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High frequency acoustic transmission loss of perforated plates

at normal incidence
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A study has been conducted on the transmission loss of perforated plates at normal incidence.
The investigation includes a theoretical analysis of the problem with validation through
experimentation. The experiments comprised microphone measurements of transmission loss
for 11 perforated plates with variable thickness, hole size, and porosity. The theoretical model
is based on planar wave propagation through a single contraction/expansion chamber with
modifications to account for hole interaction effects. The resulting formula for transmission loss
yields superior predictions over past theories for the range of properties investigated. Deviations
between experimental measurements and theoretical predictions of transmission loss are less than
about 1.5 dB for dimensionless hole diameter d/4 < 0.5. The accuracy of the model does not show

a strong dependence on plate thickness-to-diameter ratio or porosity.
© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4812271]

PACS number(s): 43.58.Bh, 43.55.Ev, 43.20.Rz [FCS]

. INTRODUCTION

Perforated material has been extensively employed in
various noise control applications. Examples include acous-
tic liners for ducts and aeroengine nacelles, automotive
mufflers, and silencers for flow control valves. Aeroengine
acoustic liners and automotive muffler are classified as reac-
tive silencers.’ In reactive silencers, the frequency response
of the system is tuned to suppress sound at targeted frequen-
cies such as, for example, the blade passing frequency of a
rotor or the firing frequency of an internal combustion
engine. In these applications, the propagation of the predom-
inant acoustic waves is typically at a grazing incidence to
the perforations. In addition, grazing flow may be present.

Perforated plates are also used in mufflers for flow
control valves, particularly pneumatic bleed valves on gas
turbines.” These valves discharge compressor air into the fan
duct of a turbofan engine to prevent compressor surges dur-
ing transients or throttle back. Noise from the bleed valves
can be a significant contributor to total aircraft noise.
Figure 1 depicts a simplified drawing of a pneumatic bleed
valve. It consists of a valve body, followed by a muffler
comprising perforated plates oriented substantially normally
to the mean flow direction. Typically two or more perforated
plates are used. Without the muffler, the exhaust of the valve
forms a high-speed turbulent jet that is very loud. The muf-
fler expands the cross-sectional area of the flow and dramati-
cally reduces its bulk velocity. The small jets emerging from
the perforations produce noise at very high frequency, but
this noise is attenuated rapidly by atmospheric absorption.
What remains, though, is transmission of sound from the
internal sources, including turbulence and vortex shedding
through the perforations. Recent efforts to suppress bleed
valve noise underscored the lack of fundamental
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understanding of the dependence of sound attenuation on the
properties of the perforated plate (porosity, hole size, thick-
ness). This formed the basic motivation for the current study,
namely the understanding and modeling of sound transmis-
sion through the perforated plates exemplified in Fig. 1. It is
evident that the noise suppression mechanism does not
involve tuning and is thus fundamentally different from reac-
tive mufflers. However, the basic physics of sound transmis-
sion through a perforation remains relevant to both reactive
and non-reactive applications.

It is important to outline the boundaries of the present
investigation with further details to be presented in Sec. II.
For the typical hole dimensions and operating frequencies
of the bleed-valve muffler, the transmission process is
dominated by inertial effects. Although a range of incidence
angles is present in the actual application, it is fair to
assume that the predominant incidence angle is normal.
Therefore the current study is restricted to normal incidence
angles. Non-linear effects on sound propagation through the
orifice are deemed insignificant both for the actual device
and the experiment of this study. Finally, the flow through
the perforations can significantly affect the transmission
loss. Here we assume that the orifice Mach number is small
enough that the mean flow has negligible effects on the
propagation.

The model problem of this study, therefore, is the invis-
cid, linear transmission of sound at normal incidence through
a perforated plate. This is considered as a first step toward
the modeling of the complex system illustrated in Fig. 1.
Even though the research was motivated by bleed valve
problems, its results will be generic enough for other appli-
cations as well. A notable feature of the experimental com-
ponent of the study is the use of a broadband “point source”
for the incident field; this enables the measurement of trans-
mission loss over a wide frequency range in a single experi-
ment. In addition, the measurement setup, to be discussed in
Sec. III, avoids the limitations of impedance tubes with
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FIG. 1. Schematic of pneumatic bleed valve assembly used on aircraft
engines (Ref. 2).

regard to the size of the sample to be tested. A large variety
of perforated plates is considered to develop a comprehen-
sive model of sound attenuation, validated by experimental
measurements.

The structure of the paper is as follows: Sec. II reviews
the fundamental physics of sound transmission through per-
forates, discusses past models that are relevant to this study,
and proposes a new theoretical model for the transmission
loss. Section III covers the experimental setup, and Sec. IV
presents the experimental results on transmission loss with
comparisons to the present model and appropriate past mod-
els. The paper concludes with Sec. V.

Il. THEORETICAL MODELING

In this section, we review fundamental principles perti-
nent to the current investigation, discuss past relevant theo-
retical works, and introduce a simple model for transmission
loss the predictions of which will be compared to experimen-
tal measurements.

