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Aiming at the problem of pipeline vibration caused by fluids in linear-driving pump pipeline system, this paper proposed a
vibration reduction method based on a pressure-fluctuating attenuator with circular elastic sheets. Firstly, a new type of pressure-
fluctuating attenuator was proposed, and its working principle and frequency characteristics were analyzed. Secondly, the
mathematical model of the developed attenuator was established in combination with the dynamic characteristic equations of the
pipeline. Besides, the effect of relevant parameters on attenuation performance was investigated through simulation. *e size and
material of the circular elastic sheet were screened according to the pressure fluctuating frequency of the linear-driving pump
under the rated conditions. *e prototype of the pressure-fluctuating attenuator was fabricated, and the performance of the
prototype in the pipeline was tested. *e experimental results show that the pressure-fluctuating attenuator with circular elastic
sheets has a good suppression effect on the pulsating pressure of the linear-driving pump under the rated conditions.

1. Introduction

Water hydraulic piston pump is widely used in lots of in-
dustrial fields because it has many advantages such as
cleanliness, safety, high volume efficiency, and high power
density. As a new type of bilge drainage pump, a water
hydraulic piston pump driven by linear motors (referred to
as linear-driving pump) breathes and removes water
through the reciprocating motion of pistons. In comparison
with the conventional pump, the linear-driving pump does
not need any transformation devices.*erefore, its vibration
is slight, while its efficiency is high. However, the inertia
shock is inevitable when the motion direction of the high-
speed linear-driving pump changes. Besides, shock vibration
is inevitable too because of the high-frequency opening and
closing of the flow valves [1, 2]. *ese vibrations will be
transmitted to the body of the device through pipeline [3, 4],
which will not only decrease the concealment performance
of the device but also have influence on the health and living
environment of the staff. *erefore, the vibration charac-
teristics and research of vibration reduction on the pipeline

of the linear-driving pump are significant to enhance the
reliability of the pipeline.

In order to suppress the vibration and noise propagation
in the pipeline, various pulsation attenuators have been
developed [5–9], such as collateral resonator, Helmholtz
muffler, multihole concentric muffler, multicavity resonator,
the pulsation filtering structure derived from expansion
tube, expansion muffler, and single expansion cavity muffler.
For example, Bi et al. [10] proposed a perforated silencing
structure, when the sound wave entered the small holes, and
the air vibration in the cavity was excited to achieve the
attenuation of noise. Zhang et al. [11] proposed a concentric
porous pressure pulsation attenuator, which achieved a
wider attenuation band by applying a perforated tube
structure to hydraulic pressure pulsation attenuation.

Generally, the pressure fluctuating attenuator was
employed to reduce the pulsation pressure amplitude. Josef
[12] designed a pressure pulsation attenuator for the hy-
draulic system, whose working principle was to connect a
cavity in the pipeline of the hydraulic system, and a piston
type vibration mass was placed in the cavity; its action
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mechanism was similar to the damped vibration absorber.
He et al. [13] and Sang [14] proposed a circular sheet res-
onant pulsation attenuator, which used a sheet structure to
absorb small pulsation vibration and the pulsating energy in
the system. *e cavity structure of the H-type muffler was
retained, and the combination of structure and cavity pul-
sation attenuation was realized. Sripriya et al. [15] carried
out a study on structural acoustic muffler, which was verified
experimentally to attenuate the pulsation of a wider fre-
quency band. Ren and Cao [16] researched and analyzed the
working mechanism and performance of the porous reso-
nant pressure-fluctuating attenuator. Zhang [17] established
H-type and multihole concentric pulsation attenuator
models based on the frequency method and finite element
simulation, respectively, and analyzed the influence of
structural parameters on the performance of the pulsation
attenuator. He et al. [18] designed a pulsation attenuator
based on the principle of cochlear basement membrane
simulation, analyzed the influence of structural parameters
on the performance of the attenuator, and verified its broad-
spectrum filtering characteristics through experiments.

