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Straight through perforated tube silencers are widely used in intake and exhaust noise control, and their acoustic
behaviors are influenced by the gas flow and high amplitude sound remarkably. To investigate the acoustic attenu-
ation performance of straight through perforated tube silencers in the presence of flow and high amplitude sound,
an approach based on the three-dimensional (3D) time-domain computational fluid dynamics (CFD) simulation is
employed and validated by comparing predictions and measurements. Transmission loss of the straight through
perforated tube silencer under pure tone and multi-tone sound excitations is predicted. Results show that, under
the pure tone sound excitations, the acoustic attenuations are affected remarkably by the high amplitude sound,
and the nonlinear effects turn to weaken as flow velocity increases. With the sound pressure level (SPL) decreasing
along the axis of the silencer, the acoustic nonlinearity in the orifice weakens gradually. The shedding vortices are
restricted to the region near perforations because of the transport of flow. When the multi-tone sound excitation is
enforced on the inlet, transmission loss of the silencer is different from the pure tone excitation at the same SPL of

every compositional frequency.

1. INTRODUCTION

Silencers are widely used to eliminate unwanted noise' in
the intake and exhaust system of turbocharged internal com-
bustion engines. For straight through perforated tube silencers,
the air flow may graze across the orifices and the high SPL may
induce acoustic nonlinearity in the orifices, thereby impacting
the acoustic attenuation performance of the silencer.> Due to
the effects of grazing flow and high-amplitude sound, predict-
ing the transmission loss of the perforated tube silencers using
frequency-domain methods is difficult.>-

Goldman® measured the acoustic impedance of circular ori-
fices under the turbulent boundary layer, and found that the
acoustic impedance of circular orifices with grazing flow is
markedly affected by the high amplitude sound, the nonlinear
effect gradually weakens with increasing flow velocity, and the
influence of turbulent flow on the acoustic impedance is inap-
parent at high SPL. In the investigations of honeycomb acous-
tic liners, Zhang and Bodony’-® found that, when a high am-
plitude sound wave propagates in the orifice, shedding vortices
periodically appear at the edges. When the grazing flow is
present, the transport of flow significantly affects the propaga-
tion of shedding vortices, and the turbulent boundary layer near
the orifice is destroyed by the high particle velocity. Chen et
al.? found that the SPL in the duct gradually decreases and the
acoustic nonlinearity of the orifice gradually weakens as the
location of orifices goes further from the inlet in a lined tube.
Therefore, the complex acoustic characteristics of the orifice
pose the demand for accurate methods to predict the acoustic
attenuation behavior of perforated tube silencers in the pres-
ence of flow and high amplitude sound.

Sullivan!? presented a simple one-dimensional (1D) method
based on the four-pole parameters of different elementary seg-
ments to predict the nonlinear transmission loss of perfo-

rated tube silencers. Dickey et al.'! employed the 1D time-
domain finite difference method to study the nonlinear atten-
uation behaviors of perforated tube silencers. In Sulivan’s'”
and Dickey’s” works, the orifices were characterized by the
acoustic impedance expressions acquired from measurements
in the absence of flow. For the cases with flow, Chang and
Cummings'? employed a differential equation to describe the
nonlinear acoustic characteristics of the orifice and solved the
quasi-1D equations governing the sound field in time domain
by using the finite difference method to determine the trans-
mission loss of perforated tube silencers under the high ampli-
tude pulse sound excitations. El-Rahman et al.'* studied the
nonlinear effects on the acoustic attenuation performance of
perforated tube silencers by solving the quasi-1D compressible
flow equations and adopting a suitable effective length correc-
tion for the orifice to consider the nonlinear effects. The above
mentioned studies are limited to the 1D sound propagation and
exclude the 3D wave effects which may lead especially to in-
accurate predictions at higher frequencies. The restrictions of
the acoustic impedance formulas and the mean flow assump-
tion employed in above literatures further limit the application
of the 1D methods.

