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Fluid-conveying pipe systems are widely used in various equipments to transport matter and energy. Due to the fluid–
structure interaction effect, the fluid acting on the pipe wall is easy to produce strong vibration and noise, which have a
serious influence on the safety and concealment of the equipment. Based on the theory of phononic crystals, this paper
studies the vibration transfer properties of a locally resonant (LR) pipe under the condition of fluid–structure interaction.
The band structure and the vibration transfer properties of a finite periodic pipe are obtained by the transfer matrix method.
Further, the different impact excitation and fluid–structure interaction effect on the frequency range of vibration attenuation
properties of the LR pipe are mainly considered and calculated by the finite element model. The results show that the
existence of a low-frequency vibration bandgap in the LR pipe can effectively suppress the vibration propagation under
external impact and fluid impact excitation, and the vibration reduction frequency range is near the bandgap under the
fluid–structure interaction effect. Finally, the pipe impact experiment was performed to verify the effective attenuation of
the LR structure to the impact excitation, and to validate the finite element model. The research results provide a technical
reference for the vibration control of the fluid-conveying pipe systems that need to consider blast load and fluid impact.

Keywords: locally resonant pipe, fluid–structure interaction, transfer matrix method, impact vibration proper-
ties

PACS: 43.40.+s, 47.35.Lf, 46.40.–f, 61.50.Ah DOI: 10.1088/1674-1056/abb312

1. Introduction
The fluid-conveying pipe systems are widely used in vari-

ous equipments to transfer matter and energy. Due to the inter-
action between the pipe wall and the fluid, the pressure wave
pulsation of fluid being conveyed may induce strong vibration
and noise, which will affect the equipment performance.[1,2] In
particular, the blast wave caused by the underwater explosion
will excite strong vibrations and noises of the fluid-conveying
pipe system, and cause serious damage to the pipe system and
even the related equipment.[3] Besides, when the control sys-
tem of the fluid-conveying pipe changes, the suddenly changed
movement state of the fluid in the pipe will have a strong im-
pact on the pipe wall, and thus may cause damage to the pipe
system.[4] Therefore, it is significant in theory and practice to
study how to reduce the vibration and then ensure the safety of
the fluid-conveying pipe system under the condition of impact
excitation.

In recent years, the continuously developing theory of
the bandgap in phononic crystals (PCs) in condensed matter
physics provides new technical support for vibration propaga-
tion control.[5–10] Flexural vibrations in the Timoshenko beam
and Euler–Bernoulli beam with locally resonant (LR) struc-
tures were studied theoretically and experimentally by Yu et
al.[11,12] Xiao et al.[13,14] extended the plane wave expansion
method and studied the propagation of flexural waves in lo-

cal resonance beams with multiple additional spring–mass res-
onators. The propagation of flexural waves in an actively con-
trollable LR beam was theoretically studied by Zhou et al.[15]

Chen et al.[16–18] studied the sandwich beam structure with in-
ternal LR, and the results show that it can improve the flexural
vibration performance under impact load. Pai et al.[19] real-
ized the effective combination of two bandgap frequency re-
gions to form a single broadband energy absorption region by
incorporating damping elements into a multi-resonator meta-
material beam. Alamri et al.[20] introduced the development of
dissipative elastic metamaterials with multiple Maxwell res-
onators, which can be applied to reduce dynamic loads and
attenuation of the blast wave. Li et al.[21,22] proposed a three-
resonators metamaterial to enhance the attenuation of impact
stress waves, conducted a multi-objective optimization of the
metamaterial, and then proposed a new multi-resonators meta-
material for attenuation of impact stress waves. The elas-
tic wave metamaterials with the LR have better crack resis-
tance and show the meta-arrest property, which were studied
by Wang et al.[23] From theoretical research to practical appli-
cations, the above researches have made a lot of progress on
the bandgap and wave attenuation properties of the PCs. How-
ever, most of the research works consider the vibration of solid
structures, few researches focus on the related characteristics
under fluid–structure interaction effect.
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Usually, there are two paths for utilizing the bandgap
properties of the PCs to suppress the vibration propagation of
the pipe system. One is to design the pipe system as a pe-
riodic composite structure;[24] the other is to periodically at-
tach local resonance along the pipe. Both paths provide new
technical approaches for the design of vibration and noise re-
duction in the pipe system, and have been widely studied and
paid attention to.[25–33] Sorokin et al.[34] studied the coupling
vibration bandgap of the longitudinal vibration and flexural
vibration of a pipe with a periodically added inertial mass sys-
tem. Wang et al.[35] studied the effects of the viscous fluid
on the propagation characteristics of elastic waves in carbon
nanotubes based on the nonlocal continuum theory and the
small scales effects were also considered. Yu et al.[36] realized
the flexural vibration bandgap of a periodic composite fluid-
conveying pipe by applying Bragg scattering mechanism and
local resonance mechanism, further studied the wave propa-
gation and attenuation properties of the fluid-conveying pipe
under various conditions,[37–41] and conducted vibration tests
to verify the wave attenuation capability of the periodic pipe
structure.[42] Based on the shell model, Shen et al.[43] focused
on the bandgap formation mechanism and vibration proper-
ties of the local resonance fluid-conveying pipe, and analyzed
the influences of various parameters and boundary conditions.
Iqbal et al.[44] studied the band structure and vibration transfer
properties of the pipe system with lateral localized and later-
ally distributed resonators based on the PC pipe model. The
above researches have laid a foundation for the vibration anal-
ysis of the PC fluid-conveying pipe. However, less consider-
ation has been given to the fluid–structure interaction effect
in these studies. Especially, the vibration analysis of impact
excitation is not deeply enough studied.

