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ABSTRACT

Pipeline-induced vibration phenomena are caused by waves and currents
during the transportation of oil and natural gas pipelines. For this purpose,
the multiphysics coupling calculation was employed by considering the
influence of fluid flow characteristics in ocean tidal flow environment and
mechanical properties of pipeline solid structure on vibration characteristics
of S-type pipeline. According to the analysis of the velocity of the fluid
domain and the distribution of the stress distribution of the pipeline,
combined with the time history and amplitude of the monitoring point and
axis of the pipeline, we analyzed the flow-induced vibration response
characteristics of the S-transport pipeline. The results show that under the
cyclic flow of the two-way tidal basin, the velocity field on the deformation
side of the pipeline is lower, the stress at the solid support end is higher than
that in the riser region, the time-displacement of the pipeline fluctuates
periodically, and the displacement of the pipeline axis increases sharply in
the riser pipe section. It exhibits a normal distribution with extreme values at
the center of the pipe segment. The maximum single-pass amplitude in the
verticality basin is twice that of the parallel basin and the maximum amplitude
is about 1D.

1. INTRODUCTION

The pipelines that are put into operation in the sea area are subject to eddy vibrations caused
by the turbulence of the two-way tidal stream, resulting in excessive fatigue, reduced life,
small cracks and even damage [1-2]. Therefore, the safety of pipeline system operation has
always been the focus of attention.

In recent years, some scholars have begun to pay attention to the vibration of pipelines
under the action of internal and external flow excitation. Meng Dan, Guo Haiyan et al. [3]
considered the combined effect of internal and external fluids to study the fluid-induced
vibration stability of the pipeline. Bao Ridong, Liang Feng et al. [4] predicted the bifurcation
and chaotic motion behaviors of the end-constrained cantilever transport pipeline, the fixed-
conveying pipeline at both ends and the general supporting transport pipeline and determined
the basis. Chica et al. [5] proposed a fluid-structure coupling method combining computational
fluid dynamics (CFD) and computational structural mechanics (CSD). Using this method,
two-way fluid-structure coupling calculations were performed on the two elbows of the M-
type underwater rigid bridge.
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The CFD calculation of the entire model was carried out. The volume fraction of multiphase
flow in the pipeline was obtained through simulation. The frequency of the slug flow in the
pipeline was obtained by tracing the slug. At the same time, the crossover pipe under the
action of multiphase flow was obtained. Dynamic response and modal analysis of the
crossover tube based on this. D. Jia [6] applied a similar method to predict the formation and
development of the slug flow of underwater straight pipes, bent pipes and crossover pipes,
and obtained the pressure distribution of the flow field and the stress distribution of the
pipeline under the action of multiphase flow. Juan et al. [7] simulated the flow-induced
vibration phenomenon caused by the multiphase flow internal flow of the crossover pipe of
the underwater straight pipe joint. CFD technique shows good potential in FIV research [8-
10]. Based on this background, this study is carried out.

Another noteworthy problem is that the fluid-solid coupling vibration problem of the
transport pipeline is a typical infinite-dimensional continuous gyroscopic system dynamics
model. Bourguet et al. [11-13] studied the vortex-induced vibration of a flexible riser in shear
flow with different Reynolds numbers. It was found that the cylindrical vibration contains
both mixed and standing wave vibration modes, and at different directions along the riser are
respectively a certain frequency prone to vortex splitting between the vortex regions. Song
Leijian et al. [14-15] used the model test method to study the vortex-induced vibration (VIV)
response characteristics and vortex force load characteristics of a flexible riser under uniform
flow and analyzed the VIV response characteristics of the flexible riser in a uniform flow
field. Chun Ning et al. [16-17] studied the flow-induced vibration of tandem double cylinders,
parallel double cylinders and slender flexible cylinders.

