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ABSTRACT. This paper was concerned with the vibration characteristic of hydraulic pipe’s
FSI (Fluid-Structure Interaction), and we especially analyzed the influence of different
supporting stiffness and fluid velocities. At first, we had set up the FSI dynamics simu-
lation model of single hydraulic straight pipe using ADINA (Automatic Dynamic Incre-
mental Nonlinear Analysis). Besides, we made the numerical analysis and analyzed pipe
vibration characteristic, such as the vibration mode and natural frequency with different
supporting stiffness. Then we researched pipe vibration response (displacement, velocity,
acceleration and stress) changing with different fluid velocities. The last but not the least,
we set the aviation hydraulic pipe vibration rule with different supporting stiffness and
fluid velocities, which laid the foundation of aviation hydraulic pipe vibration research.
Keywords: Vibration characteristic, Supporting stiffness, Fluid velocity

1. Introduction. The development of large aircraft has made great achievements in
China. The amount of large aircraft will be about 3000 in 2016. Consequently, it is urgent
to develop the control and actuation system with electro-hydraulic power independently
[1,2]. At present, the trend of large aircraft hydraulic control system is ‘the bigger velocity,
the higher pressure, and the higher power-weight ratio’. As is known, the current pressure
system of large aircraft is 35MPa, and 42MPa is on the near future. With the increase
of the system pressure, the pipe’s FSI vibration magnitude and frequency become big,
causing series of problems, such as aggravating unsteady fluid flow, reinforcing coupled
vibration, enhancing pipe’s vibration and noise, which presents a new challenge to design
and optimize large aircraft hydraulic pipeline system.

Various nonlinear factors affect hydraulic pipe’s FSI vibration, and the pipe constraint
form determines the accuracy of the FSI vibration model. The FSI vibration mechanism
is arduous to explore because of the complexity of the working condition and support
constraint [3,4]. The study of pipe vibration usually focuses on pipe vibration mode,
pipe stiffness and damping characteristic at home and abroad. However, the research
on influence of the supporting condition changing on the pipe vibration has captured
scholars’ attention recently.

In 1980, Noah and Hopkins studied the pipe with one side fixed and the other side
supported by displacement and torsion springs, presenting that the supporting stiffness
and fluid velocity have great impact on the system instability [5]. In 2007, Chellapilla and
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Simha got the critical pipe flow velocity of FSI, using Galerkin method and Fourier series
[6]. In 2010, Huang et al. got the speed when the system is instable, by the Galerkin
method, ignoring the Coriolis force [7]. In 2013, Huang et al. concluded the changing trend
of frequency and amplitude with different supporting stiffness, considering the pipe’s FSI
vibration [8]. The vortex-induced vibration of a long flexible pipe conveying fluctuating
flows is investigated; the results indicate that if a pipe containing fluctuating flows, the
peak of vibration amplitudes is larger than that of a pipe conveying steady flow [9].

In the past, the researchers have achieved the calculation method of hydraulic piping
vibration natural frequency and the factors of hydraulic piping vibration. However, the
research in the past did not involve the impact of supporting stiffness and fluid velocity on
hydraulic pipe vibration. So in this paper, the influence of different supporting stiffness
and fluid velocities on pipe vibration was analyzed based on the FSI mathematical model
of pipe. At first, the hydraulic pipe model is established. Then the hydraulic pipe vibra-
tion characteristic with different supporting stiffness is analyzed. At last, the hydraulic
pipe vibration response corresponding to different inlet flow rates is concluded.

2. FSI Mathematical Dynamics Model of Hydraulic Pipe. In Figure 1, there are
four support forms of hydraulic pipe. Figure 1(a) manifests cantilevers model, Figure 1(b)
manifests two-side simply supported model, Figure 1(c) manifests simply supported at
one side and fixed at the other side, and Figure 1(d) manifests two-side fixed model. First
and foremost, the pipe axial movement must comply with none axis extension theorem,
namely, pipe axial force is zero. Subsequently, the pipe axial movement should comply
with the theorem that its axis is extensible when it is simply supported in either side [10].
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FiGURE 1. Forms of different supported pipes

Generally, Figure 2 demonstrates the hydraulic pipe and its internal fluid micro-element
dynamic analysis model. Considering the influence of axial stress waves, we build the 4-
equation dynamic analysis model of FSI vibration based on the extending water hammer
theory. Usually, we describe the fluid mechanics equation by the continuity equation,
momentum equation, and energy equation. Additionally, shear, bend and deformation
are ignored.
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where, V} is the average fluid velocity per unit length, p; is the fluid density, P is the fluid
pressure, z is the z-axis direction (pipe axial direction is x, and the lateral displacement
is y and z directions), K is the bulk modulus of the fluid, o, is the average axial stress
at the pipe cross-section, ¢ is thickness of pipe wall, E is Young’s modulus of the pipe,
v is Poisson’s ratio, p, is the density of the line, %, is the axial velocity of the pipe, R is
the pipe radius, and ¢ is time item.

