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Abstract: Taking an aviation hydraulic pipeline as the research object, a fluid–solid coupling vibration
model of the pipeline system, considering the influence of the clamp, is established. The clamp is
equivalent to the combined form of the constraint point and the pipeline. The equivalent stiffness
of the clamp in each direction is obtained via the finite element method and substituted into the
vibration model. The vibration response of the hydraulic pipeline system is obtained by changing
the boundary conditions. The validity and accuracy of the vibration model were verified via the
finite element method. The results show that the maximum error of the natural frequency of the
pipeline system is within the acceptable range, which can prove that the model can better simulate
the dynamic characteristics of the pipeline system and has a certain engineering reference value for
the vibration analysis of hydraulic pipelines in aviation.

Keywords: hydraulic pipeline; clamp; fluid–solid coupling; equivalent stiffness; natural frequency

1. Introduction

The modern aviation hydraulic system is gradually developing in the direction of
a high pressure, high speed, and high power [1,2], which greatly improves the working
efficiency of the hydraulic system, but also causes a strong vibration of the hydraulic
pipeline. Because of the existence of a hydraulic pump in the hydraulic system and the
connection between the hydraulic pipeline and the structure, the hydraulic pipeline will be
stimulated by the pulsating excitation from the pump source and the resulting foundation
of the structure [3]. In addition, the pulsating excitation of the fluid in the pipeline will also
cause the fluid–solid coupling of the hydraulic pipeline, making the vibration characteristics
of the pipeline more complicated.

The vibration characteristics of the pipeline system have important scientific research
and engineering application value [4]. On the one hand, the hydraulic pipeline will be
subjected to external excitation such as pulsation excitation from the pump, and on the
other hand, it will be subjected to fluid excitation from the inside of the pipeline. Nowadays,
there are many studies on the influence of power units on the vibration characteristics of
hydraulic devices: Michał Stosiak et al. [3] discuss minimizing the effect of the external me-
chanical vibration on hydraulic valves in different military hydraulic drive systems. They
noted the effect of the changes in the pressure pulsation spectrum of a hydraulic system
with a vibrating directional control valve. In this paper, the problem of vibration excitation
of the directional control valve spool is noted, and the effect of this vibration—changes in
the pressure pulsation spectrum of a hydraulic system with a vibrating directional control
valve—is indicated. The complex coupling vibration between the fluid and the pipeline will
be caused by the fluid flow state, because the pipeline system is subjected to a high-strength
fluid pressure. The fluid–solid coupling vibration of an aviation hydraulic pipeline is easily
caused by its structure, support point, and external excitation. Therefore, when calculating
the dynamic characteristics of a pipeline system, considering the vibration characteristics
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of the internal medium, i.e., the fluid–solid coupling vibration characteristics, has become a
hot issue. For this reason, researchers have carried out a lot of work. Wu et al. [5] focused
on the self-excited vibration under the interaction between the pipeline structure and fluid
by using the dynamic mesh technique and the transient fluid–solid coupling method of
large eddy simulation and verified it with experimental results. Considering the coupling
between fluids and pipelines, Duan et al. [6] studied the effect of isodynamic loads on
pipelines under high temperatures and pressure, and compared and analyzed the natural
frequencies of pipelines under a dry mode and a wet mode. Gao et al. [7] proposed an
improved model reduction method and proved that this method is beneficial to solving
the vibration characteristics of long-distance hydraulic pipelines with multi-point support
by comparing and analyzing the calculation methods of the whole model and the sim-
plified model. Xu et al. [8] studied the fluid–solid coupling vibration characteristics of
branch pipes under different supporting conditions and boundary conditions, and used
the fourteen-equation model and the transfer matrix method to establish and solve the
dynamic model. Sadeghi and Karimi-Dona [9] studied the dynamic behavior of pipelines
under the action of moving mass moments, considering the influence of rotational iner-
tia, large displacement, and asymmetric damping caused by the Coriolis effect. When
studying the axial vibration response characteristics of the fluid–solid coupling vibration of
hydraulic pipelines, Quan et al. [10] modified the fluid shear-friction stress model in the
model by combining the Zielke model and the Brunone model, and finally, the validity of
the model was verified by experiments. Li et al. [11] established the wet modal vibration
equation of a pipeline, including fluid mass, pressure, flow rate, stiffness, and damping,
and focused on the influence of fluid factors on the vibration characteristics of the pipeline.
Quan et al. [12] explored the influence of the bending parameters of a curved pipeline on
the frequency domain response of the pipeline system by establishing a fourteen-equation
model of the fluid–solid coupling of the pipeline. Based on the improved Fourier series
method, Ma et al. [13] established a fluid–solid coupling vibration characteristic model
of a pipeline system under arbitrary elastic support and verified and solved it under
complex constraints.