In this study, the vibration control strategy induced by
the pipeline flow of the linear-driving pump is studied.
Firstly, the working principle of the pressure-fluctuating
attenuator with circular elastic sheets is introduced, and by
deducing the natural frequency formula of the circular
elastic sheets with fixed boundary in the pressure-fluctuating
attenuator, the variation of the natural frequency is analyzed
from the thickness and radius of the circular elastic sheet,
respectively. Secondly, based on the transfer equation of the
pressure-fluctuating attenuator and the pipeline system, the
mathematical model of the entire vibration damping system
is established, and the vibration damping performance of the
pressure fluctuating attenuator is analyzed using the in-
sertion loss as the evaluation standard. By analyzing the
vibration frequency characteristics of the linear motor pump
under different load conditions, the pressure-fluctuating
attenuator is developed. Finally, the effectiveness of the
attenuator is verified by experiments, and a control method
is proposed for the low-frequency pulse amplitude generated
under low-pressure load conditions.

2. Work Principle and Natural
Frequency Characteristics

2.1. Working Principle. According to the frequency char-
acteristics of the pipeline system of the linear-driving pump,
a new type of the pressure-fluctuating attenuator with cir-
cular elastic sheets is proposed (as shown in Figure 1).

*e pressure-fluctuating attenuator is mainly composed
of shell, circular elastic sheet, a static pressure balance hole,
and gland with O-ring. *e shell is made from stainless steel
and encloses a main cavity. A circular concave is formed
around the shell, and the circular elastic sheet is placed on
the circular concave table and pressed by the gland. A static
pressure balance chamber is enclosed between the circular
elastic sheet and the gland. *e main cavity and the static
pressure balance chamber are connected through a static
pressure balance hole so that the water flow is performed on

both sides. When the fluctuating pressure in the main cavity
acts on the circular elastic sheet, the sheet will interact with
the surrounding fluid and cause vibration of the fluid. When
the frequency of fluctuating pressure in the chamber is
identical or close to the natural frequency of the circular
elastic sheet, the sheet will resonate and consume the
fluctuating pressure to achieve the effect of vibration
attenuation.

2.2. Natural Frequency Characteristics. According to the
principle of the pressure-fluctuating attenuator, the circular
elastic sheet is the core element of the attenuator and its
natural frequency has an important influence on the at-
tenuation effect of fluctuating pressure. *e normal fre-
quency formula for the vibration of the circular elastic sheet
with a fixed boundary can be derived [19, 20], which can
accurately describe the vibration characteristics of the cir-
cular elastic sheet:
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where un is the root of the zero-order cylindrical Bessel
function, E is Young’s modulus, h is the thickness of sheet, a

is the radius of sheet, ρp is the quality density of sheet, and μ
is Poisson’s ratio. On the basis of the cylindrical Bessel
function and the virtual variables’ Bessel function value
distribution table, the value of the root of the zero-order
Bessel function can be obtained. Among them, u1 � 3.2,
u2 � 6.3, and u3 � 9.44; when n is greater than 3, un � nπ.
*e fundamental frequency of free vibration of the circular
elastic sheet can be expressed as follows:
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Differing from the free vibration, when the circular
elastic sheet is surrounded by fluid, the vibration of the sheet
will cause vibration of fluid on both sides, which will de-
crease the vibration of the sheet and the natural frequency of
each order.*e fluctuating pressure causes the vibration and
deformation of the sheet, which will affect the distribution of
the fluid. *erefore, when studying the vibration of the
circular elastic sheet in fluctuating fluid, it is necessary to
comprehensively consider the interaction of the sheet and
the fluid.