Based on the rigid cylindrical vortex-induced vibration of elastic support, combined with
the flow dynamics equation and the mechanical equation of pipeline solid structure, the fluid-
solid coupling calculation was carried out to fluidize the pipeline vibration caused by the flow
of the two-way tidal flow in the S-transport pipeline. According to the coupling calculation
and analysis, we calculated the velocity field changes caused by fluid periodic motion in the
parallel and verticality basins and the stress and displacement of the pipeline wall, and then
analyzed the periodic deformation and vibration characteristics of the pipeline.

2. PHYSICAL MODEL

With the development of marine oil and gas exploration technology, flexible risers are often
used in marine engineering. Considering the flow-induced vibration phenomenon of the large
number of catenary-type pipelines in the offshore oil and gas project affected by the large
ocean current and the aspect ratio of the pipeline, the S-type flow pipeline with the inlet and
outlet support is in the tidal basin of parallel and verticality bidirectional periodic motion. In
this paper, we mainly studied the velocity field changes caused by fluid periodic motion in the
parallel and verticality basins, as well as the stress and displacement of the pipeline wall, and
analyzed the periodic deformation and vibration characteristics of the pipeline. The flow-
induced vibration characteristics of the basin in the pipeline were ignored.

The schematic diagram of the physical model of the S-transport pipeline in the two-way
tidal basin is shown in Fig 1(b).The monitoring points A1, B1, C1, D1 and E1 were set in the
riser area and the elbow area respectively, and the time-lapse displacement of the riser in the
basin was detected. Detailed piping system parameters and fluid property parameters are
shown in Tab 1.
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Figure 1: Physical model of S-transport pipeline in two-way tidal basin

Table 1 S-transport pipeline parameters in two-way tidal basin

Model Physical Value  Model Basin Parameters Value
Parameters

S-type Length [m] 30  Outflow Basin  Fluid density 1013

Pipeline [kg/m3]
Outer Diameter[m] 0.6 Flow rate [m/s] <4
Inside 0.55 Flow direction Parallel
Diameter [m]
Wall Thickness [m] 0.025 Verticality
Density [kg/m?®] 7850 X direction [m] 20
Young's 2x1011 Y direction [m] 20
Modulus [Pa]
Poisson ratio 0.3 Z direction [m] 20

3. MULTIPHYSICS COUPLING NUMERICAL METHOD FOR
PIPELINE

The governing equations of fluid flow studied in this paper are the incompressible Navier-
Stokes equations (Equation 1) described by ALE. A four-step split finite element method was
used for the time and space discretization; the structural dynamics equations (Equations 7 and
8) were solved by the method of explicit direct integration, the update of the fluid calculation
grid was realized by the Laplace method, and the mutual coupling between the fluid and the
structure adopted the weakly coupled partition algorithm. COMSOL Multiphysics 5.3a
platform was based on the partial differential multi-physics coupled numerical method for
different specific problems, static and dynamic analysis, linear and nonlinear analysis, and
eigenvalue and modal analysis.

3.1. Fluid Control Equation
Continuity equation is given in equation (1):

P
% + Vg(oeUsiyia) = 0 (1)
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where p, is the fluid density pt is time, U4 is the speed vector. Due to the assumption that

the fluid is incompressible during the study, the density is constant, and so % = 0, equation
(1) can be written as equation (2):

Vg(oeUriyia) = 0 2

Equation of motion: According to the law of conservation of motion, the basic form of the
equation of motion can be written as equation (3):

aU fyid

pe— — = Vgo+p.g @)

The gravity of the fluid is ignored in this study, and then equation (3) can be written as
equation (4):

aU fyid
t ae

—Vgo =20 4)
Stress tensor can be decomposed into equation (5):
o=-pl+7 (5)

where p is the static pressure,l is the unit matrix and 7 is the deviatoric stress tensor. Then (5)
can be written as shown in equation (6):

