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In this work, experimental studies are conducted to measure the aeroacoustics damping performan-

ces of 11 in-duct perforated plates in a cold-flow pipe with a variable Mach number. These in-duct

plates have the same porosities but different number N and geometric shaped orifices. Here six

shapes are considered, i.e., (1) triangle, (2) square, (3) pentagon, (4) hexagon, (5) star, and (6) cir-

cle. It is shown that the orifice shape has little influence on power absorption D and reflection coef-

ficient R at a lower Helmholtz number He� 0.0903. However, as He is increased, the in-duct plate

with a star-shaped orifice is shown to be with much lower D in comparison with that of other plates

with different shape orifices. In addition, the perforated orifice with the same shape and porosity

but a larger N is shown to be associated with 20% more power absorption at approximately

He¼ 0.1244. Dmax is observed to be approximately 85% at about He¼ 0.0244, as Ma � 0:029. To

gain more insights, the quasi-steady model is applied, depending on the Strouhal number Sr. The

transition from quasi-steady flow behaviors to unsteady behaviors occurs at approximately

Sr¼ 0.45. The measured minimum reflection coefficient Rmin occurs at Ma � 0.024. This experi-

mental finding is consistent with the quasi-steady prediction.
VC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5096642
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NOMENCLATURE

Ao total area of the perforated orifices, m2

Ap cross-sectional area of the pipe, m2

[A] 4� 4 coefficient matrix involved in Eq. (7) and

the Appendix

cs sound speed, m/s

Ĉ; Q̂ the real and imaginary part of Ŝ

Dd inner diameter of the pipe, 44 mm

f forcing frequency f¼x/2p, Hz

He Helmholtz number

Ĥmn transfer function between sensor m and n
ki, kr wave number

Ld downstream pipe length, 0.8 m

Ma Mach number of the mean pipe flow

N the number of perforated orifices

~pi;r incident and reflected acoustic fluctuations, Pa

R reflection coefficient

Re, Im real and imaginary part of a given complex variable

ŜAA, ŜBB auto-spectral density of the incident and

reflected sound waves upstream

ŜCC, ŜDD auto-spectral density of the incident and

reflected sound waves downstream

Ŝ12, Ŝ11 cross- or auto-spectral density of the measure-

ment from sensor 1 and/or 2

Sr the Strouhal number

Sto the Stokes number

Tw thickness of the perforated plate, 2 mm

Tp the period of data logging

V, v the mean and fluctuating flow velocity in the

pipe, m/s

x the axial coordinate, m

g porosity

x forcing frequency, rad/s

Û phase difference between sensors 1 and 2

D power absorption coefficient

* complex conjugate

I. INTRODUCTION

To dampen unwanted noise or to mitigate thermo-

acoustic instabilities,1 perforated liners are widely used as

acoustic dampers.2 They are usually metal sheets consisting

of thousands of tiny perforated orifices.3 In some practical

applications, for example, in gas turbines or aero-engines,4 a

cooling air flow is needed to pass through the orifices to pre-

vent the liners from being burned or damaged due to the

combusting flow. The mean flow through the perforated

plates is also known as bias flow.1 The main noise dampinga)Electronic mail: dan.zhao@canterbury.ac.nz
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mechanism of such liner involves thermoviscous effect and/

or vortex shedding produced over the rims/edges of the tiny

orifices. When working fluids are flowing through the orifi-

ces, an unsteady “jet” is produced. It then undergoes viscous

dissipation to convert acoustic perturbations into non-

radiating vortical perturbations.

Over the past few decades, intensive and extensive

research4–8 is conducted to perforated liners, aiming to better

understand its damping mechanism and optimize its perfor-

mance. Both numerical,4,5 theoretical,6 and experimental inves-

tigations7,8 are conducted. Most of the experimental studies are

concerned with measuring the power absorption, transmission

loss coefficient, or acoustic impedance of perforated liners.

This is most likely because the parameters are easier to be

experimentally determined in comparison with the vorticity-

involved flow field near the perforated orifices,9 which are typi-

cally with a diameter of 1–2 mm. Hughes and Dowling10 con-

ducted an experimental measurement on a perforated plate

with a backed screen. It was shown that almost 100% incident

sound on a perforated liner might be dissipated in the presence

of a bias (cooling) flow. Jing and Sun8 conducted a similar

experimental measurement on a perforated plate in the pres-

ence of a bias flow. They found that not only the bias flow

Mach number but also the orifice thickness play critical roles

on affecting the power absorption and acoustic impedance

characterizing the liner’s damping performance. Later,

Eldredge and Dowling11 confirmed Jing and Sun’s8 finding by

measuring the noise damping effect of a double-layer perfo-

rated liner attached to a cold-flow pipe in the presence of both

grazing and bias flows. They found that the maximum power

absorption coefficient could be 80%, depending on the axial

location of the liner and the bias flow Mach number. Grace

et al.12 theoretically showed that the shape of the orifice affects

the Rayleigh conductivity. However, no experimental studies

are conducted. Lack of this investigation on the effect of perfo-

rated orifice shape partially motivated the present work.

Besides experimental studies, numerical investigations

of the damping mechanism and performance of perforated

orifices are intensively conducted either in time- or fre-

quency- domain.6,11,13,14 Howe13 used Rayleigh conductivity

to capture the noise damping effect of a single orifice via the

periodic shedding of vorticity at a high Reynolds-number.