A. Fundamental principles

Our investigation focuses on the transmission loss of
perforated plates, namely the fraction of acoustic power that
is transmitted through the plate. This is a process that is gen-
erally governed by inertial and viscous effects. As shown by
Crandall,3 the discriminant between viscous and inertial
effects on sound propagation through a short tube is the
quantity

1
77:_‘1 ] (1)

where d is the tube diameter, w is the angular frequency, and
p and p are the density and dynamic viscosity of the fluid,
respectively. For # < 1, the propagation is dominated by vis-
cous effects. For n > 1, inertial effects become prominent.
The discriminant can be rewritten using the acoustic propa-
gation speed, ¢, and wavelength, 4, as
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The argument of the first square root has the form of a
Reynolds number based on the speed of sound and the hole
diameter. The argument of the second square root is the non-
dimensional hole size, an important parameter in the analysis
that follows. For a hole diameter of 1 mm (the order of mag-
nitude in this study), and for air at standard conditions, the
discriminant becomes 1 = 184 (d/2)'. This means that iner-
tial effects dominate down to d/A ~ 10*4, i.e., frequencies on
the order of 30 Hz. Aerospace applications are typically con-
cerned with much higher frequencies associated with peak
levels of annoyance. We conclude that for the applications
that motivated this study, the sound transmission process can
be treated as purely inertial with a good degree of accuracy.

The sound field around the perforation consists of the
incident, reflected, and transmitted waves (subscripts i, 7,
and ¢, respectively). The acoustic power of each wave is
IT = p/u’, where p' is the pressure fluctuation, u’ is the parti-
cle velocity, and 6 denotes time averaging. The transmis-
sion loss is defined as*

I,
Ly = 10log H . 3
t

Concerning the propagation of sound in a tube or lattice of
tubes, we gain insight into the transmission loss by linking
the acoustic power to the acoustic impedance. The acoustic
impedance of a fluid acting over a surface area S is defined
as the ratio of the acoustic pressure to the particle velocity

1p
Z==-=. 4

Su @
Expressing the particle velocity in terms of the impedance
and pressure fluctuation according to Eq. (4), the acoustic
power follows the qualitative relation

m~2 . )

From Eq. (5), it is apparent that the power of the acoustic
disturbance is maximized when the acoustic impedance is
minimized. This occurs for disturbances at the resonance fre-
quency of the system. Concerning the perforated plate, the
incident wavefront acts as a source that disturbs the column
of air inside the perforations. When the air is disturbed at
integer multiples of its resonance frequency, the power of
the acoustic waves inside the perforation is maximized. This
results in maximum transmission of the energy from the inci-
dent wavefront through the perforations, or minimum trans-
mission loss, at these characteristic frequencies.

Acoustic disturbances that propagate within the perfora-
tions disturb the medium adjacent to the ends of the perfora-
tion. This is illustrated in Fig. 2, where the dotted line
represents the distribution of the disturbed, ‘“attached” mass
of a single hole. The disturbance inside the perforation trav-
els a distance slightly further than the geometric thickness of
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FIG. 2. Cutaway view of two holes, showing the attached mass distribution
associated with each hole and the interaction region between both holes
(Ref. 20).

the perforation as a result of this attached mass. This gives
rise to an end correction to the perforation thickness, which
was treated analytically by Rayleigh.” In the case of multiple
adjacent holes, the attached mass regions overlap forming an
interaction region whose extent is determined by the spacing
between the holes (Fig. 2). The consequence of this interac-
tion has been addressed by many authors. Fok® described the
hole interaction effect (HIE) as a correction to Rayleigh’s
analysis on the acoustic conductivity of a single orifice. An
analytical expression known as Fok’s function was devel-
oped using potential theory (to be introduced in Sec. I1C)
and can be expressed in terms of the plate porosity f.
Nesterov’ validated Fok’s work experimentally, showing
that an increase in the porosity corresponds to a reduction in
the end correction for thickness. Other investigators attrib-
uted HIE to the diffraction of pressure waves that radiate
from the perforations. Ingard® showed that the pressure radi-
ated from an orifice exerts an additional force on nearby
orifices and that this effect is strongly dependent on the sepa-
ration distance between perforations. He described this
acoustic interaction by a correction term, the interaction im-
pedance, to the acoustic impedance of an isolated orifice.
Christensen’ and Hou ef al.'®'" concluded that the diffracted
waves created acoustic modes that travel parallel to the sur-
face of the perforated plate. The interaction between the sur-
face modes and diffracted pressure waves from the
perforations modifies the resonance condition associated
with the original plate thickness to a plate that is 16% thin-
ner.'®!'" The aforementioned works®'" indicated that HIE
results in scaling the end correction associated with a single
orifice. In the current investigation, the HIE is accounted for
using Fok’s function with more details on this implementa-
tion in Sec. IIC.

The transmission characteristics of an orifice exhibits
nonlinear behavior at high pressure amplitudes because of
the dissipative effects of the jet and vortex rings formed
downstream of the orifice."*'* Ingard and Ising'* observed a
linear relationship between the acoustic pressure and particle
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velocity for sound pressure levels (SPL) up to about 120dB,
with a quadratic relation starting above 130dB. The SPL in
the muffler cavity of Fig. 1 is estimated not to exceed 120 dB
based on far-field measurements of the jet issuing from the
isolated valve body. Acoustic levels in the experiment of this
study are much lower, around 60dB. For this reason, we
conclude that non-linear effects are not significant in the
actual application or the model experiment.

The effect of mean flow on the impedance of a single
orifice or a perforated sheet has been addressed by a number
of studies.'>™'7 Experiments by Lee et al.'® showed that the
mean flow increases the impedance due to the dissipative
effects of the jet developed downstream of the orifice.
Aygun and Attenborough'® demonstrated experimentally
that the increase in transmission loss due to bias flow is
strongly dependent on porosity. A transmission loss model
for poroelastic plates with no bias flow was also presented in
their work.