AUflyia __
¢ = Vgo-Vp (6)
3.2. Structural Control Equation
Structural dynamics governing equations are shown as follows in equation (7) and (8):

da? d
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where m is the mass of the cylinder, c is the damping coefficient, and k is the structural
stiffness coefficient; F.(t), F, (t) are respectively the forward and cross flow to the physical

force, F, = [, ,ondl, E, = Jr 0Ny dl and o is the fluid stress tensor.
wa wa
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3.4. Two-way Tidal Basin Establishment

For the outer basin where the S-type transport pipeline is located, there is a flow parallel to
the direction of the transport pipeline and a flow perpendicular to the direction of the transport
conduit (the flow-induced vibration induced by the tidal flow in the remaining directions is in
the two flow directions studied in this paper). Therefore, a rectangular basin around the S-type
transport pipeline was established, and the inside of the rectangular basin was defined as the
tidal flow satisfying the Equation (10):

Ufiyia = 4 - sin(lomega - t + 0.01) (10)

where Upyq is the fluid flow rate for the outer basin, omega is the angular frequency, which
is 0.2Hz as shown in Equation (11),

Ufiyia = 4 - sin(lomega - t + 0.01) (12)
where f is the velocity field frequency of the tidal basin, which is 1.256 Hz.

4. CALCULATION RESULTS AND ANALYSIS

The numerical analysis of the vibration of the pipeline in the two-way tidal basin was carried
out. Combined with the finite element solution of partial differential, the multi-physics
coupling of the linear elastic equation and the fluid dynamics in solid mechanics was solved.
Then the parallel basin and the verticality basin were calculated and analyzed. Meanwhile, we
investigated the velocity field caused by the periodic motion of the fluid and the stress and
displacement of the pipe wall of the pipeline and explored the periodic deformation and
vibration characteristics of the pipeline.

4 1. Flow-induced vibration analysis of bidirectional tidal flow
Fig. 2 depicts the 10s basin velocity field under tidal flow conditions in the parallel and
verticality basins. According to the speed nephogram display:

When the S-type flow pipeline exists in the parallel basin (ignoring the flow velocity
change caused at the corner of the basin), the fluid around the S-type transport pipeline is
obviously surrounded by the fluid-solid coupling effect, the flow velocity in the two solid
supports of the transport pipeline vicinity is significantly larger, and the deformation of the
pipe portion causes a difference in the surrounding flow field due to the deformation flutter.
For the cross-sectional calculation of the basin, the fluid-solid coupling velocity field
nephograms describing the x-y plane, the x-z plane and the y-z plane of the transport pipeline
were respectively obtained. It can be seen from the three-section nephogram of the x-y plane
that, except for the similar velocity field distribution at the entrance plane, the riser pipe
section plane and the exit plane of the pipeline, the more uniform velocity field is divided by
the pipe body in the rectangular basin. The velocity field around the pipe body is slightly
higher; the velocity profile nephogram shown by the y-z plane shows that the velocity around
the nozzle is significantly higher, which is related to the fixed connection of the pipe entrance
and exit, and the stress is relatively large; It can be seen from the x-z plane that the velocity
field of the basin is divided by the pipe body into a trapezoidal distribution, and the velocity
around the pipe body is large.
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When the S-type flow conduit exists in the verticality basin, the fluid flow in the basin is
the tidal flow in the direction of the vertical pipeline axis, and the flow velocity change at the
corners of the rectangular basin is ignored as in the parallel basin. The cut surface calculation
was carried out for the basin. It can be seen that the tidal flow direction is the vertical pipe
axis outward in the 10s time period. The outward velocity field distribution trend in different
directions of the pipeline, and the contact between the basin and the fixed branch end of the
pipeline have more obvious large velocity. Besides, the velocity field of the verticality basin
changes with the change of the physical shape of the pipeline, and the fluid-solid coupling
occurs between the basin and the pipeline. The fluid flow momentum is transmitted to the
pipeline to deform it, and the basin is deformed with the deformation of the pipeline. The
velocity field also changes with the deformation trend of the pipeline, that is, the fluid tidal
flow in the basin induces the deformation flutter of the pipeline, and the deformation of the
pipeline causes the velocity field change.