When the fluctuating pressure of the system induces the
forced vibration of the circular elastic sheet, the dimen-
sionless vibration displacement corresponding to the normal
frequency of each step can be expressed as follows [19]:

wnm(r) � PnmJn
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When circular elastic sheet satisfies the normal model
state, equation (3) can be rewritten as follows [19]:
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where Jn is n-order Bessel function, In is virtual variables
Bessel function, Gnm is the maximum vibration displace-
ment amplitude of the circular elastic sheet at any point in
nm-order modal vibration, r is the radius of a certain point
of sheet, unm is the root of the cylindrical Bessel function
satisfying the normal equation, and Pnm and Qnm are the
undetermined parameters. Here, Gnm is represented by the
average displacement wn [19]:

Gnm �
wnun

2
J1 un(  −

J0 un( 

I0 un( 
I1 un(  

− 1

. (5)

Equation (4) expressed in power series can be simplified
as follows [19, 21]:

wnm(r) � Gnm 1 + α
r2

a2 + β
r4

a2 e
jωt

, (6)

where α � − (u4
n/4)((In(unm) − Jn(unm))/(In(unm) +

Jn(unm))), β � (u4
n/64)((In(unm) + 16Jn(unm))/(In(unm) +

Jn(unm))).
Under the action of the fluctuating pressure, the po-

tential energy HP, kinetic energy TP of the circular elastic
sheet, and kinetic energy Tw of the fluid on both sides of the
circular elastic sheet are shown by equations (7)–(9), re-
spectively [19]:
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where Bnm is the potential energy factor of circular elastic
sheet with a fixed boundary, Anm is the kinetic energy factor
of circular elastic sheet with a fixed boundary, Cnm is the
kinetic energy factor of the sheet, ρw is the density of the
fluid, and D is the bending stiffness of the sheet.

According to the principle of virtual work, in the process
of interaction between the circular elastic sheet and the fluid,
the kinetic energy excited by the fluctuating fluid is equal to
the sum of the kinetic energy and potential energy of the
sheet [19]:

zHP
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. (10)

Substituting equations (7)–(9) into equation (10), we
have

D
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where p � F/πa2 and ] � wnm′ �  wnm′′dt.
*e Laplace transform of equation (11) can be obtained

as follows [19]:

−
j D

ω πa2( )
2wnm′Bnm + jωρphwnm′Anm

+ jωρph
ρwa

ρph

8
3π

wnm′Cnm � pe
jωt

,

(12)

When the impedance of the circular elastic sheet with a
fixed boundary takes a minimum value, the normal fre-
quency of the vibration is shown as follows [19]:
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, (13)

where fluid-loaded coefficient of the circular elastic sheet is
Γ � 8χaρw/(3πhρP) and fluid-loaded factor coefficient is
χ � (Cnm/Anm).

When the circular elastic sheet with fixed boundary
vibrates at low frequency, the value of the fluid-loaded
coefficient χ corresponding to each modal is shown in
Table 1:

1 2 3 4

a
h

ϕ

(a) (b)

Figure 1: Structure diagram of pressure-fluctuating attenuator. (a) Sectional view. (b) *ree-dimensional view.
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*e equations (3) and (13) were processed by MATLAB
to obtain the influence of the thickness and radius of the
circular elastic sheet with fixed boundary on the normal
frequency under the free vibration and fluid-loaded con-
ditions, as shown in Figure 2. Here, Young’s modulus of the
sheet is 1.95×1011 Pa, while Poisson’s ratio is 0.3 and the
density is 7930Kg/m3.

As shown in Figure 2, under the conditions of free
vibration and fluid-loaded vibration, the normal fre-
quency of the circular elastic sheet with a fixed boundary
increases with the increase of the thickness of the sheet
and increases with the decrease of the radius of the sheet.
However, due to the influence of the fluid-loaded factor,
the normal frequency of the sheet with the same structural
parameters under the fluid-loaded condition is much
smaller than the normal frequency under the condition of
free vibration.