Howe’s model was extended by Wendoloski6 by using

Green’s function to study the damping performance of a per-

forated orifice in a flow duct. It was found that there is an

optimum porosity (open area ratio) of approximately 0.3 cor-

responding to the maximum damping performance. The

Rayleigh conductivity model is modified to simulate the dis-

sipation of axial plane waves using a double-layer perforated

liner in the presence of a bias flow.11 Kierkegaard et al.14

modelled the wave propagation in a flow duct by linearizing

Navier-Stokes (NS) equations in frequency domain.

Compared with numerical modeling in frequency

domain,11,15 time-domain numerical simulations16–19 can pro-

vide useful information such as transient flow and sound propa-

gation, which is not available in frequency-domain studies.

Two-dimensional (2D) direct numerical simulation (DNS) was

performed by Tam et al.17 to gain insight on the damping mech-

anism and performance of a single aperture. It was found that

vortex shedding was the dominant damping mechanism, as inci-

dent sound intensity is high. Three-dimensional (3D) DNS simu-

lations19 were conducted to predict the acoustics absorption

behavior of a honeycomb liner. The orifice boundary layer was

shown to play an important role in affecting the nonlinearity. 2D

compressible large-eddy simulations (LES) were conducted by

Mendez and Eldredge18 to study time evolution of the flow-

sound interaction through single or multiple perforated orifices.

Recently, Su et al.20 conducted 2D unsteady Reynolds

averaged NS simulation via OpenFOAM to study the acoustic

behavior of an orifice. They claimed that the computational

fluid dynamics (CFD) approach can correctly predict the

acoustic response of a turbulent flow through an orifice. The

conventional unsteady Reynolds-averaged Navier-Stokes

(URANS), LES, or DNS simulations as described above

involve using finite difference or finite volume methods to

solve the NS equations.21 As a promising but alternative

numerical tool, lattice Boltzmann (LBM) simulations5,22–25

could also be conducted to study the noise damping mecha-

nism of perforated orifices/plates. Ji and Zhao5,22 conducted a

3D LBM simulation to study the noise damping performance

of a circular orifice, as a bias flow is present. Comparison is

then made between the vortex sheddings from the square and

circular shaped orifice as shown in Fig. 1.

The flow conditions and the porosity are all the same.

Further study on the edge shape effect was performed by

conducting 2D LBM simulations.22 Foregoing studies are

concerned with the mean flow or porosity effect of in-duct

square- or circle-shaped orifices. However, perforated plates

with the same porosity but different number and shaped ori-

fices have not been experimentally examined. This partially

motivated the present study.

FIG. 1. (Color online) Vortex shedding produced from a (a) square (Sq) and

(b) circle (Ci) orifice, when the incident sound wave is set to x/2p¼ 382 Hz.

(a) and (b) Iso-surfaces of vorticity magnitude at constant value of 15.8. The

numerical simulations are done by applying a periodic flow fluctuation of

10 Pa at upstream, when there is no mean flow.
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In this work, experimental studies are conducted to

determine the acoustic damping performance of a series of

in-duct perforated orifices in the presence of a low Mach

bias flow. Emphasis is being placed on the effects of (1) the

geometric shape, (2) the number N of orifices, and (3) the

mean bias flow Mach number Ma. The experimental setup is

described in Sec. II. Eleven in-duct orifices with the same

porosity of 4% but different geometric shapes of (1) triangle

(Tr), (2) square (Sq), (3) pentagon (Pe), (4) hexagon (Hx),

(5) star (St), and (6) circle (Ci) are manufactured. To charac-

terize and quantify the orifices’ acoustic damping effects,

power absorption coefficient D and reflection coefficient R
are defined and measured. This is described in Sec. III. The

classical two-microphone method is reviewed and applied to

decompose the plane waves propagating in the cold-flow

pipe. In addition, three non-dimensional parameters such as

Helmholtz, Stokes, and Strouhal numbers are introduced.

This enables the present experimental studies to be more

generalized. In Sec. IV, these in-duct orifice damping per-

formances are discussed, as the geometric shape, the number

of orifices, or the mean bias flow Mach number is varied.

Comparison is then made to obtain the optimum design. In

Sec. V, a quasi-steady study of perforated orifices is con-

ducted to shed light on the optimum Mach number (corre-

sponding to the minimum reflection coefficient Rmin)

Finally, in Sec. VI, key findings are summarized.

