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Abstract

As the power transmission system of an aircraft, a hydraulic pipeline system is equivalent to the
"blood vessel" of the aircraft. With the development of aircraft hydraulic system to high pressure,
high speed and high power ratio, the fluid-structure interaction vibration mechanism of hydraulic
pipeline is more complex and the influence of friction coupling on vibration cannot be ignored. The
fluid-structure interaction of hydraulic pipeline will lead to system vibration, lower reliability of sys-
tem operation and even pipeline rupture. Taking a hydraulic pipeline of C919 aircraft wingtip as the
research object, a 14-equation model of fluid-structure interaction vibration considering friction cou-
pling effect is established in this paper. The effects of friction and fluid parameters on the pipeline
fluid-structure interaction vibration characteristics are studied and verified by experiments. The re-
search results will provide theoretical guidance for the analysis of the pipeline fluid-structure interac-
tion vibration and have important theoretical significance and great engineering value for promoting
the localization process of large aircraft.

Key words; aviation hydraulic pipeline, fluid-structure interaction vibration, friction coupling,
fluid parameters, frequency domain characteristics

0 Introduction

As the power transmission system, the aircraft hy-
draulic pipeline transmits the hydraulic energy from the
pump source to the actuators to ensure normal operation
of the aircraft. The quality of the pipeline has impor-
tant influence on the reliability of the hydraulic system.
However, the space configuration of the aircraft hy-
draulic pipeline is very complicated due to the space
‘. In addition, in the whole
flight envelope, the aircraft hydraulic pipeline system

limitation for installation

is subjected to superposition and coupling action of va-
rious loads, such as pressure, temperature, body de-
formation, vibration and acceleration loading, which
leads to extremely complicated static/dynamic charac-
teristics of the hydraulic pipeline system. The pipeline
fluid-structure interaction vibration is a main form of
dynamic behavior of aircraft hydraulic pipelines, which
will lead to complex fluid-structure interaction vibration
of aircraft hydraulic pipeline in wide range of frequency
and lower reliability. Statistical data shows that flying

accidents caused by hydraulic system piping failures
exceed 30% .

Many domestic and foreign scholars have studied a
lot on fluid-structure interaction vibration of hydraulic
pipelines. A water hammer theory proposed by
Joukowsky has been developed to more perfect 14-
equation model of the fluid-structure interaction. After
that, Bhunia found that when the fluid passed through
the bend, the radial secondary flow was produced and
the fluid-structure interaction vibration of the pipeline
was strengthened*’. The 14-equation model based on
the elastic support condition was proposed by Liu, et
al. "*/. After considering the unsteady Poisson ratio of
viscoelastic materials, Keramat, et al. > improved the
vibration equation of the pipeline fluid-structure inter-
action. Kutin, et al.'®" considered the dynamic load
caused by the velocity variations and further ameliora-
ted the fluid-structure interaction model. Quan, et
al. 7! summarized the domestic and foreign research re-
sults on fluid-structure interaction vibration, and point-
ed out the research trend.

In recent years, with the increasing of the aircraft
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hydraulic system pressure, the flow velocity in the
pipeline is further increased, which leads to more com-
plex flowing state. The author has participated in the
project of ¢ ARJ21-700 whole hydraulic pipeline stress
analysis’ , and analyzed the Reynolds numbers of all
pipelines. The analysis shows that the Reynolds num-
ber of more than 20% hydraulic pipelines in the air-
craft exceeds the critical Reynolds number, that is to
say, there exists obvious turbulence in the interior flow
field of the pipeline. Therefore, the pipeline vibration
caused by friction coupling cannot be neglected'®’.
Ouyang, et al. ") considered the friction coupling and
found that the curvature of curved pipeline had great
influence on the vibration characteristics of the pipe-
line. Gao'"' analyzed the aircraft hydraulic pipeline
system and found that friction coupling could reduce
the flow pulsation in the pipeline and affect the vibra-
tion amplitude of the pipeline. Based on the friction
coupling effect, the fluid-structure interaction of hy-
draulic pipeline system was studied in detail by Xu'"/.

Outstanding achievements have been attained by
domestic and foreign scholars in the fluid-structure in-
teraction vibration of the hydraulic pipeline. However,
the fluid-structure interaction vibration characteristics
of hydraulic pipelines under frictional coupling should
be further studied. A hydraulic pipeline of C919 air-
craft wingtip is selected as the object of study and the
14-equation model of the fluid-structure interaction vi-
bration is established by considering simplified Trikha
friction effect in this paper. The transfer matrix method
is used to solve the equation, and the influence of the
friction and fluid parameters on the fluid-structure in-
teraction vibration response of the pipeline is analyzed.
The research results will provide theoretical guidance
for the analysis of the pipeline fluid-structure interac-
tion vibration and have important theoretical signifi-
cance and great engineering value for promoting the lo-

calization process of large aircraft.