3. Model Establishment and
Simulation Analysis

3.1. Model Establishment and Performance Simulation

3.1.1. Mathematical Model. *e pressure-fluctuating at-
tenuator studied in this paper belongs to the resistance
attenuator [22], which does not contain damping material.
*erefore, the pressure-fluctuating attenuator is composed
of straight pipe, starting cavity, and throttling orifice. *e
mathematical model of the pressure-fluctuating attenuator
was established based on the dynamic mathematical model
of each unit. Equivalent model of pressure-fluctuating at-
tenuator with sheets is shown in Figure 3.

As shown in Figure 3, the mathematical model of the
pressure-fluctuating attenuator with sheets [23] can be
expressed as follows:
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(14)

where V is the volume of main cavity, Yi(s) is the inlet
admittance at the shunt caused by vibration of the resonant
sheet, Pi is the inlet pressure, Po is the outlet pressure, Ke is
the volume elastic modulus of fluid medium, Qi is the inlet
flow, and Qo is the outlet flow.

Among them, Yi(s) is determined by the vibration
characteristics of the sheet. As shown in Figure 4, on the
fluid-solid interaction surface, the fluctuating pressure of the
fluid causes deformation and vibration of the sheet.

Meanwhile, the deformation and vibration of the sheet will
cause pulsation of the flow and pressure of the fluid.

Considering the deformation of the sheet in the pres-
sure-fluctuating attenuator is a small disturbance defor-
mation, the influence of the steady flow velocity of the
parallel flow through the sheet on the vibration can be
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Figure 2: Effect of radius and thickness on normal frequency of
sheet under different conditions.

Table 1: Fluid-loaded coefficients of the circular elastic sheet with
fixed boundary.

χ n� 0 n� 1 n� 2 n� 3
m� 1 0.5502 0.3216 0.2356 0.1861
m� 2 0.2392 0.1803 0.1461 0.1249
m� 3 0.1496 0.1237 0.1060 0.0931
m� 4 0.1072 0.0931 0.0836 0.0754

Starting
cavity Sheet 1 Sheet n

n – 2

Figure 3: Equivalent model of the pressure-fluctuating attenuator
with sheets.

P

r

dr

w (r)

Figure 4: Diagram of deformation of the circular elastic sheet in
fluid.

4 Shock and Vibration



neglected, and the vibration displacement of the sheet under
the fluctuating pressure can be derived as follows [24, 25]:
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where ]0 is the velocity of fluid flows through the sheet in
parallel, P is the pressure of the fluid, a is the radius of the
sheet, h is thickness of the sheet, D is bending stiffness of the
sheet, E is elastic modulus of the sheet, and μ is Poisson’s
ratio of the sheet.

In the actual system, ρ]20 is smaller than P, equation (15)
can be simplified as follows:
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*e change in volume of the liquid caused by the vi-
bration of the sheet is

V � 
a

0
2πrw(r)dr. (18)

Substituting equation (17) into equation (18), we can be
obtain

dV �
a6π
192D

dP. (19)

Substitute dV � Qdt into equation (19):
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*e Laplace transform of equation (20) can be expressed
as follows:

Q(s) �
a6π
192D

sP(s). (21)

*e admittance at the shunt can be derived from
equation (21):
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*e transfer matrix of the fluctuating-pressure atten-
uator with sheets is
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(23)

3.1.2. Performance Simulation of the Pressure-Fluctuating
Attenuator. *e pipeline is equipped with the linear-driving
pump and the pressure-fluctuating attenuator is shown in
Figure 5.

According to Figure 5, the transfer equation of the
pipeline system is shown in equations (24) and (25):

P1

Q1
  �

A11 A12

A21 A22
  ×

T11 T12

T21 T22
  ×

B11 B12

B21 B22
  ×
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Q2
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  ×

P2

Q2
 ,

(24)

P2

Q2
  �

D11 D12

D21 D22
  ×

P3

Q3
 , (25)

where L1, L2, andL4 are the lengths of the stainless-steel
pipeline system, P and Q are the fluctuating pressure and
flow of each measuring point of the linear-driving pump,
and the matrices A, B, D, T, and S are the functions of the
pipeline system structure parameters.

