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In a recent investigation, it was found by direct numerical simulation that sound waves at
high intensity can induce vortex shedding at the mouths of the resonators of an acoustic
liner. Measurements from their numerical simulations indicate that the rate at which kinetic
energy is transferred to the shed vortices can be much higher than the viscous dissipation
rate. Thus vortex shedding is a dominant dissipation mechanism of resonant acoustic liners.
This paper reports the results of a co-ordinated investigation aiming at validating the
observations and measurements of direct numerical simulation experimentally. The
experiment uses a normal incidence impedance tube. Good agreements are found between
the measured absorption coe$cients of the physical experiment and direct numerical
simulation over a broad range of frequencies and sound pressure levels. A separate
visualization experiment con"rms the observation of shed vortices at high incident sound
intensity. ( 2001 Academic Press
1. INTRODUCTION

Acoustic liners are invariably installed in present day jet engines for noise suppression
purpose. They are found to be e!ective in suppressing fan noise to an acceptable level.
Although acoustic liners have been widely used since the 1970s, the actual mechanisms by
which sound is dissipated remains an open question. In the case of resonant liners, most of
the dissipation takes place around the openings of the resonators. The typical size of the
openings is less than 1 mm in diameter. Due to the smallness of the openings, no
experimental measurements of the #ow in and around such a resonator have ever been
performed. (Note: Ingard and coworkers [1, 2] have conducted #ow visualization studies
and hot wire measurements on larger size ori"ces.) In the literature, a number of
semi-empirical models, references [3}5] have been developed to describe the #ow "eld and
to provide an impedance value for the liner. Most of the basic ideas of these models can be
traced back to a paper by Melling [6]. Melling suggested that if the sound intensity was low,
the principal dissipation mechanism was wall friction around the resonator opening. If the
sound intensity was high, an oscillatory turbulent jet with phase correlated to the incident
sound waves developed right at the entrance of the resonator. Presumably, the conversion
of sound energy to turbulence was the main mechanism of dissipation in this case. The basis
of invoking the presence of a turbulent jet was the earlier experimental observations of
0022-460X/01/330545#13 $35.00/0 ( 2001 Academic Press
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Ingard and Labate [1] and Ingard and Ising [2]. However, in the experiments, a relatively
large ori"ce was used. Due to the large opening used in the experiment, the viscous e!ects
could be signi"cantly di!erent. It is, therefore, not clear whether the oscillatory turbulent jet
model of reference [7] is applicable to present day resonant liners.

Recently, Tam and Kurbatskii [8] investigated the dissipation mechanisms of a slit
resonator by direct numerical simulation. One main advantage of direct numerical simulation
is that the smallness of the resonator is not a hindrance. Further, the exact viscous e!ect can
easily be imposed on the simulation. By using a properly designed mesh, all the essential
physics involved can be incorporated in the numerical model and computation.

Tam and Kurbatskii found that at low incident sound intensity, dissipation was caused
primarily by a jet-like oscillatory laminar boundary layer formed close to the walls of the
resonator opening. The rate of energy dissipation by viscosity associated with the velocity
gradients of the jet-like #ow is relatively low. The simulation was repeated using increasing
incident sound levels. The formation of a turbulent jet was not found even for sound
pressure levels as high as 156 dB. Instead, vortex shedding at the mouth of the resonator
was observed at moderate to high incident sound intensity. The shed vortices carried o!
signi"cant amount of kinetic energy. The kinetic energy, once imparted to the vortices,
could not be reverted back to acoustic energy. It is eventually dissipated by molecular
viscosity. When vortex shedding occurs, there is a signi"cant increase in energy dissipation
rate. This is most desirable from the acoustic liner standpoint.