In this paper, the LR fluid-conveying pipe which has the
fluid–structure interaction effect will be taken as the object,
and the influence of different impact excitation conditions on
the vibration properties will be mainly considered. Based on
the transfer matrix method, vibration transfer properties of the
LR fluid-conveying pipe are studied, the bandgap properties
and vibration attenuation effects are analyzed. Further, the fi-
nite element method is used to calculate the vibration proper-
ties of the LR fluid-conveying pipe under different impact ex-
citation and fluid–structure interaction effect. Finally, we per-
form impact experiments to verify the transfer matrix method
and the finite element model, and to demonstrate the advantage
of the LR fluid-conveying pipe for the control of pipe vibration
under different impact excitation experimentally. The research
results provide a technical reference for the vibration control
of the fluid-conveying pipe systems that need to consider blast
load and fluid impact.

2. Bandgap properties
2.1. Transfer matrix method

Vibration modes of fluid-conveying pipe include flexu-
ral vibration, axial vibration, torsional vibration, and complex
coupling vibration among them. When the inner fluid flows at
a higher or slower velocity, the pipe may be flexural or vibrate
strongly, and under external excitation, the pipe will mainly
produce flexural vibration, axial vibration, and torsional vi-
bration which are small and can be ignored. Therefore, pipe
flexural vibration is the main vibration mode.[45,46] Therefore,
the study of flexural vibration has important theoretical signif-
icance for pipe vibration control. At present, most of the the-
oretical research on the flexural vibration of the pipe is based
on the beam model.

In general, when the ratio of pipe length to pipe diameter
is greater than or equal to 10, the pipe can be considered as the
Euler–Bernoulli beam model.[47] Assuming that the fluid in
the pipe is ideal (isotropic, uniform, incompressible, and lin-
ear), the fluid velocity is at a constant speed, cavitation does
not occur in the fluid, and the influence of gravity is ignored.
The Euler–Bernoulli beam equation of flexural vibration of the
fluid-conveying pipe is[48–50]

EI
∂ 4w
∂x4 +mfu2 ∂ 2w

∂x2 +2mfu
∂ 2w
∂x∂ t

+(mf +mp)
∂ 2w
∂ t2 = 0, (1)

where E is Young’s modulus of the pipe material, I is the ro-
tational inertia of the pipe crosssection, w is the flexural vibra-
tion displacement, mf is the fluid mass per unit length, mp is
the pipe mass per unit length, u is the constant uniform fluid
velocity, and t is time.

For a harmonic traveling wave,[47] the solution of Eq. (1)
can be written as the form of w(x, t) =Wekxeiωt , then the flex-
ural vibration equation of the pipe can be described by

EIk4 +mfu2k2 + i2mfuωk− (mf +mp)ω
2 = 0. (2)

For a given ω , the wavenumber k in Eq. (2) has two different
imaginary roots and two complex roots that are conjugated to
each other. By denoting the four roots of k as k1, k2, k3, k4,
then the solution of Eq. (1) can be described as follows:

ω (x, t) = eiωt
(

W1ek1x +W2ek2x +W3ek3x +W4ek4x
)
. (3)

We have designed a LR fluid-conveying pipe. Its structural
sketch is shown in Fig. 1. The selected local resonator is com-
posed of a rubber ring and a metal ring. The rubber ring is
wrapped on the outside of the pipe wall. The equivalent phys-
ical model of the LR is the spring–mass model. Where a is the
length of the periodic pipe cell, i.e., the lattice constant, l is
the length of the local resonator, r0 and r1 are the inner diam-
eter and outer diameter of the main pipe, respectively, r2 and
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r3 are the outer diameters of the rubber ring and metal ring,
respectively.

l

r

(a)

r

(b)

r

r

a

Fig. 1. (a) A sketch of the LR fluid-conveying pipe, (b) a LR structure.

When the material damping of the rubber ring is not con-
sidered, the local resonator can be equivalent to a spring–mass
model, and its structure diagram is shown in Fig. 2.

(a)
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kr
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(b)

zn↼t↽ zn↼t↽

Fig. 2. (a) Equivalent model of the LR fluid-conveying pipe, (b) equivalent
model of a single cell.