B. Previous models

Models of past works that are relevant to the scope of
the current investigation will now be reviewed. Chen'® pro-
posed a theoretical model, with experimental validation, for
the transmission loss of a perforated plate under the assump-
tion of a two-dimensional planar wave incident on a rigid
screen. The screen dimensions were assumed to be large in
comparison to the wavelength. The air column inside the
perforation was assumed to move in phase, behaving like a
rigid piston. Viscous losses were neglected. Transmission
loss predictions were provided for 0.002 < d/A<0.093,
0.0003 < /2 <0.0023, and were shown to agree well with
the experiments. Chen accounted for the directivity of trans-
mission loss by averaging over a hemisphere upstream from
the perforated screen, resulting in the expression

-2
sin 20 d0.

/2 i
Ly =—10 logJ {imcosﬁﬁ-l
0 2pc

(6)

0 is the angle with respect to the normal direction of the plate
surface, c is the propagation speed of the acoustic wave, and
p is the porosity of the plate. The plate thickness / is aug-
mented by an end correction factor &, which was determined
empirically to equal 1.6 times the perforation radius if the
ratio of perforation radius to the distance between the holes
was less than 0.2. For perforations with uniformly spaced
holes, this translates to a porosity of 0.126 or less.

Tayong et al.'’ and Melling®® defined the normal sur-
face impedance of the perforations while incorporating
Fok’s function to account for HIE. Using the lumped acous-
tic impedance model formulated by Ingard,® Tayong er al.
accounted for HIE in the reactance (imaginary) term of the
impedance, resulting in the expression

B VBwpu < 1) iwp ( 8d
Zy=Zeay +—5— 3 1—|-d +—[3 H_—Snw(ﬁ))’
(N
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where Z,, is the cavity impedance and y is Fok’s function.
Z.ay can be defined for a perforated panel surrounded on
both sides by semi-infinite fluid media by defining Z.,, as
the characteristic impedance of the fluid. This imposes the
condition that there can be no reflected waves in the fluid
media where the transmitted waves propagate. Tayong et al.
also include additional terms to account for nonlinear effects
in their work due to high sound pressure level excitations.'
Because the scope of the current study is concerned only
with the linear regime, these terms were neglected, resulting
in Eq. (7). Experimental validation for their perforation
impedance model is provided for 0.0014 < d/A <0.0024 and
0.001 < /A< 0.002. Tayong et al. defined the reflection
coefficient, R, as

7,7

Rc = )
Zy +Zo

®)

where Zy=pc is the characteristic impedance of air. To
compare directly with the experimental measurements in this
study, the transmission loss expression, Eq. (3), is rewritten
using the transmission coefficient T, = 1 — |R.|*

Ly = —101log,((T.). 9)

Substituting Eq. (8) into Eq. (9) results in an expression for
transmission loss as a function of the perforation impedance

2
>. (10)

An alternative modeling approach treats the perforations
as an effective fluid layer.'"*'** The perforated plate is
assumed to be rigid and porous with circular cylindrical
pores. The effective density, p., and bulk modulus, K, can be
defined using the Johnson—Champoux—Allard model*®

ap P\ 2
1 1
+iwpacoc( + 20 > '

7Po

Zp — 7y
Zp —Zy

Ly = —101og, (1 —

Pe = Pl (10

K =

v—(v—U[l
(12)

where the flow resistivity is o=32u/fd’, the geometric
tortuosity is o, = 1, and y, py, p, and Pr are the specific heat
ratio, static pressure, density, and Prandtl number for
air, respectively, at 18°C (y=14, py=1.013- 10° Pa,
p=1.21kg/m’, and Pr=0.71). Atalla and Sgard*' proposed
a correction to the geometric tortuosity by accounting for
flow distortions within the vicinity of the perforations

ocoo:1+2§,

] 13)

where ¢ is an end correction length defined by Jaouen and
Bécot™ as &= (1 — 1.13¢ — 0.09% +0.278%)8r/3n with
&=2./p/n. The effective characteristic impedance and
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wavenumber of the perforated plate is defined using
Egs. (11)—(13)

Zop =/ Kp,, (14)
15)

Assuming that the semi-infinite fluid media on both sides of
the perforation is air, the Transfer Matrix Method? (TMM)
can be applied, using Egs. (14) and (15), to determine the
transmission loss

(16)

cos(kyl) +

| [ Z, 4
Ly :2010g10{ l [ o | P

5 E =+ Zp:| Sln(kpl>

where Z is the characteristic impedance of air. Atalla and
Sgard provided experimental validation for their perforation
impedance model for 3Xx 107 <d/2<0.0295 and
3x 107> <1/2<0.015.

C. Present theoretical formulation

In the present study, the transmission loss of the perfo-
rate is modeled theoretically by considering a duct contain-
ing a single contraction chamber, as illustrated in Fig. 3. The
development follows the inertial model of Ffowcs Williams
and Dowling®® with important modifications related to end
effects.

Besides the neglect of viscous effects, the other major
assumption is that the wavelength of sound is larger than the
contraction diameter, which allows the approximation of the
sound waves throughout the duct as one dimensional.?
Acoustic waves that are confined spatially to regions such as
ducts will have modes that will propagate or decay, depend-
ing on the frequency of excitation.” If the waves in the duct
are excited at a frequency below the cutoff frequency of a
certain mode, the mode is considered evanescent and will
decay at appreciable distances from the source. The plane
wave assumption restricts the model accuracy to only fre-
quencies below the cutoff frequency corresponding to plane
wave propagation inside perforations. If the perforations are
approximated as circular ducts, the cutoff frequency can be
expressed non-dimensionally as d/4=0.5861.

x|=0 x=|l
/ A,
B—] r
R Ce|
d
/

FIG. 3. (Color online) Contraction chamber used for 1D modeling of trans-
mission (Ref. 26).

