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ABSTRACT

To reduce the noise in a pump piping system and increase the usage time of equipment, a new type of porous
muffler is proposed in this paper. A water guide cone is incorporated into the muffler structure, which may help
to redirect the fluid media in the piping system. The porous structure is adapted from a muffler shell, water
cone wall and round bottom plate. According to this structure, the muffler sample is made, and a pump pipeline
system test bench is set up. The outlet noise of the pump pipeline system is measured after installing the muffler.
At the same time, the muffler is numerically simulated by combining computational fluid mechanics and
Lighthill acoustic theory. The characteristics of the flow field and external sound field under three different
flow conditions of 200 m3/h, 400 m3/h and 600 md/h are assessed. The numerical simulation results show the
same dominant frequency and trend as the experimental results. The rationality of the numerical simulation is
verified. Research shows that: the level of sound pressure at the muffler's outlet is lower than at the inlet, causing
muffling, and the characteristics of a quadrupole sound source appear at the outlet. The proposed muffler has a
certain effect in reducing noise in the pump pipeline system.

Keywords: Muffler; Pump piping system; Computational fluid dynamics; Hydrodynamic noise; Sound
pressure level; Sound pressure level directivity.

NOMENCLATURE

Gk generating term for the turbulent kinetic energy ¢ flow resistance coefficient

ok Prandtl numbers of turbulent kinetic energy p media density

0.  Prandtl numbers of dissipation rate v average flow

Tij  Lighthill stress tensor k turbulent kinetic energy

€ dissipation rate Ap pressure loss
SPL Sound Pressure Level OASPL Overall pressure level
N-S  Navier-Stokes Co value of the sound velocity
P pressure t time

u coefficient of viscosity g acceleration of gravity

excitations in the pipeline. The appearance of noise
has adverse factors, such as affecting the service life
of equipment, damaging human health and affecting

1. INTRODUCTION

Mufflers are widely used in the ocean engineering,
aerospace, and power industries and other fields that
require pump pipeline system. Whether for civilian
or military applications, the demand for muted noise
reduction is increasing. The vibration and noise
problems of high power pipeline systems have
becoming increasingly prominent. The vibration and
noise of a pumping pipeline system are mainly
produced by pump group vibrations and fluid

the stealth performance of ships (Liang 2010; Liu et
al. 2013; Dai et al. 2021). Noise can be eliminated
effectively, and negative factors can be avoided by
the design and installation of silencer equipment in
pump pipeline systems (Gu et al. 2018).

Acoustic  wave propagation and  acoustic
transmission in metamaterial pipeline systems with
Helmholtz resonators were studied by Li et al.
(2016). Bandgaps could be generated by the
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introduction of periodic Helmholtz resonators in a
pipeline system. Thus, the bandwidth and attenuation
effect of the Helmholtz resonator were improved
significantly. In some special cases, Bragg clearance
interacted with resonant clearance to produce
ultrawide coupling clearance. The explicit formula of
precise bandgap coupling was extracted, and some
key parameters of coupling gap width modulation
and attenuation coefficient were studied. The
coupling gap could be located in any frequency range,
making low-frequency noise control feasible over
the broadband range. A low-noise pipe drainage
device was proposed by Xia et al. (2017). The device
suppressed pressure pulsation mainly through an
accumulator group and Helmholtz resonator. Noise
reduction was achieved by suppressing the pressure
pulsation at the pump outlet in the pipeline system.
A Helmholtz resonance muffler was designed by Lyu
et al. (2020). The structural parameters of the muffler
were optimized by a genetic algorithm and numerical
calculations were carried out. Finally, the frequency
band of the muffler was expanded from 32 Hz to 86
Hz. All the mufflers mentioned above were based on
Helmholtz resonance. Although a Helmholtz
resonance muffler has a high low-frequency noise
attenuation, its noise attenuation band is very narrow
and has limitations. It can only mute at resonant
frequencies. When deviating from the resonance
frequency, the noise attenuation effect is not
particularly obvious. Therefore, this kind of muffler
is difficult to apply in practical situations where the
excitation frequency changes or the muffler
frequency band is wide (Shao et al. 2020; Zhang et
al. 2021; Chen et al. 2017).

