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Multiple valves in the pipeline system belong to obvious periodic structure distribution
types. When a high-speed airstream flows through the pipeline valve, it produces obvious
aero-acoustic and acoustic resonance. Acoustic resonant systems with single and six-
pipe valves were investigated to understand the flow and acoustic characteristics using a
numerical simulation method and testing method. The strongest acoustic resonance
occurred at a specific flow velocity with a corresponding Strouhal number of 0.47
corresponding to the geometric parameters in the paper. Moreover, acoustic
resonance occurred in a certain velocity range, rather than increasing with the increase
of the velocity of the pipeline. This regular increase provided an important theoretical basis
for the prediction of the acoustic resonant and ultimate acoustic load of a single-valve
system. When the pipeline was attached with multiple valves and the physical dimension
was large, the conventional aero-acoustics calculation results were seriously attenuated at
high frequency; the calculation method involving a cut-off frequency in this paper was
presented and could be used to explain the excellent agreement of the sound pressure
level (SPL) below the cut-off frequency and the poor agreement above the cut-off
frequency. A new method involving steady flow and stochastic noise generation and
radiation (SNGR) was proposed to obtain better results for the SPL at the middle and high
frequencies. The comparison results indicated that the traditional method of Lighthill
analogy and unsteady flow could accurately acquire aerodynamic noise below the cut-off
frequency, while the new method involving steady flow and SNGR could quickly acquire
aerodynamic noise above the cut-off frequency.

Keywords: resonance system, pipe valve, steady and unsteady flow, lighthill analogy, stochastic noise generation
and radiation

1 INTRODUCTION

Periodic structures are usually used in the design of acoustic metamaterials, and have a large number
of applications in low-frequencysound absorption and sound insulation (Ma et al., 2021a). Low-
frequency sound absorption and sound insulation performance are often improved by changing the
layout of periodic structures and the structural characteristics of single cells (Zhu et al., 2014; Pelat
et al., 2020; Ma et al., 2021b).

When high-velocity air flows through variable cross-section pipes, strong resonant noise is
generated if the frequency of vortex shedding coincides with the resonant frequency of the bypass
pipe. A substantial flow rate causes strong acoustic energy to occur at the junction of the main steam
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line valve. The amplified sound pressure wave propagates in the
main steam line at the speed of sound and acts on the structure
surface. When the acoustic resonant frequency of the pipeline
valve is close to the frequency of the structure, the structural
vibration increases significantly, leading to severe damage (Shiro
et al., 2008).

Mechanical noise, aerodynamic noise (usually called aero-
acoustic noise), and cavitation noise represent the primary
sound sources effecting a pipeline valve and are investigated
using a method that combines theoretical and experimental
aspects. In 2005, (Ryu et al. (2005) studied the relationship
between the valve spool opening and the noise level in the
engine intake and exhaust pipelines via tests, revealing the
influence of different valve spool openings on the noise level
of pipelines. Alber et al. investigated the characteristics of valve
noise sources propagating through structures and air (Alber et al.,
2009; Alber et al., 2011). An equivalent analytical model for
structural sound propagation analysis was established that could
effectively and quickly predict the propagation of valve noise in
the structure. The flow velocity, cavity shape, and Strouhal
number all had a significant influence on the magnitude of
aerodynamic noise. In 2010, (Du and Ouyang (2010) used
experimental methods to study the mechanism of howling in
the compressor pipeline, and found that the howling was most
pronounced at a Strouhal number of 0.51. (Ziada and Shine
(1999) summarized the acoustic resonance laws of various valve
types and multiple valve combinations, and obtained the
relationship between the acoustic resonance frequency and the
acoustic resonance order, the corresponding flow velocity, and
the diameter of the pipe valve. Oldham et al. adopted a theoretical
method (Oldham and Waddington, 2001) to study influencing
factors, such as pipeline cut-off frequency and flow velocity on the
sound propagation in the pipeline, and calculated the
aerodynamic noise in the pipeline system, while Sanjose et al.
(Alice et al., 2014; Charlebois-Menard et al., 2015; Marsan et al.,
2016) built airflow generation devices and test benches. Noise
testing of the constructed butterfly valve for aviation was
performed using the wall pulsation pressure test method, and
the relationship between the Strouhal number and the
aerodynamic noise of the valve was studied. Ref(Durgin and
Graf, 1992; Uchiyama and Morita, 2015). summarized the
mechanism of acoustic resonance of single-valve and multi-
valve systems and the acoustic resonance relationship with
Strouhal number; the conclusion can be used to summarize
the typical acoustic resonance with different valve numbers.

