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ABSTRACT

The expansion chamber serves as the primary silencing structure within the exhaust pipeline. However, it can also
act as a sound-emitting structure when subjected to airflow. This article presents a hybrid method for numerically
simulating and analyzing the unsteady flow and aerodynamic noise in an expansion chamber under the influence
of airflow. A fluid simulation model is established, utilizing the Large Eddy Simulation (LES) method to calculate
the unsteady flow within the expansion chamber. The simulation results effectively capture the development and
changes of the unsteady flow and vorticity inside the cavity, exhibiting a high level of consistency with experimental
observations. To calculate the aerodynamic noise sources within the cavity, the flow field results are integrated
using the method of integral interpolation and inserted into the acoustic grid. The acoustic analogy method is then
employed to determine the aerodynamic noise sources. An acoustic simulation model is established, and the flow
noise source is imported into the sound field grid to calculate the sound pressure at the far-field response point. The
calculated sound pressure levels and resonance frequencies show good agreement with the experimental results. To
address the issue of airflow regeneration noise within the cavity, perforated tubes are selected as a means of noise
suppression. An experimental platform for airflow regeneration noise is constructed, and experimental samples are
processed to analyze and verify the noise suppression effect of perforated tube expansion cavities under different
airflow velocities. The research findings indicate that the perforated tube expansion cavity can effectively suppress
low-frequency aerodynamic noise within the cavity by impeding the formation of strong shear layers. Moreover,
the semi-perforated tube expansion cavity demonstrates the most effective suppression of aerodynamic noise.
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p+
s , p−

s The propagation components of flow-generated noise in the chamber, propagating
upstream and downstream, respectively

� The spatial domain truncation scale
θ The time domain truncation scale
ui, uj The velocity components
ρ The fluid density
μ The fluid viscosity
τij The subgrid-scale stress (SGS)
Sij The large-scale strain rate tensor
δij The Kronecker delta function
νt The subgrid-scale eddy viscosity
Cw The predefined constant
vi, vj The function of velocity components
c The speed of sound
Tij The Lighthill stress tensor
ρ′ The amount of density fluctuation
δij The Kronecker function
p The pressure
x, y The spatial coordinate vectors
n The surface normal vector
Qn The frequency domain field quantity
q The time domain field quantity
N The total number of discrete points
Ma The Mach number
Le The equivalent length of the tailpipe
D The tailpipe diameter

1 Introduction

Resonator mufflers serve as the primary structural form employed to mitigate exhaust noise
in vehicle exhaust systems [1]. These mufflers effectively function as acoustic filters by utilizing
a combination of cross-section mutations, perforations, and cavities to effectively attenuate low-
frequency order noise, which typically concentrates the majority of sound energy within the exhaust
system. When the airflow traverses the resonator muffler, it impacts the acoustic filter’s characteristics
in two primary ways. Firstly, the airflow affects the sound propagation process within the muffler and
alters the sound attenuation properties of the cavity structure. Additionally, airflow passing through
abrupt cross-sections generates airflow regeneration noise [2]. The intensity of airflow regeneration
noise is directly proportional to the airflow velocity, resulting in a geometric increase as the velocity
rises [3].

Many scholars at home and abroad have researched the acoustic performance of expansion cham-
bers. Chang et al. [4] and Fang et al. [5] used numerical methods and analytical methods to analyze the
acoustic characteristics of simple expansion chambers, and compared the results of various methods.
Xiang et al. [6–8] analyzed the noise reduction performance of the multi-expansion cavity composite
structure, and optimized the structure to improve the performance. Kang et al. [9] improved the
accuracy of transmission loss calculations for expansion chambers using a one-dimensional correction
method. Fang et al. [10,11] investigated the influence of structural parameters such as tube insertion
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and inlet/outlet positions on the sound attenuation performance of expansion chambers through
numerical simulations and experiments. Nevertheless, these studies predominantly concentrate on
analyzing the attenuation performance of the expansion cavity when used as a muffler. However,
when there is airflow passing through the expansion chamber, it generates airflow regeneration noise,
effectively transforming the muffler into a sound generator. Furthermore, the airflow regeneration
noise increases exponentially as the flow velocity rises, emerging as a primary noise source within the
muffler structure.

Various scholars have conducted extensive research on airflow regeneration noise in expansion
cavities. Davie et al. [12] and English et al. [13] employed correlation-based acoustic energy flow
analysis to examine the distribution and frequency characteristics of airflow regeneration noise sources
within expansion cavities, along with their correlation with cavity geometry. Esaki et al. [14] and
Roeck et al. [15] investigated airflow regeneration noise characteristics in expansion chambers through
experimental tests and signal correlation analysis methods. These studies were further supported by
visual flow field observations within the chambers. Desantes et al. [16] and Zhao et al. [17] employed
numerical simulation techniques to analyze airflow regeneration noise characteristics within expansion
cavities, observing resonance phenomena within the cavities and tailpipes under the influence of
flow noise. The simulations assisted in experimental measurements and verification. An et al. [18]
constructed an experimental platform to test and analyze cavity resonance noise caused by airflow,
and a narrow-band active noise control system was utilized to mitigate cavity resonance noise. Results
indicated that the active control system achieved a significant global attenuation of over 10 dB
at the fundamental resonance frequency. The change law of airflow regeneration noise and flow
velocity of confrontation muffler was discussed by Wu et al. [19] using fluid numerical simulation and
experimental testing. Gao et al. [20] analyzed the airflow regeneration noise in a simple expansion
cavity from the perspective of sound source type.