Several researchers employed numerical methods to de-
termine the acoustic behavior of resonators by solving the
Reynolds averaged Navier-Stokes (RANS) equations,'42* or
the Navier-Stokes (N-S) equations.”%2* Broatch et al.'"* pro-
posed an approach based on the CFD simulation to predict the
transmission loss of expansion chamber silencers. Ji et al.!>~!"
employed the 3D time-domain CFD approach to determine
the acoustic attenuation behavior of perforated tube silencers
under the low amplitude sound excitations by solving RANS
equations, and the predictions were in good agreements with
the measurements. Tam et al.'® studied the acoustic character-
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Figure 1. Computational model.
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Figure 2. Discretized grids around the perforations.

istics of the acoustic liner with grazing flow and high ampli-
tude sound excitations by solving the RANS equations. Their
investigations indicated that the acoustic characteristics of the
orifice could be simulated by solving the RANS equations. Liu
et al.?'"23 successfully employed the 3D time-domain CFD
approach to determine the insertion loss and noise reduction
of the silencer. The above investigations showed that the 3D
time-domain CFD approach has the advantages of considering
the influences of viscosity, nonlinearity, 3D wave and turbu-
lent flow, as well as low numerical dispersion in the acous-
tic computations. Zhang et al.”-® and Roche et al.>* investi-
gated the acoustic behavior of 3D acoustic liners with grazing
flow and high SPL excitations by using the direct numerical
simulation (DNS), and their predictions aligned with the mea-
surements. However, the disadvantage of the DNS method is
the huge computational resource consumption. Therefore, it
is well-founded to conclude that the 3D time-domain CFD ap-
proach is suitable to predict the nonlinear acoustic behavior of
the perforated tube silencer in the presence of flow and under
high amplitude sound excitations.

In the present study, the 3D time-domain CFD approach
by solving RANS equations is employed to predict transmis-
sion loss of the straight through perforated tube silencer un-
der high amplitude sound excitations. The details of compu-
tational method and grid meshing are introduced in Section 2.
Section 3 presents the measurement of transmission loss and
validation of the present approach. The transmission loss pre-
dictions of straight through perforated tube silencers under the
high amplitude pure tone and multi-tone sound excitations with
different Mach number are discussed in Section 4. Finally, the
study is concluded with final remarks in Section 5.

2. COMPUTATIONAL METHOD
2.1. Computational Model

In the present works, the sharp-edge circular orifices are uni-
formly distributed in the circumferential direction of a center
tube in the straight through perforated tube silencer (short-
ened to ‘perforated tube silencer’ below). In order to reduce
the computation time and consider the interaction among adja-
cent orifices, single symmetric unit and the rotational periodic
boundary condition are adopted to predict transmission loss of
perforated tube silencers.'>~!” The computational model is de-
picted in Fig. 1.

Upstream and downstream of the silencer are provided with
a sufficiently long computational domain, and two side faces
are set as the rotational periodic boundary. The anechoic termi-
nations are applied at the inlet and outlet of the computational
domain. A zone near the inlet, with a length of [, is selected
as a virtual sound source to provide sound excitations. Four
monitoring surfaces perpendicular to the flow are selected in
the upstream and downstream computational domains, respec-
tively. The mean Mach number in the center tube is M.

In the range of incident SPL studied in the present works, it
is assumed that the acoustic nonlinearity only appears near the
orifice, and plane sound wave propagates in the upstream and
downstream tubes satisfying the linear acoustic equation.> The
incident sound pressure p; and transmitted sound pressure p;
can be related respectively as:!

gy eikla/(1=00)