1 Establishment and solution of the pipe-
line fluid-structure interaction model

1.1 Establishing the 14 - equation of pipeline flu-
id-structure interaction
The 14-equation model of fluid-structure interac-
tion vibration can fully represent the dynamic interac-
tion between fluid and pipeline. Fig. 1 shows a sche-
matic diagram of the curved pipeline element. Based

on the De!'
model is established as follows.

model, a curved pipeline 14-equation
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Fig.1 The schematic diagram of the curved pipeline element
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where V' is the fluid velocity; P is the pressure; p, is
the fluid density; R is the turning radius of pipeline;
7o s the fluid wall bounded shear stress; K is the fluid
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elastic modulus; K* is the modified fluid elastic modu-
lus; v is the Poisson’ s ratio; u is the pipeline displace-
E is the
e is the thickness of pipe-

ment; r is the average radius of pipeline;
pipeline elastic modulus;
line; fis the force acted on pipeline cross section; A is
the section area of pipeline; k is the shear coefficient;
0 is the pipeline angle; M is the pipeline torque; [ is
the pipeline lateral inertia; J is the pipeline rotary in-
ertia; G is the shear modulus and ff = 1.65r°/¢R is
the elastic correction factor. When bending radius R is
o , it is the fluid-structure interaction dynamic model
of the straight pipeline.

In the axial dynamic model, 27,/Rp,is the friction
term, which represents the friction coupling effect due
to the interaction between the viscous fluid and the
pipeline wall. The friction coupling is affected by fluid
In the

its characteristics will be more
[13]

velocity, pressure, viscosity and other factors.
high frequency range,

complex and the influence will be larger

1.2 Trikha frictional term

The friction coupling is mainly the fluid shear
force near the wall, which affects the axial vibration re-
sponse of the pipeline. The Bessel function and the La-
place transform were used by Zielke to obtain the fre-
quency domain friction model between the fluid in
pipeline and the pipeline wall;

F(s) = 270 () _ (s) (15)

PR R f )

The fluid shear force model 7,(s) can be de-
scribed as
To(s) = sV(s) (16)

pR
9, (JR /ﬁ;)-Z
Vy

In the formula, s is the Laplace operator; j is

equal to /=15 9,(z) =z+J,(2)/J,(z) and J,, J,
mean the zero and first order Bessel functions respec-
tively.

In order to simplify the model expediently, G(A)
can be expressed as

~ F(s) 8 2 8
Cr) = ‘7(3)8 _P ]0(])\> ) _)\2
JiGA)
(17)

In Eq. (17), A = R /s/v;; v, is the kinematic
viscosity of the fluid.
So, F(s) can be described as

F(s) = (G(A) +%>sv<s> (18)

The Bessel function is included in the Zielk fric-
tion model, which is unfavorable to engineering calcu-

") improved the turbulent

lation. Vardy and Brown
friction model on the basis of Zielke’ s results. Later,
Trikha'"', Kagawa''® and Li"'

proximated the Zielke friction model in varying de-

! simplified and ap-

grees, obtaining classical models describing fluid fric-
Among them, Trikha
simplified the Zielk friction model in time domain range

tion in long straight pipeline.

and obtained a classical friction model, which greatly
improved the calculation accuracy and speed. The
classical friction model is

4
Goy(7) = %(406-8()()(» +8 12 4

e -26. 47 )

(19)
The Laplace transform is used to obtain the ex-
pression in frequency domain ;

40 8. 1 1
G (s) =4
() =40 5000 T A% +200 T A% +26.4
(20)
So,
8 _
F(3> = (Gs'/‘(s) +7)3V<3)
8.1 1
= +
(4 ( 8000 )\2 +200  A° +26.4)

+ )TZ)SV(S)

In the simplified equation above, the default pipe-
line axial speed uw, =0. If u, #0, the fluid velocity
V(s) in the F(s) should be replaced by V(s) - u..

1.3 Excitation of the hydraulic pipeline

In this paper, the periodic pulsating fluid at the
exit of axial piston pump is regarded as excitation.
When the piston number is seven, the instantaneous

pulsating flow is

N 2
q. z Av, = ARw tany 2 sing, (21)
In Eq. (21) , %, is the piston number in the oil

pressure area at the same time; j, is the angle of the ¢
plunger in the oil pressure area relative to the top dead
center; v, is the axial velocity of the i plunger in the oil
pressure area.

The motor speed is 1000r/min and the inner radi-
us of pipeline is 0.556 inch. By adjusting the pump
displacement, the pulsating frequency response curves
are obtained when the fluid velocity in the pipeline is
0.80m/s, 1.28m/s, 1.60m/s or 2.50m/s, as shown
in Fig. 2.
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Fig.2 The pulsating frequency response at different fluid velocity

According to the pulsating frequency response
curves at different fluid velocity, the first three order
modes are superimposed to obtain the constant pulse
frequency. The frequency domain velocity excitation of
the pipeline under different fluid velocity is

3
Qw = Y qw;/ sin(s’ +wl);i=1,2,3,4
i=1

(22)
where, ¢, is the coefficient of excitation equation, W,
is the angular velocity at each fluid velocity.