The aforementioned studies mostly relied on experimental methods, making it challenging to
intuitively describe the mechanisms and processes of flow noise generation inside the expansion
chamber. However, in recent years, significant advancements have been made in fluid and acoustic
numerical simulation methods. These simulation techniques have become widely used for predicting
the formation and distribution of fluid and acoustic fields, thereby revealing the interaction mecha-
nisms between fluid dynamics and acoustics [21]. Domestic and international scholars have extensively
utilized numerical methods to investigate the flow patterns and aerodynamic noise characteristics
associated with airflow passing through cavities. For instance, Aybay et al. [22] employed Large Eddy
Simulation to analyze an open rectangular cavity with a length-to-depth ratio of 5 and a width-to-
depth ratio of 1. They successfully predicted turbulent flow fields and near-field cavity noise, obtaining
highly precise simulation results. Bauerheim et al. [23] also utilized the large eddy simulation (LES)
method to explore aerodynamic noise generated by shear flow within deep cavities, comparing their
findings with experimental data. This comparison verified the pseudo-compressible LES formula’s
ability to predict the feedforward excitation of deep cavity resonators and the feedback process
from the resonator to the flow source. Bidur et al. [24] adopted a hybrid approach to simulate and
analyze aerodynamic noise in three-dimensional cavities under transonic flow conditions. They also
considered the influence of objects placed within the cavity on aerodynamic noise. Paul [25] employed
the Direct Numerical Simulation (DNS) method to calculate aerodynamic noise in a cavity under low
Mach number flow conditions. Their study included an analysis of aerodynamic noise characteristics
and their variations under different cavity sizes and Mach number conditions. Zhang et al. [26]
combined large eddy simulation and the FW-H (Ffowcs Williams and Hawkings) acoustic analogy
to predict swept flow and aerodynamic noise within cavities. Their predicted results were compared
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with experimental data, reinforcing the method’s reliability. The research by these scholars primarily
focuses on the simulation and analysis of aerodynamic noise characteristics in open cavity structures,
about surface cavity structures on high-speed moving objects. These findings may not be directly
applicable to predicting aerodynamic noise characteristics within pipeline cavities. Solntseva et al. [27]
utilized the compressible LES method to predict the aerodynamic noise generated inside expansion
cavities within pipes. They also used the linearized Euler equation (LEE) to determine the transfer
characteristics of a simple expansion cavity. Nakiboglu et al. [28] employed a numerical method that
combines incompressible flow simulation with vortex sound theory to predict the time-averaged sound
source power generated by cavities. This approach also examined the impact of cavity depth on whistler
sound. Despite the efforts to enhance the accuracy of aerodynamic noise prediction methods and
assess the influence of cavity structure size on aerodynamic noise, there remains a gap in analyzing
airflow patterns within expansion cavities and pipes and the mechanisms driving aerodynamic noise
generation. Additionally, no effective aerodynamic noise suppression methods have been proposed
based on these mechanisms. This article aims to fill these gaps by proposing effective strategies for
mitigating aerodynamic noise in expansion cavities through a detailed analysis of airflow patterns and
noise generation mechanisms.

In addition, the aforementioned research employed various methods to analyze the aerodynamic
noise characteristics within cavities. Presently, three primary simulation and prediction techniques are
used for aerodynamic noise: DNS [29], the hybrid method [30], and the Stochastic Noise Genera-
tion and Radiation method (SNGR) [31]. The DNS approach demands substantial computational
resources and proves challenging for practical engineering applications. The semi-empirical method
derives turbulence data from the Reynolds-Averaged Navier-Stokes (RANS) equation solution, but
it may yield less precise sound source calculations. In contrast, the hybrid method, which segregates
the flow and sound fields for analysis, effectively reduces computational time and resource demands
while maintaining accurate results, rendering it the most versatile and widely employed technique.
Consequently, this article will also employ the hybrid method to simulate and analyze the aerodynamic
characteristics of the expansion chamber.

In this paper, the focus is on studying a low Mach number flow (M < 0.3) at room temperature.
To balance the requirements of computing resources and accuracy, a hybrid method is employed to
simulate the unsteady flow field and airflow noise inside the expansion cavity under the specified
flow conditions. The simulation methodology involves two main steps. Firstly, the LES method is
utilized to calculate the unsteady time-domain flow field inside the expansion chamber. This provides
a detailed understanding of the flow dynamics within the cavity. Next, the acoustic analog method is
employed to extract the flow noise sources from the calculated flow field results. This allows for the
identification and characterization of the flow noise generated inside the expansion chamber. Finally,
the finite element method (FEM) and infinite element method (IEM) are used for sound propagation
calculations. These methods enable the prediction of noise propagation and distribution throughout
the surrounding environment. Based on the simulation results, appropriate methods and techniques
are proposed to suppress the airflow regeneration noise. Furthermore, an airflow regeneration noise
test bench is constructed to validate the numerical simulation results and evaluate the effectiveness
of the proposed airflow regeneration noise suppression structures. Lastly, the experimental results
are analyzed to examine the suppression characteristics and behavior of airflow regeneration noise,
specifically focusing on the suppression properties of a perforated tube. By following this methodology,
the paper aims to provide insights into the airflow noise generation and suppression mechanisms
within expansion cavities under low Mach number flow conditions.
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2 Calculation Theory and Methods

In the absence of flow, the expansion chamber serves as the fundamental unit for sound absorp-
tion. However, when there is fluid flow inside the expansion chamber, the acoustic characteristics of
the chamber change. Due to the influence of airflow vortices, the chamber transforms from a sound
absorber to a sound emitter [15]. The acoustic properties of the expansion chamber can be described
using a two-port model, as illustrated in Fig. 1.