When the pressure-fluctuating attenuator in Figure 5
was replaced by a stainless-steel straight pipeline of length
L3, the transfer equation of the linear-driving pump pipeline
system with the pressure fluctuating attenuator can be
expressed as follows:

P1′

Q1′
  �

A11 A12

A21 A22
  ×

C11 C12

C21 C22
  ×

B11 B12

B21 B22
  ×

P2′

Q2′
 

�
S11′ S12′

S21′ S22′
  ×

P2′

Q2′
 ,

(26)

where P′ and Q′ are the fluctuating pressure and flow at the
measuring point, respectively.

To study the performance of the attenuator, the insertion
loss was chosen as the measuring standard [26]. Insertion
loss is the ratio of the fluctuating pressure at the load end of
the hydraulic system when the pulsation attenuator was not
installed to the fluctuating pressure at the load end and when
the pressure-fluctuating attenuator was installed. It can be
expressed as follows:

IL � 20lg
ΔP0

ΔPm




, (27)

where IL is the insertion loss, ΔP0 is the pulsating pressure at
the load end of the pipeline without the pressure fluctuating
attenuator, and ΔPm is the fluctuating pressure at the load
end of the pipeline with the pressure-fluctuating attenuator.

It can be deduced from equation (25):

P2 � D11P3 + D12Q3, (28)

Q2 � D21P3 + D22Q3, (29)
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Q2
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2ΔPTD21 + QTD22
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where ΔPT is the pressure loss of throttle valve and QT is the
flow thought the throttle valve.

It can be derived from equations (24) and (30) that
Q1(s)

P2(s)
� S21 + S22

Q2(s)

P2(s)
� S21 + S22

2ΔPTD21 + QTD22

2ΔPTD11 + QTD12
.

(31)

Similarly, it can be derived from equations (26) and (30)
that

Q1′(s)

P2′(s)
� S21′ + S22′

Q2′(s)

P2′(s)
� S21′ + S22′

2ΔPTD21 + QTD22

2ΔPTD11 + QTD12
.

(32)

Keeping the linear-driving pump condition unchanged,
it can be considered that the fluctuating flow at the mea-
suring point 1 is same. *erefore, the insertion loss of the
linear-driving pump with pressure-fluctuating attenuator
can be expressed as follows:

IL � 20lg
P2′(s)

P2(s)




� 20lg

S21 + S22 2ΔPTD21 + QTD22( / 2ΔPTD11 + QTD12( ( 

S21′ + S22′ 2ΔPTD21 + QTD22( / 2ΔPTD11 + QTD12( ( 




. (33)

According to equation (33), the influence of parameters
such as the radius of the sheet and the volume of the main
cavity on the attenuator performance was analyzed. *e
relevant structural parameters are shown in Table 2.

(1) Effect of the sheet radius on attenuator performance
*e radius of the sheets was taken as 36mm, 40mm,
and 44mm, respectively, keeping the other simula-
tion parameters constant. *e curve of the insertion
loss of each size sheets as the function of fluctuating
pressure frequency is shown in Figure 6. It can be
seen from Figure 6, as the radius of the sheet in-
creases, the peak of the insertion loss also increases
slightly, and because the natural frequency of the
sheet decreases as the diameter increases, the fre-
quency of resonance with the fluctuating pressure
also decreases and the frequency of the fluctuating
pressure corresponding to the peak of the insertion
loss gradually decreases. *e frequency of the peak
value is corresponding to the natural frequency of
the circular elastic sheet calculated by equation (13).

(2) Effect of the main cavity on attenuator performance
*e volume of the main cavity was taken as 0.7 L,
1.4 L, and 2.1 L, respectively, keeping the other
simulation parameters constant. *e curve of the
insertion loss of the different volume as the function
of fluctuating pressure frequency is shown in Fig-
ure 7. It can be seen from Figure 7 that, as the volume

of the main cavity increases, the insertion loss value
increases slightly at the same frequency, and because
the main cavity has weak effect on the natural fre-
quency of the sheets, the volume of the main cavity
has less influence on the insertion loss.