II. DESCRIPTION OF EXPERIMENTAL SETUP

To study its aeroacoustics damping performance,26–29 a

cold-flow axial duct system in the presence of an in-duct perfo-

rated plate is designed and tested. The schematic of the experi-

mental pipe system with the perforated plate implemented is

shown in Fig. 2. To simulate practical applications, there is a

mean flow forcing to pass through the perforated plate. The

imposed mean flow is used for cooling purposes and it is also

known as bias flow. The mean flow is produced and controlled

by a centrifugal pump. To achieve uniform and steady bias

flow, a large diffusing cavity/box is applied and connected to

the inlet of the lined duct. The mean flow speed through the

duct is measured by using a hot wire anemometer (Dantec-

MiniCTA-54T42; Dantec, Skovlunde, Denmark) in the large

cavity inlet. The maximum flow rate through the duct is

approximately 0.02 m3/s. A loudspeaker driven by a digital

function generator and an amplifier is enclosed inside the dif-

fusing box to produce axial plane waves. The loudspeaker is

Alda Series X (8 Ohm) and its maximum output power is

100 W. The sound pressure level is between 90 and 120 dB. The

forcing frequency is between 100 and 1000 Hz, which is well

below the cut-on frequency of the first radial mode of approxi-

mately 3300 Hz. The measured frequency range is chosen so

that the loudspeaker and the microphones are associated with a

“flat” response. In addition, the axial distance between the neigh-

boring microphones are fixed during the experimental tests.

Higher frequency measurements could be done by calibrating

the microphones and reducing the axial distance of these micro-

phones. The produced sound waves are superimposed with the

mean cooling flow. These waves propagate through the in-duct

perforated orifices and are blown out of the pipe.

To record the acoustic pressure perturbations, two arrays

of B&K 4957 microphones (Br€uel & Kjær, Nærum,

Denmark) are implemented. One array is placed on the

upstream of the pipe with an axial distance of 10 cm. The

other array is flush mounted downstream with an axial dis-

tance of 10 cm. The cylindrical duct to each side of the per-

forated plate is open. The length and inner diameter of the

downstream of the pipe is Ld ¼ 0:8 m and Dd ¼ 44 mm,

respectively. There are 11 in-duct perforated plates with the

same thickness of Tw ¼ 2 mm and the same porosity of 4%

being fabricated. The orifices of each perforated plate have

different number N and geometric shapes such as (1) trian-

gle, (2) square, (3) pentagon, (4) hexagon, (5) star, and (6)

circle as shown in Fig. 3. The circle-shaped orifice is widely

FIG. 2. (Color online) Schematic of experimental setup with a mean flow present and an in-duct orifice plate implemented.
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used in practice, as shown in Fig. 3(f). The geometry, dimen-

sions of these orifices, and the mean flow conditions are sum-

marized in Table I. For comparison, the number of perforated

orifices is varied for the perforated plates with the same

porosity and same shaped orifices. For example, perforated

plates (a) and (g) are associated with triangle-shaped (Tr) ori-

fices. Their porosities are the same as g ¼ 4%. However, the

number N of the orifices is increased from 1 to 3. The duct

cross-sectional area Ap is approximately 1963:5 mm2. The

porosity g is determined by g ¼ Ao=Ap. Here Ao is the total

area of the perforated orifices.

III. CHARACTERIZING AEROACOUSTICS DAMPING
PERFORMANCE AND DEFINITION OF
DIMENSIONLESS PARAMETERS

The microphones are calibrated to minimize measure-

ment errors. Here the calibration is done by using a piston

phone [sound pressure level (SPL) of 94 dB at 1 kHz] and a

calibration box. All microphones in the calibration box as

shown in Fig. 4(a) are expected to measure the same pressure

amplitude with zero phase difference in theory. However, the

measured gains and phases shift might be somehow different

due to the sensor manufacturing. Such a difference needs to

be considered in measuring the power absorption D and

reflection coefficient R of the in-duct perforated orifices.

Following the previous works,30,31 microphone calibra-

tion is achieved by determining a transfer function in fre-

quency domain, as these microphones are excited by the

same sound waves. The transfer function Ĥ12ðxÞ between

sensors/microphones 1 and 2 is estimated as

Ĥ12ðxÞ ¼ Ŝ12ðxÞ=Ŝ11ðxÞ; (1)

where Ŝ12ðxÞ is the cross-spectral density between the

experimental measurements from pressure sensors 1 and 2,

x is the noise frequency, Ŝ11ðxÞ is the auto-spectral density

of the measurement from the pressure sensor 1, and jĤ12ðxÞj
is the gain between pressure sensors 1 and 2. The phases

shift/difference between pressure sensors 1 and 2 is charac-

terized by Û12ðxÞ. It can be determined by

Û12 xð Þ ¼ tan�1 Im Ĥ12 xð Þ
� �

Re Ĥ12 xð Þ
� �

( )
; (2)

where Re{�} and Im{�} denote the real and imaginary parts

of Ĥ12ðxÞ, respectively.

The loudspeaker placed in the calibration box is driven

by the digital function generator. It produces a sinusoid sig-

nal between 100 and 1000 Hz. The frequency is varied with

a step of 10 Hz. It is found that the SPL of the produced

noise is between 90 and 130 dB, as measured by a sound

level meter. LabVIEW2010 is applied for data logging. The

acoustic pressure perturbation is recorded at a sampling rate

of 10 000 Hz. The measured acoustic fluctuations from these

FIG. 3. Front view of different geometric shapes of the 11 perforated plates.

TABLE I. Geometry and flow conditions of the perforated plates with different shapes and dimensions of tiny orifices. A0 is the total open area of the orifices.