Figure 1: Schematic diagram of the two-ports model of expansion chambers. (A) Without flow; (B)
with flow

In Fig. 1, p+
1 , p−

1 are the upstream and downstream propagation of sound pressure components in
the inlet pipe of the expansion chamber. p+

2 , p−
2 are the upstream and downstream propagation of sound

pressure components in the outlet pipe of the expansion chamber. p+
s , p−

s are the propagation compo-
nents of flow-generated noise in the chamber, propagating upstream and downstream, respectively.

Based on the above analysis, the use of three-dimensional numerical simulation can provide a
visual depiction of the flow process and distribution of noise sources within the expansion chamber.
This approach is of significant importance for investigating the mechanisms behind the generation of
flow-induced noise within the chamber.

2.1 Large Eddy Simulation Theory
In this study, the LES method is chosen as the numerical approach to compute three-dimensional

unsteady flow fields [13]. LES utilizes a filtering operator to separate the vorticity of the flow field
into large and small scales. The purpose of this filtering is to remove vorticity with scales smaller
than the filter width, allowing for the direct solving of large-scale flow information while maintaining
computational efficiency. The choice of LES is justified by the characteristics of the research subject in
this paper. The interior of the expansion chamber does not feature intricate and fine-scale structures.
As a result, the vortices generated by the flow can fully develop into large-scale vortices [2,32]. Given
that accurately capturing the primary large-scale vorticity can lead to reliable simulation results, LES
is employed in this study to address the unsteady flow problem within the expansion chamber. This
approach strikes a balance between computational cost and accuracy, making it suitable for the
research objectives.

The filtering process of the Large Eddy Simulation method can be expressed by the following
convolution calculation:
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u(x, t) =
∫ t

−∞

∫ +∞

−∞
G(�, θ , |x − x′|, t − t′)u(x′, t′)dx′dt′ = G(�, θ) ∗ u(x, t) (1)

where G(�, θ , |x − x′|, t− t′) is the filter operator. � and θ are the spatial domain truncation scale and
the time domain truncation scale, respectively. u(x, t) is the filterd flow velocity at location x and time
t. u(x, t) is the flow velocity at location x and time t.

The filter equation is used to treat the Navier-Stokes (N-S) equation under the unsteady flow field
to obtain Eq. (2). Eq. (3) is the continuity equation.
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(ρūiūj) + ∂ p̄
∂xi

= ∂

∂xj

(
μ

∂ ūi
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where the quantities with an overline in the equation are the filtered field quantities. ui and uj are
the velocity components, ρ is the fluid density, and μ is the fluid viscosity. And τij is defined as the
following equation:

τij = ρuiuj − ρūiūj (4)

τij is the subgrid-scale stress (SGS) at directions i and j, which primarily reflects the influence of
small-scale vortices on the entire flow field. Since the subgrid-scale stress is an unknown quantity,
a subgrid-scale model needs to be constructed during the solution process. In this study, the WALE
(Wall-Adapting Local Eddy viscosity) model is selected to solve the unsteady flow field.

The governing equation for the WALE model is:

τij = −2νtSij + 1
3
τkkδij (5)

where Sij is the large-scale strain rate tensor, δij is the Kronecker delta function. τkk is the subgrid-scale
stress at directions k and k. νt is the subgrid-scale eddy viscosity, which can be expressed as follows:

νt = (Cw�)
2 (Sd

ijS
d
ij)
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where
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2
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, Sij = 1
2
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∂xi
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where Cw is the predefined constant. vi and vj are the function of velocity components. gij is the partial
derivative of the velocity vi in the direction of xj. gji is the partial derivative of the velocity vj in the
direction of xi. gkk is the partial derivative of the velocity vk in the direction of xk.

2.2 Aeroacoustic Theory and Acoustic Analogy Methods
The acoustic analogy theory, initially proposed by Lighthill [33], is used to solve the calculation

problem of aerodynamic noise. Eq. (8) represents the acoustic analogy theory.

∂2ρ ′

∂t2
− c2∇2ρ ′ = ∂2Tij

∂xi∂xj

(8)
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where c is the speed of sound. Tij is the Lighthill stress tensor, which shows the sound source term, and
its expression is shown in Eq. (9).

Tij = ρvivj + pij − c2ρ ′δij (9)

where ρ ′ is the amount of density fluctuation, δij is the Kronecker function, and p is the total pressure.

The sound field resolution of Eq. (8) is as follows:

ρ ′(x, t) = ∂2

∂xi∂xj

∫
V(y)

Tij

(
y, t − |x−y|

c

)
4πc2 |x − y| d3y (10)

where x and y are spatial coordinate vectors.

Lighthill’s theory was developed for aerodynamic noise generated in unbounded space and is
suitable for cases where solid boundaries have a minor influence. However, in the studied object of this
paper, the stationary solid boundaries also affect the acoustic field. Therefore, Curle’s extended theory
is adopted to solve this problem. Curle extended Lighthill’s theory by incorporating the effects of
stationary solid boundaries using the Kirchhoff method. The solution for the acoustic field according
to Curle’s theory [34] is:

4πc2ρ ′(x, t) = ∂2

∂xi∂xj

∫
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[
Tij

|x − y|
]

dV(y)− ∂

∂xj

∫
S(y)

[
ni(ρvivj + pij)

|x − y|
]

dS(y)+ ∂

∂t

∫
S(y)

[
ρv · n
|x − y|

]
dS(y) (11)

where n is the surface normal vector. The first term on the right-hand side is the quadrupole sound
source caused by fluid motion, the second term is the dipole sound source formed by the interaction
of the solid surface with the fluid, and the third term is the monopole sound source.