The study of hydraulic devices mainly focuses on power units (pumps, cylinders,
etc.), without considering the connecting components. Karpenko M et al. [14] proposed
a research analysis of high-pressure hoses and junctions during technical maintenance.
The main issue in high-pressure hoses with repair fitting connections is changes in the
size and configuration of the cross-section area of the flow stream inside the hydraulic
line. As a result, it is necessary to figure out the behavior of the fluid inside the hose
and the effect of interface changes on energy consumption, since the sudden change in
the hose cross-section will affect the pressure and energy parameters of the hydraulic
system. Therefore, Karpenko M et al. analyzed the fluid behavior and energy efficiency
of high-pressure hoses by numerical simulation based on Navier–Stokes equations and
experimental measurements of fluid flow pressure in high-pressure hoses. They found that
a nonrepaired hose performed in the most efficient way compared with a repaired hose,
because the change in the cross-section area of the repaired hose was greater than that of
the unrepaired hose, and the difference in the change in the cross-section area would have
a significant impact on the flow characteristics. As a connecting component, the clamp also
has an important influence on the calculation of the vibration characteristics of the pipeline
system. Considering the influence of clamps, Liu et al. [15] proposed a novel frequency
response function (FRF)-based method for the exact calculation of the mode shapes, and
based on this, they combined the spectral analysis method (SAM) and the transfer matrix
method (TMM) to solve the natural frequency and transient response of cascaded pipelines.
Lin et al. [16] focused on the nonlinear vibration characteristics of the clamp–pipeline
system caused by the looseness of the clamp. In their research process, according to the
real data obtained from the test, the clamp is simplified as a nonlinear spring damper,
and the nonlinear model of the pipe with a clamp is established. Finally, the analytical
solution of the model is obtained by using a multi-scale method. Gao and Sun [17] obtained
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the support stiffness and damping of the hoop using the hammering test and inversion
method and analyzed the influence of the preload on the support stiffness and damping
of the pipeline hoop. Gao et al. [18] proposed a method based on the measured frequency
response function (FRF) to invert the support stiffness and damping of the clamp in the
pipeline system, but the damping obtained through this method is too dependent on the
natural frequency, and the error is slightly large. Li et al. [19] obtained the equivalent
stiffness of the clamp through an experimental method. Based on the results, they studied
the influence of the pipe diameter and temperature on the stiffness.

However, in the previous theoretical research on the vibration characteristics of a
pipeline system, researchers often simplify the clamp as a concentrated mass point when
modeling the pipeline system. This simplification ignores the influence of the clamp
factor. In this paper, the influences of clamps are considered when calculating the vibration
characteristics of aviation pipelines. The clamps in the pipeline system are equivalent to
the combination of constraint points and pipelines. A mathematical model including clamp
stiffness is established. At the same time, based on the previous research results [20], this
paper proposes a method for obtaining the equivalent stiffness of clamps via the finite
element method. Finally, the above contents are integrated into the calculation model of
the vibration characteristics of the pipeline system, and the overall vibration characteristics
of the pipeline system are obtained.

2. Fluid–Solid Coupling Model

It is important to establish an accurate and efficient hydraulic pipeline vibration
model for the analysis of hydraulic pipeline vibration characteristics. The fluid–solid
coupling 14-equation model is widely used to solve the vibration problem of pipeline
systems. Based on the 14-equation model of fluid–solid coupling and referring to relevant
research [21,22], this chapter establishes the fluid–solid coupling vibration model of a
hydraulic pipeline, including the axial vibration, radial vibration, and torsional vibration.