Vortex shedding as a #ow phenomenon is not new. It has been found to occur in many
types of #ow of engineering signi"cance. However, the observation of vortex shedding at the
mouths of the resonators of a resonant liner with openings of 1mm or less has not been
reported in the literature. To ensure that this is not an artifact of numerical simulation,
a co-ordinated investigation between numerical simulation and physical experiment is most
desirable. The objective of the present investigation is to perform a numerical simulation
and a corresponding physical experiment independently to validate the computationally
observed vortex-shedding phenomenon. Furthermore, the computed dissipation rate and
the experimentally measured dissipation rate over a range of incident sound frequencies and
intensities are to be compared. This provides a quantitative con"rmation of the reliability of
numerical simulation results. This paper reports the results of the investigation.

Details of the comparisons between numerical simulations and physical experiment are
given in section 4 of this paper. It will be reported that the measured absorption coe$cients
from numerical simulation are found to agree well with normal incidence impedance tube
experimental measurements over an extended range of frequencies and sound intensities.
A separate visualization experiment con"rms the observation of shed vortices.

2. NUMERICAL SIMULATION

A series of numerical simulations of the #ow and acoustic "elds of a slit resonator driven
by incident plane acoustic waves is carried out. The objective is to compare the dissipation
rate of the numerical simulation with that measured in a normal incidence impedance tube
experiment. The experiment is described in the next section. The computation algorithm
used is similar to that of reference [8]. The dimensions of the resonator are taken to be
nearly identical to that of the physical experiment. Figure 1 shows the computation domain.
Plane acoustic waves created by the boundary condition on the top boundary of the
computation domain are incident normally on the resonator and the adjacent wall. Here,
normal incidence is chosen to simulate the condition inside a normal incidence impedance
tube of the companion experiment.



Figure 1. The computation domain.

Figure 2. The slit resonator model used in the numerical simulation.

RESONANT ACOUSTIC LINERS 547
Figure 2 shows the slit resonator used in the present study. The dimensions are
D"¹"0)8 mm, ¸"36D, ="28D. Figure 3 shows the mesh size distribution and the
di!erent subdomains inside the resonator used in the computation. The subdomain at the
resonator opening has the smallest mesh size. A square mesh is used with Dx"Dy"D/80,
where D is the width of the opening. This mesh size is found to be able to resolve Stokes'



Figure 3. Grid distribution and subdomains inside and at the mouth of the slit resonator. Mesh size:
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viscous layer adjacent to the wall surfaces for frequencies up to 10 kHz. The mesh size of
adjacent subdomain increases by a factor of 2 in the direction going away from the opening
of the resonator. Outside the resonator, there are eight layers of mesh; again the adjacent
mesh size increases by a factor of 2. The mesh size distribution and the size of the di!erent
subdomains are the same as in reference [8].

The governing equations are the compressible Navier}Stokes equations. In
dimensionless form with D (the width of the resonator opening) as the length scale, a

=
(the speed of sound) as the velocity scale, D/a
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energy equation (3), viscous dissipation and thermal conduction are neglected. They are
unimportant for the present physical problem.

The Navier}Stokes equations are discretized according to the Dispersion}Relation}
Preserving (DRP) scheme (see references [9, 10]). A seven-point symmetric stencil is used in
each subdomain. Outside the "ve subdomains with the smallest mesh, the viscous e!ect is
unimportant. Thus, instead of the Navier}Stokes equation, the Euler equations are solved
(obtained by setting q

ij
"0 in equation (2)). At the subdomain interface, special stencils both

in space and time are used. The method to construct these stencils is discussed in the
appendix of reference [8]. E!ectively, the multiple-size-mesh multiple-time-step DRP
scheme is used as the computation algorithm. In addition, to eliminate spurious short
numerical waves and to promote numerical stability, arti"cial selective damping, see
reference [11], is added to the computation algorithm. The same distribution of the arti"cial
mesh Reynolds number used in reference [8] is employed in the present work. The DRP
scheme is a time accurate marching scheme. In all the numerical simulations performed in
the present investigation, the numerical solutions are marched to a time periodic state
before measurements are made.