1093



The acoustic pressures throughout the domain are
expressed as

p/ _ Ieiw(t—x/cl) +R e.iw(t+x/r|)7 x<0
p/ —B eia)(ffx/cz) + Ceiw(l+x/c'z)’ 0<x<I (17)
p/ _ Teiu)(t—x/cg)7 x>

where I, R, and T are the amplitudes of the incident,
reflected, and transmitted waves, respectively. The sub-
scripts 1, 2, and 3 will be used as reference to the regions
upstream, inside, and downstream of the contraction, respec-
tively. The amplitudes B and C of the pressure waves inside
the contraction are determined by application of the conser-
vation equations. The mass flux into the contraction interface
(x=0) must equal the mass flux out of the contraction.

pA'y = pAyus. (18)

In addition, the energy flux into the contraction interface
must equal the energy flux out of the contraction.

Ay = Ayp'auds. (19)

Combining Eqgs. (18) and (19) shows that the energy flux
condition is a statement of continuity in the acoustic pressure
at the contraction interface, p’; = p’>. The same conditions of
mass and energy flux apply at the expansion interface (x =/).
Assuming that the pressure fluctuations propagate at the
same speed throughout the entire domain (¢ =c¢| =c; =c¢3),
these conditions yield the following set of algebraic equa-
tions that relate R and T to I:

21 iol/c
T— ¢ (20)

2 cos (col) +i A —|—A2 sin (wl) ’
Az Al C
A Al . (a)l)
il |———|sin| —
A2 A1 C
wl Al A2 . wl '
2 -
COS( ) o [Az +A1}Sn< C)
It can be shown from Egs. (20) and (21) that the sum of the

energies in the reflected and transmitted waves equals the
energy of the incident wave

R =

21

RI> +|T* = |I]*. (22)

In other words, this is a lossless process as evident from the
lack of any dissipative (viscous) effects in the formulation of
the governing equations. Adopting Eq. (3) to the current
problem, the transmission loss is

Lr = 10log, <|| || ) 23)

Substituting Eq. (20)

1 (A A, 2.2<a)l>
1+4<A2 Al) sin Ak 24)
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In applying Eq. (24) to a perforated plate, the porosity is
p=A,/A;, and the plate thickness is /. It is noted that the
transmission loss in Eq. (24) is symmetric in A; and A, and
is thus the same whether the chamber is expanding (A, > A;)
or contracting (A, <A;). With these substitutions, Eq. (24)

becomes
1+1<—— >s1n( 0 (25)
B

with k= w/c being the acoustic wavenumber.

As discussed in Sec. I A, an end correction for the
thickness must be applied to account for the effect of acous-
tic interaction between the holes of the perforated plate.®™!!
The thickness of the plate is replaced with an effective
thickness

LT — 10 loglo

lp=1+¢éd, (26)

where d is the hole diameter and ¢ is a correction factor
defined as

8
3mp(&)

e = Q27)

The 8/(37) term in Eq. (27) is the end correction applicable
to a single orifice in a spatially infinite plate.> The additional
term in the denominator, (¢), originates from the work of
Fok,6 who considered the problem of a circular tube of diam-
eter, D, with a partition containing a circular orifice of diam-
eter, d, located on the axis of the tube. His analysis shows
that as d/D approaches unity, the orifice conductivity
becomes infinite, and the end correction tends to zero.
Conversely, for d/D< 1, the end correction approaches the
value for a single orifice in an infinite plate, 8/(3w). Fok
derived a function that describes this behavior

1 — 1.40925 & +0.33818 & + ...
M(E) = 0.06793 & — 0.02287 &6 + ... (28)
0.03015 &7 — 0.01641 &8

where (&) =[M(&)] " is the reciprocal of Fok’s function
and its argument ¢ = d/D. Nesterov’ showed experimentally
that Eq. (28) is valid for both single and multiple orifices.
The case of multiple orifices is representative of a perforated
plate where each orifice is confined within a lattice of char-
acteristic length D, and the ratio of orifice area to lattice area
is equal to the porosity f§ of the perforated plate. Nesterov
showed that the effect of lattice geometry on Fok’s function
is negligible, indicating that the end correction associated
with the perforations are independent of the nature of perfo-
ration grating. From this result, a circular lattice geometry
of diameter D can be assumed for all perforated plates, and
ratio of perforation area to lattice area, or porosity, can be
defined as f=d*/D*. The argument in Fok’s function can
therefore be rewritten, using porosity, as ¢ = +/B. As f
approaches zero, the lattice area effectively becomes infinite
with respect to the perforation and y/(0) = 1, resulting in an
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end correction equal to a single orifice [Eqgs. (27) and (28)].
Fok’s function modifies the effective thickness of a single
orifice in an infinite baffle by accounting for finite lattice
area. Nesterov’s experiments show that HIE are negligible
for < 0.10. The porosities of the perforations used in the
current work are greater than (.22, indicating that interaction
effects must be considered for all the perforations considered
here (Table I).
Incorporating the effective thickness, Eq. (25) becomes

) (i)
29)