Actually, the pipe’s supporting state should be considered as the variable stiffness, since
domestic and foreign scholars generally simulate the real state with the variable spring
stiffness. Figure 3 demonstrates the three-dimensional Cartesian coordinate system. Dur-
ing the study, the following assumptions are made.

1. There is no coupling between axial movement and lateral movement of the pipe.

2. The wall material is uniform, isotropic and linear.
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3. The internal medium is compressible Newtonian fluid, and its velocity of flow is
much less than the critical velocity of turbulence.

We should establish the hydraulic pipe model based on elastic supporting. In Figure 3,
axial movement of the pipeline is along the z-axis direction, and two lateral movements
perpendicular to the axis are along the z-axis and the y-axis directions, respectively.
Pipe’s three liner movements and three rotation movements at x, y and z directions are
replaced by three linear springs and three torsion springs. The different supporting states
can be changed by different spring stiffness values [11].

3. The Analysis of Vibration Characteristic with Different Supporting Stiff-
ness. The finite elements software ADINA system focuses on solving nonlinear and multi-
ple physical coupling problems [12]. It has higher solving efficiency, and better reliability.
It enables to solve complex nonlinear problems well in coupling fields such as solid, flow,
heat, and magnetic.

The right end of pipe uses fixed constraint, and the left uses the six-degree of freedom
linear spring constraint, which can simulate the support direction and elastic stiffness
values. In this way, FSI vibration characteristic can be found by the potential fluid
element. Also, we can find the effect of the changing elastic supporting stiffness on the
natural frequency of the fluid-filled straight pipe [13].

Setting different supporting stiffness, we can obtain first-order natural frequency curves
of hydraulic pipe as Figure 4 manifests. Results indicate that the first-order natural
frequency increases with the increase of supporting stiffness. When supporting stiffness
is about 1 x 102N /m, the rising rate of first-order natural frequency increases rapidly.
When supporting stiffness is greater than 1 x 105N/m, the first-order natural frequency is
stable, which is almost the same as the two-side fixed. Figure 5 manifests the first-order
natural frequency curves of empty and liquid pipes. Results infer that considering FSI
effect, the trend of first-order natural frequency is complex with the increase of supporting
stiffness. When the supporting stiffness is about 2 x 103N /m, the vibration frequency of
empty pipe is the same as that of liquid pipe, but if the supporting stiffness is smaller
than 2 x 103N /m, the vibration frequency of empty pipe is smaller than the liquid one.

Figure 6 manifests the first-order and second-order natural frequency curves of hydraulic
pipe. Results suggest that the changing trends of two curves are almost the same. Figure
7 manifests the first 20-order natural frequency histogram of empty pipe when stiffness is
1 x 10*N/m, 1 x 10'N/m and 1 x 10'3N/m. Results imply that the supporting stiffness
has impact on each order vibration modal. As the stiffness increases, each order natural
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frequency increases, too. When the supporting stiffness value is greater than 10°N/m,
the pipe’s supporting state should be considered as fixed support.

Figure 8 manifests the first-order natural frequency curves with different pipe length.
Results indicate that the first natural frequency decreases with the increasing of pipe
length. Figure 9 manifests the change curves of the first-order vibration frequency with
different pipe wall thickness. Results infer that the first natural frequency decreases when
the thickness of the pipe adds up from Imm to 2mm. Figure 10 manifests the first-
order natural frequency curves of the liquid pipe with different outside diameters. Results
suggest that the first natural frequency of the fluid pipe increases when the pipe diameter
adds up from 10mm to 20mm.

4. Vibration Response Analysis on Hydraulic Pipe Corresponding to Different
Inlet Flow Rates. The amplitude and frequency of flow pulsation are mainly related to
piston number and swash plate angle. If swash plate angle is changed only, the pulsation
amplitude of pump outlet will not change. However, the average velocity of flow will
change [14].