From Eq. (11), it can be observed that the analytical expression of the sound field includes
flow field quantities such as velocity, density, and pressure, which need to be obtained from the
fluid computational model. LES calculates the distribution of transient flow field quantities in the
time domain, which needs to be interpolated onto the acoustics mesh to perform acoustic analogy
calculations and obtain the turbulent noise source term in the time domain. Then, the time-frequency
Fourier transform is applied to convert it into the frequency domain result, as shown in Eq. (12).

Qn = 1
N

N−1∑
k=0

qke− i2πnk
N ; 0 ≤ n ≤ N − 1 (12)

where Qn is the frequency domain field quantity, q is the time domain field quantity, and N is the total
number of discrete points.

Once the frequency domain regenerative noise sources on the acoustics mesh are obtained, the
distribution characteristics and magnitude of the regenerative noise inside the expansion chamber can
be obtained through acoustic numerical simulations.

3 Numerical Simulation Models

To accurately simulate the unsteady flow field inside the expansion chamber, a conventional-sized
expansion chamber structure is designed. A three-dimensional model of the chamber is created using
solid modeling software, and then the model is divided into grids. For the flow simulation model, a
hexahedral structured grid is used to improve computational accuracy and convergence speed. The grid
is refined in the near-wall region, sudden expansion, and contraction sections to adapt to the sharp
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velocity gradients and reduce computational errors. On the other hand, the acoustic simulation model
does not require high grid quality, so a tetrahedral grid is uniformly used. The model is divided into
three zones: the source zone is used to extract flow noise sources within the chamber, the propagation
zone is used to calculate the sound propagation inside and outside the pipes and the infinite element
is used to compute the radiation process of the sound field to the free field environment. Additionally,
several virtual microphones are placed inside the pipes and 0.5 m outside the tailpipe to obtain sound
pressure values in the acoustic field. The established flow simulation model and acoustic simulation
model are shown in Fig. 2.

Figure 2: The fluid and acoustic simulation models

The fluid simulation model was conducted using the Fluent software platform, utilizing the
LES method to calculate the unsteady flow field inside the expansion chamber. The Navier-Stokes
(N-S) equation was discretized using the second-order upwind differential scheme, and the time
term was discretized using the second-order implicit discrete scheme to achieve higher accuracy
in fluid calculations. The Pressure Implicit Split Operator (PISO) algorithm, commonly employed
for unsteady calculations, was utilized in this study. The PISO algorithm incorporates momentum
correction and mesh distortion correction processes in each iteration step, resulting in more accurate
pressure fields and faster convergence. Compared to the Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm and the SIMPLEC (SIMPLE-Consistent) algorithm, the PISO
algorithm is computationally less expensive. Hence, the PISO algorithm was chosen to simulate the
unsteady flow process. The parameter settings for fluid analysis can be found in Table 1.

The sound field simulation is performed on the ACTRAN software platform, and the parameters
and boundary conditions of the simulation model are set in Table 2.

4 Experimental Verification Platform

To verify the accuracy of the simulation results, a test platform and corresponding acoustic testing
system were built to measure the aerodynamic noise of the simple expansion chamber.

4.1 Cold Flow Test Bench
The cold flow test bench is mainly composed of three-blade Roots blower, condenser, air tank,

labyrinth muffler and semi-anechoic chamber, and its structural diagram is shown in Fig. 3.
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Table 1: Parameters of the fluid simulation model

Project Parameter Project Parameter

Mesh type Structured mesh,
near-wall encryption

Inlet condition Velocity inlet

Mesh quantity 2600000 Outlet condition Pressure outlet
Mesh size 0.2–2.2 mm Wall condition Rigid adiabatic heat

without slip
Step 1/32768 s Subgrid model WALE
Calculation time 0.125 s Algorithm PISO algorithm
Working medium Air Discretization scheme Second order scheme

Table 2: Parameters of the acoustic simulation model

Project Parameter Project Parameter

Mesh type Tetrahedron mesh Inlet condition Non-reflective end
Mesh quantity 354000 Wall condition Rigid wall
Mesh size 1.1∼20.8 mm Infinite element order

of iteration
8th order

Analysis frequency band 10∼2000 Hz Frequency space 5 Hz

Figure 3: The schematic diagram of the test platform for the airflow regeneration noise

The three-blade Roots blower configuration is utilized in this study due to its capability to
effectively reduce the fluctuations in the outlet airflow. The maximum flow rate achieved in the outlet
pipe reaches 0.5 Mach, and at the highest speed, the blower can achieve a maximum volume flow
rate of 22 m3/min. As the working time increases, the temperature of the outlet airflow also rises
and can reach up to 100°C. To ensure consistency in the measured temperature before and after
the experiment, a condenser is installed at the outlet of the blower. This condenser helps maintain
the fluctuation of different test temperatures within 5%. Moreover, to eliminate low-frequency air
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flow fluctuations caused by the blower, a 3 m3 air tank is installed at the rear end of the condenser.
This air tank serves to stabilize the pressure and eliminate low-frequency noise. A labyrinth resistive
muffler is placed immediately behind the air tank. Its primary purpose is to eliminate medium and
high-frequency aerodynamic noise generated by the upstream system of the test bench. Additionally,
the muffler creates a non-reflective environment at the test bench’s entrance to eliminate the influence
of sound wave reflection at the upstream end. For a visual representation of the airflow regenerative
noise test platform, refer to Fig. 4.

Figure 4: The picture of the test platform for the airflow regeneration noise

The flow rate control of the test bench is achieved through the implementation of the
Proportional-Integral-Derivative (PID) control method. The system utilizes a combination of a
differential pressure flow meter, thermocouples, and pressure gauges to gather information about
the outlet flow field. Based on this information, the controller adjusts parameters such as blower
speed, the opening degree of the bypass valve, and the pressure-reducing valve to achieve the desired
flow rate. To ensure accurate measurements and control, the bench test system is located within a
semi-anechoic chamber. The semi-anechoic chamber is designed to minimize sound reflections and
external noise interference. The background noise within the semi-anechoic chamber is maintained at
a level below 20 dB in the frequency band of 53 to 2000 Hz. This low background noise level allows
for precise testing and analysis of the airflow regenerative noise without the interference of external
acoustic disturbances.