Fluid Velocity Field in the Parallel Basin(m/s)

Fluid Velocity Field in the Verticality Basin{m/s)

Figure 2: Velocity field distribution map in Parallel and Verticality Basins (D@)®3)
represent the X-Y section speed nephogram; () represents the Y-Z section speed
nephogram; (5)(6)(7represent the X-Z section speed nephogram)

4.2. Stress field distribution of bidirectional tidal flow

Combining the velocity field of the corresponding time domain, by calculating the stress
caused by the Parallel basin on the S-type pipeline, it is known that the stress generated by the
impact of the fluid on the pipeline in the basin is the direct cause of the fluttering of the
pipeline deformation. The velocity of the nearby flow field is significantly lower than that of
other areas in the basin. At the same time, the different stress values of the pipeline and the
velocity fields near different deformation zones are different, which indicates that the physical
properties of the tidal stream indirectly affect the occurrence and strength of the deformation.
The pipe stress at different times within 10s is shown in Fig.3. It can be seen from the Fig.3
that the S-type flow pipeline has different displacements of different positions at different
times in the Parallel flow field, that is, vibration occurs, and the displacement direction of the
1.3s pipeline is lower than the initial position. The displacement direction of the 3.7s is
upward, and the 5.7s and 8.3s are both at the moment of weak displacement; at the same time,
the velocity field corresponding to the time course shows that the velocity field in the
displacement direction of the pipeline is lower, which is related to the pipeline stress caused
by the momentum described above.
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The analysis that causes the vibration to occur is consistent; and the portion of the pipe
with weaker displacement and no displacement is significantly higher than the area of the pipe
where the displacement is more pronounced.

By calculating the stress and deformation of the pipeline in the verticality basin, it is
known that the pipeline undergoes the same deformation flutter in the full cycle time course
as the tidal flow period, in which the stress at the fixed end of the pipeline is higher than other
regions. Therefore, the deformation near the solid support end is weak, the stress of the curved
pipe is low, and the stress of the central part of the riser is relatively high, so that there is
almost no staggered deformation of the riser pipe in the overall deformation of the riser pipe
area.
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Figure 3: Fluctuation of stress field in pipelines of Parallel and Verticality Basin

4.3. Dynamic tracking of flutter in bidirectional tidal flow

The time-history displacement curve for the five monitoring points set in Fig. 1(b) (Fig. 4(a))
was calculated. The monitoring point B1 in the riser pipe section area has the largest time-
history displacement, and the turning point is closer to the entrance. The turn monitoring point
C1 closer to the entrance and the turn monitoring point Al closer to the exit are the second
echelon. Besides, the monitoring point C1 is slightly larger, the time-history displacement of
the monitoring point at the entrance and exit is the smallest, and all the monitoring points
maintain the same fluctuation law and vibration frequency. The maximum amplitude is 0.40
m and the minimum amplitude is 0.120 m. According to the calculation of the time-history
displacement of the axis of the conveying pipe (Fig. 4(b)), the time-history displacement of
the pipe axis is suddenly increased when the x-direction coordinate is 0, and corresponds to
the position of the three-dimensional pipeline in the parallel basin, but corresponds to the riser
area of the flow pipe in the vicinity of the x value of 0; the value of x between -1 and 1 is the
area between the turn of the inlet and outlet of the flow pipe. Thus, when the parallel basin
fluid acts on the stress of the pipeline, deformation flutter is induced to the flow pipe, the riser
pipe section becomes severely deformed, the deformation of the riser pipe toward the inlet
and outlet ends is gradually weakened, and the time-displacement curve of the axis shows
frequent chattering through the axis.



