

respond to measurements at us ¼ 2:52 m/s, fp ¼ 204 Hz and

fp ¼ 255 Hz, respectively, and hence, to 1=Sts ¼ 0:48.

Increasing j�usj, yields agreement to the behavior of the

results for fp 
 fs because 1=Sts > 1.

4. Variation of geometric parameters

The following considerations are limited to measure-

ments where the quasi-steady approximation for the second-

ary excitation is valid, i.e., 1=Sts > 1 or fp=fs > 0:5,

respectively. Figure 5 shows RefDfgHe for a variation of

plate porosity at identical d / h. A slight increase in slope

with increasing porosity is seen. The effect, despite its weak

characteristic, can be attributed to flow separation effects

due to the secondary actuation, since for low 1=Stp � 0:65,

the effect is not visible. We apply linear fits to the

RefDfgHe of different porosity for 1=Stp > 1, where a linear

relation to j�usj is attained. Consequentially, we extract the

slope parameter of the fits and in turn apply a linear fit to the

extracted slopes in the logarithmic domain. The result is of

the form: fitr ¼ 3:27r0:051. The measurements are divided

by fitr in order to study differences arising from a variation

of the diameter to thickness ratio d/h with a soothed distor-

tion by the effect of porosity.

Figure 6 shows the dependency of RefDfgHe;fitr
on d/h.

The slope of RefDfgHe;fitr
increases with increasing d/h. The

effect of d/h on the change of impedance is more pronounced

than the effect of r. After applying the same fitting process

to the variation with d/h, we find fitdh ¼ 0:94ðd=hÞ0:33
.

Figure 7 shows the change of resistance for plates P3, P4,

and P5 divided by the fits accounting for the variation with r
and d/h. As can be seen, a collapse of the measurement

results is achieved.

By inspection of Fig. 7, one can deduce an empirical

formulation to describe the change of resistance for 1=Stp
> 1 and 1=Sts > 1, i.e., the convective term of Eq. (4),

RefDfgHe;fitr;dh
� 1=Stp: (9)

After solving for RefDfg one receives

Re Dff g ¼ 3:08 � r0:05 � d

h

� �0:33

� j�usj
2c0r

: (10)

For low porosities, Eq. (10) exhibits a resemblance to

the commonly used term for the nonlinear resistance at sin-

gle tone excitation, derived from the incompressible

Bernoulli equation Rnl ¼ ½uð1� r2Þ=2c0rC2
d�. For thin orifi-

ces Cd � 0:61.15 The constant C ¼ 3.08 is approximately

equal to the term 1:15=C2
d. Consequently, we can write

Re Dff g ¼ 1:15 � r0:051 � d

h

� �0:33

� j�usjð1� r2Þ
2c0rC2

d

: (11)

For 1=Stp � 1, Eq. (11) is not valid due to the quadratic

relation of RefDfgHe to j�usj. The dependencies on the

FIG. 5. (Color online) Effects of the variation of porosity on the change of

resistance at �pþ1;l ¼ 100 dB. Samples P1 (�, r ¼ 1:03%), P2

(þ; r ¼ 4:09%), and P4 (3; r ¼ 6:18%).

FIG. 6. (Color online) Effects of the variation of orifice-diameter-to-plate-

thickness-ratios d/h on the change of resistance divided by fit for porosity

RefDfgHe;fitr
at �pþ1;l ¼ 100 dB. Samples P3 (�; d=h ¼ 2:5), P4

(�; d=h ¼ 1:5), and P5 (	; d=h ¼ 0:75).
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geometrical parameters are related to Cd in Eq. (4). The

acoustic discharge coefficient was found to change with

excitation strength and frequency before plateauing at quasi-

steady flow conditions. The plateau is dependent on the geo-

metric parameters of the perforated plate. This is observed,

among others, by Murray,13 Zhou and Bod�en,18 and Hersh

et al.12 With

Cd;nl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

d

1:15 � r0:051 � d

h

� �0:33

vuuuut ; (12)

Eq. (11) can be rewritten as

Re Dff g ¼ Macð1� r2Þ
2rC2

d;nl

: (13)

Figure 2 shows Eq. (13) divided by He compared to

RefDfgHe of P1 and shows good agreement for 1=Stp > 1.