The dimensions and actual size of the expansion chamber for the test are shown in Fig. 5.

The acoustic testing system, located in a semi-anechoic chamber, is installed at the end of the cold
flow test bench to measure the airflow regeneration noise of the expansion chamber. The system’s
physical diagram is shown in Fig. 6.

In the testing system, the G.R.A.S. Type 26CA free-field microphone is employed. Two of these
microphones are positioned 500 mm away from the nozzle at the tailpipe’s mouth, angled at 45 degrees
relative to the pipe’s axis. Their primary role is to measure the airflow regeneration noise emitted from
the expansion chamber. To reduce ground reflections’ influence on tailpipe noise and emulate a full free
field environment, a large area of wedge is placed on the ground at the outlet of the tailpipe. This setup
approximates the sound field conditions of a true free field. The electrical signals from the microphones
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are collected and analyzed using LMS’s TypeSCM02 data analyzer. This tool processes and assesses the
microphone signals, enabling comprehensive characterization and evaluation of airflow regeneration
noise in the frequency domain.

Figure 5: The expansion chamber for the test. (A) The geometric dimension. (B) The picture of the
expansion chamber

Figure 6: The picture of the testing system for the airflow regeneration noise

The background noise of the airflow regenerative noise testing platform was measured using a
straight pipe, as shown in Fig. 7. As the airflow velocity increases, the background noise also increases,
but overall, it remains relatively low.
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Figure 7: The background noise of the test bench under different flow rates

5 Simulation Results and Analysis
5.1 Flow Field Simulation Results

The LES method is used to simulate the unsteady flow of the expansion chamber in the time
domain, and the pressure nephogram and velocity vector plot results of the time domain simulation
are shown in Fig. 8. The moment shown in the figure is 0.02417 s, and the airflow goes from left to
right direction.

Figure 8: The LES simulation results of expansion cavity (M = 0.147)

Fig. 8 shows a cross-sectional view along the Z-Y plane of the internal flow field in the expansion
chamber, displaying the pressure distribution and velocity vector field of the chamber. The figure
captures the complexity of the flow inside the chamber. For illustrative purposes, the chamber can
be divided into four regions, as shown in Fig. 9. Regions 1© and 4© are the flow field regions of the
inlet and outlet pipes of the expansion chamber, region 2© is the flow field region along the axis of the
chamber opposite to the inlet and outlet, and region 3© is the flow field region within the expanding
section of the chamber.

Upon a close examination of Fig. 8 and the accompanying description, several noteworthy
observations come to light. Regions 1© and 4© correspond to the inlet and outlet flow sections,
respectively. These areas are confined by the pipe’s walls, resulting in a consistent flow direction
and relatively high velocities. Notably, the vector arrows in region 2© within the chamber are larger,
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signifying elevated flow velocities. This is primarily because air is directly discharged from region
1©, travels through the chamber, and enters region 4©. In contrast, the region 3© characterizes the

expansion section of the chamber. This region is less directly affected by the jet flow and demonstrates
lower flow velocities. At the juncture between regions 2© and where high-velocity airflow intersects
with low-velocity flow, a shear layer emerges. This shear layer delineates the boundary between varying
flow velocities and is distinguished by changes in flow dynamics.

Figure 9: Flow field zoning diagram

Due to the influence of airflow viscosity, the behavior of the flow within the shear layer becomes
intricate. As the airflow is expelled from region 1© and travels a certain distance, a segment of the flow
within the shear layer changes direction, giving rise to vortices at the interface between regions 2© and

3©. These vortices form due to the instability of the shear layer and are accompanied by fluctuations in
fluid pressure, leading to pressure oscillations within the expansion chamber. Propelled by the high-
velocity airflow in region 2©, these vortices progress downstream toward the chamber’s outlet. As
they travel, they continue to increase in size and strength. Ultimately, near the outlet, the vortices
encounter a constricting wall surface, causing them to rupture. This rupture results in the creation of
substantial recirculation zones within the chamber. These zones signify areas of flow separation and
reverse flow, further adding to the intricacies of the flow field within the expansion chamber. These
observations enhance our comprehension of the flow characteristics within the expansion chamber
and offer valuable insights into the distribution of flow patterns and vortices in different regions.

For unsteady flow inside the cavity, vorticity provides a clearer description of the non-steady flow
process in the flow field. The vorticity is expressed as in Eq. (13).

w = ∇ × v (13)

This study employs Eq. (13) to calculate the vorticity distribution of the three-dimensional flow
field within the expansion cavity. By slicing along the Z-Y plane, a vorticity contour plot is generated,
as depicted in Fig. 10A. To validate the simulation results, experimental observations conducted by
Esaki et al. [14] are also presented in Fig. 10B. Despite differences in the dimensions of the two
expansion chambers, notable similarities are observed in the positions where the main vortices occur
inside the cavity. Both the simulated and experimental results show that the vortices emerge at the
midsection of the cavity, precisely at the junction of regions 2© and 3©. Additionally, the vortices exhibit
symmetry along the central axis. This strong agreement between the simulated and experimental
vorticity distributions provides a level of validation for the accuracy and correctness of the flow field
simulation results.