For the nth local resonator, according to the force analysis,
it can be see that[11]

fn (t)−mz̈n (t) = 0, (4)

where fn (t) is the shear force of the local resonator on the pipe
at xn, zn(t) = Zn exp(iωt) is the displacement of the nth oscil-
lator, and Zn is the amplitude of the nth oscillator. fn can be
described as

fn (t) = kr [w(xn, t)− zn (t)]

= kr [w(0)−Zn]exp(iωt) = Fn exp(iωt) . (5)

Substituting Eq. (5) into Eq. (4) leads to

Zn =
kr

kr −mω2 wn (0) , (6)

where kr is the equivalent radial stiffness of the rubber ring
and m is the mass of the local resonator.

The displacement, slope, bending moment, and shear
force at the interface between cell n − 1 and cell n are
all continuous. Following the transfer matrix method and
Bloch’s theorem, the eigenvalues of an infinite periodic fluid-
conveying pipe structure is the root of the determinant∣∣∣𝑇 − ei𝑞a𝐼

∣∣∣= 0, (7)

where 𝐼 is the 4×4 unit matrix and 𝑞 is the one-dimensional
wave vector in the x direction. For a given value of ω , equa-
tion (7) gives the corresponding value of 𝑞. Depending on

whether 𝑞 is a real or imaginary component, the corresponding
wave propagates through the fluid-conveying pipe (passband)
or is damped (bandgap).

For a pipe with n finite periodic cells, the frequency re-
sponse curve can be obtained from the transfer matrix 𝑇 to
describe its bandgap properties, and we obtain[47]

𝑊n = 𝑇 n𝑊0. (8)

2.2. Bandgap properties of LR fluid-conveying pipes

In the calculation, the materials of the main pipe, the rub-
ber ring, and metal ring of the LR are steel, rubber, and copper,
respectively. The related values of the geometric and material
parameters are shown in Tables 1 and 2. The medium in the
pipe is water, with density 1000 kg/m3 and the sound velocity
1400 m/s. The band structure diagram of the infinite period
cell is calculated under the above parameters.

Table 1. Geometric parameters of the pipe (unit: m).

a l r0 r1 r2 r3

0.5 0.1 0.04 0.045 0.06 0.08

Table 2. Material parameters of the pipe.

Young’s
Density/(kg/m3)

Poisson’s
Shear modulus/Pa

modulus/Pa ratio
Steel 2×1011 7850 0.3 7.7×1010

Rubber 5.9×106 1300 0.49 2×106

Copper 8×1011 8950 0.3 3×1011

For the LR cell, due to the small length of the rubber ring,
it can be regarded as a uniform force when the radial force is
applied, and its equivalent radial stiffness is[11]

kr =
π
(
5+3.29H2

)
Grubberl

ln(r2/r1)
, (9)

where H = l
(r2+r1) ln(r1/r2)

is the shape factor and Grubber is the
shear modulus of the rubber material.

Considering that the fluid velocity in the pipe is u= 0 m/s,
the transfer matrix method is used to calculate the band struc-
ture and frequency response of the flexural vibration of the
LR fluid-conveying pipe. And we mainly consider the vibra-
tion response of the pipe within 0–800 Hz. It is effectively
convergent to use the transfer matrix method to calculate the
frequency response within the frequency range. Figure 3(a)
shows the relation curve between the real part of the wave vec-
tor and frequency. Figure 3(b) shows the frequency response
curve of a LR pipe with 8 cells. It can be seen from the fig-
ure that the fluid-conveying pipe has an attenuation bandgap
of 360–730 Hz in the frequency range of 0–800 Hz. From the
vibration frequency response curve, it can be seen that the vi-
bration transfer curve of the finite periodic PC pipe agrees well
with the bandgap frequency range of the infinite periodic PC
pipe, and the attenuation amplitude can be as low as −110 dB.
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Fig. 3. Bandgap properties of LR fluid-conveying pipe: (a) band struc-
ture, (b) frequency response curve.

3. Numerical simulation of vibration properties
of the LR fluid-conveying pipes

3.1. Fluid–structure interaction numerical simulation
model

Considering the vibration transfer properties of the LR
pipe under the condition of fluid–structure interaction, based
on the ANSYS workbench, the fluid–structure interaction
analysis of the LR pipe under different impact excitations is
carried out, and the basic flow of the two-way fluid–structure
interaction analysis is established as shown in Fig. 4. The ma-
terial of the inlet and outlet pipes is the same as the material
of the main pipe of the LR pipe. Refer to Fig. 1 for the struc-
tural parameters of the LR pipe, and establish a 3 cells LR pipe
model as shown in Fig. 5. The model is selected as the tran-
sient structure and fluid flow module. The total length of the
pipe is 3.5 m, the internal diameter of the pipe is 0.08 m, the
thickness of the pipe wall is 0.005 m, and the elastic pipe wall
ignores the damping effect of the pipe. The fluid part is incom-
pressible water with density 1000 kg/m3, water temperature
25 ◦C, and the dynamic viscosity coefficient 0.001003 kg/m·s.
When the ANSYS workbench calculates the two-way fluid–
structure interaction, the fluid transmitted through the fluid–
structure interaction surface to the pipe structure is only the

fluid force of the fluid Reynolds stress, viscous stress, and pul-
sating shear stress generated by the turbulent motion, exclud-
ing the fluid mass. Thus, in the simulation calculation, the
result is more accurate for light fluids. However, when the
fluid in the pipe is heavy, the simulation results will produce
larger errors, and it is necessary to introduce additional mass
∆m = ρπr2

p into the pipe. The fluid in this paper is water,
which belongs to heavy fluid, therefore the equivalent density
of the pipe material needs to be set when modeling the pipe,