5. Nonlinear primary sound field

The implications of the interaction of two high ampli-

tude sound fields on RefDfgHe are discussed now. RefDfgHe

is defined in the same manner as in Sec. IV A 1 with the dif-

ference that the resistance Reffp;nlg at �pþ1;nl ¼ 135 dB and

j�usj ¼ 0 is taken as reference

RefDfgHe ¼
ðReffg � Reffp;nlgÞ � r

He
: (14)

A high amplitude primary sound field causes nonlinear-

ity due to flow separation at the perforated plate itself, i.e.,

1=Stp � j�upj=j�usj > 1. This can be seen best for perforated

plates with low porosity, where j�upj reaches comparably

high values. Thus, flow separation is attained for a wide

range of fp. Consequentially, the resistance increases and we

find the applied j�usj to be reduced. Compared to the case of

a linear primary excitation, the effect of particle velocity

reduction is reversed for j�usj < j�upj. The convective contri-

butions to the resistance induced by both sound fields affect

each other and the primary sound field suppresses the effect

of the secondary actuation. Figure 8 shows RefDfgHe of P1

for the high amplitude primary sound field (�pþ1;nl ¼ 135 dB)

compared to the results for the linear primary sound field

(�pþ1;l ¼ 100 dB, ? symbols) plotted against 1=Stp. The mea-

surements for the two cases do not collapse, as the quadratic

relation between RefDfgHe and 1=Stp at �pþ1;nl ¼ 135 dB

extends, dependent on fp, to high values of 1=Stp. Therefore,

the usage of 1=Stp is not suited as characteristic flow param-

eter, when two high SPL signals interact at perforates.

Nevertheless, the higher the frequency of the primary sound

field fp, the better the correlation of measurements at �pþ1;nl

¼ 135 dB and �pþ1;l ¼ 100 dB. This is because the flow sepa-

ration due to the primary excitation decreases with increas-

ing fp. Thus, the resistance, the secondary sound field is

subject to, is lower. Furthermore, the slopes of both mea-

surements are similar. Based on these observations, we

deduce the dimensionless control variable to be the differ-

ence function 1=Stp;D ¼ ðj�usj � j�upjÞ=ð2pfpdÞ. 1=Stp;D can

be negative for low j�usj. Figure 9 shows that the results for

both primary sound field cases collapse, when plotted

against the parameter 1=Stp;D. As soon as 1=Stp;D 
 0, an

increase in resistance is seen. For 0 � 1=Stp;D � 1, the rela-

tionship of the control variable and RefDfgHe is quadratic.

A linear relation is attained for 1=Stp;D > 1. The suppression

FIG. 7. (Color online) Change of resistance at �pþ1;l ¼ 100 dB divided by the

fits accounting for geometric dependencies (fitr and fitdh) for different ori-

fice-diameter-to-plate-thickness-ratios and porosities. Samples P3

(�; d=h ¼ 2:5), P4 (�; d=h ¼ 1:5), and P5 (	; d=h ¼ 0:75).

FIG. 8. (Color online) Sample P1: Change of resistance at �pþ1;nl ¼ 135 dB

compared to the change of resistance at �pþ1;l ¼ 100 dB (?) plotted against

1=Stp. Symbol reference for the case �pþ1;nl ¼ 135 dB:

w þ � � � � x � 	 3

fp [Hz] 255 255 459 459 867 867 1326 1326 1581 1581

fs [Hz] 331 943 331 943 331 943 331 943 331 943
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of the resistance change due to the secondary sound source

is evident: The convective contributions of the secondary

actuation have a negligible effect on the resistance of the

perforated plate until the induced secondary particle velocity

exceeds the primary particle velocity. The findings agree

with the observations for the resistance of an orifice under

high amplitude acoustic excitation and steady bias flow:14

As soon as the acoustic particle velocity exceeds the bias

flow velocity, the resistance changes with respect to the

acoustic velocity. Furthermore, the unsteadiness of the flow

is mitigated by high acoustic excitation. Here, the unsteady

behavior for fp � fs, reported for the linear primary sound

field (see Fig. 2), is also decreased. This is due to the fact,

that for low fp, quasi-steady flow conditions are attained by

the primary excitation. For fp, with fp=fs > 0:5 there is only

negligible dependency on fs, as shown in Sec. IV A 3. From

the observations made in this section, it is concluded that

since the primary sound field induces flow separation in the

orifices as well, its effects on the impedance cannot be

neglected. A significant increase in resistance due to the sec-

ondary actuation is found for 1=Stp;D 
 0. Hence, convec-

tive contributions from the secondary sound field only need

to be considered if j�usj exceeds j�upj.
Figure 10 depicts RefDfgHe for P3 (�), P4 (/), and P5

(	), divided by the fits accounting for geometric dependen-

cies, derived in Sec. IV A 3. The collapse of results shows

that the dependencies on d / h and r are retained in the case

of a high SPL primary sound field. Consequentially, Eq.