A muffler design method based on topology
optimization was proposed, and experimental
verification was carried out by Lee (2015). Using
acoustic topology optimization, a partition volume
minimization problem was proposed to achieve
transmission loss. The muffler design problems at
several target frequencies were solved, and the
influence of the initial design variables on the
optimal topology was studied. An expansion cavity
muffler structure with a periodically arranged
microperforated panel was proposed by Gai et al.
(2020). The transfer matrix method and finite
element method were used to analyze the
transmission loss of the expansion cavity before and
after the introduction of the microperforated plate.
The sound insulation performance of the expansion
cavity was further improved by adding a double-
layer microperforated plate. To improve the
performance of plate mufflers, Hou et al. (2020)
focused on the study of plate mufflers. A plate
muffler model with an elastic back cavity structure
was proposed. The influence of the elastic back
plate's structural parameters and the muffler noise
mechanism were investigated and compared to the
rigid back cavity model that is currently in use. A
new multicavity perforated muffler structure was
proposed by Zhou et al. (2018). The effect of the
perforated cavity spacing on performance was
studied. A genetic algorithm was used to optimize the
sound of the muffler. The noise transmission
characteristics of mufflers were studied by Xiang et
al. (2017). A multicavity microperforated muffler
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with adjustable transfer loss was proposed. The
experimental results showed that the middle and
low-frequency noise could be simultaneously
suppressed by the muffler. The influence of baffles
on the acoustic characteristics of microperforated
tube mufflers was analyzed by Zuo et al. (2014). It
was found that the position of the baffle affects the
main acoustic attenuation band and transmission loss.
The closer the baffle was to the middle position, the
higher the frequency of the first arch attenuation
domain, and the greater the transfer loss. The transfer
loss increased when the number of partitions
increased. However, when the number of partitions
reached a certain value, the transfer loss did not
increase significantly. Although the muffler could
achieve the effect of noise reduction, the structure
was more complex, technologically advanced, and
difficult to process. The muffling effects were
improved only in the medium and high-frequency
ranges, and had certain limitations. This paper
proposes a new type of muffler with a simple
structure that is simple to process and install. The
muffler has a very wide muffling frequency band and
can simultaneously reduce low-frequency, mid-
frequency and high-frequency noise at the outlet of
the pump piping system, which has a wider
application range and exceeds the limitations of the
previous mufflers.

2. MUFFLER STRUCTURE and TEST
PROGRAM

This paper presents a porous silencer for a pump
piping system. The muffler at the pump line system's
outlet muffles the sound. The muffler is primarily
made up of two parts. The first part is the shell part
of the muffler. The second part is the internal water
guide cone, which is supported and fixed by three
water guide cones. The shell and water cone surfaces
contain a large number of round holes. The internal
water cone redirects the fluid as it passes through the
muffler. The conical shape and top arc design of the
water guiding cone can reduce noise caused by fluid
impact in the transition structure of different sections.
They can effectively reduce vibration and noise. The
muffler shell, the water guide cone's wall surface,
and the round bottom plate has a huge number of
circular holes that are all uniformly spaced. The
muffler shell has three times the flow area of the
water guide cone. The structure utilizes the high
acoustic impedance of the pores to achieve noise
reduction for the pump piping system. The structural
diagram of the muffler is shown in Fig. 1.

The muffler samples are made, and a test bench is
erected in accordance with the muffler structure
scheme obtained above. The sample muffler is
shown in Fig. 2. It is linked to the pump piping
system's outlet. It is installed and secured in the water.
The testing system is depicted in Fig. 3. The test
device consists of a booster pump, valve, pressure
transmitter, motor, flowmeter, muffler, and data
acquisition system. Data acquisition equipment
mainly collects high-frequency signals and low-
frequency signals at the same time. Hydrophones are
fitted at the muffler's inlet and outlet sites to measure
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(1) Flange (2) Mufflershell (3) Cone support (4) Water cone

(5) Round bottom plate  (6) Flow channel extension angle

Fig. 1. Structure diagram of the muffler.

Monitoring point location

Fig. 2. Muffler Sample.

