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Abstract: The decrease in reactance of perforated plates at high sound pressure amplitudes is of interest for the design of
Helmholtz resonator liners. It is associated with the loss of end correction due to flow separation at the orifices. In practical
applications, complex acoustic signals impinge on perforations. The loss of end correction due to multiple stimuli of unrelated
frequency and phase has not been considered yet. This study assesses and presents an empirical approximation for the reduc-
tion of end correction of perforated plates at primary frequencies when flow separation is induced by an additional secondary
unrelated high amplitude stimulus. VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

With rising sound pressure, the impedance of orifices and perforated plates becomes dependent on the particle velocity
inside the orifices or perforations, respectively. Ingard and Labate1 experimentally observed vorticity and jet formation at
an orifice. While the resistance is found to increase with the particle velocity in the perforations, the reactance decreases.
The decrease in reactance is associated with a loss of inertial end correction.2 Various empirical models exist that describe
the change of impedance due to high sound pressure levels at single tone actuation, e.g., Refs. 3 and 4. The interaction of
multiple high amplitude stimuli is of substantial interest in the design of Helmholtz resonator liners. Bod�en studied the
acoustic properties of orifices and perforated sheets under high level multi-tone excitation with a focus on harmonically
related frequency combinations, see, for instance, Refs. 5–7. He found that the effect of harmonically related multi-tone
stimuli on the impedance of orifices is different compared to the excitation with harmonically unrelated stimuli. In a pre-
vious work, we experimentally examined the change of impedance of a perforated plate at primary sound field frequencies
when an additional secondary high amplitude excitation is used to induce flow separation effects. Thereby, the stimuli
were unrelated in terms of frequency and phase. Dependent on the properties of the secondary stimulus, the impedance of
the perforated plate at the frequencies of the primary sound field is changed. By means of dimensional analysis, a semi-
empirical model for the change of resistance is derived, where the secondary flow is approximated as quasi-steady.8 The
findings bear a certain resemblance to the experiments with orifices under high amplitude excitation and bias flow,9 as the
change of impedance at the primary sound field frequencies results from flow separation induced by the secondary excita-
tion. This study completes the empirical model deduction by accounting for the loss of end correction, caused by the sec-
ondary stimulus.

2. Experimental design

The experimental setup as well as the analysis method is described in detail in Ref. 8 and will only be briefly introduced
here. Figure 1 depicts the experimental setup. It consists of two identical rectangular duct sections. Each section is
equipped with four microphones and one loudspeaker. The perforated plate is clamped between the two sections at x¼ 0.
Primary and secondary stimulus are pure tones with frequencies fp and fs. The stimuli are unrelated in frequency and
phase. Hence, the frequency relation between the stimuli is inharmonic and specific phase relations are disregarded in the
measurement process. Consequential, no common relation exists between the measured combinations of primary and sec-
ondary excitation. Moreover, only the fundamental frequencies of the stimuli are considered. The study is restricted to the
plane wave domain. The primary sound field is varied from 200 to 1600Hz in steps of 51Hz. The frequency of the sec-
ondary excitation is set to either 331 or 943Hz. Loudspeaker A, in section 1, is used to excite the primary stimulus with
sound pressure p̂p. Loudspeaker B, in section 2, is used to excite the secondary stimulus with sound pressure p̂s. The
sound field is decomposed into incident and reflecting components in each section separately.10 While the secondary
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sound field is varied in sound pressure level, the primary sound field is kept constant for all fp at a root mean square
(RMS) level of either �pþp1;l ¼ 100 dB or �pþp1;nl ¼ 135 dB. The plate impedance is calculated from the plane wave components
of the primary sound field at x¼ 0 as

f ¼ Dp
q0c0ûpr

¼
p̂þp1 þ p̂�p1 � p̂þp2 � p̂�p2

p̂þp1 � p̂�p1
: (1)

The particle velocities in the perforations due to the primary and secondary sound fields ûp and ûs are derived
from their respective plane wave components at x¼ 0,

ûp ¼
p̂þp1 � p̂�p1

q0c0r
; (2a)

ûs ¼
p̂�s2 � p̂þs2
q0c0r

: (2b)

To depict the results, the amplitudes of the RMS particle velocities �up and �us are used, since they resemble the
time averaged absolute particle velocity closely,

x
2p

ð2p=x
0
jû sinðxtÞjdt ¼ 2jûj

p
¼ 2

ffiffiffi
2
p
j�uj

p
¼ 0:90j�uj: (3)

Table 1 depicts the geometric parameters of the plates under study. All specimen considered have a homoge-
neous hole distribution and the hole geometry is circular with sharp edges. d represents the orifice diameter, h the thick-
ness, and r the porosity.