Perforated Plate

Orifice dimensions

Orifice Shape Bias Flow Mach Number MaA0ðmm2Þ TwðmmÞ Porosity g Number of orifices N

a 78.54 2 4% 1 Triangle 0 ! 0:036

b 78.54 2 4% 1 Square 0 ! 0:036

c 78.54 2 4% 1 Pentagon 0 ! 0:036

d 78.54 2 4% 1 Hexagon 0 ! 0:036

e 78.54 2 4% 1 Star 0 ! 0:036

f 78.54 2 4% 1 Circle 0 ! 0:036

g 78.54 2 4% 3 Triangle 0 ! 0:036

h 78.54 2 4% 3 Square 0 ! 0:036

i 78.54 2 4% 3 Pentagon 0 ! 0:036

j 78.54 2 4% 3 Hexagon 0 ! 0:036

k 78.54 2 4% 3 Star 0 ! 0:036
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microphone are then used to obtain the transfer function

(i.e., frequency response). Here microphone 1 is chosen to

be a reference. Figure 5 shows the measured amplitude ratio

and phase difference between these microphones. It can be

seen from Fig. 5 that the amplitude ratios (i.e., gains) are

dramatically different. If such a large difference is neglected,

then the noise damping performance of the in-duct perfo-

rated plates will not be correctly predicted. However, the

phase shifts are negligible.

The aeroacoustics damping performances of these perfo-

rated plates are quantified and evaluated by determining the

power absorption D and reflection R coefficients, which have

been widely used as a critical index. They are defined as

D xð Þ ¼ 1� ŜCC xð Þ þ ŜBB xð Þ
ŜAA xð Þ þ ŜDD xð Þ

; R xð Þ ¼ ŜBB xð Þ
ŜAA xð Þ

;

(3)

where ŜAAðxÞ and ŜBBðxÞ describe the auto-spectra of

decomposed incident and reflected acoustic waves in the

upstream of the pipe with an in-duct perforated plate imple-

mented. ŜCCðxÞ and ŜDDðxÞ denote the auto-spectra of the

decomposed sound waves in the downstream. These spectra

of the decomposed waves can be estimated by using the con-

ventional two-microphone technique.30 For completeness,

the basic theory of this sound wave decomposition technique

is reproduced in the Appendix.

A one-dimensional pipe with plane waves propagating

inside and a mean flow with a velocity of � is considered, as

shown in Fig. 4(b). The coordinate origin is assumed to be at

the right end of the pipe system. Two pressure sensors/

microphones are axially placed at x1 and x2. In the current

experimental rig, the axial distance, i.e., jx2 � x1j between

the neighboring two microphones is chosen to be 10 cm. The

acoustic waves propagating in the pipe consist of an incident

~pi and reflected pressure wave ~pr as

~piðx; tÞ ¼ Aejðxt�kixÞ; ~prðx; tÞ ¼ BejðxtþkrxÞ; (4)

where x ¼ 2pf and f is the forcing frequency. ki¼x/

(c0þVp)þ (1 � j)aþ, kr¼x/(c0 � Vp)þ (1 � j)a�. c0 and

Vp are the sound speed and the mean flow speed through the

duct. a6 is the damping coefficient.44 It is determined for

typical conditions by visco-thermal dissipation in the thin

boundary layer45 in the duct. More detailed information can

be found in Refs. 44 and 45. cs is the sound speed. The mea-

sured pressure perturbation at x1 or x2 is given as

~p1;2ðx1;2; tÞ ¼ ~piðx1;2; tÞ þ ~prðx1;2; tÞ

¼ Ae�jkix1;2 þ Bejkrx1;2½ �ejxt: (5)

The power-spectral densities of the pressure measurements

at x1 and x2 are given as

Ŝmm xð Þ ¼ 1

T
hP̂m xð Þ; P̂

�
m fxð Þi;

Ŝmn xð Þ ¼ 1

T
hP̂m xð Þ; P̂

�
n xð Þi

¼ Ĉmn xð Þ þ jQ̂mn xð Þ; (6)

where m denotes 1 or 2. P̂mðxÞ and P̂nðxÞ are Fourier trans-

forms of the pressure measurements in time domain at xm

and xn. And P̂
�
mðxÞ and P̂

�
nðxÞ are complex conjugates of

P̂mðxÞ and P̂nðxÞ. T is the recording period of the pressure

data logging. Ŝmm is the auto-spectral density of the pressure

measurement at xm. Ŝmn is the cross-spectral density between

the measured pressure perturbations in time domain at xm

and xn. ĈmnðxÞ and Q̂mnðxÞ denote the real and imaginary

parts of ŜmnðxÞ.

FIG. 4. (Color online) (a) A photo of

the designed microphone calibration

box used in the anechoic chamber and

(b) schematic of a duct with pressure

measurements at x1 and x2.