For low Mach number flows, the vorticity can provide a clearer description of the unsteady flow
process in the flow field [16]. Based on the velocity distribution in the three-dimensional space inside
the expansion chamber, the vorticity contour plot within the cavity can be calculated. Fig. 11 shows
the vorticity contour plot on the Z-Y plane.
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Figure 10: The comparison between simulation results and experimental results. (A) The simulation
results. (B) The experiment results by flow visualization techniques

Fig. 11 provides a clear depiction of the temporal evolution of vorticity within the expansion
cavity. As the airflow is injected from the inlet 1©, a prominent and elongated shear layer forms near
the junction of regions 2© and 3©. The influence of airflow viscosity leads to the generation of small-
scale vortical structures within this strong shear layer, resulting in a belt-like distribution of vorticity.
As the flow progresses downstream from the inlet 1©, these small-scale vortical structures interact
with the airflow, acquiring kinetic energy and gradually growing in size. Eventually, these structures
detach from the shear layer and move towards the downstream contraction section. Upon interacting
with the contraction wall, the vortical structures disperse, and a portion of the vorticity is carried into
the outlet 4© along with the airflow. Furthermore, the presence of vortices within the cavity induces
pressure fluctuations, which in turn enhance the formation and detachment of vortices within the
upstream shear layer. This feedback loop between vorticity movement and pressure fluctuations plays
a significant role in shaping the flow dynamics. These observations align closely with the vorticity
movement trajectory proposed by Esaki et al. [14] based on experimental results.

As depicted in Fig. 11, the region near the junction of 2© and 3©, located in the midstream
of the cavity, serves as the primary location for the detachment and rupture of vortical structures.
According to the vortex sound theory, this region is the main distribution area of flow noise
sources. The experimental results conducted by [14] strongly support and confirm this conclusion.
The agreement between the simulated three-dimensional fluid simulation and Takashi’s experimental
findings highlights the accuracy and reliability of the numerical model in capturing the unsteady flow
process within the expansion cavity. This simulation provides a visual demonstration of the underlying
mechanism behind the generation of cavity flow noise, shedding light on the intricate dynamics and
contributing to a deeper understanding of the phenomenon.

5.2 Aerodynamic Noise Source Extraction and Sound Field Calculation
The flow field inside the expansion chamber is computed using LES, and this information is then

used to calculate the airflow regeneration noise sources based on the Lighthill theory. To extract the
relevant flow field information, such as flow velocity, temperature, pressure, and density, from the
temporal results of the fluid simulation, the integral interpolation method is employed. Subsequently,
these extracted variables are mapped onto the acoustic grid. On the acoustic grid, the Lighthill stress
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tensor is solved. To convert it into the frequency domain, a windowed discrete Fourier transform is
applied. Finally, by performing differentiation, the frequency-domain terms representing the airflow
regeneration noise sources are obtained.

Figure 11: The variation of the vorticity inside the cavity with time

The cloud plot of the Lighthill stress tensor on the Y-Z section in the frequency domain of the
expansion cavity is shown in Fig. 12.

Based on the obtained Lighthill stress tensor, the sound field propagation process inside the cavity
can be calculated using Eqs. (6)–(11). Fig. 13 shows the distribution of the sound field inside the cavity
at two frequencies.

Based on the observations from Fig. 13, it is clear that the aerodynamic noise sources within the
cavity are predominantly located near the shear layer. Additionally, the distribution of sound sources
within the cavity varies depending on the frequency. For low-frequency sound sources, they tend to be
primarily distributed in the middle and downstream sections of the cavity. This pattern corresponds
to the presence of larger vortex structures, as depicted in Fig. 13A. On the other hand, high-frequency
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sound sources exhibit a greater concentration in the upstream section of the cavity. This concentration
aligns with the existence of smaller vortex structures, as shown in Fig. 13B.

Figure 12: Lighthill stress tensor cloud in the expansion chamber

Figure 13: The sound field distribution in the expansion chamber. (A) 550 (B) 830 Hz

After extracting the sound sources, the propagation process of flow-induced noise can be
calculated on the acoustic grid model, thereby obtaining the sound pressure levels of the far-field
radiation outside the duct. The simulated far-field radiation responses at the designated points in the
model are compared with the experimental results, as shown in Fig. 14.

Fig. 14 shows the comparison between the simulated and experimental results for the radiated
noise from the tailpipe, and the frequency resolution used both for measurements and simulations to
obtain the SPL spectra was 1 Hz. The results indicate a good agreement in terms of peak frequencies
and magnitudes between the simulation and experiment. From the results, it is evident that the flow-
induced noise in the expansion chamber exhibits distinct resonant frequencies in the radiated noise
from the tailpipe. The system can be considered as a half-wavelength resonator, and its resonant
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frequencies can be expressed using Eq. (14) [3].

fr = nc(1 − Ma2)

2Le

, n = 1, 2..... (14)

where Ma is the Mach number, Le is the equivalent length of the tailpipe, Le ≈ Lt + 0.525D, D is the
tailpipe diameter.

Figure 14: Sound pressure level of the noise radiated from tailpipe nozzle (M = 0.147)

The results of Eq. (14) are calculated and listed in Table 3. Meanwhile, the resonance frequencies
from both the experimental and simulation results are extracted and filled into Table 3 as well for error
analysis. The table is shown as follows.