__ Dbs2— . (1)
Pi = RGO M) _ gikla/(1-M)
— paqedklz/(1-M)
Py = Ps4 — Ps3 )

o—iklz/(1+M) _ gjklz/(1—M)’

where pg, is the area-weighted average sound pressure on
monitoring surface Sn (n = 1,2,3,4), k = 2x f /c is the wave
number, f is the frequency, c is the sound speed, I = 30 mm
is the distance between the monitoring surfaces, j = v/—1 is
the imaginary unit. In order to minimize the influence of lo-
cal perturbations of flow and nonplanar wave on predictions
of transmission loss, the distance between monitoring surfaces
and silencer, [, is set as 100 mm.
Transmission loss of the silencer may be expressed as:

)

Pi

3)

TL = 10log (
bt
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Figure 3. Schematic of the acoustic liner (H is the height of the channel).
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Figure 4. Grid independence study: (a) SPL, (b) phase.

2.2. Computational Scheme and Evaluation
Method

The CFD commercial software Fluent™ is employed to
solve the N-S equations, and the laminar model is selected
for the cases without flow, while the SST k-w turbulence
model is applied for the cases with flow. The Bounded Sec-
ond Order Implicit stable transient formulation is chosen for
the time-domain computation, and the time step is set to 5 X
1075 s. SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) pressure-velocity coupling algorithm is used in the
steady flow simulation, and PISO (Pressure Implicit with Split-
ting of Operators) scheme is adopted for the transient compu-
tation. The second order upwind spatial discretization is ap-
plied to solve the mass, momentum, and energy equations. The
working medium is air, and its density meets the ideal gas law.

t25

The mass-flow-inlet and pressure-outlet conditions are set at

the inlet and outlet of the computational model, respectively.
And the selection box of non-reflecting boundary condition is
checked'’ in transient computation. Walls of the model are
set as the adiabatic wall boundary condition with no-slip, and
heat exchange of the walls are not taken into account. Side
boundaries of the computational domain are set as the rota-
tional periodic boundary. A region near left terminal of the
computational domain is set as the momentum source,20 the
sound signal is expressed as:

p(t) = S¥(t); 4)

where 1 (t) is the intensity of the momentum source.

The simulation process of transmission loss of the perfo-
rated tube silencers can be summarized as follows: The tar-
get sound signal is continuously enforced at the sound source,
and time histories of the area-weighted average sound pres-
sures on monitoring surfaces S1-S4 are recorded, respectively.
Then the acoustic signals in time domains are transformed into
frequency domains using the fast Fourier transform (FFT). Fi-
nally, transmission loss is calculated by using Egs. (1)-(3).

2.3. Computational Grid

In order to reduce the numerical dispersion and accelerate
the convergence of simulations, the structured hexahedral grids
are used to discretize the computational domain. When high
amplitude sound propagates around perforations, the shedding
vortices are generated at the edge of orifices.” Therefore, the
grids near the orifices (the red dotted block in Fig. 1) need to
be refined, as shown in Fig. 2(a). Figure 2(b) is the discretized
grids on the cross-section of the orifices. To ensure enough
grids, a trapezoidal zone with high-density grids is formed be-
tween the orifices and main tube. The viscosity-affected thick-
ness of the orifice wall is 21/7u/(pf),>” where  is the dy-
namic viscosity coefficient of air, p is the density of air. Ten
layers of grids are used to discretize the viscosity-affected re-
gion in the present works, and the first internal grid point is
placed at y 4+ ~ 1 at the no-slip walls. In the computational
domain far away from the orifices, the maximum axial size of
grids is 1 mm, and the maximum growth rate in transitional
areais 1.1.

The sound field of the acoustic liner,'® as shown in Fig. 3,
is simulated to analyze the grid independence for the follow-
ing reasons: 1) Similar to the straight through perforated tube
silencer, the flow grazes across the silts in the acoustic liner;
2) The grid independence is mainly performed for the grids
around the orifices which have significant influence on the nu-
merical computation. To make the grid independence more
convincing, the grids consistent with Fig. 2(a) are adopted to
discretize the slits. The mean Mach number in the channel is
0.3. On the basis of the above meshing scheme (assuming the
number of grids is ng), the number of grids is uniformly halved
and doubled, respectively. Figure 4 shows the effect of grid
quantity on the streamwise distribution of SPL and the relative
phase along the wall opposite the liner under incident sound of
2000 Hz and 148.6 dB SPL (The measurement and extraction
method of SPL and phase are presented in literature'®). The
results indicate that the meshing scheme in the present works
has adequate numerical accuracy to simulate the sound field
under high SPL excitations and in the presence of flow.
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Figure 6. The diagram of perforated tube silencer.