FIG. 5. (Color online) (a) Amplitude ratio and (b) phase difference between

the microphone measurements. Microphone 1 is chosen to be the reference.
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These densities are related to the auto-spectral densities

of the decomposed incident sound wave ŜAAðxÞ, reflected

one ŜBBðxÞ, and cross-spectral densities ŜABðxÞ 	 ĈABðxÞ
þjQ̂ABðxÞ, respectively. Here ĈABðxÞ and Q̂ABðxÞ denote

the real and imaginary parts of the cross-spectral density of

the decomposed incident and reflected acoustic waves. The

relationship can be shown as

Ŝ11 Ŝ22 Ĉ12 Q̂12

� �T ¼ A½ � ŜAA ŜBB ĈAB Q̂AB

� �T
; (7)

where ½A� is a 4� 4 coefficient matrix as given in the

Appendix. These spectra of ŜAAðxÞ, ŜBBðxÞ, ĈABðxÞ, and

Q̂ABðxÞ are solved by multiplying Eq. (7) with ½A��1
as

ŜAA ŜBB ĈAB Q̂AB

� �T ¼ A½ ��1
Ŝ11 Ŝ22 Ĉ12 Q̂12

� �T
:

(8)

Note that a similar sound wave decomposition technique can

be used to the pressure data logged in the downstream of the

pipe with the in-duct perforated plate to calculate the auto-

and cross-spectra of ŜCCðxÞ, ŜDDðxÞ, and ŜCDðxÞ. With

ŜAAðxÞ, ŜBBðxÞ, ŜCCðxÞ, and ŜDDðxÞ experimentally deter-

mined, the sound absorption coefficient D and the reflection

one R can then be predicted by using Eq. (3).

In order to make our analysis more generalized and to

define the limits of the validity of the quasi-steady model as

introduced in Sec. IV, a set of dimensionless parameters is

introduced. These non-dimensional parameters include the

Helmholtz number He, the Strouhal number Sr, and Stokes

number Sto as defined as

He ¼ xDd=2pc0;

Sr ¼ xDh=ð4pc0MaÞ ¼ DhHe=ð2DdMaÞ;
Sto ¼ 1=Dhð8�=xÞ : (9)

Here, Ma is the Mach number through the duct, Dd is the

diameter of the duct, and Dh¼ 4Ac/Pe is the hydraulic diam-

eter of the perforated orifices. Pe is the perimeter of the ori-

fice, and c0 is the sound speed. The relationship between He

and Sr is described in Eq. (9). According to the present

experimental flow conditions and the dimensions of the orifi-

ces and the duct, the Strouhal and Helmholtz numbers are

determined as shown in Figs. 6(a) and 6(b), respectively. It

is obvious that He is generally less than 1.0. It implies that

the plane wave approximation can be applied to describe the

acoustic field at distances greater than the duct diameter

from the perforated orifice. The Strouhal number is maxi-

mized and approximately Srmax¼ 1.2 at Mach number

Ma¼ 0.012 and the measured maximum frequency

x/2p¼ 1000.0 Hz and the maximum hydraulic diameter of

the orifice Dh¼ 10 mm. However, the Stokes number is neg-

ligible Sto< 0.01 and we do not plot it here. Such negligible

Sto indicates that viscous dissipation is not dominant.

In Sec. IV, the measured results are illustrated in

terms of He, instead of x. However, if the readers are

interested in how the aeroacoustic damping performance

D/R of the perforated plate depends on acoustic fre-

quency x, then Fig. 6 and Eq. (9) provides the relation-

ship between He and x.

IV. RESULTS AND DISCUSSION

Before D characterizing the noise damping performance is

experimentally determined, the characteristics of the imposed

noise generated from the loudspeaker are measured as shown

in Fig. 7. The noise frequency is set to 470 Hz and the corre-

sponding Helmholtz number, He, is 0.0603. It can be seen that

the measured SPL is approximately 120 dB at He1¼ 0.0603.

Furthermore, harmonics are observed at He2¼ 0:1206.

FIG. 6. (Color online) (a) Variation of

the Strouhal number and (b) Helmholtz

number with the forcing frequency, as

the Mach number is set to different

values. Note that the Helmholtz num-

ber is independent on Ma.
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A. Effect of the orifice geometric shape

In order to evaluate the effect of the orifice geometric

shape, perforated plates (a)–(e) are measured in terms of the

power absorption coefficient D. Figure 8 shows the variation of

D with Helmholtz number He as Ma ¼ 0:033 and N ¼ 1. It

can be seen that there are 5 local Dmax from He¼ 0.0129 to

0.129 (corresponding to 100 � x/2p� 1000 Hz). The corre-

sponding Helmholtz numbers Hem for m¼ 1 to 5 are denoted

by He1 to He5. The multiple power absorption peaks are due to

the periodic reflection coefficient of the cold-flow open-ended

pipe. When the Helmholtz number He � ðHe3 þ He4Þ=2,

power absorption coefficient D depends little on the geometric

shape of the perforated orifices. However, as He is further

increased to He5, the perforated plate with pentagon-shaped

(Pe) orifice is associated with the largest local Dmax. The star-

shaped (St) orifice is found to be the smallest local Dmax. This

is most likely due to the longest wetted perimeter and much

decreased acoustic impedance. This reveals that the orifice geo-

metric shape strongly affects the damping performance of a

higher Helmholtz number noise (see the shaded area of

Fig. 8.). This is most likely due to the shorter wavelength,

which is comparable with the orifice dimensions. At low

Helmholtz number, the noise wavelength is larger than the

characteristic length of the different shaped orifices. Thus, the

orifice shape does not alter its damping performance at a lower

He.

In certain applications, there are other definitions which

are more appropriate for determining the performance of a

noise damping device. An acoustic damper is often applied

to prevent acoustic disturbances in a duct from returning to

its source. In this way, the growth of acoustically-driven

flow/thermoacoustic instabilities might be mitigated. One of

the widely alternative definitions is reflection coefficient R
as defined in Eq. (3). The measured reflection coefficient R
varied with the Helmholtz number He is shown in Fig. 9.