Table 3: Comparison of the resonance frequencies

Serial number Experimental
results (Hz)

Theoretical
formula
(Eq. (14)) (Hz)

Simulation
results (Hz)

Error I
(experimental
results)

Error II
(theoretical
formula)

1 211 214.56 220 4.2% 2.5%
2 412 429.11 410 0.4% 4.4%
3 645 643.67 650 0.7% 1.0%
4 849 858.22 850 0.1% 1.0%
5 1072 1072.78 1090 1.7% 1.6%
6 1280 1287.33 1290 0.8% 0.2%
7 1518 1501.89 1515 0.2% 0.9%
8 1713 1716.45 1715 0.1% 0.08%
Note: Error I = (|Simulation − Experimental Results|/Experimental Results) ∗ 100; Error II = (|Simulation Results − Theoretical
Formula|/Theoretical Formula) ∗ 100.
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From Table 3, it can be observed that the deviations between the simulation results and the
experimental results, as well as the results calculated using the theoretical formula (Eq. (14)), are all
within 5%. This demonstrates the accuracy of the simulation results in this study.

6 Methods of Suppressing Aerodynamic Noise

Based on the analysis presented earlier, it is evident that the vortices formed in the airflow shear
layer directly contribute to airflow regeneration noise. To mitigate this noise, it becomes crucial to
control the formation of the airflow shear layer. The presence of a step change boundary at the inlet
and outlet of the expansion chamber, as depicted in Fig. 15a, is the primary cause of shear layer
formation. To address this issue, perforated tubes are introduced within the chamber. These tubes
effectively separate the airflow, impede shear layer formation, and allow sound waves to pass through
the perforated plate, thereby achieving sound absorption within the expansion chamber. Consequently,
this study proposes two distinct perforated tube structures to investigate and validate the methods and
effectiveness of aerodynamic noise suppression. Both structures maintain consistent perforation sizes
and numbers, as illustrated in Fig. 15.

Figure 15: Structure of perforated tube expansion chamber for aerodynamic noise suppression. (A)
Fully perforated expansion chamber. (B) Semi-perforated expansion chamber

By employing the theoretical framework and methods outlined earlier, mixed simulation calcula-
tions were conducted to analyze the flow field and acoustic field for the two types of perforated tube
expansion chamber structures. In the fluid simulation model, the mesh near the perforation has been
encrypted. The number of CFD elements in the expansion cavity after perforation is around 3500000.
In the acoustic simulation model, the mesh near the perforation has also been encrypted. And the
number of elements is around 750000. The distribution of the Lighthill stress tensor, derived using the
acoustic analogy method, is depicted in Fig. 16.

Upon comparing Figs. 13 and 16, it is evident that the presence of perforated tubes effectively
suppresses the formation of shear layers and disrupts the development of turbulent vortices. As a
result, a significant reduction in the Lighthill stress tensor within the chamber is observed. Specifically,
when comparing Figs. 16A and 16B, it becomes apparent that the fully perforated expansion chamber
exhibits higher Lighthill stress tensor values at the perforations, indicating the presence of larger
aerodynamic noise sources at those locations. Conversely, the semi-perforated expansion chamber
demonstrates lower Lighthill stress tensor values throughout the chamber. To facilitate a more
comprehensive comparison of aerodynamic noise levels between the expansion chamber, the fully
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perforated expansion chamber, and the semi-perforated expansion chamber, the acoustic calculation
model was employed to determine the sound pressure levels of the far-field aerodynamic noise emitted
from the tailpipe of the expansion structures. These sound pressure levels are illustrated in Fig. 17.

Figure 16: The nephogram of lighthill stress tensor in the expansion chamber with perforated tube.
(A) Fully perforated expansion chamber. (B) Semi-perforated expansion chamber

Figure 17: Comparison of simulation results of airflow regenerative noise (Ma = 0.147)
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From Fig. 17, it can be observed that within the frequency range of 50–600 Hz, both the fully
perforated and semi-perforated expansion chambers exhibit significantly lower aerodynamic radiation
noise compared to the expansion chamber without perforations. In the frequency range of 600–
2000 Hz, the fully perforated expansion chamber shows slightly higher aerodynamic radiation noise
than the expansion chamber, while the semi-perforated expansion chamber consistently exhibits
lower aerodynamic radiation noise levels compared to the expansion chamber. This demonstrates a
significant aerodynamic noise control effect.

The main reason for the suppression of aerodynamic noise in the frequency range of 50–600 Hz
is that the perforated tubes block the formation of shear layers within the chamber, preventing the
generation of large vortex structures in the flow field. As a result, the low-frequency aerodynamic noise
regeneration is effectively suppressed. However, further analysis is needed to determine the specific
reasons for the slightly higher aerodynamic noise in the frequency range of 600–2000 Hz for the fully
perforated expansion chamber.

According to the theory and methods described earlier, an analysis of the airflow inside the fully
perforated expansion chamber was conducted. Fig. 18 shows a time-domain transient simulation of
the fully perforated expansion chamber, including a velocity vector plot at a certain moment and a
vorticity contour plot along the Y-Z plane.

Figure 18: Velocity vector and vortex nephogram in the fully perforated expansion chamber. (A) Vector
plot of flow velocity in the cavity. (B) Distribution of vortex in the cavity

Fig. 18a reveals that the presence of perforated pipes restricts the formation of significant vortex
structures within the flow field. However, there is evidence of backflow occurring between the
perforated pipes and the expansion chamber. At the upstream section of the perforated pipe, the
airflow passes through the small holes and enters the expansion chamber, while at the downstream
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section of the perforated pipe, the airflow flows back into the perforated pipe. In Fig. 18b, it can
be observed that the vorticity values are notably high in the vicinity of the perforated section. The
vorticity distribution shows that the vortices are located outside the pipe in the upstream perforated
pipe section and inside the pipe in the downstream section. When considering Fig. 18a, it becomes
evident that the vortex structures primarily form during the process of gas backflow within the cavity.
This backflow occurs when gas is ejected through the perforations. The numerous small-scale vortex
structures formed during the gas ejection process contribute to an increase in the energy of mid-to-high
frequency aerodynamic noise within the fully perforated expansion chamber.