2.1. Fluid–Solid Coupling Fourteen-Equation Model

In this paper, based on the Timoshenko beam model, a 14-equation model of fluid–solid
coupling, including fluid–solid interactions, the fluid pressure inside pipelines, the fluid
velocity, gravity, the Coriolis force, the centrifugal force, and other factors, is established.

The fluid–solid coupling fourteen-equation model is established to describe the axial,
radial, and torsional motion of the pipeline in three-dimensional space, and is used for
the frequency domain solution. The schematic diagram of the pipeline force is shown in
Figure 1. The equations are as follows:
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(1) Axial vibration equation:
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(3) Torsional vibration equation:

∂Mz

∂t
+ GJp

∂
•
θ

∂z
= 0 (13)

∂
•
θz

∂t
+

1
ρp Jp

∂Mz

∂z
− 1

ρp Jp
Mez = 0 (14)

where m = mp + m f = ρp Ap + ρ f A f .
In the above formulas, the following abbreviations are used: V—velocity; P—pressure;

e—thickness-to-diameter ratio of pipelines; A—cross-sectional area; w—linear displacement
of pipeline; θ—pipeline rotating angle; f —force; M—moment; m—total mass of pipeline;
I—flexure moment of inertia; J—polar moment of inertia; G—shear modulus; E—pipeline
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elastic modulus; K′—elastic correction modulus; v—Poisson‘s ratio; κ—Shear coefficient;
ρ—density; subscript f —fluid; subscript p—pipeline.

Convert the above equation expression into a matrix expression:

A
∂y(z, t)

∂t
+ B

∂y(z, t)
∂z

+ Cy(z, t) + D =
_
r(z, t) (15)

y(z, t) =
[

Vf Pf
•
wz fz My

•
θy
•
wx fx Mx

•
θx
•
wy fy

•
θz Mz

]T
(16)

where y(z, t) are 14 state vectors. A, B, C, and D are coefficient matrixes. According to the
solution method of reference [21,23], the transfer matrix method is used to solve the model.
Combined with the boundary conditions and the excitation matrix, the overall expression
of the pipeline can be obtained as

Y(L, s) = Uall(L, s)Y(0, s) (17)

where Y(L, s) is the end-state variable of the pipeline system. Uall(s) = Un(LN , s) . . .
Ui(Li, s) . . . U1(L1, s) is the overall transfer matrix of the pipeline. Y(0, s) is the initial state
variable of the pipeline. Ui(Li, s) is the field matrix of each pipeline.

2.2. Establishment of the Intermediate Constraint Matrix of the Clamp
2.2.1. The Discrete Stiffness Model of Clamps

In the previous model establishment process, researchers have often simplified the
clamp in the pipeline system as a concentrated mass point, as shown in Figure 2. This
simplification process only considers the influence of the clamp mass but ignores the
influence of the clamp stiffness on the vibration characteristics of the pipeline system.
Therefore, this paper proposes a discretization model considering the equivalent stiffness
and the width of the clamp. The concentrated mass point of the clamp is discretized into a
combination of two constrained points and the pipeline, as shown in Figure 3. The distance
between the two constraint points is the width of the clamp. The equivalent stiffness of
each constraint point in the three directions of x, y, and z is ki/2 (linear stiffness) and kij/2
(angular stiffness), i.e., the stiffness of the constraint point in the three directions of x, y, and
z is half of the stiffness measured for the clamp in this direction.
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The dynamic equilibrium equations, force equilibrium equations, and moment equi-
librium equations of the variables on both sides before and after any constraint point
are constructed, and then, frequency domain expressions are obtained after the Laplace
transform. Specifically, the z-direction satisfies the following relationship:

L{Vf }L = L{Vf }R (18)

L{P}L = L{P}R (19)

L{ •ωz}L = L{ •ωz}R (20)

L{ fz}L − L{ fz}R = L{mc
∂{ •ωz}

∂t
+ kzωz} = mcsL{ •ωz}R +

ky

s
L{ •ωz}R (21)

The z-x plane satisfies the following relationship:

L{Mx}L − L{Mx}R = L{kzy
∂{θx}R

∂t
} =

kzy

s
L{
•
θx}R (22)