The output flow of the pump is constant, so that
the fluid velocity in the pipeline is 1.28m/s constant-
ly. By adjusting the pump displacement and speed,
the pulsating frequency response curves are obtained

when the pump speed is 300r/min, 500r/min, 800r/

min or 1000r/min, as shown in Fig. 3.
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Fig.3 The pulsating frequency response at different pump speed

In the same way, the frequency domain pulsating
excitation of the pipeline under constant fluid velocity
and different pulsation frequency can be obtained.

3
Qe = Y quo;/sin(s’ +w;);i=5,6,7,8
i=1

(23)

2 The fluid-structure interaction vibration
analysis of aviation hydraulic pipeline

As shown in Fig.4, an aluminum alloy hydraulic
pipeline of C919 aircraft wingtip is selected. The 14-e-
quation model of the fluid-structure interaction vibra-
tion is established and the influence of the frictional
term on the axial velocity response of pipeline is ana-
lyzed. In addition, the effect of fluid parameters, such
as fluid velocity, pulsation frequency and temperature,,
is studied.

Fig.4 The aviation hydraulic pipeline model

In the model above, the boundary conditions at
both ends of the pipeline are free. The pipeline clamp
is set as fixed support and the hoses are added to both
ends of the pipe as additional mass. The specific pa-
rameters of the pipeline are shown in Table 1.

Table 1  Structural parameters of aviation hydraulic pipeline
Parameter ~ Numerical Numerical
Parameter name
name value value
. adius of
L, 86.530mm  mmerradius of e
pipeline
L, 141710 mm ickness ol s eh
pipeline
Ly 87.883mm bending angle/¢ 60°
coordinate rotation
L 60. 079mm 35.54°
angle 0,
coordinate rotation
Lg 56.802mm 17.81°
angle 6,
bendi
Ly, 55. 149mm cneine 47.625mm
radius/R
pipeline
L 3
1" 60.399mm density/ r, 2713kg/m
L 63.417 Youngs 68GP:
3 ’ i Modulus/E 4
Lys 157.374mm  Poisson’ s ratio/v 0.33




184

HIGH TECHNOLOGY LETTERSIVol. 24 No. 21 ]June 2018

2.1 Influence of fluid velocity on pipeline fluid-
structure interaction vibration

The change of fluid velocity will significantly af-

fect flowing state of fluid in the pipeline and the fluid
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shear force. The motor speed is 1000r/min. The axial
velocity response of pipeline is obtained for the fluid

velocity of 0.80m/s, 1.28m/s, 1.60m/s or 2.50m/s,

as shown in Fig. 5.
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Fig.5 Response curves of the pipeline at different fluid velocity

By comparing and analyzing the response curves
of the pipeline at different flow velocities, it is found
that when the fluid pulsation frequency and pressure
are constant, the amplitude of the pipeline axial veloci-
ty response is proportional to the fluid velocity.

2.2 Influence of pulsating frequency on pipeline
vibration fluid-structure interaction

The fluid pulsation will affect the vibration re-
sponse of the fluid-structure interaction in the hydraulic
pipeline and the change of the pulsation frequency will
be realized by adjusting the motor speed. When the
pulse frequency approaches to the natural frequency of
the pipeline, the resonance will be triggered. The fluid
velocity in the pipeline is 1. 28 m/s. The axial velocity
response of pipeline is obtained when the motor speed
is 300r/min, 500r/min, 800r/min or 1000r/min, as
shown in Fig. 6.

By comparing and analyzing the response curves

of the pipeline at different fluid pulsation frequency, it
can be found that when the fluid pulsation frequency
approaches to the natural frequency of the pipeline, it
will cause strong vibration, but the response amplitude
at the same resonant frequency is constant.

2.3 Influence of temperature on pipeline fluid-
structure interaction vibration

The change of oil temperature will affect the vis-
cosity of hydraulic oil. When the temperature is too
low, the oil viscosity and fluid shear force increase, so
the liquidity becomes worse; on the contrary, the oil
viscosity and fluid shear stress decrease. At the same
time, the material performance of the pipeline will be
changed by the oil temperature. The temperature de-
pendent performance parameters of the aerospace No. 10
hydraulic oil and the aluminum alloy pipeline are

shown in Table 2.
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Fig.6 Response curves of the pipeline at different fluid pulsation frequency

Table 2 Performance parameters of the aerospace No. 10
hydraulic oil and the aluminum alloy pipeline

Temperature (°C) 20 50 80 100

Kinematic viscosity of

19.7 10.4 6.5 4.9
hydraulic oil (mm®/s)
Dynamic viscosity of

hydraulic oil (Kg/s « mm) 17.18 9.07 5.67 4.27

Modulus of elasticity

of acrometal (GPa) 68.3 67.9 67.4 67.0

The fluid velocity in the pipeline is 0. 80 m/s and
the motor speed is 1000 r/min. The axial velocity re-
sponse of the pipeline is researched at the temperature
points of 20°C, 50°C , 80°C and 100°C , as shown in
Fig. 7.