The flow conditions and implemented orifices are set to

be the same as those in Fig. 8. It can be seen from Fig. 9 that

there are five local minimum reflection coefficients Rmin,

which are corresponding to the local Dmax as shown in Fig. 8.

The St orifice is associated with the smallest local Rmin at

He< 0.1161. However, as He is increased, the Tr orifice has

the smallest local Rmin. However, the St orifice is changed to

be with the largest local Rmax, while it has local minimum

Dmax (see Fig. 8). When local Rmax is concerned, there is little

difference between different shaped orifices at He� 0.1161

(corresponding to x=2p � 900 Hz). However, as He is

increased, the orifice shape does affect local Rmax (see the

shaded area of Fig. 9).

FIG. 7. (Color online) (a) time evolution of the measured pressure oscilla-

tions from the microphones implemented on both upstream and downstream,

and (b) frequency spectra of the measured pressure signals, as He¼ 0.0603,

Ma ¼ 0:016 and perforated plate with 1 triangle orifice (see Table I) is

implemented.

FIG. 8. (Color online) Comparison of the power absorption coefficient D
measured from perforated plates (a) Tr, (b) Sq, (c) Pe, (d) Hx, and (e) St, as

Ma ¼ 0:033 and N ¼ 1.

FIG. 9. (Color online) Comparison of the measured reflection coefficient

from perforated plates (a)–(e), as Ma ¼ 0:033 and N ¼ 1.
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To validate our findings, perforated plates (g)–(k) (see

Table I) are experimentally tested. The main difference

between these plates and the previous used ones are the num-

ber of perforated orifices. These plates (g)–(k) are associated

with three orifices perforated on each plate. The measure-

ments are summarized in Fig. 10.

It can be seen from Fig. 10(a) that the Pe orifices are

associated with the largest local maximum power absorption

Dmax. And the St orifices are with the smallest local Dmax.

The orifice shape effect is clearly observed as He> 0.0903,

which is smaller than that observed in the perforated plates

with only 1 orifice, i.e., N ¼ 1. When the reflection coeffi-

cient R is considered, as shown in Fig. 10(b), the St orifices

are associated with the smallest local Rmin. It is worth noting

that there are other shaped perforations, such as slits with the

Stokes number in the order of unity. Such slit perforations

have a width on the order of 0.05 mm. Different noise damp-

ing behaviors as discussed in the previous works39,49 are

expected. Interested readers can refer to Refs. 39 and 49.

However, the present work focuses on the current six shaped

orifices. Further studies are needed to study more different

shaped perforations.

B. Effect of the Mach number Ma

Now let us examine the effect of mean flow Mach num-

ber Ma on the noise absorbing performance of the perforated

plates with different geometric shaped orifices. Figure 11

illustrates the noise damping performance of the in-duct per-

forated plate (a), i.e., Tr orifice, as N ¼ 1 and the bias flow

Mach number is set to 5 different values. It can be seen that

the local maximum power absorption D and reflection coeffi-

cients R are periodically present across the Helmholtz num-

ber from 0:0129 to 0:129 at Hem. As there is no mean flow,

i.e., Ma ¼ 0, the power absorption coefficient D is very small

and the reflection coefficient is very large. The periodic

change in D and R are not so obvious. However, as Ma is

increased, the power absorption and reflection coefficients

are increased dramatically. Maximum power absorption is

approximately 0.83. Further increasing Ma leads to the local

Dmax being decreased at high He (see the local peak at

0.114�He� 0.129). Maximum power absorption coeffi-

cient Dmax is obtained, as Ma ¼ 0:029. This graph confirms

that the mean flow plays an important role on affecting the

damping performance of the perforated orifice. And there is

an optimum Mach number corresponding to the maximum

noise damping performance.

Figure 11 also reveals the transition from quasi-steady

flow behaviors to essentially unsteady behaviors. To shed

light on the transition, the measured aeroacoustic damping

coefficients D and R are discussed in terms of the Strouhal

number. When Ma¼ 0.012 and He< 0.0516 (corresponding

to Sr< 0.49), D and R are related strongly to the Strouhal

number. As Ma is increased to 0.025, the sound absorption

and reflection coefficients depend significantly on the

Strouhal number, i.e., Sr< 0.46. Similar dependency trends

are observed as Ma is set to 0.029 and 0.033.

The mean flow effect on Dmax and Rmin is observed, as the

perforated plate (e) with St orifices is implemented. The exper-

imental results are summarized in Fig. 12. It can be seen that

as Ma is increased, the local Dmax is increased first and local

Rmin is decreased first. Maximum power absorption occurs as

Ma ¼ 0:033. However, minimum reflection Rmin occurs at

Ma ¼ 0:025. This indicates that the optimum mean flow

velocity corresponding to Dmax depends on the orifice shape.

C. Effect of the number N of orifices

There is an interest of knowing the effect of the number

N of the same-shaped orifices on its damping performance,
FIG. 10. (Color online) Comparison of the measured reflection coefficient

from the perforated plates (f)–(j), as Ma ¼ 0:033 and N ¼ 3.