3. Results

The effective inertial length Lin of an orifice, without flow separation effects present, is given as

Lin ¼ hþ 2Dein � wðrÞ; (4)

where Dein is called the inertial end correction accounting for mass moving outside of the orifice. Here, Rayleigh’s approx-
imation Dein ¼ 4d=3p is used.11 wðrÞ is a function, accounting for hole interaction effects on the attached mass in perfo-
rated plates. For wðrÞ, the derivation by Fok is used.3,12

We suppose that the effective length, when flow separation is induced by the secondary excitation Lin;s, can be
expressed as

Lin;s ¼ hþ 2Dein � ls � wðrÞ; (5)

Fig. 1. Schematic description of experimental setup.

Table 1. 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
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where ls is a factor accounting for the loss of end correction. ls can be deduced from the measurements by using dimen-
sionless parameters,

ðImffg � ImffpgÞ � r
2He

¼ 2De � wðrÞ � ðls � 1Þ
d

; (6)

where k ¼ x=c represents the wave number. Imffg ¼ k � Lin;s � r represents the specific mass reactance at fp of one orifice
of the perforated plate, when the secondary excitation is active. ImffpgÞ ¼ k � Lin � r represents the specific mass reactance
of one orifice without secondary excitation or nonlinear effects due to a high amplitude primary excitation, i.e., the reac-
tance measured for a primary sound field with �pþp1;l ¼ 100 dB and j�usj ¼ 0. He ¼ pfd/c is the Helmholtz number. Solving
Eq. (6) for ls we find

ls ¼
ðImffg � ImffpgÞ � r � d

2He � 2De � wðrÞ þ 1: (7)

Previously, it was demonstrated, that the change of impedance due to a secondary high amplitude excitation,
correlates for the inverse Strouhal number 1=Stp;d ¼ j�usj=2pfpd. For fp � fs, deviating behavior due to unsteady flow con-
ditions of the secondary sound field was observed. The deviations either decrease when the particle displacement of the
secondary excitation exceeds the orifice diameter, i.e., 1=Sts;d > 1, where 1=Sts;d ¼ j�usj=2pfsd, or with increasing fp=fs. For
detailed information, see Ref. 8. Results for ls presented here are restricted to the case fp=fs > 0:75. Moreover, since a
better collapse of data is found for the imposed restrictions, ls is plotted against the inverse Strouhal number on the basis
of h: 1=Stp;h ¼ j�usj=2pfph.

Figure 2 depicts the loss factor ls, for all perforated plates under study, plotted against 1=Stp;h. As can be seen, ls
is independent of the geometrical parameters d, h, and r. ls solely depends on the inverse Strouhal number 1=Stp;h. For
0:25 � 1=Stp � 2, ls decreases rapidly until a plateau value of approximately 3/8 is attained, marking the onset of quasi-
steady flow conditions, as particle displacement exceeds the orifice dimensions. Hence, the attached mass of the perforated
plates at the frequencies of the primary sound field fp is reduced up to 3/8 of its original value due to the periodic bias
flow induced by the secondary excitation. With increasing 1=Stp;h the scatter of measurement points increases slightly. The
increased scatter could either be due to a change of hole interaction effects with increasing flow separation and/or due to
increased measurement inaccuracies at high sound pressure amplitudes.

Furthermore, from Fig. 2 one can deduce that ls generally follows the form of the function

ls ¼ jþ ð1� jÞ
1þ 1=St2p;h

; (8)

where j describes the rate of decay and the plateau value at quasi-steady conditions. To determine j, Eq. (8) is fitted to
the results depicted in Fig. 2 through a direct search optimization method.13 j is found to be j ¼ 0:38. Inserting j into
Eq. (8) yields an empirical formulation to approximate the loss of end correction of a single orifice at primary sound field
frequencies due to flow separation induced by a secondary high amplitude stimulus unrelated in frequency and phase,

ls ¼ 0:38þ 0:62

1þ 1=St2p;h
: (9)

Equation (9) can be incorporated in linear impedance models via Eq. (5). The dashed line in Fig. 2 shows Eq.
(9) compared to the measurements. Good agreement between the empirical approximation and the measurements is found
over the entire measurement range considered. Between 1 � 1=Stp;h � 2, ls is slightly underestimated for P1 (� symbols)