ρe = ρ0 +ρf
r2

in

r2
out − r2

in
, (10)

where ρ0 is the pipe material density, ρf is the fluid density, rin

is the pipe inner diameter, and rout is the pipe outer diameter.
The material of the pipe and the local resonator material are
selected from steel, rubber, and copper in Table 2. Then the
equivalent density of the steel material of the main pipe set in
the simulation analysis is 11614.7 kg/m3.

Fig. 4. Fluid–structure interaction configuration in the ANSYS workbench.

inlet pipe LR pipe

impact wave outlet responseinlet response

outlet pipe

x

z0 500

250 750

1000 (nm)

Fig. 5. Establishment of impact response model of fluid–structure interac-
tion pipe in the ANSYS.

In this case, the inner wall surface of the pipe, where the
fluid and the solid are in contact, is a fluid–structure interface,
and the boundary conditions are set as fixed constraints. Set
different inlet speeds in the Fluent interface, and the outlet
pressure is set to 0 Pa. Set the coupling time and coupling time
step as 0.0512 s and 0.0001 s, and select two-way coupling in
the system coupling analysis interface.

3.2. Analysis of vibration properties of the LR fluid-
conveying pipes

Harmonic response analysis of the impact response model
of the fluid–structure interaction pipe is shown in Fig. 5. Ap-
plying a displacement signal with an amplitude of 1 at the ex-
citation end, and picking up displacement signals win and wout

at the inlet and outlet response of the fluid-conveying pipe, the
frequency response curve of the LR pipe under the condition
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of two ends fixed can be calculated by FRF = 20× log
(

wout
win

)
,

as shown in Fig. 6. It is observed that the fluid-conveying pipe
has obvious attenuation in the range of 370–730 Hz. Compar-
ing Fig. 6 with Fig. 3, the fluid–structure interaction LR pipe
with 3 cycles has significant attenuation within the bandgap
of the LR fluid-conveying pipe under the boundary condition
of fixed supports at both ends. It lays a theoretical foundation
for further study of vibration response under external and fluid
impact excitation.

Frequency/Hz

0 200
-60

-50

-40

-30

-20

-10

0

10

400 600 800 1000

F
R
F
/
d
B

Fig. 6. Vibration transfer properties of the LR pipe with fixed ends.

4. Impact vibration properties of the LR fluid-
conveying pipes

4.1. External impact excitation

Assuming that an impact load is received at 0.25 m from
the left end of the pipe, which is in the radial direction at the
position of the impact wave in Fig. 5. The form of the impact
wave satisfies the following equation:

F = Fmaxe−
t−t0

td , t ≥ t0,
F = 0, t ≤ t0,

(11)

where Fmax = 200 N, t0 = 0.0005 s, td = 0.0001 s, the impact
time is 0.0005 s, and the response signal is picked up at the
inlet and outlet of the pipe. The flexural vibration response
of the fluid-conveying pipe is simulated and calculated. The
fluid–structure interaction simulation analysis is used in the
simulation analysis of the fluid-conveying pipe, and the fluid
velocity is set to 0 m/s.

The impulse response of the external impact excitation is
shown in Fig. 7(a), and its frequency domain distribution ob-
tained by using the fast Fourier transform (FFT), is shown in
Fig. 7(b). It can be seen that due to the effect of the external
impact excitation, the stress wave generates in the model in a
wide frequency band of 0–5000 Hz.

Considering the single structure pipe without additional
LR and the LR fluid-conveying pipe respectively, taking the

flexural vibration at the inlet and outlet of the pipe as the re-
search object, the velocitytime curve and velocity frequency
curve at inlet and outlet of the pipe are obtained through sim-
ulation analysis.

(a)
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Fig. 7. (a) External impact impulse response, (b) impact simulation
frequency domain obtained by fast Fourier transform.

Figure 8 shows the flexural vibration response of the sin-
gle structure and LR fluid-conveying pipe under the external
impact excitation, respectively. The black solid line and the
blue dashed line respectively represent the velocity signal re-
sponse at the inlet and outlet. The shaded part in the frequency
domain diagram indicates that the velocity peak at the outlet
is smaller than the velocity peak at the inlet, indicating that
the LR pipe has a better attenuation effect in this frequency
range. Comparing Fig. 8(a) with Fig. 8(b), it can be found that
the single structure pipe basically has no attenuation effect on
external impact vibration, while the LR pipe has a better at-
tenuation effect within 490–840 Hz, which is consistent with
the bandgap of the fluid-conveying pipe calculated by the fi-
nite element method in Subsection 3.2, indicating that the LR
fluid-conveying pipe has a better attenuation effect on external
impact.