3. MEASUREMENT AND VALIDATION

3.1. Measurement

The measurement set-up for transmission loss is shown in
Fig. 5. The measured silencer is installed in the impedance
tube with a 50 mm inner diameter. For both sides of the
measured silencer, two PCB 377B26 probe microphones are
mounted on the tube wall, with a distance of 45 mm, cor-
responding to the effective frequency range from 400 Hz to
2500 Hz.?® The impedance tube is equipped with a tapered
non-reflective terminal to minimize the reflected signal at the
outlet, and a silencer to reduce the flow noise at the inlet. The
multichannel signal analyzer is used to generate sound signals
and provide the signal to the power amplifier to drive the loud-
speakers as well as collect the signals of the four probe micro-
phones. The Testo 512 flowmeter is used to acquire the flow
velocity in the tube. The ambient temperature is 296 K.

3.2. Validation

The diagram of perforated tube silencers is shown in Fig. 6,
where D and L are the diameter and length of the expansion
chamber, respectively, d is the diameter of perforated tube, and
tw, dp and ¢ are the wall thickness, orifice diameter and poros-
ity of the perforation, respectively. The dimensions of the per-
forated tube silencers are listed in Table 1. The linear acoustic
attenuation behaviors of perforated tube silencers are obtained
at the SPL below 110 dB in the present study.

Table 1. Geometric parameters of the perforated tube silencers.

Silencer | D (mm) | L (mm) | d (mm) | ¢y, (mm) | dj (mm) ©
S-1 80 200 50 2 4.1 0.8%
S-2 63.5 254 26.6 34 3.18 3.97%
S-3 200 138.6 50 2 35 3.7%

The comparisons of measured and predicted transmission
loss of silencer S-1 under pure tone sound excitations at M =
0 and 0.051 are shown in Figs. 7(a) and (b), respectively. The
frequencies and amplitudes of high amplitude excitations are
presented in the tables within Fig. 7, and the low amplitude
excitation (linear) is a sinusoidal pulse signal'” with 20 Pa and
4000 Hz. It can be seen that the predictions agree well with the
measurements, except for the differences around the first peak
in Fig. 7(b) which may be caused by the additional disturbance
of flow in the impedance tube.

In order to validate the 3D time-domain CFD approach for
the transmission loss prediction of perforated tube silencer un-
der high amplitude multi-tone sound excitations in the pres-
ence of flow, the silencer S-2 is considered. The transmission
loss of silencer S-2 has been measured by Chang et al.'” Be-
cause it is difficult to achieve an ideally non-reflecting outlet,
Chang et al.'? installed a long tube downstream of the silencer
and measured the acoustic signals in the time period that is not
polluted by the reflected signal. The measurement procedure
was as follows:

1) First, the tube was connected without the silencer. The
flow velocity was set to the desired value, the acoustic
signal was adjusted to the required level and the signal
from the microphone was captured by the analyzer. This
signal represented the acoustic waveform incident on the
silencer.