Fig. 3. Pump pipeline test system.

noise. The RHSA-20 hydrophone model is used
throughout the test. The sensitivity of this
hydrophone is 192 mV/Pa. The hardware
conversion of the acquisition template inputs the
sensor's output signal into the virtual instrument
driver when the pump is operating. The noise signal
is displayed and acquired using LabVIEW software.
The instruments for signal acquisition are depicted in
Fig. 4. The sampling interval of the acquisition
module and the number of samples are determined
using the Nyquist sampling theorem and the test
range of noise (Liu et al. 2022). In general, the
sampling frequency of the highest useful frequency
is repeated three to four times. The frequency of
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Fig. 4. Data collector.

sampling is determined to be 10240 Hz. The number
of samples is determined to be N=30720.

3. NUMERICAL SIMULATION METHODS

3.1 Numerical Simulation Theory
Numerical simulation theory of the flow field

Because the pressure change inside the muffler is
small, it can be classified as turbulent incompressible
fluid flow. The whole process can be described by
control equations such as the continuity equation,
Reynolds mean N-S equation (Navier-Stokes
equation), turbulent kinetic energy k, and transport
equation for the turbulent kinetic energy dissipation
rate ¢ (Zhang et al. 2006):
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Where p is the density. P is the pressure. u, vand w
are the components of the velocity vector in the x, y
and z directions. t is the time. p is the coefficient of
viscosity and g is the acceleration of gravity.
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where Gk is the generating term for the turbulent
kinetic energy k due to the mean velocity gradient.
ok and o. are the Prandtl numbers of turbulent
kinetic energy k and dissipation rate g, respectively.
C:1, C:2 and C, are empirical constants and are

usually taken as C,;=1.44, C,,=1.92, C,=0.09.

The flow resistance coefficient ¢ is used to express
the resistance of the muffler to the passing medium.
A larger value indicates a poorer flow capacity of the
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muffler. The equation for calculating the flow
resistance coefficient ¢ is shown in Eq. (6).
(Lighthill 1954; Liu et al. 2020):

§=-8 ®)
&)

In the formula,

¢ ——flow resistance coefficient

Ap ——pressure loss, Pa

p ——media density, kg/m?

v ——the average flow, m/s

Lighthill Acoustic Theory

The proposed Lighthill sound theory underpins
stream noise research and development. The
proposed Lighthill theory of acoustic analogy is
based on the assumption that a finite region of
turbulent motion V is contained in an infinitely large
homogeneous, static acoustic medium. This means
that outside the region of turbulent motion V is
largely unaffected by the turbulent motion region V,
and that density fluctuations in the flow field are
similar to acoustic waves. Lighthill suggested that
the fluid's continuity equation and momentum
equation serve as the foundation for the acoustic
analogy theory's derivation. By collating the
simplified continuity equation and momentum
equation of the fluid, the homogeneous acoustic
fluctuation equation in the fluid far from the
turbulent region is obtained, as shown in Eq. (7)
(Bravo et al. 2016; Lighthill 1952):

-V =0 ©)
where, p'=p—py, p and p' are the fluid
densities when disturbed and undisturbed,
respectively. C, is the value of the sound velocity
under equal first conditions.

The continuity equation and momentum equation
under the basic assumptions can be written as shown
in Eq. (8) and Eq. (9). (Tang et al. 2017)
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represents the viscous part of the Reynolds stress
tensor. Eq. (10) can be obtained by differentiating Eq.
(8) with respect to t. Then, taking the scatter of Eq.
(10) yields Eq. (11). (Wu et al. 2021)
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Subtracting momentum Eqg. (9) from Eqg. (11), we can
obtain Eq. (12):
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Subtracting c2V?p from both sides simultaneously
yields Eq. (13):
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For the far-field region unaffected by the turbulent
region, the derivative is naturally zero since p, is
constant. Let Tl] = puiuj — Tij + (SU(p - Cgp) By
changing the formula above into Eg. (13), the
equation of density fluctuation can be obtained as
shown in Eqg. (14). The formula is the famous
Lighthill equation (Wright et al. 2015).
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The generation and propagation of sound are
calculated separately by the Lighthill acoustic
analogy method. The acoustic calculation model
based on steady or transient flow field calculations
built in CFD software can convert the flow field data
into a sound source to calculate the sound field, so
the requirements of calculation amount and
calculation format are low (Yao et al. 2022). The
acoustic analogy method has already possessed
engineering application value. It has been used in a
variety of fields, including the far-field aerodynamic
noise of high-speed vehicles and the far-field
aerodynamic noise of high-speed trains (Du et al.
2022; Narayanan et al. 2021)