3.2. Prototype Design. *e circular elastic sheet acts as the
core component of the attenuator; its structural parameters
determine the attenuator performance. According to the
working principle of the attenuator, when the natural fre-
quency of the circular elastic sheet is the same as the
fluctuating pressure frequency, the thin plate will resonate
and consume the maximum fluctuating pressure. *e radius
and thickness of the circular elastic sheet should be selected
according to the frequency domain characteristics of the
fluctuating pressure under the rated condition of the linear-
driving pump.

*e pressure transmitter was used to collect the pressure
signal at the outlet of the linear-driving pump under rated
conditions, and the average component was subtracted to
obtain the time domain distribution of the fluctuating
component pressure. Using MATLAB to perform Fast
Fourier Transform (FFT) on the acquired time domain
signal, filtering out the interference of the high-frequency
electromagnetic signal of the motor, the frequency domain
characteristics of the fluctuating pressure can be obtained, as
shown in Figure 8.

Linear-
driving
pump

Pressure-
fluctuating
attenuator

Dynamic
loading

1 2

P1 Q1

A

L1

C

L3

B

L2

D

L4

P2 Q2
P3 Q3

Figure 5: Diagram of the pipeline with pressure-fluctuating attenuator.
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Table 2: Simulation parameters.

Category Value Unit

Sheet

Density 7930 kg/m3

Young’s modulus 1.95e11 Pa
Poisson’s ratio 0.3 —
*ickness 0.03 mm
Radius 36 mm

Water
Density 998.2 kg/m3

Kinematic viscosity (20°C) 1.006e − 6 m2/s
Bulk modulus of elasticity 2.18e9 Pa

Pipeline

Radius 0.025 m
Length of section A 0.18
Length of section B 0.18
Length of section C 0.15
Length of section D 1.2

Main cavity Volume 0.7 L

Frequency of the pulsating pressure (Hz)
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Figure 6: Effect of radius of the sheet on insertion loss.
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Figure 7: Effect of volume of the main cavity on insertion loss.
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It can be seen from Figure 8(b) that the frequency
domain distribution of the fluctuating pressure of the
linear-driving pump under the rated condition is relatively
discrete; the fundamental frequency of the fluctuating
pressure is 1.67Hz, which is the same as the operating
frequency of a single linear-driving pump. *e amplitude
of the fluctuating pressure at the fourth harmonic fre-
quency is the largest. In order to maximize the attenuation
of the fluctuating pressure, the fourth harmonic frequency,
6.67 Hz, was selected as the design frequency of the
attenuator.

Combined with the analysis of the fluctuating pressure
frequency under the rated working condition of the linear-
driving pump and the frequency characteristics of the cir-
cular elastic sheet, the thickness of the sheet was selected to
be 0.03mm and the radius was 36mm. Under this condition,
the normal fundamental frequency of the sheet was 6.67Hz.
Since the volume of the main cavity has little effect on the
performance of the attenuator, the attenuator size should be
minimized under the premise of ensuring the cooperation
between the components.*e length and width of the casing
were 122mm, and the volume of the main cavity was 0.7 L.
*e prototype of pressure-fluctuating attenuator is illus-
trated in Figure 9.

4. Experimental Study

4.1. PerformanceTestMethod. After the pressure-fluctuating
attenuator was inserted into the pipeline system of linear-
driving pump, the system will be loaded by the throttle
valve. *e fluctuating pressure of the fluid in the pipe acts
on the circular elastic sheet to cause vibration of the
sheets. Under the interaction of the sheets and the fluid,
the fluctuating pressure will be consumed, and the
pressure pulsation amplitude in the pipeline will be re-
duced. A pressure transmitter was installed on the
pipeline behind the pressure-fluctuating attenuator to
shield the external electromagnetic signal interference,

the signal isolator was connected in series in the output
loop, and the oscilloscope was connected to the isolator
output loop to collect the signal. *e performance test
system for the pressure-fluctuating attenuator is shown in
Figure 10, which mainly includes PMAC controller, lin-
ear-driving pump, relief valve, pressure fluctuating at-
tenuator prototype, throttle valve, pressure transmitter,
and turbine flow meter.