2) Next, the flow was turned off, and the silencer was in-
stalled. The flow was set to the same mean velocity as
before, and the microphone signal was again recorded.
The second signal represents the waveform transmitted
through the silencer. Therefore, transmission loss was de-
termined by the differences between the measured inci-
dent sound signal without a silencer and the transmitted
sound signal with a silencer.
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Figure 7. Transmission loss of silencer S-1: (a) M = 0, (b) M = 0.051.
Table 2. Fundamental frequencies and amplitudes of multi-tone sound excitations.
Order 1 2 3 4 5 6 7 8 9 10
M =0.018 | 151.7 | 149.6 | 146.1 144.8 | 134.8 | 1354 | 140.8 | 136.8 | 124.1 126.3
M =0.193 | 151.7 | 1494 | 1446 | 1449 | 1398 | 1403 | 137.6 | 1374 | 1355 | 1329

The comparisons of predictions and measurements'? are
shown in Figs. 8(b) and (d), and the incident sound pressures
are shown in Figs. 8(a) and (c). The fundamental frequencies
and amplitudes of high amplitude multi-tone incident sound
excitations are presented in Table 2. At M = 0.018, the pre-
dictions agree well with the measurements at the first seven
frequencies, and deviations appear at the others frequencies.
The measured transmission loss of silencer S-2 was obtained
by calculating the differences of sound powers downstream of
the impedance tube with and without the silencer,'” which is
different from the method employed in the present CFD simu-
lation. Therefore the extra nonlinear distortion of high ampli-
tude wave in simulation causes the deviations at the high fre-
quencies whose sound pressure amplitudes are less than that at
low frequencies. At M = 0.193, obvious deviations are ob-
served at the fifth, seventh and tenth frequencies, which may
be caused by the deviations of unsteady flow between the nu-
merical simulation and measurement in the presence of high
speed flow. Generally speaking, the acoustic attenuation be-
havior of perforated tube silencers under the high amplitude
sound excitations can be well captured by the 3D time-domain
CFD approach.

4. RESULTS AND ANALYSIS

4.1. Transmission Loss Under Pure Tone
Sound Excitations

The 3D time-domain CFD approach is applied to calculate
the transmission loss of silencer S-3 under the pure tone sound
excitations with different SPLs. The predictions at M = 0,
0.05, 0.1 and 0.15 are shown in Figs. 9(a), (b), (c) and (d), re-
spectively. Due to the limitation of the loudspeakers, the trans-
mission loss in linear region is measured only. For the situ-
ations with low SPLs (linear behavior), the silencer S-3 con-
tributes mainly a broadband resonance, a narrow-band reso-
nance and a low-peak dome attenuation in turn within 2000 Hz,
and the pass frequency is near f = ¢/(2L) at M = 0. At
M = 0.05, the broadband resonance shifts to higher frequency,

while the narrow-band resonance disappears and the pass fre-
quency is nearly unchanged. With the Mach number M further
increasing, the resonance transforms into the dome attenuation,
and the original dome attenuation in higher frequency range is
enhanced, gradually. For the cases with high SPLs (nonlin-
ear behavior), the peak of the broadband resonance decreases
and gradually becomes a smoothed dome attenuation with an
increasing of SPL at M = 0. The effect of high amplitude
sound weakens with the increasing of M. At M = 0.15, even
the 155 dB sound excitation cannot generate an obvious non-
linear effect on the acoustic attenuation behavior of silencer
S-3. Both high speed flow?® and high amplitude excitation?’
may lead to the increase of acoustic resistance of perforations,
which cause the similar variation trend of transmission loss
shown in Figs. 9(a) and (c); however, the mechanisms are dif-
ferent. The acoustic impedance of the orifice is affected by
vortex-sound interaction under high speed grazing flow and
shedding vortices induced by the high sound particle velocity
under high amplitude excitation, respectively.
The sound vorticity w is defined as

&)

where e, e, and e, are the components of unit vector, and v
is the vector of acoustic particle velocity.