FIG. 11. (Color online) Comparison of the power absorption D and reflec-

tion coefficient R measured from the perforated plate (a) with Tr orifice, as

N ¼ 1 and the bias flow Mach number Ma is set to 5 different values.
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when the porosity remains the same. Figure 13 shows the

comparison of the power absorption coefficients measured

from the in-duct perforated plates (a)–(e), as Ma ¼ 0:033

and N is set to 2 values. It can be observed that at low

Helmholtz number (He< 0.1161), the damping performance

is almost the same, as N is varied. This observation is appli-

cable to all shaped orifices [see Figs. 13(b)–13(e)]. The max-

imum power absorption Dmax is approximately 0:85,

independent on the orifice shape. However, as the Helmholtz

number He is increased, the perforated plated with more ori-

fices absorbed more noise than that with less number of per-

forated orifices, as shown in the shaded area of Figs.

13(a)–13(e). Closer observation of the Tr and St orifices [see

Figs. 13(a) and 13(e)] reveals that 20% more sound is

absorbed at He � 0.1244 as denoted by the green dashed-

dotted line. This is most likely due to the fact that the sound

FIG. 12. (Color online) Variation of

the measured local maximum power

absorption Dmax and local minimum

reflection coefficient Rmin with Ma

from the perforated plate with a St ori-

fice, as N ¼ 1 and He is set to He1 and

He2, respectively.

FIG. 13. (Color online) Comparison of

the power absorption coefficient D
measured from the in-duct perforated

plate with (a) triangle-, (b) square-, (c)

pentagon-, (d) hexagon-, and (e) star-

shaped orifice, as Ma ¼ 0:033 and N is

set to two different values.
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wavelength at a higher Helmholtz number is comparable

with the characteristic length of the orifice.

From an engineering point of view, acoustic liners with

circle-shaped perforated orifices are widely applied.32–34

The damping performances of these perforated plates as

tested above is compared to that of a perforated plate with a

circle-shaped orifice as shown in Fig. 14. Note that the

plate’s porosity remains as 4%.

It can be seen that all the D measurements over the

Helmholtz number range are almost the same. However, a

closer observation reveals that the circle shaped orifice

is associated with a slightly larger D, as He> 0.1032.

However, it has a smaller D over certain Helmholtz number

ranges, for example 0.0872�He� 0.0975 and 0.0616�He

� 0.0706 : The variation of D of the circle-shaped orifice in

comparison of that of other shaped ones makes it difficult to

determine an optimum design. The wide application of

circle-shaped perforated orifices35,36 may be the fact that

they are to easier and low-cost to fabricate.

In general, it is shown that perforated plates37,38 with

the same porosities can dissipate noise effectively, depend-

ing on (1) the geometric shape and (2) the number of the ori-

fices, (3) Mach number Ma (Ref. 39) and (4) the Helmholtz

number range.40,41 At a certain frequency, the incident sound

waves in the duct with a mean flow42,43 might be 100%

reflected back. And approximately 85% of the incident

sound can be absorbed.

V. QUASI-STEADY ANALYSIS OF AEROACOUSTICS
DAMPING OF PERFORATED ORIFICES

For a low Strouhal number (i.e., Sr< 0.45) and Ma
 1.0,

a quasi-steady incompressible flow44,46 is assumed to pass the

perforated orifices. If pressure recovery in the downstream jet

is neglected, then the mass conservation and Bernoulli equa-

tions hold as

q0Aj~vj ¼ Apðq0~vp þ ~qpVpÞ; (10)

~vjVj ¼ ð~pp=q0 þ ~vpVpÞ: (11)

Here subscripts j and p denote the jet through the orifice and

the pipe. Vj and Vp ¼ c0Ma are the mean flow speeds of the

orifice jet and through the duct, respectively. c0 is the sound

speed. The tilde denotes the flow fluctuation. Note that the

mean flow mass conservation also holds as q0AjVj

¼ q0ApVp. The cross-sectional area Aj of the jet is related to

the orifice cross-sectional area as Aj¼AoVc. Here Vc is the

vena contracta factor Vc¼p/(pþ 2) � 0.6.46,48 The vena

contracta effect is neglected in the previous work by Ingard

and Labate.9 There is also an error in Moers et al.39 The for-

mula for the acoustic velocity through the orifice misses a

geometric dimension factor hw/Ap of the wall perforation. A

correct definition is given by Tonon et al.49

Applying the traveling plane wave model ~pp ¼ ~pi þ ~pr,

~vp ¼ ð~pi � ~prÞ=q0c0, ~qp ¼ ð~pi þ ~prÞ=c2
0 and conducting fur-

ther simplification leads to the reflection coefficient being

determined as

RðxÞ ¼ ~pre
�jxt

~pie
�jxt

����
���� ¼ �

1þ AjMa

Ap

� �
1� ApMa

Aj

� �

1þ ApMa

Aj

� �
1� AjMa

Ap

� �
��������

��������
:

(12)

It can be seen from Eq. (12) that when acoustic radiation at

the duct termination and visco-thermal losses are neglected,47

the reflection coefficient R will vanish at Ma¼Aj/Ap. When the

vena contracta factor Vc,
46,48 the minimum reflection coeffi-

cient Rmin is obtained as Ma � 0.024. This agrees well with the

experimental measurements as shown in Fig. 12(b). A similar

quasi-steady model of perforated liners with bias flow was

recently discussed in Refs. 50 and 51.