Following reference [8], the split variable method (see reference [12]) is adopted to
implement the boundary conditions at the outside boundary of the computation domain.
As discussed in reference [8], the boundary conditions perform two functions. First, they
must generate the incident and the re#ected sound waves in the absence of the resonator
(see Figure 1). When the resonator is added to the wall, additional acoustic disturbances
are generated. The boundary condition must allow these acoustic disturbances to exit
the computation domain with little re#ection. The exact incident and re#ected plane
acoustic wave system is given in reference [8]. In the split variable method, the #ow
variables are divided into two parts. One part is the incident and re#ected wave system
mentioned above. The other part is the disturbances generated by the presence of the
resonator. A perfectly matched layer (PML) (see reference [13]) is added just outside
the computation domain. The #ow variables computed in the PML are the acoustic
disturbances generated by the resonator. They are obtained by subtracting the incident
and re#ected acoustic wave system from the total "eld variables of the computation.
The PML automatically absorbs all the outgoing acoustic disturbances with minimal
re#ection.

In the companion normal incidence impedance tube experiment (see section 3) it is found
that the incident waves may contain a number of harmonics. Figure 4 shows a typical
incident wave spectrum. In this case, the incident sound has a frequency of 1 kHz at 150 dB
nominal. The spectrum is dominated by the fundamental. The harmonics are more than
22 dB, less in intensity. For this type of incident sound wave spectrum, only the fundamental
is included in the simulation. That is, the normal incident sound waves consist of a single
tone. However, it has been measured in the normal incidence impedance tube experiment
that the harmonics in a few special cases are exceptionally strong. Figure 5 shows the case of
incident sound at 2 kHz frequency and 150 dB nominal. The "rst and second harmonics are
just a few dB lower in intensity than the fundamental. In these special cases,
a three-wave-system with amplitudes given by experimental measurements is used as
incident waves. In this way, each numerical simulation matches the experimental conditions
of the corresponding normal incidence impedance tube experiment.

Figure 6 shows the computed density "eld around the mouth of the resonator for the case
of an incident wave at 1 kHz and 130 dB in intensity. This "gure clearly shows that vortex
shedding is induced by the incident sound waves. Whenever vortex shedding occurs, the
energy dissipation rate increases dramatically. With vortex shedding, acoustic energy is



Figure 4. Measured incident sound pressure spectrum for the case of f"1 kHz and 150 dB nominal SPL;
D f"4 Hz.

Figure 5. Measured incident sound pressure spectrum for the case of f"2 kHz and 150 dB nominal SPL;
D f"4 Hz.
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dissipated in two ways; by viscous dissipation and by the transfer of acoustic energy to the
kinetic energy of the vortices. The kinetic energy of the vortices is subsequently dissipated
by viscosity.



Figure 6. Density "eld near the mouth of the slit resonator showing the shedding of vortices. f"1 kHz,
SPL"130 dB.
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To compare the energy dissipation rate of the numerical simulation with experiment,
both the viscous dissipation and the rate at which energy is transferred to the shed vortices
are computed from the numerical output. The time averaged viscous dissipation rate,
DM (x, y), at a point (x, y) is given by
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where ¹ is the period of the incidence sound. The total energy dissipation rate due to
molecular viscosity for the entire resonator is

E
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Let <h be the rotational velocity of a vortex. The kinetic energy of the vortex per unit
span, K, is equal to

K"nP
R

0
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where r is the radial distance measured from the center of the vortex and R is the size of the
vortex. By counting the number of vortices shed over a long period of time, the number of
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vortices shed per period of oscillation, N, is measured. The rate at which energy is
transferred to the shed vortices, E

shedding
, may now be found by
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, (7)

where S T is the ensemble average.
By combining (5) and (7), the total energy dissipation rate due to both mechanisms is
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As a measure of the e$ciency of the resonant liner, it is noted that the energy #ux of the
incident acoustic waves through an area equal to the opening of the slit resonator is equal to
(per unit length of the slit)
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where p is the pressure of the incident sound waves and the overbar indicates the time
average. Of importance is the ratio E

dissipation
/E

incident
. This quantity is measured for each

numerical simulation to be used for comparison with the dissipation measurements of the
normal incidence impedance tube experiment (see section 4).