Most previous studies regarding pipeline valve noise are based
on experimental tests, and it is apparent from what rare
simulation studies do exist that there is a big difference
between simulation and testing. The resonance frequency does
not match well, and the high-precision resonant sound pressure
cannot be directly obtained via the simulation. With the
development of computer and numerical methods, numerical
simulation has been used to examine the pipeline resonance
cavity in recent years. The Lighthill acoustic analogy method
(Lighthill, 1952; Lighthill, 1954), in which aerodynamic sound
generation makes it possible for tailored algorithms to be used for
both tasks, is used nowadays by computational aero-acoustics

tools. This is a straightforward way of arbitrarily combining a
sound generation method with another sound transport
technique. Its accuracy is limited by the cut-off frequency of
computational fluid dynamics (CFD) results. When the
characteristic frequency is high, a small grid must be satisfied,
which often requires substantial computing resources.

The cavity resonance frequency of the pipe valve can be
obtained according to the quarter-wavelength tube formula,
and it is inversely proportional to the height of the pipe valve.
When the primary pipe size is relatively large, and the flow
velocity is high, the characteristic frequency is high. It is difficult
to predict the acoustic resonance with limited computing
resources and low cut-off frequency. To overcome the
expensive computation of an unsteady flow field, a model that
synthesizes the flow fluctuations can present an interesting
alternative. The SNGR method (Bechara et al., 1994; Bailly
and Juve, 2012) has established itself as a complementary
module, generating a turbulent velocity field that respects the
experimental and theoretical characteristics of the turbulence.
Although this method compensates for the expensive cost of
unsteady computation, it requires a profound knowledge of
turbulence statistics. The source generation process of SNGR
is based on two steps. One involves turbulent velocity synthesis,
while the other is concerned with source computation based on
synthetic velocity, using the Lighthill or the Möhring analogy.
The SNGR method is applied for the rapid prediction of external
aerodynamic noise, pipeline jet noise, landing gear noise, and
vehicle wind noise (Bailly et al., 2012; Paolo et al., 2013; Paolo
et al., 2015), and is characterized by the ability to quickly obtain
broadband noise magnitudes based on steady-state CFD results.
However, since the SNGR method is based on steady-state CFD
results, it is difficult to accurately predict low and mid-
frequency noise.

In this paper, the aerodynamic noise of a resonance cavity
system with a single pipe valve, as well as multi-pipe valves is
studied at high flow velocity. Furthermore, the influence of the
geometrical size of the pipe valve, the airflow velocity, and the
Strouhal number on the frequency of aerodynamic noise is
investigated. The SNGR method based on a steady flow field is
combined with the acoustic analogy method based on a transient
flow field to obtain the full frequency band aerodynamic noise.
The accuracy of the simulation method is compared to the
experimental data, deriving the method for defining the cut-off
frequency. The remainder of the paper is structured as follows: In
Section 2, the methodology of the resonant pipeline-cavity
system is introduced. In the next section, the aerodynamic
noise of a single pipe valve, as well as six-pipe valves are then
illustrated and discussed. Finally, the conclusions are presented.

2.THEMETHODOLOGYOFTHERESONANT
PIPELINE-CAVITY SYSTEM

2.1 Unsteady CFD Simulation
An aerodynamic noise test and a simulation of the resonant
pipeline-cavity system with a single pipe valve, as well as six-pipe
valves, were performed at different flow velocities. Both steady
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and unsteady flow fields were simulated using realizable k-epsilon
and large eddy simulation (LES). The aerodynamic noise was
predicted using the Lighthill analogy methods.

The realizable k-epsilon two-layer model was chosen to predict the
steadyflow field of the resonant cavity. It has been used effectively for a
wide variety of flow simulations, with excellent applicability in free
flows with jet and mixed flows or flows with large separations (Shih
et al., 1995). The governing equation is expressed as follows:
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Here, Gk is the generating term of the turbulent kinetic k
caused by the average velocity gradient; Gb is the generating term
of the kinetic k caused by buoyancy; YM represents the
contribution of the pulsation expansion within the
compressible turbulence. Cε1, Cε2, and Cε3 are empirical
constants; σk and σε are Prandtl numbers corresponding to
kinetic energy k and dissipation rate ε; Sk is the original term.

LES (Lesieur and Metais, 1996) was performed to gain better
insight into the noise analysis. During LES, the energy-containing
eddies were resolved, while the small-scale structures in the
dissipation range were modeled via the subgrid-scale stress
term. The governing equations employed for LES were filtered
Navier-Stokes and continuity equations:
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Here, ui and uj are the filtering velocity, i≠j � 0,1,2, t is time, ρ
is density, pis the filtering pressure, v is kinematic viscosity
coefficient, and τijis the subgrid stress.