3.2 Three-dimensional
Meshing

Modeling and

The calculation models of the flow field and sound
field are established by Creo 3-D modeling software.
This paper is primarily concerned with the muffler's
external sound field characteristics. Therefore, when
building the sound field calculation model, water is
added around the muffler. The ANSYS-ICEM
software is used to mesh the muffler 3D model. The
flow field and sound field meshes are meshed with
an unstructured tetrahedral mesh to account for the
irregularity of the muffler structure. According to the
sound field grid requirements, the maximum size of
the sound field grid must be less than one-sixth the
length of the maximum sound wave. To ensure the
accuracy of the calculation, five different sets of
grids are listed to verify the grid independence with
the pressure difference as the measurement standard.
The results of grid independence verification are
shown in Fig. 5. The final decision is to set the grid
cell size to 4 mm, the location of the circular hole is
locally encrypted, and the number of grids is 244
million. The flow and sound fields are computed
using the same grid set. The flow field computing
domain grid and sound field computing domain grid
are shown in Fig. 6.

3.3 Flow Field and Sound Field Numerical
Calculation Settings

The muffler flow field calculation is based on the
ANSYS-CFX platform. The steady-state calculation
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Fig. 5. Grid Irrelevance Verification.

Fig. 6. Muffler grid.
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Fig. 7. Location of sound field monitoring points.

is the first step in the numerical simulation of the
muffler flow field. Unsteady-state computations are
done after acquiring the steady-state flow field. k —
& turbulence models are used for both steady and
unsteady calculations. The effect of temperature
change on hydrodynamic noise is ignored. The inlet
flow and outlet pressure serve as the muffler's inlet
and outlet boundary conditions. The inlet meets three
flow conditions of 200 m3/h, 400 m3/h and 600 m%/h.
The pressure at the outlet is set to 1 MPa. The
transient calculation time step is set to 0.0003s, and
the overall time step is set to 0.3 s. The wall surface
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roughness is set to 0.03 mm. It is utilized for
hydrodynamic noise calculation and analysis by
extracting the time domain pressure pulsation sound
source information of the muffler in the flow field.

The acoustic software ACTRAN is used to calculate
the sound field. The sound field outside the muffler
is calculated using time domain information from the
flow field. The ACTRAN-ICFD module can use the
Fourier transform to obtain the sound source term in
the frequency domain. The hydrodynamic noise
calculation frequency of the muffler is set to 0-1000
Hz. The full absorption surface is the boundary
condition for the muffler's inlet and outlet. The
remainder of the wall surface is configured to be
completely reflective. The locations of the
monitoring points are shown in Fig. 7. To obtain the
accurate noise condition of the muffler outlet, the
surrounding monitoring points are set at the outlet.
There are 61 points in the surrounding monitoring
points, and these points are distributed around the
center along the circumference at equal angles. The
diameter of the distribution circle of monitoring
points is set to 0.4 m.

4, ANALYSIS OF SIMULATION RESULTS

4.1 Analysis of Flow Field Results

The muffler's pressure change primarily includes the
friction pressure change caused by friction between
the muffler's inner channel wall surface and the fluid.
The change in fluid flow state caused by the change
in the local structure in the muffler causes the local
pressure difference. Generally, the local loss
occupies the main position. Table. 1. shows the
pressure difference and resistance coefficient under
different flow conditions. According to the results,
the resistance coefficient of this muffler is
approximately 2.09.

Table 1 Pressure difference and flow resistance
coefficient of the muffler

Working condition
i) 200 400 600
Pressure difference 23.9 859 | 182.8
(Pa)
Flow resistance 297 206 | 1.95
coefficient

Figure 8 shows the pressure distribution clouds for
200 m3/h, 400 m3/h and 600 m3h flow conditions.
Under different flow rates, the pressure distribution
at each place of this muffler is uniform, and the flow
pattern is stable. The pressure at the inlet pipe is
slightly less compared to the pressure at the outlet.
The overall pressure in the pool does not vary much
and the pressure values are stable within a range. The
momentum transfer of the jet (divided by the area)
causes the pressure in the pool to increase. The flow
velocity is very small during the actual flow, the
pressure distribution in the pool is uniform, and the
flow at the bottom of the muffler is more violent. The
flow velocity at the bottom of the pool is slightly
faster compared to the surface of the pool, while the
flow at the surface of the pool is almost stationary,