3. NORMAL INCIDENCE IMPEDANCE TUBE EXPERIMENT

Normal incidence impedance tube experiments were conducted to validate the results of
the numerical simulations. The impedance tube had a circular cross-section with an inner
diameter of 2)85 cm. The general speci"cation of the impedance tube is detailed in reference
[14]. An ori"ce plate with a 0)8 mm wide slit-ori"ce was placed at the end of the tube
backed by a cavity of 2)88 cm depth. Thus the slit width, cavity depth and slit area to cavity
Figure 7. Experimental setup of GTRI impedance tube with slit-ori"ce cavity. All dimensions are in inches.
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area ratio are almost identical between the experiment and the computation model (see
section 2). A high intensity acoustic driver mounted at the other end of the impedance tube
was used to produce the incident acoustic waves. A sinusoidal input from a function
generator was supplied to a JBL acoustic driver via a Carvin Ampli"er. The incident and
re#ected acoustic waves inside the tube were measured by the Two Microphone Method
originally described by Chung and Blaser [15]. The two microphones were #ush mounted
on the wall of the impedance tube. The location of the microphones and the entire
experimental setup are shown schematically in Figure 7. The test conditions are given in
Table 1.

The cross-spectra data from the two microphones were processed with an HP 3667A
Signal Analyzer. The data were then fed to a Pentium II platform to be used in the Chung
and Blaser algorithm for the Two Microphone Method. The amplitude of the discrete tone
was "xed at the nominal incident sound pressure level prescribed in Table 1. Data from the
microphones were analyzed from 0 to 6400 Hz with a bandwidth of 4 Hz and 64 averages.
Typical incident sound spectra are shown in Figures 4 and 5.

In addition to the acoustic experiment using the normal incidence impedance tube,
a separate visualization experiment was performed using an acrylic tube of nominally the
same dimensions as the steel impedance tube shown in Figure 7. A state-of-the-art TSI
TABLE 1
¹est conditions

Frequency kHz Nominal incident sound pressure levels dB

1)0 130, 150
2)0 130, 150
3)0 130, 150
4)0 130, 150
6)0 130, 150

Figure 8. Experimental setup of acoustic #ow visualization apparatus.



Figure 9. Flow visualization showing shed vortices near slit-ori"ce. Sound frequency"1000 Hz. Sound
pressure level 150 dB nominal.

TABLE 2
Measured incident sound pressure level (SP¸)

Frequency kHz 130 dB nominal dB 150 dB nominal dB

1)0 132)73 156)08
2)0 135)22 *
3)0 137)92 156)36
4)0 139)52 157)97
6)0 137)44 155)73

*Two harmonics are included
2 kHz, SPL"155)65 dB
4 kHz, SPL"153)81 dB
6 kHz, SPL"146)11 dB
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power view particle image velocimeter (PIV) system was used to introduce a laser sheet
across the width of the slit-ori"ce and cavity. The laser sheet illuminated incense smoke that
was allowed to "ll the tube before the acoustic driver was turned on. For optical
observation, the system used a high resolution 30 frames per second CCD camera,
dual-YAG lasers and a Laser Pulse Light Arm for the delivery of the laser beam.
A schematic diagram of the entire visualization experiment apparatus is given in Figure 8.
The objective of the #ow visualization experiment is to obtain images to allow visualization
of the instantaneous #uid motion. Of special interest is the visualization of shed vortices
near the opening of the slit-ori"ce.

Figure 9 shows a #ow visualization picture obtained at 1 kHz incident sound waves and
150 dB nominal intensity. This picture is quite typical of the set of pictures obtained in the
experiment. As can be seen, there are shed vortices near the slit-ori"ce. Figure 9 and similar
images provide clear evidence of the presence of shed vortices induced by incidence sound
waves. They con"rm the original observation of reference [8] using direct numerical
simulation.