The Smagorinsky-Lilly model represents an eddy viscosity
subgrid model, which was proposed by Lilly (Lilly, 1962), and is
used to model the subgrid stress. Therefore, to overcome the
Smagorinsky-Lilly model constant, which is significantly larger in
some turbulent flow problems, Germano proposed the dynamic
Smagorinsky model used in the current study, which is based on
the idea of eddy viscosity coefficients in Kraichnan spectral space
(Germano et al., 1991).

2.2 Lighthill Analogy for Aero-Acoustic
Simulation
Lighthill first proposed a hybrid method during the study of
nozzle aerodynamic noise in 1952 and 1954, triggering the change

from the N-S equation to the classic Lighthill equation, and
marking the generation of modern aeroacoustics. To achieve
compatibility with the formulation used in the paper, the
alternative equation used for the Lighthill’s analogy in the
frequency domain was Eq. 6. The spatial derivatives were
partially integrated using Green’s theorem to obtain the weak
variational form, as shown in Eq. 7. This approach to treating the
aerodynamic noise problem was intended to be used in lowMach
configurations (below 0.3), neglecting the convection and
refraction effects in the propagation. This method needed to
convert the velocity and density of the sound source area obtained
by CFD into a sound source and then use Lighthill’s analogy to
obtain sound propagation characteristics. The accuracy of the
Lighthill analogy was dependent on the fluid and acoustic grids.
For broadband noise, a coarse grid led to low accuracy in the
middle and high frequencies, but too fine a grid would not be
satisfactory if the computing resources or time were limited.
Consequently, SNGR could be an option to solve this problem.
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3. AERO-ACOUSTIC ANALYSIS OF THE
SINGLE PIPE VALVE

Testing on the resonant pipeline-cavity systems with a single pipe
valve was performed at different flow velocities, as shown in
Figure 3. For the single-valve system, the effective length and the
inner diameter of the straight pipe were 4,000 mm and 110 mm,
respectively, while the pipe valve had an inner diameter of 60 mm
and a length of 120 mm.

3.1 CFD Simulation Analysis
The numerical model of the straight pipe with a single pipe valve
was created, which was consistent with the test. Considering that
the current study primarily focuses on the aerodynamic noise
characteristics of the pipe valve, the length of the computational
domain was 1800 mm, about 30 D (D represents the diameter of
the pipe valve), as shown in Figure 1A. There was a 600 mm
distance from the upstream of the pipe valve and a 1,200 mm
downstream distance. Except for the same seven acoustic
measuring points on the wall as in the test, five static pressure
measuring points were located in the flow. The position of point1
corresponded with V1. Point2 was located where the center lines
of the pipe valve and straight pipe intersected, while point3 and
point4 were located at the starting point and midpoint of the
centerline of the pipe valve. Point5 was located downstream and
600 mm away from the pipe valve.
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The surface and volume meshes of the computational domain
were created using ICEM meshing tools. The size of the straight
pipe and pipe valve was 4 mm. Furthermore, the height of the first
boundary layer mesh was 0.05 mm to ensure that y+ ≈4.0 at an
inlet velocity of 80 m/s. The growth rate and the number of layers
were 1.2 and 15, respectively. The boundary layer mesh was
applied to all the surfaces, while its quality was acceptable. The
total number of grids totaled about 3.9 million, and the middle
plane of the grid is depicted in Figure 1B.

The incoming velocity of the computational domain inlet was
80 m/s, while the pressure of the computational domain outlet
was 0 Pa. The wall boundary conditions were used on the surfaces
of the straight pipe and pipe valve. A compressible model and a
pressure-based solver were used to carry out the aerodynamic
calculations. The discretization of pressure, momentum, and
energy were second-order upwind for steady calculations, but
the momentum discretization changed into bounded central
differencing for unsteady calculations. First, the realizable
k-epsilon was run to initialize the flow field in 5,000 iterations,
helping to obtain a quick and robust convergence of unsteady
simulation. Then, the computation transformed into an unsteady
state. LES started to run in a time-step of 0.0001 s with 25
iterations in each time-step. The duration of 0.3 s was roughly
13 times the flow-through time from inlet to outlet. The data
sampling began after the flow field reached instability. Data
sampling was conducted for 1,000 time-steps, while no
universal criterion was available for judging the convergence.
Consequently, during this investigation, the calculation was

considered convergent when each variable met the
convergence criteria, which was about 10−4. Furthermore, the
pressure and velocity were monitored to confirm that the flow
field variable did not change after multiple iterations.