Figure 9 represents the flexural vibration response of
the inlet and outlet of the single structure and the LR fluid-
conveying pipe under external impact excitation. Comparing
Fig. 9(a) with Fig. 9(b), it is observed that at the inlet, the
impact vibration response of the single structure and LR pipe
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in the time domain and frequency domain are basically iden-
tical, but at the outlet, the amplitude of the LR pipe in the
time domain is smaller than that of single structure pipe, and
in the frequency domain, the amplitude of the LR pipe is sig-
nificantly smaller in the bandgap range, indicating that the LR

fluid-conveying pipe has significant vibration attenuation ef-
fect in a specific frequency range. The result shows that the LR
pipe can effectively suppress the vibration propagation under
external impact excitation, especially the vibration attenuation
effect near the bandgap is better.

(a)  pipe without LR structures (b)  pipe with LR structures
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Fig. 8. Flexural vibration response of fluid-conveying pipe under external impact excitation.
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Fig. 9. Flexural vibration response of the inlet and outlet of fluid-conveying pipe under external impact excitation.

4.2. Fluid impact excitation

Assuming the initial state of the fluid velocity in the pipe
is 0 m/s, when the pump or valve is opened quickly, the fluid
flow changes so drastically that the fluid velocity changes ac-
cordingly. When the fluid velocity changes, the following
equation is satisfied:

V =Vmaxe−
t−t0

td , t ≥ t0,
V = 0, t ≤ t0,

(12)

where Vmax = 50 m/s, t0 = 0.0005 s, and td = 0.0001 s. The
impact time is 0.0005 s, and the response signal is picked up
at the inlet and outlet of the pipe.

Considering the single structure pipe with the LR fluid-
conveying pipe respectively, taking the flexural vibration at
the inlet and outlet of the pipe as the research object, and the
velocitytime curve and velocity frequency curve at inlet and
outlet of the pipe are obtained through simulation analysis.

Figure 10 shows the flexural vibration response of a sin-
gle structure and LR fluid-conveying pipe under the excitation
of impact fluid. It can be found that in the time domain, the vi-
bration response of the two pipes changes suddenly when the
fluid velocity changes rapidly. With the decreases of the fluid
velocity, the pipe wall vibration response decreases, the vibra-
tion at the outlet is delayed, and the vibration amplitude of
the LR fluid-conveying pipe at the outlet is significantly lower
than that of the single structure pipe, indicating that the LR
fluid-conveying pipe has a significant attenuation effect for
fluid impact vibration. The vibration response at the inlet is
slightly larger than that at the outlet, which is because it takes
a certain time for the fluid impact excitation to reach the out-
let. In addition, the interaction effect between the fluid and
the pipe wall occurs during the fluid flow, resulting in a de-
crease in energy and a slight decrease in the velocity at the
outlet. In the frequency domain, the vibration response of
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a single structure pipe at the inlet and outlet of the lowfre-
quency band is basically identical, but the highfrequency band
is slightly attenuated after 650 Hz. This is due to the highfre-
quency energy attenuation caused by the fluid–structure inter-
action effect generated when the impacted fluid flows in the
pipe. However, the LR fluid-conveying pipe attenuated in the
range of 380–950 Hz, indicating that the LR fluid-conveying
pipe has a significant attenuation effect on fluid impact vibra-
tion.

Further comparing the vibration response of the single
structure with the LR fluid-conveying pipe at the inlet and
outlet under the excitation of the impacted fluid as shown in
Fig. 11, we can know that in the time domain, the vibration
of the LR pipe is basically the same as the single structure

pipe at the inlet. However, the peak time of the LR pipe lags
behind the single structure pipe, and the amplitude is slightly
smaller at the outlet, indicating that the LR pipe can effectively
suppress the pipe vibration caused by fluid impact. In the fre-
quency domain, at the inlet, the vibration amplitudes of the
two types of pipes are basically identical, while at the outlet,
the vibration response of the LR pipe is significantly smaller
than that of the single structure pipe in 380–820 Hz, which
is basically consistent to the vibration attenuation bandgap in
Subsection 3.2. In summary, the LR fluid-conveying pipe can
significantly attenuate the vibration of the pipe caused by fluid
impact excitation. Especially, the vibration attenuation effect
near the bandgap is better.
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Fig. 10. Flexural vibration response of fluid-conveying pipe excited by impact fluid.
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5. Experimental validation
The pipe impact experiment is performed to verify the ef-

fective attenuation of the LR structure to the impact excitation,
and to validate the finite element model in Section 4. A steel
pipe with a length of 3.5 m, an inner diameter of 0.04 m, and
a wall thickness of 0.005 m, three rubber rings, and copper
rings with the structural parameters that are based on Table 1
are manufactured. The test piping system is built, as shown in
Fig. 12, Figures 12(a)–12(c) represent a single structure pipe,

a three-cycle LR pipe, a test software setup, respectively.