(13) is rewritten as

Re Dff g ¼ ðj�usj � j�upjÞ � ð1�r2Þ
2 � c0 �r �C2

d;nl

; if 1=Stp;D > 1;

(15a)

RefDfg ¼ 0; if j�usj � j�upj: (15b)

Compared to Eq. (13) where j�upj could be neglected,

Eq. (15) represents the general form of the change of resis-

tance due to a high amplitude secondary sound field. Figure

9 shows a comparison of Eq. (15) divided by He to the mea-

surements of P1. In general, Eq. (15) shows good agree-

ment. At low fp, 0 < 1=Stp;D � 1 deviations occur due to the

quadratic relation of RefDfgHe to 1=Stp;D.

B. Reactance

1. Linear primary sound field

The change of specific reactance is depicted as the ratio

of the reactance, with a secondary excitation present, to the

reactance, when only the primary sound field is active

Imffg=Imffpg. This can be interpreted as the ratio of end

correction under secondary flow separation to the end cor-

rection without a secondary excitation present. Figure 11

shows Imffg=Imffpg of P3 plotted against 1=Stp for a pri-

mary sound field with �pþ1;l ¼ 100 dB. Compared to the resis-

tance, enhanced deviating behavior is seen for fp � fs

(þ; 	; � symbols): The smaller fp=fs becomes, the larger

the deviations, and the deviations increase with increasing

d/h. For 1=Stp < 1, the end correction is increased as

ðImffg=ImffpgÞ > 1. The measurements correspond to

j�usj ¼ 2:88 m/s and 1=Sts ¼ 0:19 and hence to the onset of

vortex formation due to the secondary excitation. The maxi-

mum deviations for P3 at fs ¼ 943 Hz are, analogous to the

resistance, independent of 1=Stp and found for 1=Sts ¼ 0:67,

i.e., at j�usj ¼ 9:92 m/s. In this range of 1=Sts, the end

FIG. 9. (Color online) Sample P1: Change of resistance at �pþ1;nl ¼ 135 dB

compared to the change of resistance at �pþ1;l ¼ 100 dB (?) plotted against

1=Stp;D. Red dashed line: Eq. (15). Symbol reference for the case �pþ1;nl

¼ 135 dB:

w þ � � � � x � 	 3

fp [Hz] 255 255 459 459 867 867 1326 1326 1581 1581

fs [Hz] 331 943 331 943 331 943 331 943 331 943

FIG. 10. (Color online) Change of resistance at �pþ1;nl ¼ 135 dB divided by

the fits accounting for geometric dependencies. Samples P3 (�; d=h
¼ 2:5), P4 (3; d=h ¼ 1:5), and P5 (	; d=h ¼ 0:75).
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corrections for fp=fs � 1 are negative. This is observed, in

extreme cases, for orifices under bias flow19 as well.

Increasing j�usj and hence 1=Sts further, quasi-steady behav-

ior is approached for the secondary excitation, and the

dependency on fs decreases. This can be seen for fp=fs ¼
0:61 (?): At 1=Stp ¼ 0:79, corresponding to a measurement

at j�usj ¼ 2:52 ms, fs ¼ 331 Hz and 1=Sts ¼ 0:48, we see

slight deviations, that vanish with increasing j�usj. For

fp=fs ¼ 0:92 (� symbols) the deviations from the trend are

negligible. The remaining measurement points, i.e.,

fp=fs 
 1, are independent of fs and follow the same trend:

For 0 � 1=Stp � 0:25, the reactance is independent of j�usj
and no significant change is visible. For 0:25 < 1=Stp < 1,

the transition to quasi-steady flow conditions take place and

the reactance decreases until a plateau value at a ratio of

about Imffg= Imffpg � 0:5 is attained.

For the analysis of the effects of variation of the geo-

metrical parameters, the results for fp � fs are excluded.