Over time, the static pressures of the five measuring points in
the flow field showed that it displayed a typical periodicity.
Figure 1C showed the change curve of the static pressure with
time for measuring point1, whose duration was 0.0016 s. The
power spectral density analysis of each measuring point revealed
a significant peak near 625 Hz in Figure 1D, which was
significantly higher than the other frequencies. Point4 was
located in the pipe valve, and exhibited the largest peak value,
while point1 was upstream of the pipe valve pipe and displayed
the smallest peak value. For the current straight pipe with a pipe
valve, an acoustic resonance phenomenon occurred, while the
resonance frequency was calculated using Eq. 8. The theoretical
calculation frequency was consistent with the current unsteady
flow field simulation calculation frequency, indicating the
accuracy of the unsteady flow-field simulation method.

f � (2n − 1)c
4(L − 8r

3π) (8)

Wherein, n is the resonance order; L is the length of the pipe
valve; r is the radius of the cavity.

Furthermore, to clearly reflect the changes in the flow field
during a specific period, the velocity contour of three periods in
the middle plane was chosen. Figure 2 shows that the area

FIGURE 1 | The static pressure over time and its power spectral density: (A)Monitory points of static pressure in CFDmodel; (B)middle plane of CFDmesh; (C) the
static pressure over time of point1; (D) the power spectral density of the five points.
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displaying large velocity fluctuations was concentrated inside and
downstream of the pipe valve. The current structure belonged to
an open cavity, and the diameter was smaller than the length. For
the open cavity, the shear layer formed at the front end of the pipe
valve, and the developed shedding vortex propagated
downstream, directly hitting the rear end of the pipe valve.
Due to the vortex impact, a feedback compression wave
propagating upstream was generated in the trailing edge of the
cavity. The feedback compression wave propagated upstream and
finally reached the leading edge of the cavity. Consequently, noise
disturbance was induced, the shear layer of the leading edge was
excited again, and the resonance period was closed. The periodic
intermittent changes in velocity were indicative of such a flow
mechanism.

3.2 Aero-Acoustic Simulation and
Experiment
Part of the fluid model was changed into an acoustic model to
analyze the resonant cavity system containing a single pipe
valve. The grid size of the acoustic model was 10 mm,
ensuring that the point per wavelength exceeded 8at a
calculation frequency of 4,000 Hz. This meets the point
per wavelength requirements of about 6∼8. The velocity
and density of the fluid model were converted into the
sound source of the acoustic model by interpolation.
Furthermore, sound propagation was performed using the
Lighthill analogy in the frequency domain. The wall surface
of the pipeline was reflected completely, while the end
surfaces at both ends of the pipeline were defined as the
modal boundary of the pipeline. When the simulated sound
wave was transmitted to the end surface of the pipeline, it

propagated down the pipeline without reflection, simulating
the true acoustic impedance of the cross-section of the
pipeline. Since both the sound source area and the sound
propagation area solved the sound wave equation, the
acoustic measuring points could be arranged in these
locations. The noise test of the resonant pipeline systems
with a single pipe valve was performed at different flow
velocities, as shown in Figure 3

The test facility included an airflow generation system, test
piping, and the test system. The airflow system was composed of
an air storage tank, flow control valve, straight pipe, front-stage
reducer, rear exhaust port, and muffler room, which could
produce an airflow up to 100 m/s. As shown in Figure 3B, for
exploring the influence of different shapes and sizes of the valves
on the acoustic results, multiple types of valve resonators with
different sizes were selected in the experiment, including but not
limited to an L11 model (with valve size∅ 6 * 12 cm), L12 model
(with valve size∅ 6 * 24 cm), and L13model (with valve size∅ 4 *
12 cm). Finally, the L11 model was selected for research and is
described in this paper.

The test pipeline system consisted of the main pipeline and the
resonant cavity. Due to the high airflow velocity of the resonant
cavity, the front end of the microphone was placed as close to the
inner wall of the straight pipe and pipe valve as possible to reduce
the impact of the airflow on the microphone and to truly reflect
the airflow noise in both locations. Moreover, a small amount of
porous sound-absorbing material was placed in front of the
microphone, which acted as a windproof ball. For the single
valve system, seven measuring points were arranged on the
straight pipe and the pipe valve, and are shown in Figure 3C.
P1 and P2 were arranged upstream of the straight pipe, while
P5∼P7 were located downstream of the straight pipe. The

FIGURE 2 | The contour of the periodic variation in the flow velocity over time
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distance between the two measuring points was 150 mm. P3 was
located in the center of the side of the pipe valve, and P4 was
arranged on top of the pipe valve.