The impact force of the pipe wall is generated and mea-
sured by the impact hammer manually striking the excitation
of the pipe, and the fluid impact is caused by the sudden open-
ing or closing of the vertical centrifugal pump, which causes
a sudden change in the fluid velocity. The vibration signal
at the inlet and outlet of the pipe is picked up by two accel-
eration sensors B&K4507B. Then we input to the vibration
signal analyzer B&K3160-B-O42. Finally, the vibration data
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is collected and analyzed by the vibration analysis software
B&K7700 (Pulse).

(a) pipe without LR structures

(b) pipe with LR structures

(c) test software setup

impact

inlet response

outlet response

Fig. 12. The LR fluid-conveying pipe experimental setup.

Figure 13 shows the flexural vibration response of the
single structure and LR fluid-conveying pipe under the exci-
tation of the impact hammer. The black solid line and the blue
dashed line respectively represent the velocity signal response
at the inlet and outlet. The shaded part in the frequency domain

diagram indicates that the velocity peak at the outlet is smaller
than the velocity peak at the inlet, indicating that the LR pipe
has a better attenuation effect in this frequency range. Com-
paring Fig. 13(a) with Fig. 13(b), the single structure pipe has
basically no attenuation effect on the impact vibration of the
pipe wall, while the LR pipe can have a good attenuation effect
in 400–720 Hz, which is consistent with the attenuation bands
of 490–840 Hz in Subsection 4.1. This phenomenon verifies
the correctness of the finite element simulation analysis of the
LR fluid-conveying pipe under external impact excitation, and
shows that the LR fluid-conveying pipe has a better attenuation
effect under external impact vibration.

Figure 14 shows the flexural vibration response of the sin-
gle structure and LR fluid-conveying pipe at the inlet and out-
let under the fluid impact excitation. Comparing Fig. 14(a)
with Fig. 14(b), the single structure pipe has basically no at-
tenuation effect on fluid impact vibration, but the LR pipe can
have a better attenuation effect in the range of 490–830 Hz,
which is consistent with the attenuation bands of 380–820 Hz
in Subsection 4.2, indicating that the LR fluid-conveying pipe
also has a better attenuation effect on fluid impact vibration.
This phenomenon verifies the correctness of the finite element
simulation analysis of the LR fluid-conveying pipe under fluid
impact excitation.
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Fig. 13. Flexural vibration response of fluid-conveying pipe under external impact excitation.
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Fig. 14. Flexural vibration response of fluid-conveying pipe under fluid impact excitation.
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We noticed that there are some differences between nu-
merical simulations and experiments. The important differ-
ence between the two is that the numerical simulation analysis
ignores the damping. The LR fluid-conveying pipe is a com-
plex system with a variety of damping sources and nonlinear
sources. These factors are difficult to consider in numerical
simulation. On the other hand, the boundary conditions used
in the experiment are not completely consistent with the nu-
merical simulation analysis. In the experiment, the flange is
used to fix the test pipe to both ends of the pipe system to sim-
ulate the fixed constraints at both ends of the test pipe, but in
fact, the boundary conditions are much more complicated than
the fixed constraints, which leads to the deviation of the impact
wave reflection from the prediction of the fixed constraints.

6. Conclusion
In conclusion, the vibration properties of the LR fluid-

conveying pipe are analyzed in this paper, focusing on the vi-
bration properties under impact conditions. Through the re-
search in this research, the following conclusions are drawn.

(1) Based on the Euler–Bernoulli beam model, the trans-
fer matrix method is used to establish the bandgap proper-
ties of the calculation model of the LR fluid-conveying pipe
system, which provides an effective tool for the vibration re-
sponse analysis of the LR fluid-conveying pipe.

(2) The finite element model shows that the LR fluid-
conveying pipe has a significant attenuation effect on the pipe
vibration caused by external impact excitation and fluid impact
excitation in the bandgap, indicating that when considering the
fluid–structure interaction effect, the LR fluid-conveying pipe
can better achieve the control of pipe vibration.

(3) The results of numerical calculation and simulation
analysis are verified by external impact and fluid impact exper-
iments, and the effectiveness of the LR fluid-conveying pipe
is verified. The experimental results are in good agreement
with the calculation and simulation results. Therefore, the LR
fluid-conveying pipe can be used to attenuate the impact load
and apply to various pipe systems that need to consider blast
load and fluid impact.
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V 2019 Appl. Phys. Lett. 114 171901

[9] Wang Y Z and Li F M 2012 Chin. Phys. Lett. 29 034301
[10] Xu Y L, Chen C Q and Tian X G 2013 Chin. Phys. Lett. 30 044301
[11] Yu D L, Liu Y Z, Wang G, Zhao H G and Qiu J 2006 J. Appl. Phys.

100 124901
[12] Yu D L, Liu Y Z, Zhao H G, Wang G and Qiu J 2006 Phys. Rev. B 73

064301
[13] Xiao Y, Wen J H and Wen X S 2012 Phys. Lett. A 376 1384
[14] Xiao Y, Wen J H, Yu D L and Wen X S 2013 J. Sound Vib. 332 867
[15] Zhou W J, Wu B, Su Y P, Liu D Y, Chen W Q and Bao R H 2019 Mech.