Figure 12 shows the behavior of the reactance for different

r at identical ratios of d/h. The attained plateau level for

1=Stp > 1 is decreasing with increasing r. Figures 13 and

14 depict the difference in reactance with varying d/h at

identical porosities. Figure 13 shows Imffg=Imffpg
for d=h ¼ 1:5 (þ symbols) and d=h ¼ 2:5 (� symbols) at

r ¼ 4:09 %. For d=h ¼ 2:5, the rate of decrease is higher

compared to d=h ¼ 1:5, i.e., the plateau is attained for lower

1=Stp. A small difference in plateau level can also be seen.

Figure 14 shows the difference in Imffg=Imffpg for d=h
¼ 1:5 (/ symbols) and d=h ¼ 0:75 (	 symbols) at r ¼ 6:18 %.

While for d=h ¼ 1:5, the decrease in Imffg=Imffpg is rapid

and limited to a small range of 1=Stp, the decrease in

Imffg=Imffpg for d=h ¼ 0:75 extends up to 1=Stp > 1.

Furthermore, there is a significant difference in the attained

plateau values: The decrease in reactance is less for

d=h ¼ 0:75. From the observations made, one can conclude:

The reactance shows dependency on fs for fp < fs and 0:2
� 1=Sts � 1 due to unsteady flow conditions of the second-

ary actuation. When the secondary flow approaches quasi-

steady conditions, i.e., 1=Sts 
 1, the dependency on fs
decreases. Furthermore, a dependency on the geometric

parameters of the orifice plates are found. If fp 
 fs or 1=Sts

> 1, the reactance decreases until a plateau is attained at

1=Stp > 1.

2. Nonlinear primary sound field

Figure 15 shows the change of reactance of P3, for the

case of a primary sound field at �pþ1;nl ¼ 135 dB plotted

FIG. 11. (Color online) Sample P3: Change of reactance at �pþ1;l ¼ 100 dB.

Symbol reference:

? þ w 	 � � � � x � 3

fp [Hz] 204 204 255 306 459 459 867 867 1326 1326 1581

fs [Hz] 331 943 331 943 331 943 331 943 331 943 943

FIG. 12. (Color online) Change of reactance at �pþ1;l ¼ 100 dB with varying

porosity. Samples P1 (�, r ¼ 1:03%), P2 (þ; r ¼ 4:09%), and P4(3; r
¼ 6:18%).

FIG. 13. (Color online) Change of reactance at �pþ1;l ¼ 100 dB with varying

orifice-diameter-to-plate-thickness-ratio. Samples P2 (þ; d=h ¼ 1:5) and

P3 (�; d=h ¼ 2:5).
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against 1=Stp. The data is depicted as the ratio of the reac-

tance at �pþ1;nl ¼ 135 dB, with a secondary excitation present,

to the reactance, when only the primary sound field at �pþ1;l
¼ 100 dB is active Imffg=Imffpg. For medium and high fp,

the reactance measured at �pþ1;nl ¼ 135 dB and �pþ1;l ¼ 100 dB

(? symbols) behaves similarly. Since flow separation is not

attained by the primary excitation, i.e., ðj�upj= 2pfpdÞ � 1, its

effects can be neglected. For fp < fs, compared to the mea-

surements at �pþ1;l ¼ 100 dB, the dependency on fs is reduced.

The range of 1=Stp, where the deviations from the frequency

independent behavior due to unsteady flow conditions of the

secondary excitation occur, is shifted to higher values. This

due to the increased influence of flow separation by the pri-

mary excitation at low fp. Figure 16 shows a comparison of

measurements for fp < fs at �pþ1;nl ¼ 135 dB and �pþ1;l ¼ 100

dB plotted against 1=Stp;D. The ? symbols depict measure-

ments at �pþ1;l ¼ 100 dB and fp > fs. Since ðj�upj=2pfpdÞ > 1

for the measurements at �pþ1;nl ¼ 135 dB, the results (þ and x

symbols) are at plateau level without secondary excitation

active and independent of the secondary actuation for

1=Stp;D � 0. For 1=Stp;D > 0, despite being mitigated, the

deviations occur at similar 1=Stp;D as the corresponding

measurements at �pþ1;l ¼ 100 dB (� and � symbols). For

fp=fs ¼ 0:38 at fs ¼ 943 Hz (þ symbols), we find j�usj �
j�upj ¼ 8:58 m/s at 1=Stp;D ¼ 1:53 and hence