Lr=101log,

Equation (29) is a variant of the original result by Ffowcs
Williams and Dowling,?® modified to include end corrections
and HIE. It is noted that the transmission loss model contains
a sine-squared term and therefore will exhibit oscillatory
behavior that is governed by the effective thickness. The
oscillatory behavior is caused by standing-wave-formed
resonances inside the contraction that are analogous to
Fabry-Pérot resonance observed in optics.””'" The transmis-
sion loss predicted by Eq. (29) will be compared to experi-
mental results of transmission loss and to the previous
theoretical models noted in Sec. II B.

lll. EXPERIMENTAL SETUP
A. Perforations

Eleven perforated plates of varying porosity, hole size,
and thickness were investigated. Table I lists the perforation
properties. All the plates were made of sheet metal: Either
brass or steel. It was noted in a previous study'* that the
transmission characteristics of the plate is independent of its
material composition. The test matrix includes a solid perfo-
rated plate (experiment S) and the free-field, baseline case
(experiment 0). The gratings of the perforations on the plates
were either square or triangular patterned.

TABLE I. Properties of perforated sheets used in experiments.

Porosity Thickness Hole diameter Hole spacing Perforation

Experiment p [ (mm) d (mm) a (mm) Grating
S 0.00 0.6096 - - -

0 1.00 - - - -

1 0.37 0.6096 1.1430 1.676 Square
2 0.48 0.4064 2.6162 3.353 Square

3 0.37 0.4064 1.1430 1.676 Square
4 0.29 0.4064 1.0160 1.676 Square

5 0.45 0.7620 1.7526 2.794 Triangular
6 0.23 0.7620 1.5875 3.175 Triangular
7 0.23 0.9144 1.5875 3.175 Triangular
8 0.23 0.4064 0.6858 1.270 Square

9 0.23 0.4064 0.6096 1.118 Square
10 0.22 0.4064 0.5080 1.016 Triangular
11 0.22 0.4064 0.4064 0.889 Triangular
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B. Acoustic measurement

The experimental setup for measurement of transmis-
sion loss has some similarity to the arrangement used by
Chen."® The basic layout is shown in Fig. 4. Acoustic meas-
urements were conducted inside an anechoic facility using
two 3.2-mm condenser microphones (Briiel and Kjaer,
model 4138) with frequency response of 120 kHz. The
microphones were mounted inside a separate small anechoic
box located within the anechoic facility. The anechoic box,
detailed in Fig. 4, had one open side on which the perforated
sheets were mounted. The other sides were lined with
anechoic wedges with cut-off frequency of 200 Hz. The
microphones were held on an arm at the opposite end of the
box and were separated from each other by a distance of
76 mm. The distance between the microphone tips and plane
of the opening was approximately 76 mm. A localized broad-
band acoustic source (“point source”) was generated using
four small impinging jets, each issuing from a 2.54-mm di-
ameter tube and supplied at a pressure of 200kPa. The
design of the impinging-jets source was similar to that
used by Gerhold and Clark.”” The distance between the
impinging-jets source and the perforated plate was 1.480 m.
The perforated sheets were attached to the open end of the
box using spring clamps. The box was hinged in one corner
to allow variation of the incidence angle relative to the wave

Compressed

air Anechoic Chamber

PC with PCI-6143 1.9x22x22m
1.2 MS/s DAQ Board
Impinging Jet
“Point Source™

Anechoic Box !¢
Nexus 2690-A-0S4

Conditioning Amplifier
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-~ 152 cm Sa
| =
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|4 \
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/ |—] \
/ 0 | 30.5cm \
1
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' .
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v p=porosity 0 76em = Microphones |
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e ’
AN 1 L,
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FIG. 4. (Color online) Schematic of experiment setup inside anechoic cham-
ber, detailing the measurement setup in the anechoic box.
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front. In the present experiments, the incidence angle was
normal to the perforations.

Simultaneous data acquisition at a sampling rate of
250kHz per channel was performed using two analog-to-
digital boards (National Instruments PCI-6143) installed in
a Dell Precision T7400 computer with a Xeon quad-core
processor. The resulting signals were conditioned with a
high-pass filter set at 300Hz and a low-pass filter set at
140 kHz. Narrowband SPL spectra were computed using a
4096-point (Af=61Hz) fast Fourier transform and were
corrected for microphone frequency response, free field
response, and atmospheric absorption. The simultaneous
acquisition enabled cross correlations between the two
microphones. For the purpose of measuring the SPL rele-
vant to transmission, the SPLs of the two microphones were
averaged. To facilitate the interpretation of the transmission
loss data, the spurious wiggles from the spectra were
removed by using a Savitzky-Golay filter.”® The filter
removes the wiggles but does not alter the fundamental
shape of the spectrum. Assuming plane-wave propagation,
the transmission loss Ly of the perforated plate is defined as
the difference in SPL between the open box (baseline case)
and the box covered with the perforated plate.

IV. RESULTS

The results are presented in three sections. The first
section evaluates the robustness of the experimental setup to
accurately measure transmission loss. In the second section,
the cross correlation of the two microphones was examined
for ascertaining the plane-wave assumptions underpinning
our model. The transmission loss results and comparisons to
theoretical models are presented in the third section.

A. Robustness of setup

It was necessary to check for any possible sources of
error in the experiment setup to ensure accuracy in the trans-
mission loss measurements. Acoustic contamination could
result from leaks due to inadequate sealing of the contact area
between the perforated plate and the structure of the anechoic
box. An additional source of concern is vibrations of the plate
itself, which could lead to discrepancies in the transmission
loss measurement. To assess these possible sources of error,
experiments were conducted with a solid plate, and the results
were compared to a perforated plate of equal thickness.