Adv. Mater. Struct. 1
[16] Chen J S, Sharma B and Sun C T 2011 Compos. Struct. 93 2120
[17] Chen J S and Sun C T 2011 J. Sandw. Struct. Mater. 13 391
[18] Chen J S and Huang Y J 2016 Journal of Vibration and Acoustics 138

0410091
[19] Pai P F, Peng H and Jiang S 2014 Int. J. Mech. Sci. 79 195
[20] Alamri S, Li B and Tan K T 2018 J. Appl. Phys. 123 095111
[21] Li Q Q, He Z C, Li E and Cheng A G 2018 Smart. Mater. Struct. 27

095015
[22] Li Q Q, He Z C, Li E and Cheng A G 2019 J. Appl. Phys. 125 035104
[23] Huang K X, Shui G S, Wang Y Z and Wang Y S 2020 Mech. Mater.

148 103497
[24] Wei Z D, Li B R, Du J M and Yang G 2016 Chin. Phys. Lett. 33 044303
[25] Koo G H and Park Y S 1998 J. Sound Vib. 210 53
[26] Sorokin S V and Ershova O A 2004 J. Sound Vib. 278 501
[27] Sorokin S V and Ershova O A 2006 J. Sound Vib. 291 81
[28] Shen H J, Wen J H, Yu D L and Wen X S 2009 J. Sound Vib. 328 57
[29] Shen H J, Wen J H, Yu D L and Wen X S 2009 Acta. Phys. Sin. 58 8357

(in Chinese)
[30] Shen H J, Wen J H, Yu D L, Asgari M and Wen X S 2013 J. Sound Vib.

332 4193
[31] Shen H J, Paı̈doussis M P, Wen J H, Yu D L and Wen X S 2014 J. Sound

Vib. 333 2735
[32] Shen H J, Wen J H, Yu D L, Yuan B and Wen X S 2014 J. Fluid Struc-

ture 46 134
[33] Liang F and Yang X D 2020 Appl. Math. Model 77 522
[34] Sorokin S and Holst-Jensen O 2012 Journal of Vibration and Acoustics

134 041003
[35] Wang Y Z, Cui H T, Li F M and Kishimoto K 2011 Phys. Lett. A 375

2448
[36] Yu D L, Wen J H, Zhao H G, Liu Y Z and Wen X S 2008 J. Sound Vib.

318 193
[37] Yu D L, Wen J H, Zhao H G, Liu Y Z and Wen X S 2011 Journal of

Vibration & Acoustics 133 014502
[38] Yu D L, Wen J H, Shen H J and Wen X S 2012 Phys. Lett. A 376 3417
[39] Yu D L, Paı̈doussis M P, Shen H J and Wang L 2014 J. Appl. Mech. 81

011008
[40] Yu D L, Du C Y, Shen H J, Liu J W and Wen J H 2017 Chin. Phys. Lett.

34 076202
[41] Yu D L, Shen H J, Liu J W, Yin J F, Zhang Z F and Wen J H 2018 Chin.

Phys. B 27 064301
[42] Wen J H, Shen H J, Yu D L and Wen X S 2010 Chin. Phys. Lett. 27

114301
[43] Shen H J, Wen J H, Yu D L and Wen X S 2011 IEEE International Con-

ference on Mechatronics and Automation, 7–10 Aug. 2011, p. 1700
[44] Iqbal M, Jaya M M, Bursi O S, Kumar A and Ceravolo R 2020 Sci.

Rep. 10 85
[45] Khudayarov B A, Komilova K M and Turaev F Z 2019 International

Journal Of Applied Mechanics 11 1950090
[46] Khudayarov B A, Komilova K M, Turaev F Z and Aliyarov J A 2020

Int. J. Pressure Vessels Piping 179 104034
[47] Liu J W, Yu D L, Zhang Z F, Shen H J and Wen J H 2019 Acta. Mech.

Solida Sinica 32 173
[48] Qian Q, Wang L and Ni Q 2009 Mech. Res. Commun. 36 413
[49] Gu J J, Dai B, Wang Y, Li M J and Duan M L 2017 Ships and Offshore

Structures 12 262
[50] Khudayarov B A, Komilova K M and Turaev F Z 2020 Journal of Nat-