A 1/4 inch MP401 pressure field microphone was used to
collect the sound pressure at different airflow velocities, while the
velocity in the straight pipe was measured using a Testo 512
differential pressure measuring instrument. An SQlab multi-
channel, real-time analyzer was used to collect and assess the
sound pressure. It should be noted that no interference was
evident from other strong sound sources in the test
environment. All the test data can be used to create a
relationship between the pipe resonance cavity and the sound
field, verifying the hybrid simulation method.

The simulation and test results of the upstream and
downstream acoustic measuring points of the pipe valve were

selected and compared, as shown in Figure 4A. For the upstream
measuring point P2, the simulated value of the first-order
resonance frequency and magnitude was smaller than the test
value 130 dB at about 625 Hz. However, the difference in the
second-order resonance frequency and magnitude exhibited an
increase, while the values of the third-order resonance were even
more significant. Overall, the simulation of the sound pressure
level (SPL) in a frequency band below 1800 Hz corresponded well
with the experiment, but the agreement at higher frequencies was
poor. For the downstream measuring point P5 in Figure 4B, the
first-order resonance frequency did not differ much, but the
magnitude displayed substantial differences. Except for the
frequency exceeding 1800 Hz, the simulated value of the SPL
of other frequencies differed little from the experimental value,
while the overall agreement was good.

FIGURE 3 | The noise test of the resonant pipeline-cavity system: (A) Single pipe valve acoustic testing system; (B)multiple types of valve resonators; (C) the airflow
generation system; (D) the muffler in front of the testing system; (E) semi-anechoic room in the end; (F) Pressure fluidization and velocity monitors in CFD model.
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The resonant frequency and the SPL contour of the other two
frequencies are shown in Figure 4C, indicating that when
acoustic resonance occurred, the sound pressure in the pipe

was much more substantial than that of other frequencies, and
the sound pressure in the pipe valve exceeded that of the straight
pipe. Furthermore, the downstream sound pressure of the pipe
was higher than the upstream. The frequency characteristics and
acoustic resonance intensity could be improved by changing the
form and position of the pipe valve, such as the rounding of the
connection.

The following section analyzes the resonance characteristics of
different speeds based on the test results. Figure 5 shows that the
overall sound pressure level (OSPL) of the test point inside the
pipe valve at the same airflow velocity was significantly higher
than that of other test points in the straight pipe.

The OSPL increased rapidly in conjunction with an increase in
the velocity from 15 m/s to 45 m/s, showing a gradual rise as the
velocity increased from 60 m/s to 80 m/s. Due to the acoustic
cavity resonance, OSPL depended on the resonance peak. The
OSPL of the same test point at a velocity of 45 m/s was higher
than at 70 m/s. The small difference between the resonance peaks
of 60 m/s to 70 m/s resulted in a small OSPL difference. The
Strouhal number defined by Eq. 9 was 0.83 at a velocity of 45 m/s
and decreased to 0.47 at a velocity of 80 m/s, so found that the
corresponding Strouhal number range was [0.47, 0.83].

FIGURE 4 | The SPL curve and contour at different frequencies/dB: (A) The SPL curve of P2; (b) the SPL curve of P5; (C) the sound pressure contour at different
frequencies.

FIGURE 5 | OSPL at different velocities (test results).
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FIGURE 6 | Aero-Acoustics source generation system.

FIGURE 7 | Pressure fluctuation across time (blue) and frequency (red).
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St � fd

v
(9)

Here, f is the acoustic resonance frequency, d is the diameter of
the pipe valve, and v is the velocity.

4 APPLICATION 1: SINGLE-VALVE SYSTEM
USED FOR GENERATED SOUND SOURCE

4.1 Model Introduction
In this application, airflow through a single valve or branch duct
system produced a big aerodynamic noise, which was used as a
sound source in subsequent experiments. The inner diameter of
the main pipe was 110 mm, and the diameters of the different

branch ducts were 60 and 90 mm (with chamfering). As showed
in Figure 6, the airflow was generated by an air tank, and the
pressure in the main pipe was adjusted by the pressure control
valve. When the airflow flowed through the valve/side branch
within a certain velocity range, obvious acoustic resonance was
generated in the pipe. The flow rate of the airflow in the main
pipeline was controlled by the flow control valve, and finally went
to the external free field through the exhaust muffler exhaust. The
adjustment range of the pressure control valve was 0.3 ∼ 0.7 mpa;
the adjustable valve can control the flow rate in the main pipe
from 20 m/s to 80 m/s.