Figure 5 shows the raw SPL spectra (before smoothing)
comparisons among three cases: The solid plate, the perfo-
rated plate, and the background noise with the source turned
off and the solid plate installed. It is noted that the spectrum
for the solid plate is well below the spectrum of the perfo-
rated plate. The difference is 20 dB at low frequency increas-
ing to 50 dB at high frequency. This shows that the effects of
vibration and leakage are very small and do not have any
impact on the measured transmission loss. It is also noted
that the spectrum for the solid plate is higher than the back-
ground spectrum, indicating some transmission of sound
through the sealed anechoic box. It is natural that some
sound will be transmitted through the box, particularly
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FIG. 5. (Color online) Comparisons of SPL spectra between perforated sheet
and solid plate of equal thickness.

though the uninsulated solid plate. However, this transmis-
sion is extremely weak to influence the results.

B. Cross-correlations

To confirm that the incident waves were normal to the
perforations, the signals of the two microphones were cross
correlated. The microphone voltage signals were cross-
correlated using MATLAB’s inbuilt cross correlation function.
Figure 6 plots the cross-correlation coefficient R 1, for the
open box and the box covered with a perforated plate. For
both the open and covered box, the cross-correlation peaks
at t=7.8 us. This time lag corresponds to a propagation
distance of 2.7 mm, which is very small compared to the 76-
mm separation between the microphones. For all practical
purposes, the sound arrives at the two microphones simulta-
neously, and the wavefronts are aligned with the plane of the
perforation. It is interesting that the magnitude of the cross
correlation does not decline with installation of the perfo-
rated plate. This indicates that the diffraction process is
largely deterministic.

Further insight is gained by examining the coherence
between the microphone signals, plotted in Fig. 7. The coher-
ence y> was computed using MATLAB’S inbuilt coherence func-
tion, using an FFT size of 4096 with a 1024 point Hanning
window. The coherence plots are virtually identical for the
open and covered box. The coherence is very strong for
f<100kHz, then falls off rapidly for higher frequency. The

1
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0.75  —Plate 3
~ 05
N
E 0.25

s O
0/\/\%
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FIG. 6. (Color online) Cross correlation of microphone signals for the box
without the perforated plate (open) and with perforated plate attached (plate 3).
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FIG. 7. (Color online) Coherence between microphone signals for the box
without the perforated plate (open) and with perforated plate attached (plate 3).

decline has to do with the turbulent nature of the impinging-
jets noise source wherein the variance of source location
becomes large compared to the acoustic wavelength.

The cross-correlation results, in conjunction with the
geometry of the setup depicted in Fig. 4, allow us to assess the
applicability of the 1D propagation model, proposed in
Sec. ITC, to the present experiments. The strong coherence for
f<100kHz indicates a highly coherent wavefront impinging
on the plate—a prerequisite for the aforementioned model. On
the other hand, the decline in coherence for f> 100 kHz indi-
cates that the wavefronts impinging on individual holes
become progressively uncorrelated. For this reason, only the
results below 100 kHz are used in evaluating the model.

The large distance between the sound source and the per-
forated plate ensures that the wave approaching each hole is
planar. Near the center of the plate, the incidence of the plane
wave is normal. Toward the edge of the plate, the incidence
is slightly off-normal with an obliquity angle no larger than
6.4°. Sustained propagation at such angle requires high-order
radial and circumferential modes the cutoff frequency of
which is much higher than the planar-propagation cutoff fre-
quency mentioned in Sec. IT C.>*** Therefore the obliquity of
the incident wave on the perforations will not trigger any
transverse modes and thus will not alter the transmission-loss
relations developed in this paper.

C. Transmission loss

The experimental results for transmission loss of the
perforated plates listed in Table I are plotted in Fig. 8(a). For
all the cases investigated, the transmission loss is practically
zero at very low frequency. With increasing frequency, the
transmission loss for plates with thickness /= 0.4046 mm
increases monotonically within the frequency range investi-
gated. For the three cases with /> 0.4046 mm (plates 5-7),
the transmission loss curves rise then fall. As indicated in
Sec. II C, the saturation and decline of transmission loss for
the thick plates is a result of Fabry—Pérot-like resonance.
The theoretical predictions for transmission loss are plotted
in Fig. 8(b). A quick comparison between Figs. 8(a) and 8(b)
shows that the model captures the experimental trends. In
the cases with /> 0.4046 mm, Eq. (29) is able to accurately
predict the frequency at which the maximum transmission
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FIG. 8. (Color online) Transmission loss versus frequency. (a) Experiment;
(b) proposed theoretical model Eq. (29).

loss occurs. The frequency limitation of the experiment pre-
vented resolution of the frequency of peak transmission loss
for plates with thickness / = 0.4046 mm; therefore no distinct
transmission loss maxima are observed for these cases. The
comparisons in Fig. (8) also indicate a significant deviation
between model and experiment at high frequency for plate 2.
This deviation may be attributable to diffraction effects simi-
lar to Wood’s anomaly,g_“’31 which occurs when the wave-
length becomes similar to the hole spacing. Plate 2 is the
only case that may be impacted by Wood’s anomaly within
the experimental frequency range.