As the core component of the fluctuating pressure signal
acquisition, the pressure transmitter was powered by a 24V
DC stable power supply. Under the external pressure
(0–15MPa), the transmitter will output a proportional
current signal (4–20mA). To avoid common mode inter-
ference from the external magnetic field and electric field,
the signal isolator will be connected in series to the output
circuit of the transmitter. *e isolator uses current as the
input signal and will output the voltage signal (0–10V)
according to the magnitude of the current. *e ratio con-
version from the pressure signal to the current signal and
then from the current signal to the voltage signal was re-
alized. *e signal can be acquired by connecting the os-
cilloscope to the output loop of the isolator.
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Figure 8: Time domain signal and frequency domain signal of fluctuating pressure under rated conditions. (a) Time domain signal. (b)
Frequency domain signal.

Figure 9: Prototype of pressure-fluctuating attenuator.

8 Shock and Vibration



4.2. Performance Test Results and Analysis. To study the
attenuation performance of the attenuator on the fluctuating
pressure of the linear-driving pump and the correctness of
the mathematical model of the attenuator, the specific test
steps were arranged as follows:

(1) *e motor was controlled by the upper computer
software to operate according to the rated frequency.
*e throttle valve was adjusted to make the system
load 1–5MPa, respectively.*e output voltage signal
of the signal isolator was collected when the system
runs smoothly under load conditions.

(2) Replace the attenuator with a stainless-steel tube of
the same length as the attenuator into the piping
system of the linear-driving pump, and adjust the
throttle valve and repeat step (1) to collect the
pulsating pressure signals of the same measuring
point under different load conditions.

(3) *e FFT of the signal data was used to obtain the
frequency domain distribution of the pulsating
pressure of the measuring point under different load
conditions when the stainless-steel tube and the
attenuator were installed, respectively.

When the linear-driving pump was under the rated
working condition (that is, the operating frequency was
1.67Hz and the load was 5MPa), the frequency domain
distribution of the pulsating pressure of the measuring point
is shown in Figure 11. To further study the performance of

the pressure-fluctuating attenuator, the signal data collected
under different load conditions are analyzed and compared,
and the frequency domain distribution is obtained, as shown
in Figure 12.

As shown in Figures 11 and 12, when the linear-driving
pump keeps the operating period constant, the fundamental
frequency of the fluctuating pressure is correspondingly
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Figure 10: Diagram of performance test of the pressure-fluctuating attenuator. (a) Performance test system. (b) Linear-driving pump.

Shock and Vibration 9



unchanged and equal to the operating frequency of the
linear-driving pump. Under different load conditions, the
amplitude of the fluctuating pressure fundamental fre-
quency and each harmonic frequency are different. As the
system load increases, the amplitude of the fluctuating
pressure corresponding to the higher harmonic frequency
gradually increases. When the load is 5MPa, the amplitude
of the fluctuating pressure at the fourth harmonic frequency
is the largest; meanwhile, the attenuation amplitude of the
fluctuating pressure is the largest at the fourth harmonic
frequency.

5. Results and Discussion

*e insertion loss corresponding to each frequency at
different loads are shown in Table 3. *e natural fre-
quency of the circular elastic sheet in the pressure-

fluctuating attenuator was designed to be 6.67 Hz; the
insertion loss of the pressure fluctuating attenuator was
maximized at 6.67 Hz under different load pressure
conditions. *e expected vibration attenuation effect was
achieved. As the load pressure increases, the insertion
loss of the pressure-fluctuating attenuator remains sub-
stantially unchanged.
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Figure 12: Frequency domain characteristics of fluctuating pressure with different loads. (a) Load� 1MPa. (b) Load� 2MPa. (c)
Load� 3MPa. (d) Load� 4MPa.