ural Gas Science And Engineering 75 103148

124301-9

http://dx.doi.org/10.1016/j.jfluidstructs.2011.11.001
http://dx.doi.org/10.1016/j.jfluidstructs.2011.11.001
http://dx.doi.org/10.1016/j.compstruc.2016.06.006
http://dx.doi.org/10.1016/j.compstruc.2016.06.006
http://dx.doi.org/10.1016/j.proeng.2017.12.015
http://dx.doi.org/10.1016/j.proeng.2017.12.015
http://dx.doi.org/10.1016/j.camwa.2019.01.014
http://dx.doi.org/10.1016/j.camwa.2019.01.014
http://dx.doi.org/10.1121/1.1880732
http://dx.doi.org/10.1177/1099636215583171
http://dx.doi.org/10.1115/1.4039755
http://dx.doi.org/10.1115/1.4039755
http://dx.doi.org/10.1063/1.5092375
http://dx.doi.org/10.1088/0256-307X/29/3/034301
http://dx.doi.org/10.1088/0256-307X/30/4/044301
http://dx.doi.org/10.1063/1.2400803
http://dx.doi.org/10.1063/1.2400803
http://dx.doi.org/10.1103/PhysRevB.73.064301
http://dx.doi.org/10.1103/PhysRevB.73.064301
http://dx.doi.org/10.1016/j.physleta.2012.02.059
http://dx.doi.org/10.1016/j.jsv.2012.09.035
https://doi.org/10.1080/15376494.2018.1553261
https://doi.org/10.1080/15376494.2018.1553261
http://dx.doi.org/10.1016/j.compstruct.2011.02.007
http://dx.doi.org/10.1177/1099636210391124
https://doi.org/10.1115/1.4033197
https://doi.org/10.1115/1.4033197
http://dx.doi.org/10.1016/j.ijmecsci.2013.12.013
http://dx.doi.org/10.1063/1.5015001
http://dx.doi.org/10.1088/1361-665X/aad479
http://dx.doi.org/10.1088/1361-665X/aad479
http://dx.doi.org/10.1063/1.5029946
http://dx.doi.org/10.1016/j.mechmat.2020.103497
http://dx.doi.org/10.1016/j.mechmat.2020.103497
http://dx.doi.org/10.1088/0256-307X/33/4/044303
http://dx.doi.org/10.1006/jsvi.1997.1292
http://dx.doi.org/10.1016/j.jsv.2003.10.042
http://dx.doi.org/10.1016/j.jsv.2005.05.031
http://dx.doi.org/10.1016/j.jsv.2009.07.032
http://dx.doi.org/10.7498/aps.58.8357
http://dx.doi.org/10.1016/j.jsv.2013.03.007
http://dx.doi.org/10.1016/j.jsv.2013.03.007
http://dx.doi.org/10.1016/j.jsv.2014.01.002
http://dx.doi.org/10.1016/j.jsv.2014.01.002
http://dx.doi.org/10.1016/j.jfluidstructs.2014.01.004
http://dx.doi.org/10.1016/j.jfluidstructs.2014.01.004
http://dx.doi.org/10.1016/j.apm.2019.07.064
http://dx.doi.org/10.1115/1.4005652
http://dx.doi.org/10.1115/1.4005652
http://dx.doi.org/10.1016/j.physleta.2011.05.016
http://dx.doi.org/10.1016/j.physleta.2011.05.016
http://dx.doi.org/10.1016/j.jsv.2008.04.009
http://dx.doi.org/10.1016/j.jsv.2008.04.009
http://dx.doi.org/http://dx.doi.org/10.1115/1.4001183
http://dx.doi.org/http://dx.doi.org/10.1115/1.4001183
http://dx.doi.org/10.1016/j.physleta.2012.09.041
http://dx.doi.org/10.1115/1.4024409
http://dx.doi.org/10.1115/1.4024409
http://dx.doi.org/10.1088/0256-307X/34/7/076202
http://dx.doi.org/10.1088/0256-307X/34/7/076202
http://dx.doi.org/10.1088/1674-1056/27/6/064301
http://dx.doi.org/10.1088/1674-1056/27/6/064301
http://dx.doi.org/10.1088/0256-307X/27/11/114301
http://dx.doi.org/10.1088/0256-307X/27/11/114301
http://dx.doi.org/10.1109/ICMA.2011.5986366
http://dx.doi.org/10.1109/ICMA.2011.5986366
http://dx.doi.org/10.1038/s41598-019-56724-0
http://dx.doi.org/10.1038/s41598-019-56724-0
http://dx.doi.org/10.1142/S175882511950090X
http://dx.doi.org/10.1142/S175882511950090X
http://dx.doi.org/10.1016/j.ijpvp.2019.104034
http://dx.doi.org/10.1016/j.ijpvp.2019.104034
http://dx.doi.org/10.1007/s10338-018-0070-2
http://dx.doi.org/10.1007/s10338-018-0070-2
http://dx.doi.org/10.1016/j.mechrescom.2008.09.011
http://dx.doi.org/10.1080/17445302.2015.1135564
http://dx.doi.org/10.1080/17445302.2015.1135564
http://dx.doi.org/10.1016/j.jngse.2020.103148
http://dx.doi.org/10.1016/j.jngse.2020.103148

	1. Introduction
	2. Bandgap properties
	2.1. Transfer matrix method
	2.2. Bandgap properties of LR fluid-conveying pipes

	3. Numerical simulation of vibration properties of the LR fluid-conveying pipes
	3.1. Fluid–structure interaction numerical simulation model
	3.2. Analysis of vibration properties of the LR fluid-conveying pipes

	4. Impact vibration properties of the LR fluid-conveying pipes
	4.1. External impact excitation
	4.2. Fluid impact excitation

	5. Experimental validation
	6. Conclusion
	References