J.W. Lin etal. / JAFM, Vol. 16, No. 1, pp. 147-156, 2023

Pressure
1.033e+006

1.022e+008
1.011e+006
1.000e+006
9.893e+005
9.784e1005
9.674e+005
9.565e+005
9.455e+005
9.346e+005
9.236e+005
[Pa]

(1) 200 m¥h

ady, gy

M

Pressure
1.016e+006

1.005e+006
9.936e+005
9.824e+005
9.713e+005
9.602e+005
9.491e+005
9.380e+005
9.269e+005
9.157e+005
9.046e+005
[Pa]

400 mé/h

@
Pressure

1.006e+006
1.001e+006
9.973e+005
9.932e+005
9.891e+005
9.850e+005
9.809e+005
9.768e+005
9.727e+005 |
9.685e+005

9.644e+005
[Pa]

(3) 600 m¥h

Fig. 8. Pressure distribution clouds under
different flow conditions.

resulting in the phenomenon that the pressure at the
bottom of the pool is slightly less than the surface of
the pool. Fig. 9 shows the velocity distribution
clouds under various working conditions. As can be
seen in the diagram: the flow velocity is faster at the
inlet of the muffler, and gradually decreases after the
diversion of the water guide cone. Due to the
increase in the outlet area, the flow velocity of the
muffler outlet water location is small compared with
that of the inlet, and the flow velocity reaches the
lowest value. Fig. 10 shows the vorticity map under
different flow conditions. In the figure, it can be seen
that a large number of high-speed vortices at the inlet
of the muffler pass through the diversion of the water
guide cone, and the flow velocity and vorticity
gradually decrease. Especially at the middle and
lower ends of the muffler outlet, very few vortices
enter the pool. Therefore, the pressure change of the
pool is very small, and the flow state is relatively
stable. Based on the flow field's numerical
calculation results, the muffler structure stabilizes
the flow. After the transition of the fluid in the pipe
through the muffler, the pressure fluctuation and
flow velocity when flowing to the pool are reduced.
The main source of hydrodynamic noise is caused by
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Fig. 9. Velocity distribution clouds under
different flow conditions.

fluid turbulence. The muffler of this structure is
installed at the outlet of the pump piping system,
which has a certain contribution to noise reduction.
Simultaneously, the flow field numerical simulation
results lay the groundwork for calculating the
external noise of the muffler below.

4.2 External Sound Field Results Analysis

Based on the flow field results analysis, it is
concluded that the muffler has a certain muffling
capacity. To further investigate the muffling
performance of this muffler, the external sound field
of the muffler is studied. Fig. 11 to Fig. 13 show the
frequency domain of the sound pressure level (SPL)
at the inlet and outlet monitoring points for each flow
condition. The results of the numerical simulation
are compared to the filtered experimental data, and
both have similar SPL trends. As a result, the
numerical simulation method's validity is confirmed.
The numerical simulation results are credible. The
frequency domain distribution of the selected
monitoring points in each group is shown in the
figure to be similar under different working
conditions. The main frequency is mainly around at
13.32 Hz, and the peak SPL is concentrated at this
frequency. Under the same flow conditions, the same
location monitoring point with increased frequency.
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Table 2 Overall sound pressure levels comparison

. . . overall sound pressure level

Traffic conditions Monitor (OASPL)
Pointl 89.7 dB
Point2 84.3 dB

3
200m?/h Point3 65.6 dB
Point4 66.4 dB
Pointl 112.3 dB
Point2 105.2 dB

3
400m*/h Point3 87.7 dB
Point4 85.5 dB
Pointl 117.5 dB
Point2 120.5 dB

3
600m®/h Point3 101.4 dB
Point4 98.9 dB

The intensity of sound pressure steadily diminishes
and eventually fluctuates within a narrow range. The
noise increases with increasing of flow rate for
different flow conditions. When the pump piping
system is running, the inlet of the muffler
(monitoring point 1) has a high noise level. After the
muffler's shunt muffling, the noise is reduced more
obviously.