4.2 Simulation and Regular Models
The straight pipeline and valve department shown in the
experiment were taken as the analysis object in the CFD

TABLE 1 | The frequencies and dB value of pressure fluctuation in main duct and branch duct from CFD.

Loadcases Named rules Monitors point in main duct Monitors in branch duct

With or without-
chamfer-velocity

Frequency (Hz) Pressure Fluctuation (dB) Frequency (Hz) Pressure Fluctuation (dB)

1 Without-C-25m/s None None 220 123
2 Without-C-50 m/s 308/620/928 140/129/107 308/620/928 160/138/110
3 Without-C-75 m/s 382/766 141/106 306/766 127/126
4 With-C-25 m/s None None 219.2 124
5 With-C-50 m/s 300/600/900 154/127/111 300/600/900 156/136/118
6 With-C-75 m/s 306/864 120/117 306/864 126/126

FIGURE 8 | The noise test of the resonant pipeline-cavity system: (A) Six pipe valves; (B) microphone location in the test; (C) sound pressure monitors in acoustic model.
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calculation, and all the settings of the boundary condition and
turbulence model are consistent with the model setting methods
in Section 3. The side branch pipe model with a diameter of
90 mm with chamfering was selected; the inlet velocity in the
main pipeline was 50 m/s, and the outlet pressure in the pipeline

was set to 0.4 MPa. Taking the pressure fluctuation values of the
monitor within the valve during the transient CFD calculation,
the corresponding curve is shown by the blue line in the figure
below. The Pressure Fluctuation gradually presents periodicity
after 0.32 s.

FIGURE 9 | Computational domain and the middle plane of the grid: (A) Computational domain; (B) middle plane of the grid.

FIGURE 10 | The SPL spectrum comparative curves of different points: (A) P3 SPL curves; (B) P5 SPL curves.
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As shown in Figure 7, the time-domain curve in the above
figure was processed by discrete Fourier transform (DFT) to
obtain the pressure fluctuation in the frequency domain, as
shown by the red line. There were several obvious
characteristic peaks in the red line, corresponding to
300 Hz and its harmonic frequencies. These frequencies
and peaks corresponded to the frequency (Hz) and
pressure fluidizations (dB) of loadcase_5 in the monitors
in branch duct column in the following Table 1.

As shown in Table 1, there was no acoustic resonance in
loadcase_1 and loadcase_4 and there was no obvious
characteristic frequency. In loadcase_2 and loadcase_5
there occurred obvious acoustic resonance with three
obvious characteristic frequencies and characteristic peaks,
respectively. The resonance frequency was concentrated at
300 Hz and its harmonic frequencies and the pressure
fluctuation amplitude was much higher than in other
working conditions. Obviously, loadcase_5 was the
working condition with the strongest SPL in the main
pipe, and loadcase_2 was the working condition with the
strongest SPL in the resonant cavity\branch pipe.

We imported the CFD data into the CAA program for aero-
acoustic calculation, and the simulation results were compared against
and verified with the experimental results. The branch duct model
without a chamfer andwith an inner diameter of 60mmand height of
250mmwas selected for description. As shown inTable 2, there were
3 obvious characteristic peaks in the experimental and simulation
results of acoustic resonance phenomena with different flow velocity
conditions, and the results of numerical simulation were in good
agreement with the experimental data. When the flow velocity was
50m/s, the maximum SPL of acoustic resonance reached 179dB,
which was much larger than the SPL of velocity at 25m/s and 75m/s.

5 APPLICATION 2: THE AERO-ACOUSTICS
ANALYSIS OF THE MULTI-VALVES
5.1 Numerical Model and Sound Field
Prediction
The acoustic test of the resonant pipeline-cavity system with six-pipe
valves was performed at different flow velocities, as shown inFigure 8.
For the multiple-valve system, the effective length and inner diameter

FIGURE 11 | Sound pressure contour at different frequencies/dB: (A) The SPL contours of 490Hz; (B) the SPL contours of 820 Hz.

TABLE 2 | Frequencies and SPL of acoustic resonance comparison between simulation and experiment when the diameter (without chamfer) and height of the branch pipe
were 60 and 250 mm, respectively.