To validate the effectiveness of the aerodynamic noise suppression scheme, fully perforated and
semi-perforated expansion chamber structures were fabricated, as shown in Fig. 19. Aerodynamic
noise testing was conducted on the established cold-flow test bench.

Figure 19: Physical picture of the fully perforated expansion chamber and the semi-perforated
expansion chamber

The experimental test results of the far-field radiated noise for the expansion chamber, fully
perforated expansion chamber, and semi-perforated expansion chamber are shown in Fig. 20.

Figure 20: Comparison of test results of far-field airflow radiated noise (Ma = 0.059)

Fig. 20 indicates that in the mid-low frequency range, both the fully perforated expansion chamber
and the semi-perforated expansion chamber exhibit significantly lower aerodynamic radiated noise
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compared to the expansion chamber. In the mid-high frequency range, the aerodynamic radiated
noise of the fully perforated expansion chamber is slightly higher than that of the expansion chamber,
while the semi-perforated expansion chamber demonstrates lower aerodynamic radiated noise in
comparison to the expansion chamber. These experimental results align with the trends observed in the
simulation results, thus validating the accuracy of the simulations. To further validate the effectiveness
of the two structures in suppressing aerodynamic noise, the sound pressure levels of the far-field
aerodynamic noise at the tailpipe were measured and analyzed at different flow velocities using the
experimental test platform, as depicted in Fig. 21.

Figure 21: The comparison of the overall sound pressure level of radiated airflow regeneration noise
at different Mach numbers

Fig. 21 provides a comparison of the overall sound pressure levels of far-field radiated aerody-
namic noise. It is evident that, for different flow Mach numbers, the perforated expansion chamber
exhibits lower aerodynamic noise levels than the expansion chamber, while the semi-perforated
expansion chamber demonstrates even lower aerodynamic noise levels than the fully perforated
expansion chamber. Furthermore, the presence of the unperforated half of the duct in the semi-
perforated expansion chamber leads to the generation of standing wave effects at 1/4 wavelength,
enhancing the sound absorption effect in the corresponding frequency range.

The transmission loss of the semi-perforated expansion chamber was calculated by the three-
dimensional finite element method. The acoustic three-dimensional simulation model was constructed
for the semi-perforated expansion chamber. The inlet boundary condition is set as unit particle
vibration velocity. The outlet boundary condition is set as a non-reflecting boundary. And the wall
condition is set as a rigid wall. The acoustic model is simulated on the ACTRAN software platform.
Then, the incident sound power Win at the inlet port and the transmitted sound power Wtr at the outlet
port can be obtained from the simulation results. Thus, the transmission loss TL can be calculated by
the following equation:

TL = 10 log10(Win/Wtr); (15)

Fig. 22 presents the results of the transmission loss for the compared schemes in this study,
providing further insights into the noise reduction capabilities of the semi-perforated expansion
chamber.
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Figure 22: Comparison of transmission loss

In Fig. 22, it can be observed that the semi-perforated expansion chamber, with an unperforated
section of the duct, exhibits a resonance peak around 450 Hz due to the quarter-wavelength tube effect.
This enhances the sound absorption in the frequency range of 200 to 700 Hz. The sound absorption
in this frequency range is crucial for controlling order-related noise.

Based on the analysis of the aforementioned simulations and experimental results, it can be
deduced that the semi-perforated expansion chamber structure effectively suppresses both expansion
turbulence and backflow turbulence. Moreover, the quarter-wavelength tube effect enhances sound
absorption in the mid-low frequency range. In summary, the semi-perforated expansion chamber
emerges as the optimal sound attenuation unit, offering effective noise suppression across a broad
frequency range.

7 Conclusions

This study utilizes a combination of Large Eddy Simulation and acoustic analogy methods to
analyze the unsteady flow and airflow regeneration noise within the expansion chamber. The LES
technique is employed to compute the unsteady flow inside the expansion chamber, and the simulation
results provide visual insights into the formation process of unsteady vortices induced by shear flow
within the chamber. Additionally, by extracting flow field information, the spatial distribution of
airflow regeneration noises is calculated. The acoustic analogy method is then applied to obtain sound
pressure values of airflow regeneration noise at far-field response points. Notably, the calculated sound
pressure values exhibit good agreement with experimental test results.

Based on the mechanism of airflow regeneration noise within the chamber, perforated pipes are
selected as a means to suppress airflow regeneration noise. An experimental platform for airflow
regeneration noise is constructed, and experimental samples are fabricated to analyze and verify the
noise suppression effects of perforated expansion chambers at different Mach numbers.

The study findings include:

(1) The strong shear layer of the upstream flow in the expansion chamber generates vortex
structures under the influence of viscous forces. These vortex structures gradually increase and detach
during the downstream motion of the flow. The formation and detachment zones of vortex structures
within the chamber are the main sources of airflow regeneration noise.
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(2) Perforated pipes effectively isolate high-velocity and low-velocity flows, preventing the forma-
tion of strong shear layers. Consequently, the formation of a large number of vortex structures within
the chamber is inhibited, leading to a significant reduction in airflow regeneration noise sources.

(3) The semi-perforated pipe can effectively suppress backflow within the chamber, further
reducing the aerodynamic noise generated during flow passage through the perforations. Additionally,
the presence of the 1/4 wavelength pipe effect enhances sound absorption in the mid-to-low-frequency
range, making it an optimal sound attenuation unit.

This study offers practical guidance for the design of airflow regeneration noise reduction
in exhaust and ventilation systems. Future research should consider the relationship between the
structural parameters and perforation distribution of the perforated expansion chamber and the
effectiveness of airflow regeneration noise suppression.
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