Table. 2 shows overall sound pressure level (OASPL)
at various monitoring point positions. The muffler
inlet has a OASPL of 89.7 dB, 112.3 dB and 117.5
dB for 200 md/h, 400 m3/h and 600 m3/h flow rates,
respectively. As the position of the monitoring point
moves toward the muffler outlet, the OASPL
gradually decreases. The monitoring point 2 position
is in a transitional state. When it reaches the positions
of monitoring points 3 and 4, the noise has a
significant decrease. The OASPL at monitoring
point 4 are 66.4 dB, 85.5 dB and 98.9 dB. Comparing
muffler inlet monitoring point 1 with outlet
monitoring point 4, the OASPL decreases by
approximately 20 dB. This result shows that this
muffler structure has good muffling performance
when applied to a pump piping system. It can
effectively avoid the exit noise transmission and the
reflection of the pool wall noise

Figure 14 shows directivity curve of the SPL of the
sound field at the muffler outlet. It can be seen in the
figure that the radiation directivity of the muffler
outlet sound field is closest to that of the quadrupole
sound source. It has the characteristics of a
quadrupole sound source. A quadrupole source is a
medium in which no mass or heat is injected and no
obstacle exists, but is formed only by acoustic waves
radiated by viscous stress. It is considered a stress
sound source. A quadrupole can be seen as a pair of
dipoles of opposite polarity, pointing in a "four-leaf
rose shape”. The quadrupole sound source is the
main contributor in this pipeline. As the flow rate
increases, the characteristics of the quadrupole sound
source become increasingly obvious at the field
points near 67° , 157° , 247° and 337° . This
provides guidance for research on noise reduction.
Fig. 15. shows the distribution cloud of the SPL at
the characteristic frequency. As illustrated in the
figure, the muffler's higher SPL is primarily
concentrated at the inlet end. When the noise is
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Fig. 14. Sound pressure level directivity curve.
radiated into the pool through the muffler, the noise

is obviously reduced. In conjunction with the flow
field analysis, the reason for this phenomenon is the
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main vortices are gathered at the inlet of the muffler,
and there are very few vortices in the pool. The
vortex velocity at the inlet of the muffler is larger
than that at the outlet. Because of the presence of
numerous high-speed vortices in the inlet pipe, fluid
flow is unstable. The muffler's SPL is higher at the
inlet. After the diversion of water guide cone and the
increase of overflow area, the number of vortices in
each outlet hole is reduced and the vortex velocity is
lowered. The SPL at the outlet pool of the muffler is
reduced to a large extent, which plays a role in
muffling the sound.
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Fig. 15. Sound pressure level distribution cloud
at the main frequency.

5. CONCLUSION

A new type of structured muffler is proposed in this
paper. This muffler can be widely used in pump
piping systems. The diversion effect of the water
guide cone reduces the impact noise of the medium
in the pipe. And the flow pattern has been enhanced.
The method of opening holes on the muffler wall and
extending the flow path is adopted to increase the
overflow area, which reduces the fluid flow velocity
in the pipeline and the number of vortices. Compared
with other mufflers, the muffler proposed in this
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paper is based on the optimization of fluid flow
characteristics, thus optimizing the hydrodynamic
noise and finally achieving the purpose of reducing
the outlet noise of the pipeline system. This muffler
can effectively muffle low frequency, medium
frequency and high frequency noise at the same time,
breaking the limitation that some mufflers can only
strongly muffle specific frequencies. Furthermore,
the muffler proposed in this paper is simple to
process and easy to disassemble and install. The
conclusions about this muffler obtained in this paper
are as follows:

(1) Under the three flow conditions, the
characteristic peak value of the muffler noise is
approximately 13.32 Hz. The general trend is that as
frequency increases, noise gradually decreases and
eventually fluctuates within a numerical range.

(2) This muffler has a good silencing effect. By
comparing the inlet and outlet of the muffler, as the
pressure decreases, the noise gradually decreases by
approximately 20 dB. The flow resistance coefficient
of the muffler is approximately 2.09 after calculation.
This paper's research content can be used to design
mufflers for pump pipeline systems. It has the
advantages of environmental protection, convenient
fabrication and improving ship stealth performance.

(3) The radiation directivity of the muffler outlet
sound field is the closest to that of the quadrupole
sound source. It has the characteristics of a
quadrupole sound source. With increasing flow rate,
the characteristics of the quadrupole sound source
become increasingly obvious. Quaternary sources
become the primary sources of noise.
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