Fig. 2. End correction factor ls at �pþp1;l ¼ 100 dB for all specimen considered. P1: �, d=h ¼ 1:5; r ¼ 1:03% P2: �, d=h ¼ 1:5; r ¼ 4:09%; P3:
�, d=h ¼ 2:5; r ¼ 4:09%; P4: /; d=h ¼ 1:5; r ¼ 6:18%. Dashed line: Eq. (9).
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and P4 (/ symbols). Maximum deviation is found for P1 at 1=Stp;h � 1:6. The result depicts a measurement taken at a
limiting case of fp¼ 255Hz, fs¼ 331Hz, and j�usj ¼ 2:60m/s. Therefore, fp=fs ¼ 0:77 and 1=Sts;d ¼ 1:08. Consequential
marginal deviations due to unsteady flow conditions of the secondary excitation are expected.

For high amplitude primary sound fields, considerable particle velocities can be induced in the perforations,
affecting and mitigating flow separation due to the secondary excitation. Additionally, nonlinear losses of end correction
due to the primary sound field are observed without secondary excitation present. Hence, ls is a function of both sound
fields. In case the particle displacement of the primary excitation exceeds the orifice diameter (1=Std > 1, with
1=Std ¼ j�upj=2pfpd), the flow approximates quasi-steady behavior and the end correction is already significantly reduced
without a secondary excitation present. For 1=Std � 1, the end correction behaves more similar to the case of a linear pri-
mary sound field, because the flow separation effects induced by the secondary excitation predominate.8 Correspondingly,
the loss of end correction ls can be approximated via Eq. (9) for 1=Std � 1 and approximates j in the case 1=Std > 1,

ls ¼ 0:38þ 0:62

1þ 1=St2p;h
if 1=Std � 1; (10a)

ls ¼ j ¼ 0:38 if 1=Std > 1: (10b)

Figure 3 shows Eqs. (10a) and (10b) compared to measurements of ls for P1 and P4 at a primary sound field
with an incident plane wave of �pþp1;nl ¼ 135 dB. For the low porosity plate P1, comparably high particle velocities arise in
the perforations due to the primary excitation. Hence, for low fp (? and � symbols), the loss of end correction is already
at or near its plateau value, indicated by the dash dotted line, representing Eq. (10b). With increasing fp, ls approximates
the behavior observed for a linear primary sound field. Note that, as j�upj is found to decrease with increasing j�usj, no
absolute value of 1=Std can be given. For example, for P1 at fp¼ 255Hz, we found 1=Std ¼ 4:64 and hence
j�upj ¼ 11:16m/s without secondary excitation applied. With increasing j�usj a decrease to j�upj ¼ 6:80m/s at j�usj ¼ 13:9m/s
was observed. For the plate P4 with the highest porosity studied, the primary particle velocities induced in the perforations
are lower and reduced nonlinear behavior is observed. Accordingly, the end correction behaves more similar to the case of a
linear primary sound field with an incident plane wave of �pþp1;l ¼ 100 dB under high amplitude secondary excitation.
Overall, the model yields good agreement to the measured end correction for high pressure primary sound fields.

4. Conclusion

Due to a secondary high amplitude excitation, the impedance of a perforated plate, impacting on a primary sound field, is
changed. The present study focuses on experimentally deriving an approximation to estimate the effects of a high ampli-
tude secondary excitation, unrelated in terms of frequency and phase, on the inertial end correction of perforated plates at
primary frequencies. The secondary excitation induces flow separation at the edges of the perforations, thereby reducing
the inertial end correction of the orifices and consequentially reducing the plates reactance faced by a primary sound field.
It is found that the loss of end correction is only dependent on the Strouhal number. Consequential, an empirical expres-
sion is derived accounting for the loss of end correction of an orifice, including possible interaction effects of adjacent
holes in perforated plates. The model is valid for perforated plates with circular orifices at arbitrary levels of primary and
secondary excitation and for ratios of primary to secondary frequencies larger than approximately fp=fs > 0:75.
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Fig. 3. End correction factor ls at �pþp1;nl ¼ 135 dB. P1: �; P4: /. Dashed line: Eq. (10a). Dash-dotted line: Eq. (10b). Additional symbol refer-
ence for P1: fp [Hz], 255 (?), 306 (�), 867 (�); fs [Hz] 331 (?), 331 (�), 331 (�); 1/Std,j�usj ¼ 0, 4.64 (?), 3.6 (�), 1.27 (�).
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