4. COMPARISONS BETWEEN MEASURED RESULTS FROM NUMERICAL SIMULATION
AND NORMAL INCIDENCE IMPEDANCE TUBE EXPERIMENT

In order to be able to make direct comparisons between experimental measurements and
those from direct numerical simulation, the normal incidence impedance tube experiment
was performed "rst. The measured incident sound intensity and that of the harmonics (if the
amplitudes are high enough) are then used in the numerical simulation. The measured
incident sound intensities at di!erent frequencies are tabulated in Table 2.



Figure 10. Comparison between the absorption coe$cients measured by the normal incidence impedance tube
experiment, d, and those from direct numerical simulation, s. Nominal incident sound pressure level"150 dB.
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Figure 10 shows a comparison of the absorption coe$cients measured experimentally
and those measured from direct numerical simulation at a nominal incident sound intensity
of 150 dB. In this work, numerical computations were conducted over a su$cient number of
cycles to ensure that dynamic steady state was achieved before measurements were made.
As it is evident, the agreement is excellent for all the low frequency cases. There is some
noticeable di!erence at 6 kHz. This could be the result of measurement error. At frequencies
su$ciently above the resonator tuned frequency, resonator impedance becomes dominated
by ori"ce inertia reactance and hence R@DXD. At these frequencies, it becomes di$cult to
accurately measure R and the absorption coe$cient in an impedance tube. Also, the present
numerical algorithm was designed speci"cally for accurate simulation of waves with
frequency up to 6 kHz. Figure 11 shows a similar comparison at nominal incident sound



Figure 11. Comparison between the absorption coe$cients measured by the normal incidence impedance tube
experiment, d, and those from direct numerical simulation, s. Nominal incident sound pressure level"130 dB.
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intensity of 130 dB. There are good agreements at all frequencies except 2 kHz. At present,
there is no de"nitive explanation of the large discrepancy. A plausible reason has, however,
been suggested as follows. It is noted that the absorption coe$cient has a very steep
gradient between 1 and 3 kHz. At 1 kHz, there is vortex shedding in the numerical
simulation but no vortex shedding at 3 kHz. It is speculated that the experiment may di!er
slightly from the numerical simulation. Due to the slight di!erence, there may be vortex
shedding in the experiment and no vortex shedding in the simulation. This results in a large
absorption coe$cient for the experiment. The suggestion appears to be probable, but not
easy to con"rm.

It is interesting to point out that vortex shedding was observed in the numerical
simulation when the incident sound pressure level is nominally at 150 dB. However, at
130 dB nominal sound pressure level, only the 1 kHz case has vortex shedding; apparently
the system resonance frequency is 1 kHz. Figures 10 and 11 indicate that the absorption
coe$cient is small whenever vortex shedding is not observed. This is a direct con"rmation
that vortex shedding is a powerful sound dissipation mechanism for resonant liners.

5. CONCLUSION

A co-ordinated numerical and experimental investigation of the dissipation mechanisms
of slit resonator with dimensions typical of those of present day resonant acoustic liners has
been carried out. In a previous work, Tam and Kurbatskii [8], using direct numerical
simulation, observed the occurrence of vortex shedding at the mouth of the resonator. Their
numerical results indicate that vortex shedding is an important acoustic energy dissipation
mechanism. Present #ow visualization experiment con"rms the presence of shed vortices
near the mouth of the slit in direct support of the occurrence of vortex shedding. Acoustic
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absorption coe$cients calculated from numerical simulation are in good agreement with
normal incidence impedance tube measurements over a wide range of frequencies and
incident sound pressure levels. The good agreement provides strong support for the validity
of the observations and measurements of direct numerical simulation. It is hoped that there
is now su$cient con"dence in the use of numerical simulation to explore the #ow physics of
acoustic liners further. It is worthwhile to point out that the results obtained have been
derived without recourse to concepts of mass reactance as used in standard liner technology
literature and represent a radical departure from conventional thinking. However, the
present work must be regarded as an initial e!ort in clarifying the macroscopic description
of acoustic liner properties in terms of impedance. Further studies are obviously needed to
provide a "rmer physical basis for such concepts.
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