In the first place, the following boundary condition is set.

1) The average fluid velocity of the pipe inlet is respectively set to be 2m/s, 5m/s and
10m/s.
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2) Supporting stiffness of hydraulic pipe bracket used in aircraft is relatively lower, so
we should set the supporting stiffness to be 1 x 10N /m.

The velocity of flow changing curve through pipe cross section is set in ADINA system.
The slope curve demonstrates that the velocity increases from Om/s to the valley of
velocity fluctuation within 0.1 second. The sine stage manifests that the fluid velocity
pulsation frequency is 350Hz. The last but not the least, the outcome documents of
the fluid and pipe are introduced, and results such as fluid entrance velocity, pressure,
intermediate point acceleration, effective stress, reaction force of spring side and fixed
end, are corresponding to different average fluid velocities [15].

Adjusting the inlet velocity with speed control valve, we can obtain numerous vibration
response on hydraulic pipe in the case of various inlet velocities. Figure 11 manifests the
outlet fluid velocity curves through pipe corresponding to different average fluid veloc-
ities. Results imply that the velocity amplitude through pipe outlet goes up with the
increase of average velocity of flow. Figure 12 manifests the inlet pressure corresponding
to different average velocities of flow. Results indicate that when the average entrance
velocity increases, the pressure fluctuation amplitude will increase, but after two cycles,
it has the same amplitude.

Figure 13 manifests the vibration acceleration amplitude curves of the intermediate
point on pipe outside surface corresponding to different average velocities of flow. Result
infers that acceleration amplitude increases with the increase of the average velocity of
flow. Vibration acceleration presents high frequency fluctuation, and as the vibration
of transmission, the acceleration value also presents the sine wave. Figure 14 manifests
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the effective stress curves of pipe’s intermediate point corresponding to different average
velocities of flow. Result suggests that effective stress increases with the increase of the
average velocity of flow. And effective stress presents high frequency vibration.

Figure 15, Figure 16 and Figure 17 manifest the displacement, speed and acceleration
along the pipe axis curves on the pipe surface corresponding to different average velocities,
respectively. Results imply that from the fixed end to the elastic end, the displacement,
velocity and acceleration increase at first and then decrease slowly. When the average
velocity at the entrance increases, they will increase.

Figure 18 manifests the effective stress distribution curves along the line axis on the
pipe surface corresponding to different average velocities of flow. Results indicate that
from the fixed end to the elastic end, the effective stress shocks at the fixed end, and then
decreases along the pipe axis, but it will increase at the elastic end. When the average
velocity at the entrance increases, the effective stress will increase. Figure 19 manifests
the reaction force amplitude curves of the pipe’s fixed end corresponding to different
average velocities of flow. Results infer that their vibration frequency is equal to the
acceleration frequency of the pipe intermediate point. When the average velocity at the
entrance increases, the reaction force will increase. Figure 20 manifests the reaction force
curves of the pipe’s elastic supported end corresponding to different average velocities of
flow. Results suggest that when it is negative, it indicates that the axial linear spring is
on the compression state. The minus only represents the direction of force, and does not
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represent the numerical size. So when the average velocity increases, the reaction force

will increase.

5. Conclusion. The changing of pipe’s supporting stiffness and the average fluid velocity
of pipe has great impact on the response characteristic. The following conclusions can be

drawn through the above analysis.

(1) As pipe’s supporting stiffness increases, every natural frequency increases. If it is
greater than 107N /m, the pipe support basically should belong to clamped one.
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(2) As the pipe length increases, the first natural frequency decreases. As the pipe thick-
ness increases, the first natural frequency decreases. With an increase of pipe diameter,
the first natural frequency increases.

(3) When the average velocity at the entrance increases, outlet velocity of flow, pressure,
intermediate point acceleration, effective stress, reaction force of spring side and fixed end
will increase, too.

(4) From the fixed end to the elastic end, the displacement, velocity and acceleration
increase at first and then decrease slowly. However, the effective stress shocks at the fixed
end, and then decreases along the pipe axis, and it will increase at the elastic end.

The results of the study can lay the foundation of aviation hydraulic pipeline vibration
control and optimization. The main work of my research in the future will concentrate
on how to control the vibration of the aviation hydraulic pipeline.
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