Not that a similar but less pronounced deviation of the tri-

angle shaped orifices for N¼ 1, Ma¼ 0.033, and He> 0.1161

is shown in Fig. 14. However, there are some differences in

power absorption behaviors between the star and other geome-

tries. This may be due to the fact that (1) the orifices edges are

not perfectly sharp and this induces an increase of vena con-

tracta ratio around the edges of the star shaped orifices, and (2)

the effect of the Stokes layers at the edges of the star.

VI. CONCLUSIONS

In this work, 11 perforated plates are designed and

experimentally tested in a cold-flow duct with a controllable

low Mach number flow. These plates have the same porosity

of 4% but different geometric shapes of orifices: (1) triangle,

(2) square, (3) pentagon, (4) hexagon, (5) star, and (6) circle.

The effects of (1) the mean flow, (2) the geometric shape,

and (3) the number of perforated orifices are examined one

at a time to gain insights on the noise absorbing performance

of these in-duct perforated plates. The damping effect is

FIG. 14. (Color online) Comparison of the power absorption coefficient D
measured from the in-duct perforated plate with (a) triangle-, (b) square-, (c)

pentagon-, (d) hexagon-, (e) star-, and (f) circle-shaped orifice, as Ma ¼ 0:033

and N ¼ 1.
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characterized by using power absorption coefficient D and

reflection coefficient R, which are measured with the dimen-

sionless Helmholtz number varied from 0:0129 to 0:129.

The noise damping performance is found to be either

improved or deteriorated, depending on (1) the Helmholtz

number He, (2) the bias flow Mach number Ma, (3) geomet-

ric shape of the orifices, and (4) the number N of the orifices.

It is interesting to find that the six different shapes of the per-

forated orifices are associated with almost the same local

maximum power absorption coefficient Dmax at He

�0:0244, 0:0487, and 0:0731. However, as the Helmholtz

number is increased (He � 0:0903), St-shaped orifices are

found to be associated with the lowest D. But circle (Ci) and

Pe-shaped orifices are with a larger D. For the perforated

plates with the same shaped orifice and same porosity,

increasing the number N of perforated orifices is shown to

lead to an increase of D. Tr- and St-shaped orifices are found

to be associated with 20% more sound being absorbed at

approximately He¼ 0.1244. However, at lower He

(� 0:1161), the power absorption is found to be little

changed. This is most likely due to the comparable wave-

length with the characteristic length of the orifices.

Approximately 85% of incident plane waves is absorbed,

i.e., Dmax � 0:85, as Ma � 0:029. The optimum bias flow

Mach number corresponding to Dmax is shown to depend on

the orifice shape. To shed light on the orifice damping

behaviors, the quasi-steady model could be applied, depend-

ing on the Strouhal number. According to the present mea-

surements, the transition from quasi-steady flow behaviors to

unsteady behaviors occurs at approximately Sr¼ 0.45. The

predicted optimum Mach number from the quasi-steady

model corresponding to the minimum reflection coefficient

Rmin agrees well with the experimental measurements. In

general, the present parametric measurements reveals the

critical roles of (1) the mean flow, (2) geometric shape, and

(3) the number of perforated orifices on its noise damping

capacity, especially at higher He � 0:0903. The findings

facilitate the design of effective perforated liners.

It is worth noting the present findings are obtained over

the frequency range of 100 to 1000 Hz. These concluding

remarks may not be applicable to higher frequency (for

example, 2000 to 5000 Hz) acoustic disturbances, since the

corresponding wavelength is much smaller. The orifices’

shape effect may be more dominant. However, this needs

further experimental testes to confirm it.
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APPENDIX: COEFFICIENT MATRIX ½A�

The elements of the coefficient matrix ½A� involved in

the classical two-microphone technique30 is given as

A½ �11 ¼ 1; A½ �12 ¼ 1; A½ �13 ¼ 2 cos ðki þ krÞx1;

A½ �14 ¼ 2 sin ðki þ krÞx1;

A½ �21 ¼ 1; A½ �22 ¼ 1; A½ �23 ¼ 2 cos ðkix2 þ krx2Þ;
A½ �24 ¼ 2 sin ðkix2 þ krx2Þ;

A½ �31 ¼ cos ðkix1 � kix2Þ; A½ �32 ¼ cos ðkrx1 � krx2Þ;

A½ �33 ¼ cos ðkix2 þ krx1Þ þ cos ðkrx2 þ kix1Þ;

A½ �34 ¼ sin ðkix2 þ krx1Þ þ sin ðkrx2 þ kix1Þ;

A½ �41 ¼ sin ðkix1 � kix2Þ; A½ �42 ¼ �sin ðkrx1 � krx2Þ;

A½ �43 ¼ sin ðkrx1 þ kix2Þ � sin ðkrx2 þ kix1Þ;

A½ �44 ¼ cos ðkix2 þ krx1Þ � cos ðkrx2 þ kix1Þ:

Note that a new two-microphone technique is proposed by

Melling et al.40 and experimentally tested for broadband

noise.52,53 Interested readers can refer to the previous

work.40
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