Table 3: Insertion loss (dB) corresponding to each frequency with
different loads.

*e frequency of pulsating pressure
(Hz)

Load pressure (MPa)
1 2 3 4 5

1.67 0.43 0.41 0.44 0.43 0.4
3.33 1.65 1.53 1.61 1.48 1.57
5 4.42 4.61 4.53 4.38 4.68
6.67 25.3 24.7 25.6 26.4 26.1

10 Shock and Vibration



*e fluctuating pressure fundamental frequency and the
insertion loss value corresponding to each harmonic fre-
quency under each load condition were fitted to obtain an
attenuator performance curve, as shown in Figure 13.

As shown in Figure 13, when the linear-driving pump
operated under rated conditions, the insertion loss corre-
sponding to the fundamental frequency and harmonic
frequency of the fluctuating pressure becomes larger as the
number of harmonics increases, and the maximum insertion
loss at the fourth harmonic frequency is 26.1 dB. With the
increase of harmonic frequency, the insertion loss trend of
the pressure-fluctuating attenuator is basically identical
under different load pressures. *e variation trend of the
insertion loss of each frequency point is the same as the
simulation result, the expected effect is achieved. *e cor-
rectness of the theoretical model of the attenuator is verified.

At the same time, with the change of system load, the
insertion loss corresponding to the fundamental frequency
of the fluctuating pressure and the harmonic frequency
points remains basically unchanged. *is is because when
the running speed of the linear-driving pump is constant, the
fundamental frequency and the harmonic frequency of the
pulsating pressure interacting with the circular elastic sheet
are also determined. *e change in load pressure will have
the same tendency to affect the amplitude of the fluctuating
pressure at each frequency point when the stainless-steel
tube and the attenuator are inserted. *erefore, there will be
no significant change in the insertion loss associated with the
ratio of the fluctuating pressure amplitude. In addition, in
order to control the fluctuating pressure amplitude at
1.67Hz under the load conditions of 1MPa and 2MPa, the
circular elastic sheets with higher insertion loss at frequency
of 1.67Hz should be designed. By connecting circular elastic
sheets with low-frequency suppression capability and high-
frequency suppression capability in series to the pressure-

fluctuating attenuator, the flow-induced vibration of the
linear-driving pump at the fundamental frequency and the
fourth harmonic frequency will be better suppressed, en-
suring that the pipeline has a lower vibration amplitude
under different load conditions.

6. Conclusions

*is paper studies the vibration reduction measures of the
pipeline system of the linear-driving pump. A new type of
pressure-fluctuating attenuator with a circular elastic sheet
was proposed. *e natural frequency characteristics of the
circular elastic sheet were analyzed, and the mathematical
model of the pressure-fluctuating attenuator was estab-
lished. *e effect of relevant parameters on attenuation
performance was investigated through simulation. *e
prototype was developed and the attenuation performance
test was carried out. *e experiment proves that the
prototype has the best attenuation effect on the amplitude
at the fourth harmonic frequency of the fluctuating
pressure under rated conditions. *e conclusions are as
follows:

(1) According to the working principle of the attenuator,
the radius of the circular elastic sheet has a great
influence on the performance of the pressure-fluc-
tuating attenuator. As the radius increases, the fre-
quency of the fluctuating pressure corresponding to
the peak of the attenuator insertion loss gradually
decreases. *e volume of the main cavity of the
attenuator has little effect on the performance of the
attenuator.

(2) When the linear-driving pump was operated under
rated conditions, the pressure-fluctuating attenuator
has the best suppression effect on the pulse pressure
of 6.67Hz, and the insertion loss was 26.1 dB. *e
experimental conclusions are in complete agreement
with the simulation results. [27]
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