Loadcases Simulation Experiment Simulation Experiment Simulation Experiment

Velocity � 25 m/s Velocity � 50 m/s Velocity � 75 m/s
Frequency 1 (Hz) 304 237 304 309 308 345
Error (%) 10.8 1.6 12.0
SPL 1 (dB) 151 152 179 176 142 141
Error (%) 0.7 −1.7 −0.7
Frequency 2 (Hz) 474 470 625 619 938 991
Error (%) −0.8 −1.0 5.7
SPL 2 (dB) 114 113 138 135 131 132
Error (%) −0.9 −2.2 0.8
Frequency 3 (Hz) 861 934 934 928 1,491 1,536
Error (%) 8.5 −0.6 3.0
SPL 3 (dB) 108 107 153 147 132 114
Error (%) −0.9 −3.9 −13.6
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of the straight pipe were 9,000mm and 305mm, respectively, while
the pipe valve had an inner diameter of 64mm and a length of
500mm. The pipe valve spacing was about 1,000mm. For the
multiple-valve system, twelve measuring points were arranged on
the six-pipe valves, and are shown in Figure 8A. Two measuring
pointswere arranged on each pipe valve at space intervals of 80mm.A
flow velocity measuring point was established in the pipeline system,
while there was 300mm in front of the resonant cavity.

The numerical model of the straight pipe containing six-pipe valves
was created, which was consistent with the test. The length of the
computational domainwas 9,000mm, about 30D (D is the diameter of
the pipe valve). There was a distance of 2000mm from upstream of the
pipe valve and a 2000mm downstream distance. All the acoustic
measuring point positions of the six-pipe valves were the same as in
the test. The surface and volume meshes of the computational domain
were created via ICEM. The average sizes of the straight pipe and pipe
valves were 8mm. Furthermore, the height of the first boundary layer
meshwas 0.03mmto ensure y+≈2.0when the inlet velocitywas 65m/s.
The growth rate and the number of layers were 1.2 and 15, respectively.
The boundary layer mesh was applied to all the surfaces, and the mesh

quality was acceptable. The total number of grids was about 26.6
million, and the middle plane of the grid is depicted in Figure 9. The
velocity entering the inlet of the computational domain was 65m/s,
while it displayed the strongest acoustic resonance. The boundary
conditions and calculation process were consistent with that of the
single pipe valve, and will not be repeated here.

Part of the fluid model was changed into an acoustic model to
analyze the resonance cavity system with six-pipe valves. The grid
size of the acoustic model was 20 mm, ensuring that the point per
wavelength exceeded 8 if the calculation frequency was 2000 Hz.
The sound field was predicted using the transient flow and
Lighthill analogy, while the boundary conditions and
calculation process were also consistent with that of the single-
pipe valve system, which will not be repeated here.

P3 and P5 were chosen to compare the differences between the
sound pressure levels of the simulation and test results, as shown in
Figure 10. The first-order resonance frequency of 480Hz and the
second-order resonance frequency of 820Hz were found at the SPL
spectrums of the simulation and test. However, their magnitudes were
distinctly different. As for P3, the simulated values of the first-order
resonance peak and the second-order resonance peak were about 10
and 9 dB different from the test value. Smaller differences were evident
for P5, where only a 3 dB difference was apparent. Overall, the
simulation of the SPL in the frequency band below 1,250Hz
corresponded well with the test, matching the cut-off frequency.

The SPL contours of the first-order and second-order resonance
frequencies are shown in Figure 11, indicating that when acoustic
resonance occurred, the sound pressure in the pipe valve exceeded that
of the straight pipe. The SPL of the second-order resonance frequency
was higher than that of the first-order resonance frequency, for which
the SPL of the third pipe valve was the lowest, but changed to the sixth
pipe valve for the second-order resonance frequency.

FIGURE 12 | Cut-off frequency map of multiple valves.

FIGURE 13 | The SPL spectrum of P5 for different methods.
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5.2 The Sound Field Prediction via SNGR
and Steady Flow
The stochastic noise generation and radiation (SNGR) method re-
synthesized the flow field data containing the time term based on the
time-averaged velocity and turbulent kinetic energy obtained from the
Reynolds Averaged Navier-Stokes calculation results by adding
random perturbations. The turbulent pulsation velocity in Eq. 10
and Eq. 11was synthesized using a stochastic model approach, which
could be derived from the N Fourier modes. SNGR produced sound
sources equivalent to volume Lighthill analogy sources in the
frequency domain, as shown in Eq. 12. SNGR is based on
stochastic isotropic turbulence theory, which is suitable for noise
generated by small-scale eddies. It was challenging for SNGR to
predict noise generated by middle- and large-scale eddies, however,
this is exactly what traditional CFD and the Lighthill analogy can do.
Therefore, a hybrid simulation method combining LES, the Lighthill
analogy, and SNGR was used to predict the aerodynamic noise
generated by the resonant cavities of pipeline valves.