244 Research on Flow-induced Vibration Characteristics of Conveying Pipes Under
Bidirectional Tidal Flow

0.200 - .
0.180 :
E 0.160 -
‘r‘ 0.140
g
<
< 0.120
#
X
= 0.100
[
: 0.0n0
v
¥ 0.080
- 0.040
0.020 1
pEP % T _ _ s
0 H 2 3 4 s 0 7 8 ] 10
Timeis)
(@)
o.19f 7\
2 —0s
018" 1s ]
017 4s I/ TAY —23
0.16 - is
0.15} /4 as
T 0.4} Js i _./ 53
& 0.13} /) —6s
g o012 i 78
i on /A | 8s
= 01 e 9s
S 009 2o
g oos s

0.07}

0.08) 8s

0.0s}

0.04

0.03} . "

0.02| 108

0.01 —-

D‘ —_—— —

X Covcdumie ()

(b)
Figure 4: Monitoring point time - displacement curve in Parallel Basin.

Under the action of verticality basin, the time-history displacement of monitoring point B1
in different directions shows the opposite law to parallel basin, which is mainly dominated by
displacement in z direction, and the x, y direction still maintains the trend of symmetric
fluctuation, and the amplitude is low. The transport pipeline is fixed in the verticality basin.
Therefore, due to the velocity vector direction of the tidal flow and the mechanical properties
of the solid structure of the pipeline itself, the time-history displacement in the x, y direction
is mainly implied by the fluctuation of the z direction and the x, y direction component of the
fluid tidal flow of the basin. By calculating the time-history displacement of all monitoring
points, the time-history displacement fluctuations of each monitoring point in the verticality
basin are the same as those in the parallel basin and are consistent with the tidal flow period.
The monitoring point B1 of the riser pipe section has a large displacement, and the single-pass
amplitude reaches 0.55 m.
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The displacement at the curved pipe is higher than the monitoring point at the entrance and
exit, and the displacement fluctuation shows a uniform downward trend, which is different
from the parallel flow field. The value of the single point of the monitoring point 1 is 0.25 m.
The calculation and analysis of the time-history displacement of the S-type pipeline axis is
shown in Fig. 5(b). The fluctuation law of the time-history displacement curve at the axis of
the transport pipeline in the verticality basin is similar to that of the parallel basin and is higher
at x = 0 and its vicinity. The time-history displacement curve is different from the axis in the
parallel basin. Under this basin calculation condition, there is no sudden increase, and the
time-history displacement at the axis is relatively gentle.
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Figure 5: Monitoring point time - displacement curve in Verticality Basin
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5. CONCLUSION

Under the action of tidal flow in the parallel basin, the velocity field distribution of the outer
basin shows a cyclical change law. The momentum transfer of the fluid through the pipeline
leads to a lower velocity field on the deformation side. The stress of the transport pipeline
under the outer basin manifests that the solid support end is higher than the riser area, which
is higher than the curved pipeline area; the time-history displacement of the different
monitoring points of the transport pipeline exhibits a periodic fluctuation law, and the single-
pass displacement extreme value is 0.33 D, which is dominated by the displacement in the X,
y direction, and the displacement magnitude in the z direction is relatively lower, the single-
path displacement minimum value is 0.2 D; the pipe axis displacement suddenly increases in
the riser pipe section, exhibiting a normal distribution, and an extreme value occurs at the
center of the pipe section.

Under the tidal flow cycle of the verticality basin, the velocity field on the deformation side
of the pipeline is low, and the low velocity region changes with the physical shape of the
pipeline and its deformation vibration. The stress distribution of the pipeline wall is consistent
with that of the parallel basin, and the solid support is high. The riser area is higher than the
curved pipeline area, the pipeline generates symmetric vibration centered on its axis, the
deformation of the pipeline is dominated by the z direction, and the time-history displacement
components in the x, y direction are of a lower order and symmetric distribution. The
displacement is generally higher than that of the parallel basin. The time-history displacement
is 1 D and the minimum value is 0.5 D. The time-history displacement of the pipeline is
relatively flat in the riser section.
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