L{
•
θx}L = L{

•
θx}R (23)

L{ •ωy}L = L{ •ωy}R (24)

L{ fy}L − L{ fy}R = L{mc
∂{ •ωy}

∂t
+ kyωy} = mcsL{ •ωy}R +

ky

s
L{ •ωy}R (25)

The z-y plane satisfies the following relationship:

L{My}L − L{My}R = L{kxz
∂{θy}R

∂t
} = kxz

s
L{
•
θy}R (26)

L{
•
θy}L = L{

•
θy}R (27)

L{ •ωx}L = L{ •ωx}R (28)

{ fx}L − { fx}R = L{mc
∂{ •ωx}

∂t
+ kxωx} = mcsL{ •ωx}R +

kx

s
L{ •ωx}R (29)

The z-direction torsional motion satisfies the following relationship:

L{θ•z}L = L{θ•z}R (30)

L{Mz}L − L{Mz}R = L{kzy
∂{θz}R

∂t
} =

kzy

s
L{
•
θz}R (31)

In the above expression, L{ } represents the Laplace transform. ki is the linear stiffness
in all directions. kiy is the angular stiffness in all directions. Subscripts L and R represent
the left and right sides of the constraint points.

Convert the above expression into a matrix form:

U(R,s) = N(s)U(L,s) (32)

where N(s) is the point transfer matrix for each constraint point.
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2.2.2. Measurement of Clamp Stiffness

Taking a P-type clamp as an example, the stiffness solution and analysis verification
are carried out. Combined with the stiffness calculation method for pipeline accessories in
the relevant industry handbook [24], the equivalent stiffness of the clamp in each direction
can be obtained according to the ratio of the load in each direction to the deformation in
this direction.

The clamp is composed of an internal hoop and an external rubber gasket. The
materials of the hoop and the rubber are 0Cr18Ni9 and EPDM, respectively. The material
parameters and constitutive model parameters refer to the relevant literature [19,25], as
shown in Table 1.

Table 1. Clamp-related material parameters.

Clamping Strap Material Parameters
Density/kg·m−3 Poisson Ratio Elastic Modulus/MPa

7930 0.33 1.86 × 105

Rubber material parameter
C10 C0 D0

0.774 0.193 0.025

We built a three-dimensional model of the entity and meshed it, as shown in Figure 4,
because the bolt has little effect on the stiffness of the clamp, and we only applied the fixed
constraint at the screw hole to simulate the effect of the bolt.
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In the process of analysis, it is assumed that there is no relative sliding between the
clamp hoop and the external rubber of the clamp, and that the contact surface between
the clamp inner ring rubber and the pipeline is related to the center point in the clamp
ring. When the contact surface is displaced due to the force, the position of the center
point will also change. The connection between the contact surface and the center point
is a rigid connection. The advantage of this connection method is that it only considers
the displacement of the whole clamp caused by an external force, so as to avoid the
large deformation and displacement of the rubber surface under the action of external
forces, while the band does not change significantly, thus affecting the accuracy of the
calculation results.

In the calculation process, the force in the x, y, and z directions and the torque around
the x, y, and z axes are applied to the contact surface of the clamp rubber and the pipeline,
respectively, and the displacement and torsion angle of the center point in each direction
are measured. The results are substituted into Formulas (33) and (34) to obtain the linear
stiffness and angular stiffness in each direction, and the calculation results are shown in
Figure 5 and Table 2.

ki = Fi/4i (33)

kij = Mij/4ij (34)
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Table 2. Measured value of clamp-equivalent stiffness.

Linear Stiffness
kx/(N/m) Ky/(N/m) Ky/(N/m)

4.97 × 105 2.64 × 105 4.21 × 105

Angular stiffness
Kyz/(N/m) Kxz/(N/m) Kxy/(N/m)

0206.7 891.1 557.4

2.3. Excitation Matrix and Boundary Conditions

In the actual application environment, there are often more complex excitation con-
ditions and boundary conditions in the pipeline system. In this paper, the excitation
conditions (including the fluid excitation and mechanical excitation) and boundary condi-
tions are established through the derivation process in Reference [22].