ut
i(xj, t) � 2 ·∑N

n

ũn cos(Knknjxj + φn + ωn · t) · σnj (10)

ũn � ���������
E(Kn)ΔKn

√
(11)

∫
Ω
Na

z2Tij

zxizxj
dΩ � ∫

V

J

ρ0ω
ρ
zN

zxi

z

zxj
(ut

i⊗u
t
j)(f)dV (12)

Here, E(kn)is the turbulent energy density spectrum and St �
fd
v is the wavenumber step; St � fd

v is the angular turbulent
frequency associated with the nth velocity mode; St � fd

v is the
random phase associated with the nth velocity mode; kn is the
turbulent wavenumber associated with the nth velocity mode; St �
fd
v is the random orientation of turbulent wave vector associated
with the nth velocity mode; St � fd

v corresponds to the direction of
the nth velocity mode and is restricted in a plane perpendicular to
knj to ensure mass conservation; ⊗ denotes the convolution
product; and f is the maximum frequency deduced from the
Kolmogorov wavenumber.

A requirement for aero-acoustic simulations based on
unsteady CFD data demands that the CFD mesh supports the
maximum frequency targeted by the user, which is called the
mesh cut-off frequency and depends on the turbulent quantities
and the cell size presented in the CFD mesh. The cut-off
frequency was defined according to Eq. 13 and Eq. 14. Due to
the significant turbulence dissipation rate and large grid size, the
cut-off frequency in the main stream of the pipe was about
1800 Hz, which was consistent with the distortion frequency
shown in Figure 12. One challenge pertained to what could
be done in cases where higher frequency noises might be
important.

Fcut − off � A × kα × εβ × Δxc (13)

By following the Buckingham π theorem (Buckingham, 1914),

Fcut − off � A × kα × εβ × Δxc

� kα × ε
1
3 (1−2α) × Δx−2

3 (1+α) ≈ ε
1
3 × Δx−2

3(α � 0) (14)

Here, k is the turbulent kinetic energy, Ɛ is the turbulent
dissipation rate, and Δx is the element size.

SNGR could be used as a method for rapidly predicting the
turbulent noise of middle and high frequencies. It generated
several realizations of the turbulent velocity field, respecting
experimental and theoretical characteristics of the turbulence.
Only the velocity, turbulent kinetic energy, and turbulent
dissipation rate of the steady-state calculation were
exported into the Aero-Acoustics computation procedure
as sound sources. The sound propagation was performed
using the Lighthill analogy and the same boundary
conditions to obtain the sound pressures of both the near-
field and far-field. Furthermore, the SNGR and steady flow
method was adopted to obtain the sound pressure at a higher
frequency, and their comparison results are shown in
Figure 13.

The results of the transient flow and the Lighthill analogy
corresponded well with the test results below the 1,250 Hz
frequency, while their differences gradually increased as the
frequency became higher. The blue curve shows that the result
of steady flow and SNGR from 1,250 Hz to 5,000 Hz
corresponded well with the test. Considering the
calculation time and grid complexity of the two calculation
methods, it was recommended again that the method
involving transient flow and the Lighthill analogy be used
for low frequencies while applying the technique involving
steady flow and SNGR to middle and high frequencies for
similar problems.

6 CONCLUSION

The resonance cavity system with either a single pipe valve or six-
pipe valves was investigated via numerical simulation and testing.
The traditional method involving unsteady flow and the Lighthill
analogy was used to understand the fluid and acoustic
characteristics of the resonant cavity system. The acoustic
resonance phenomenon occurred within a specific velocity
range with 45 m/s and 80 m/s, and the strongest acoustic
resonance appeared at a velocity of 80 m/s; the corresponding
Strouhal number range was [0.47, 0.83]. The energy of the
acoustic resonance was primarily concentrated in the pipe valve.

The traditional method allows for the acquisition of an SPL
below the cut-off frequency that displays excellent consistency
between the simulation and the test. However, more substantial
differences are evident as the frequency increases. A new method
involving steady flow and SNGR is proposed to solve the
differences encountered at middle and high frequencies. The
consistency of the entire frequency band shows that
combining the traditional method with this new technique is
the ideal choice when confronted with limited time and computer
resources. Therefore, it is recommended that the traditional
method involving transient flow and the Lighthill analogy be
used for low frequencies while applying this new technique
involving steady flow and SNGR to middle and high
frequencies for similar problems.
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