It is necessary to determine the range where the non-
dimensional parameters of the previous classical models
were validated so that comparisons with the current model
can appropriately be made. The ratio of plate thickness to
acoustic wavelength, /A, and perforation diameter to acous-
tic wavelength, d/A, were selected as the relevant non-
dimensional parameters. The range of d/4 and I/ where the
classical models were considered valid is determined based
on their respective experimental constraints and is illustrated
in Fig. 9. A region of significant overlap, 0.002 < d// < 0.09,
was chosen to compare the transmission loss results. It is
shown in Fig. 9 that the current work investigates values of
df2>0.1 and //A>0.02, a region where previous classical
models lack validation.
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FIG. 9. (Color online) Comparisons of the range of d/4 and I/ covered in
the current and previous work. The ranges of d// and ///. are determined
based on the range of experimental validation provided for the respective
work. The vertical dashed line indicates the cutoff d/A above which nonpla-
nar modes may propagate.

Figure 10 compares our transmission loss measurements
with the predictions of the current model, Eq. (24), and the
predictions by Chen,'® Tayong et al.,'”” and Atalla and
Sgard.?! Equations (10) and (16) were used to recast the im-
pedance expressions of Tayong et al. and Atalla and Sgard,
respectively, into transmission loss. Figures 10(b), 10(f), and
10(g) focus on transmission loss between 0.002 < d/A < 0.09,
the region of validity of the classical models. Figures 10(a),
10(c), 10(d), and 10(e) include results for d/4>0.09, and a
vertical dashed line marking the upper d/4 limit at which
classical models were validated.

Within the region of validated d/A, Chen’s theory over-
predicts the transmission loss with increasing error at higher
d/Z for all perforates. It is important to note that the end cor-
rection value used in Chen’s theory is 0.8 times the

perforation diameter for f§ < 0.126. Because no specification
was given for perforates with larger values of porosity, it is
expected that Chen’s theory will be inaccurate for higher
porosity cases, such as plates 1, 2, and 5 [Figs. 10(a)-10(c)].
Both transmission loss predictions using the surface imped-
ance model of Tayong et al. and applying the TMM to
Atalla and Sgard’s model agree well with the current experi-
mental data within the region of validated d/A, except for
Plates 9 and 11 [Figs. 10(f) and 10(g)].

The capability of the classic and current models in pre-
dicting the resonance phenomena shown in the experiments
[Fig. 8(a)] is compared next. Figures 10(a), 10(c), 10(d), and
10(e) indicate that resonance effects become apparent for d/
2>0.1, a region that previous classical models'®'**! lack
validation. This effect is an essential physical mechanism
that cannot be ignored when modeling the transmission
behavior of perforated plates. This underscores the distin-
guishing advantage of the current model over the model of
Tayong et al. and Chen. As discussed in Sec. II B, the trans-
mission loss was obtained from the model of Tayong er al."’
by examining the classic problem of acoustic wave transmis-
sion between two semi-infinite fluid media: One defined by
characteristic impedance of air and the other by the perfora-
tion impedance. Conservation equations are applied at the
interface separating the media, resulting in the well known
expression for reflection coefficient [Eq. (8)]. The transmis-
sion loss is then obtainable from the reflection coefficient, as
shown in Eq. (10). In the current model, boundary conditions
are applied at the two cross-sectional area changes of con-
traction chamber (Fig. 3). Reflected waves form within the
contraction, resulting in a Fabry—Pérot-like resonance behav-
ior when the acoustic wavelength approaches the order of
the plate thickness /. This effect is captured in the transmis-
sion loss expression, Eq. (29), through the sine-squared
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— Atalla & Sgard —Atalla & Sgard —Atalla & Sgard — Atalla & Sgard P
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FIG. 10. (Color online) Comparison of transmission loss between experiment, proposed theoretical model Eq. (24), and previous models (Refs. 18, 19, and
21): (a) plate 1, (b) plate 2, (c) plate 5, (d) plate 6, (e) plate 7, (f) plate 9, (g) plate 11. The vertical dashed line indicates the upper limit of d// to which previous

models were validated.
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term, and is confirmed by experimental results for thicker
plates.

The model of Atalla and Sgard®' model was used in
conjunction with the TMM to assess the accuracy to which
their model can capture the resonance behavior shown in the
current experiments. The results indicate that the
Fabry—Pérot resonance behavior for thick plates is resolved
with good accuracy in predicting the d/A value of peak trans-
mission loss. However, the model also yields large errors
in transmission loss amplitude for plates 1, 5, and 7 [Figs.
10(a), 10(c), and 10(e)] at high d/A. It is not expected, how-
ever, for the model of Atalla and Sgard to be accurate at
high frequencies, or high d/4, because their model was
designed to focus on visco-inertial and thermal dissipative
effects on the transmission behavior of porous media at low
frequencies.

D. Accuracy of current prediction

To assess the range of validity of the current predictive
model, Eq. (29), the deviation of the prediction from the
experiment will be examined systematically. The error in
transmission loss is defined as

ALT = LT.M()del - LT,Experiment- (30)

Equation (30) is plotted versus the relevant non-dimensional
parameters of the problem. In the formulation of the current
theory, it was assumed that the wavelength of sound is much
greater than the perforation diameter. To examine the effect
of this assumption, Fig. 11 plots ALz against the ratio of per-
foration diameter to wavelength of sound, d/A, for all the
plates examined. There is a very modest increase in ALy
with increasing d/A, the deviation being less than about
1.5dB for d/A < 0.5. For d//. above this value, ALy increases
significantly, as shown in the case of plate 2.