The normalized y-direction component of vorticity ampli-
tude |wy|dp, /¢ in the silencer S-3 derived from the CFD compu-
tations (800 Hz and 150 dB) at M = 0, 0.05, 0.1 and 0.15 are
shown in Figs. 10(a), (b), (c) and (d), respectively. Along the
axis direction of silencer S-3, the |w,|d},/c around the orifices
decreases gradually. Therefore the acoustic nonlinearity of the
orifices weakens with the SPL decreasing in the silencer. When
M = 0, the vortices are approximately symmetrical along the
axis of the orifices. But with the M increasing, the symme-
try disappears, and the shedding vortices are restricted to the
region near perforations because of the transport of flow.

The axial particle velocities amplitude in the middle of ori-
fices are shown in Fig. 11. From the inlet to the outlet of the
silencer S-3, the orders of the axial orifices are ranked from 1

W= wge; +wye, +w.e, =V xv;
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Figure 8. Transmission loss of silencer S-2: (a) incident sound pressure at M = 0.018, (b) transmission loss at M = 0.018, (c) incident sound pressure at

M = 0.193, (d) transmission loss at M/ = 0.193.

to 9. It can be seen that the axial particle velocity amplitude in
the middle of orifices decreases along the axis of silencer S-3,
and the axial particle velocities have no significant variations
in the presence of flow.

4.2. Transmission Loss Under Multi-Tone
Sound Excitations

In order to investigate the influence of the high amplitude
multi-tone sound on the acoustic attenuation behavior of the
perforated tube silencer, the 3D time-domain CFD approach
is applied to calculate the transmission loss of silencer S-3.
The multi-tone sound excitations are enforced on the inlet of
silencer S-3 by the form expressed as:

10
p(t) = Ip| Y sin(200i * 27t); (6)

=1

where |p| is amplitude of the sound pressure at every fre-
quency, t is the time. The transmission loss predictions of
silencer S-3 at M = 0, 0.05, 0.1 and 0.15 are depicted in
Figs. 12(a), (b), (c) and (d), respectively (the values in the leg-
ends are the SPLs at the corresponding frequencies). The non-
linear effect on acoustic attenuation behavior of silencer S-3
under multi-tone sound excitation becomes more remarkable
than that under pure tone sound excitation, and the influence

of multi-tone sound excitation on the transmission loss of the
silencer decreases with the increasing of M.

5. CONCLUSIONS

The 3D time-domain CFD approach by solving RANS equa-
tions has been employed to predict and analyze acoustic at-
tenuation behaviors of the straight through perforated tube si-
lencers under high amplitude sound excitations in the pres-
ence of flow, and the accuracy of the approach was validated
by comparing predicted and measured transmission loss of si-
lencers.

Transmission loss of a straight through perforated tube si-
lencer under 110 dB (linear behavior), 140 dB, 150 dB and
155 dB at M = 0, 0.05, 0.1 and 0.15 were predicted, respec-
tively. The predictions showed that the transmission loss of the
perforated tube silencer was affected significantly by high am-
plitude sound at low Mach number, and the acoustic nonlinear-
ity weakened with the increased Mach number. With decreased
SPL in the silencer, the orifices along the axis direction exhib-
ited weakened acoustic nonlinearity. The effect of multi-tone
sound excitation on the transmission loss of the perforated tube
silencer was more obvious than the pure tone sound excitation
enforced alone, especially near the resonance peak.

The straight through perforated tube silencers investigated
in the present work are axisymmetric structures where the cir-
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Figure 9. Transmission loss of silencer S-3 under pure tone sound excitations: (a) M = 0, (b) M = 0.05, (¢c) M = 0.1, (d) M = 0.15.
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Figure 10. The normalized vorticity amplitude fields in y-direction at 800 Hz and 150 dB, |wy|d}, /c: (a) M = 0, (b) M = 0.05, (¢) M = 0.1, (d) M = 0.15.
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Figure 11. The axial particle velocity amplitude in the middle of orifices at
800 Hz and 150 dB sound excitation.

cumferential modes disappear. Therefore, the rotational peri-
odic boundary condition was adopted to reduce computation
time. For an arbitrary-shape silencer, the entire model should
be created in computation to consider the effects of 3D waves.
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