In the fourteen-equation model, there are seven boundary equations at both ends
of the pipeline, including the constraint force in the three directions of x, y, and z, the
constraint moment rotating around the three axes of x, y, and z, and the external excitation.
Therefore, the excitation matrix at each end contains seven different external loads, as
shown in Equations (35) and (36).[

Q0]7×1 =
[
V(0, s), fez(0, s), fex(0, s), Mey(0, s), fey(0, s), Mex(0, s), Mez(0, s)

]
(35)

[
QL]7×1 =

[
V(L, s), fez(L, s), fex(L, s), Mey(L, s), fey(L, s), Mex(L, s), Mez(L, s)

]
(36)

where the subscript 0 represents the initial end of the pipeline, and the subscript L represents
the end of the pipeline.

In this excitation condition, the first excitation element of each excitation matrix is the
fluid excitation, and the remaining elements are the force and moment equations on the
corresponding three motion planes.

A boundary matrix containing elastic constraints and added mass is established, as
shown in Equations (37) and (38).
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D0(s) =



1 0 −1 0
0 −A f −Zz(0) 1

0 0 −Zy(0) 1
1 −Yx(0) 0 0

0 0 −Zx(0) 1
1 −Yy(0) 0 0

−Yz(0) 1


(37)

DL(s) =



1 0 −1 0
0 −A f −Zz(L) 1

0 0 −Zy(L) 1
1 −Yx(L) 0 0

0 0 −Zx(L) 1
1 −Yy(L) 0 0

−Yz(L) 1


(38)

3. Numerical Model Calculation
3.1. Establishment of a Model for a Hydraulic Pipeline for Aviation

In order to verify the accuracy and reliability of the method proposed in this paper, a
section of aviation hydraulic pipelines is used for numerical solution and model verification.
The pipeline is a straight pipe, and there is a clamp at both ends to realize the fixation of
the pipeline, as shown in Figure 6. The relevant parameters of the pipeline are shown in
Table 3.
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Figure 6. Structure diagram of pipeline.

Table 3. Correlation parameters of the piping system.

Parameter
Title 2 Value

Tube length L1/(mm) 200
Tube length L2/(mm) 500
Tube length L3/(mm) 200

Clamp width Lc/(mm) 200
Thickness of pipe wall/(mm) 1

Inner radius/(mm) 5.4
Poisson ratio 0.33

Pipeline density/(kg/m3) 7930
Shear modulus/(Pa) 6.99 × 1010

Young’s modulus/(Pa) 1.86 × 1011

Fluid density/(kg/m3) 1000

Combined with the inference of the theoretical model, the overall transfer matrix
expression of the above pipeline is shown in Equation (39).
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Y(L, s) = U5(L3, s)Nc4(s)U4(LLc, s)Nc3(s)U3(L2, s)Nc2(s)U2(LLc, s)Nc1(s)U1(L1, s)Y(0, s) (39)

where U5(L3, s)U3(L2, s)U1(L1, s) is the field transfer matrix of the pipeline, Nc4(s)Nc3(s)
Nc2(s)Nc1(s) is the point transfer matrix of the clamp constraint, and U4(LLc, s)U2(LLc, s)
is the field transfer matrix of the equivalent clamp width.

3.2. Vibration Characteristics Analysis of a Hydraulic Pipeline for Aviation

When analyzing the vibration characteristics of the hydraulic pipeline, it is assumed
that the pipeline is filled with a flowing medium. In this paper, liquid water is used as the
internal medium. The two ends of the pipeline are in a free state. The medium pressure
changes periodically and serves as the excitation source of the pipeline, and the pressure
change conforms to the simple harmonic pulsation excitation. The pressure pulsation
information is shown in Table 4. Keeping the pressure of the medium unchanged, the axial
vibration response characteristics of the pipeline system at different speeds are explored by
changing the speed of the medium. The authors carried out multiple sets of calculations
for V = 1, 2, 3, 4, and 5 m/s, and the actual results showed that the calculation results of
different groups were almost the same. Therefore, in this paper, only the calculation results
were V = 1, 3, and 5 m/s are selected for presentation, as shown in Figure 7.

Table 4. Pipeline pressure pulsation information.