1=Sts;D ¼ j�usj � j�upj=2pfsd ¼ 0:58. This corresponds to

1=Sts for the maximum deviations at �pþ1;l ¼ 100 dB found in

Secs. IV A 3 and IV B 1. Increasing j�usj further, so that

1=Sts;D � 1, independent behavior of fs is approached. This

is seen at 1=Stp;D ¼ 2:07 corresponding to j�usj � j�upj
¼ 11:58 m/s and 1=Sts;D ¼ 0:78. The reactance at fp=fs

¼ 0:61 (fs ¼ 331 Hz, x symbols) behaves similar and shows

a slight dip at 1=Stp;D ¼ 0:74, corresponding to j�usj � j�upj
¼ 2:36 m/s and 1=Sts;D � 0:45. Increasing j�usj leads to

1=Sts;D > 1 and independence of fs. Equivalent behavior is

found for the reactance under high amplitude acoustic exci-

tation and bias flow:14 The reactance under bias flow

approximates the results without bias flow when the acoustic

velocity is considerably larger than the bias flow velocity.

This corresponds to 1=Sts;D � 1. When the acoustic particle

velocity is comparable to the bias flow velocity, unsteady

FIG. 14. (Color online) Change of reactance at �pþ1;l ¼ 100 dB with varying

orifice-diameter-to-plate-thickness-ratio. Samples P4 (3; d=h ¼ 1:5) and

P5 (	; d=h ¼ 0:75).

FIG. 15. (Color online) Sample P3: Change of reactance at �pþ1;nl ¼ 135 dB

compared to �pþ1;l ¼ 100 dB (?). Symbol reference for the case �pþ1;nl ¼ 135

dB:

w þ � � � � x � 	 3

fp [Hz] 255 255 459 459 867 867 1326 1326 1581 1581

fs [Hz] 331 943 331 943 331 943 331 943 331 943

FIG. 16. (Color online) Sample P3: Comparison of the change of reactance

at primary frequencies fp < fs for �pþ1;nl ¼ 135 dB and �pþ1;l ¼ 100 dB. ? sym-

bols: Change of reactance at �pþ1;l ¼ 100 dB and fp > fs. Symbol reference

for fp < fs:

þ � x �

�pþ1 [dB] 135 100 135 100

fp [Hz] 357 357 204 204

fs [Hz] 943 943 331 943

3414 J. Acoust. Soc. Am. 149 (5), May 2021 Burgmayer et al.

https://doi.org/10.1121/10.0004951

https://doi.org/10.1121/10.0004951


behavior is observed. This is analogous to the results for

0:2 � 1=Sts;D � 1 found here.

V. CONCLUSION

This paper experimentally studies the effects of two

unrelated sound fields interacting on the impedance of per-

forated plates. Particular interest is given to the change of

impedance a primary sound field is facing due to the ampli-

tude and frequency of an additional unrelated secondary

sound field. It is demonstrated that, by means of flow separa-

tion induced by the secondary excitation, the impedance of

perforated plates, impacting the primary sound field, is

altered. This could be of potential use for the optimization

of the damping capabilities of Helmholtz resonator liners.

Dimensionless quantities, correlating the change of imped-

ance with the secondary excitation, and conditions, permit-

ting the use of quasi-steady assumptions, are identified.

Consequentially, an empirical model for the change of resis-

tance in the quasi-steady flow regime is derived from the

measurements. For a low amplitude primary sound field, the

primary particle velocity can be neglected and the change of

impedance is only dependent on the particle velocity

induced in the orifices by the secondary sound field. For

unsteady flow conditions and primary frequencies smaller

than the secondary frequency, a dependency of the imped-

ance on the secondary frequency is found. As soon as the

secondary particle displacement exceeds the orifice dimen-

sions, frequency independence is attained. For a high ampli-

tude primary sound field, flow separation is induced by both

sound fields and, consequentially, the impedance is a func-

tion of both. A change of impedance due to the secondary

actuation is obtained only if the secondary particle velocity

exceeds the primary particle velocity. Moreover, the depen-

dency on the secondary sound field frequency is reduced. As

this dependency is not understood yet, the subject deserves

further research.

ACKNOWLEDGMENTS

This study is supported by the project ARTEM

(Aircraft noise Reduction Technologies and related

Environmental iMpact) which has received funding from

the European Union’s Horizon 2020 research and

innovation programme under Grant No. 769 350.

1N. Atalla and F. Sgard, “Modeling of perforated plates and screens

using rigid frame porous models,” J. Sound Vib. 303, 195–208

(2007).
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