Because the current experiments include d/A greater
than the cutoff value of 0.5861 (Sec. IIC), we expect the
departure from the model, Eq. (30), to increase for
d/2.>0.5861 because the acoustic excitations may contain
nonplanar modes. This is evident in the trends of ALz in
Fig. 11. For plate 2, ALz increases to about 2dB at d/A=0.6
and continues to increase monotonically with increasing d/ /.

5
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FIG. 11. (Color online) Transmission loss error versus perforation hole di-

ameter scaled by acoustic wavelength.
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It is concluded that the assumption of 1D propagation holds
satisfactorily for d/A < 0.5, where |IAL; < 1.5 for all cases.

In addition to higher-order duct modes, it is expected
that the diffracted pressure field will significantly influence
the experimental results. The simplified analysis and
assumptions made in formulating the problem do not allow a
rigorous analysis of diffraction effects. It is believed, how-
ever, that diffraction effects are inherent in the application of
end corrections. As discussed in Sec. I A, recent studies
have attributed the effects of diffraction as a link between
acoustic modes within the perforations and evanescent
modes along the surface of the perforated plate.”'! It was
shown in the works of these authors that the coupling
between modes results in decreasing the Fabry—Pérot
predicted resonance frequency. In the current model, the end
correction with HIE increases the effective thickness of the
plate, which also results in decreasing the resonance fre-
quency. The similarity between these results implies a cou-
pling between diffraction effects and the implementation of
HIE using end corrections with Fok’s function. The validity
of this assumption is corroborated by the accuracy in predict-
ing the d/. of peak transmission loss [Figs. 10(a), 10(c),
10(d), and 10(e)].

Next, the effects of dimensionless thickness and poros-
ity on the model accuracy for d// < 0.5 are examined. The
effect of thickness-to-diameter ratio, //d, on the transmission
loss error is shown in Fig. 12 for several values of d//1. The
trends in Fig. 12 indicate that the transmission loss error is
not a strong function of //d. The magnitude of the error is
less than 1.2dB. Similarly, Fig. 13 plots AL; against the
range of perforation porosities tested, 0.22 < < 0.48. The
results of Fig. 13 show that the current model predicts
the transmission loss within an error of about 1.2dB or less
for all the porosities tested. Unlike the trends seen in Fig. 11,
where ALy increases with d/4, there does not appear to be
any definable trend between ALz and //d or f.

Estrada et al.*' and many other authors”™'! indicated
deviations from expected transmission behavior, known as
Wood’s anomaly, when the acoustic wavelength approaches
the same length as the spacing between perforations. This
phenomenon occurs as a result of diffraction of higher order
acoustic modes that cannot be resolved by the current
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FIG. 12. (Color online) Transmission loss error versus non-dimensional
plate thickness for varying d/A.
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FIG. 13. (Color online) Transmission loss error versus perforate porosity for
varying d/A.

model’s plane wave based approach. It is therefore expected
that ALy will increase as A approaches a. The spacing
between the perforations in plate 2 approach this limit,
which may possibly explain the large departure of experi-
ment from the model prediction shown in Fig. (8).

V. CONCLUSIONS

An experimental and theoretical parametric investiga-
tion of the acoustic transmission of perforated plates at nor-
mal incidence was conducted. The experiments utilized a
broadband point source to evaluate the transmission loss of
11 perforated plates with varying porosity, hole size, and
thickness. The experimental matrix covered porosities
0.22 < <0.48, non-dimensional hole size 7 X 1073 <dJl
<0.75, and non-dimensional thickness 0.15<[/d <1.0. A
theoretical model for the transmission loss combines 1D pla-
nar wave theory with end corrections for hole interaction
effects. The model is based on the acoustic wavelength being
much larger than the hole size. The predicted transmission
loss is in very good agreement with the experimental mea-
surement, with errors of about 1.5dB or less for d// <0.5.
The present model provides much higher fidelity than theo-
ries of past works over most of the range of the experiments
and is able to capture the resonance effect exhibited in
thicker plates. A systematic analysis of the error between the
present model and experiment does not show any specific
trends versus plate thickness-to-diameter ratio or porosity.

NOMENCLATURE

Area

Spacing between perforations
Speed of sound
Hole diameter
Characteristic
perforations
Fast Fourier transform
Frequency

V-1

Incident pressure amplitude
Bulk modulus

Acoustic wave number

U o >

length of lattice containing

FFT

L
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Ly Transmission loss
[ Plate thickness

M  Fok’s function [Eq. (28)]

Pr  Prandtl number
p' Acoustic pressure

po  Static pressure
R, Reflection coefficient
R Reflected wave amplitude
Cross correlation of microphones 1 and 2
SPL  Sound pressure level
S Surface area
T Transmitted pressure amplitude
T. Transmission coefficient

Transfer matrix method

t Time

u  Particle velocity

x  Axial coordinate

Z Acoustic impedance
Zy Characteristic impedance
Geometric tortuosity
Perforation porosity
Specific heat ratio
Coherence
Difference in modeled and experimental transmis-
sion loss
Perforation thickness correction
Stokes number
Inclination angle with respect to normal direction
of plate surface
Acoustic wavelength
Dynamic viscosity of air
Ratio of hole diameter to hole separation distance
Acoustic power
Density of air
Flow resistivity
time lag
Inverse of Fok’s function
Angular frequency

(=)

o~ = 8

AL

—

=

ES€aan drexs >

Subscripts

Region upstream of contraction
Region inside contraction

Region downstream of contraction
cav  Cavity

Effective

Incident

Perforation

Transmitted
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