By comparing and analyzing response curves of
the pipeline at different temperatures, it is found that
when the fluid velocity and pulse frequency are con-
stant, the temperature has little influence on the axial
velocity response of the pipeline.

Fig. 5, Fig. 6, and Fig. 7 show that the friction
term does not affect the resonance frequency of the
pipeline , but it changes the magnitude of the response.
And the friction term has a greater influence in the
high frequency region.

3 Experimental analysis of pipeline fluid-
structure interaction vibration

In this paper, a hydraulic pipeline vibration labo-
ratory bench is used to carry out experimental research
and the axial vibration response of the pipeline is meas-
ured by the acceleration sensor. The installation of the
hydraulic pipeline and sensor is shown in Fig. 8.

3.1 Pipeline fluid-structure interaction vibration
experiment under different fluid velocities

The motor speed is 1000r/min. The axial velocity
responses of pipeline are obtained when the fluid veloc-
ity is 0.80m/s, 1.28m/s, 1.60m/s or 2.50m/s, as
shown in Fig. 9.

As can be seen from Fig.9, the experimental re-
sults are in great agreement with the numerical analy-
sis. The conclusion that the amplitude of the pipeline
axial velocity response increases with the rise of the
fluid velocity of the pipeline is obtained. Meanwhile, it
is verified that the friction term does not affect the reso-
nance frequency of the pipeline, but changes the re-
sponse magnitude. And the friction term has greater in-
fluence in the high frequency region.
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Fig.7 Response curves of the pipeline at different temperatures
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Fig.8 The installation of the hydraulic pipeline and sensor

3.2 Pipeline fluid-structure interaction vibration
experiment under different pulsation fre-
quencies

The adjustment of pulse frequency needs to be re-
alized by changing the motor speed. The motor speed
is 300r/min, 500r/min, 800r/min or 1000r/min. At
the same time, by regulating the displacement of the
pump, the fluid velocity in the pipeline is constant to
1.28m/s. The axial vibration response of the pipeline
is shown in Fig. 10.

As can be seen from Fig. 10, the experimental curve
agrees well with the numerical analysis. When the fluid
pulsation frequency approaches to the natural frequency
of the aviation hydraulic pipeline, strong vibration will
be caused. But the response amplitude at the same res-
onant frequency is constant. Meanwhile, it is verified

that the friction term does not affect the resonance fre-
quency of the pipeline, but change the response magni-
tude. And the friction term has greater influence in the
high frequency region.

4 Conclusion

With the development of aircraft hydraulic system
to high pressure, high speed and high power ratio, the
influence of friction coupling on the pipeline fluid-
structure interaction vibration cannot be ignored.

A hydraulic pipeline of C919 aircraft wingtip is
selected as the research object and the 14-equation
model of the fluid-structure interaction vibration is es-
tablished. The effects of friction and fluid parameters
on the pipeline fluid-structure interaction vibration
characteristics are studied. Conclusions below can be
reached from this paper.

1) The friction term does not affect the resonance
frequency of the pipeline under the fluid-structure in-
teraction. But the response amplitude at resonance fre-
quency can be changed, and the change is more obvi-
ous in high frequency region.
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Fig.9 Response curves of the pipeline at different fluid velocity
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Fig. 10 Response curves of the pipeline at different fluid pulsation frequency
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2) When the fluid pulsation frequency and pres-
sure are constant, the amplitude of the pipeline axial
velocity response is proportional to the fluid velocity. If
the fluid velocity and pressure are constant, when the
fluid pulsation frequency approaches to the natural fre-
quency of the pipeline, it will cause strong vibration,
but the response amplitude at the same resonant fre-
quency is constant.

3) Temperature has little influence on the vibra-
tion characteristic of the pipeline.

However, the axial velocity response amplitude of
the experiment is smaller than that of numerical analy-
sis due to the influence of system damping and external
disturbance signal. In addition, the influence of tem-
perature on the pipeline fluid-structure interaction vi-
bration has not been completely limited by experimen-
tal conditions. Future research will focus on the effect
of friction and fluid parameters on the fluid-structure
interaction vibration response of the hydraulic pipeline
at high speed and high pressure. The temperature ex-
periments will be completed in future and relevant re-
search work will be improved step by step.
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