Average Fluctuating Pressure/MPa Peak Value/MPa Frequency/Hz

16 1.5 40
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simulation analysis to verify. According to the actual size of the pipe and clamp, the cal-
culation model is established, and the grid is divided, as shown in Figure 8. In the analysis 
process, the friction contact is set between the clamp and the pipeline, and the inner ring 

Figure 7. Axial vibration characteristics of hydraulic pipeline under different speeds. (a) V = 1 m/s;
(b) V = 3 m/s; (c) V = 5 m/s.

It can be seen from the figure that the change in flow velocity in the pipeline system
does not affect the natural frequency of the fluid–solid coupling vibration of the pipeline
system. Compared with References [22,26], it can be seen that the result is within a
reasonable range. The reason is that the increase in flow velocity enhances the fluid–solid
coupling effect in the pipe, resulting in a stronger vibration response amplitude.

4. Model Verification and Analysis
4.1. Finite Element Verification of the Model

In order to further verify the validity of the model, this paper uses a finite element
simulation analysis to verify. According to the actual size of the pipe and clamp, the
calculation model is established, and the grid is divided, as shown in Figure 8. In the
analysis process, the friction contact is set between the clamp and the pipeline, and the
inner ring of the clamp is bound to the external rubber, without considering its relative slip;
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a fixed constraint is applied at the bolt hole of the clamp. For the liquid-filled pipeline, the
pressure changes on the inner wall of the pipeline should be obtained via fluid simulation.
Because the internal medium of the pipeline is an ideal fluid, the fluid gravity is considered
in the fluid simulation process, and the complex fluid state, such as the compressibility and
viscosity of the fluid, is not considered. Then, the fluid simulation results are imported into
the modal analysis as the boundary conditions to calculate the natural frequency of the
hydraulic pipeline. Since the change in the pipeline speed has no effect on the change in
the natural frequency of the pipeline system, this paper only verifies the numerical results
at V = 3 m/s.
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4.2. Simulation Results and Comparative Analysis

The finite element simulation of the liquid-filled pipeline is carried out. The cloud
diagram of the vibration mode calculation results is shown in Figure 9. The simulation
results of the filling pipeline are compared with the numerical results, and the results are
shown in Table 5 and Figure 10.
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Table 5. Results comparison of liquid-filled pipes.

Order 1 2 3 4

Numerical
calculation 154.41 208.8 480.57 617.32

Simulation result 139.49 198.31 501.49 584

Error 9.66% 5.02% 4.35% 5.4%
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Figure 10. Results comparison of liquid-filled pipes.

It can be seen from the figure that the maximum error between the simulation results
and the numerical results of the hydraulic pipeline appears at the first-order natural
frequency, which is 9.66%. The error values at the second, third, and fourth order natural
frequencies are 5.02%, 4.35%, and 5.4%, respectively, and the errors of the above results are
within the acceptable range. This can explain the availability of the proposed vibration
characteristic calculation model to a certain extent.

5. Conclusions

In this paper, the calculation model of the fluid–solid coupling vibration characteristics
of pipeline systems, considering the influence of clamps, is established, and the following
conclusions are obtained:

In this paper, the clamp in the pipeline system is equivalent to the combination of the
constraint point and the pipeline, and the mechanical analysis of the pipelines on both sides
of the constraint point is carried out. At the same time, considering the influence of the
clamp stiffness on the pipeline system, a method for obtaining the equivalent stiffness of the
clamp using finite element software is adopted by referring to the Aero-engine Design Manual
and the existing research results. This method only needs to consider the displacement
of force on the whole of the clamp when calculating and avoids the situation where the
external force only exerts a large displacement on the surface rubber material, which affects
the calculation of the overall stiffness of the clamp. Then, the fluid–solid coupling vibration
model of the pipeline system is established by using the fluid–solid coupling 14-equation
model, and the frequency domain solution is carried out.

The numerical results of an example show that the proposed modeling method for
a piping system with clamps is effective. The method can be successfully applied to the
analysis of the fluid–solid coupling vibration characteristics of liquid-filled piping systems.

Compared with previous research results, this study considers the influence of clamps
in the pipeline system more carefully, which is more in line with the engineering practice.
This modeling idea can be applied to the dynamics analysis of pipeline systems related to
clamps in the future.
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