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Abstract. In view of the vortex-induced vibration of the flexible pipe in the limited fluid domain,
the flexible pipe was dispersed into several three-dimensional beam elements and the fluid domain
was discretized into solid element in this article. The fluid-structure coupling model and numerical
calculation method were set up for flexible pipe in a limited fluid domain. The vortex-induced
vibration characteristics were studied for flexible pipe at different positions in the cylindrical fluid
domain. The results showed that with the deviation angle which the flexible pipe from inlet
velocity increased, the fluid elastic instability was easier to occur and the vibration was more
intense for flexible pipe. However, the location was opposite of the inlet velocity, the fluid elastic
instability was less likely to occur and the flexible pipe vibration was decreased. Comparing to
the vibration results of the test with numerical simulation, the error was small. Therefore, a reliable
calculation model and method were presented in this paper.

Keywords: vortex-induced vibration, flexible pipe, fluid-structure, at different positions.
1. Introduction

In the marine flatbed, nuclear power stations and oil fields, the marine risers (seen as Fig. 1)
and heat exchangers are induced vibrations and even caused failure with cross flow in the fluid
filed. To date, most research are numerical simulation and experimental research. Yong-xing lai
[1, 2] used computational fluid dynamics software Ansys/Flotran CFD to simulate the flow around
circular pipe with fixed, elastic support, and the heat exchanger tube bundle with internal and
external fluid.

Fig. 1. The marine risers in the ocean

The vortex shedding induced vibration characteristics were calculated for flow around pipe
and heat exchanger. Wu Hao [3] used rigid motion equation and newmark integration method to
establish a three-dimensional fluid-structure coupling vibration model. The rule of fluid elastic
instability was studied for tube bundle with square arrangement. Based on the moving grid method,
Ichioka [4] studied fluid elastic vibration for the heat exchanger tube bundle in 1997 and analyzed
the vibration regularity of two pipes. Using the finite element method, M. Hassan and M. Hayder
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[5] simulated fluid elastic vibration of tube bundle with Sagging support in heat exchanger.
Y. A. Khulier, S. A. Al-Kaabi, S. A. Said [6] applied node element method and MATLAB finite
element program to simulate the fluid elastic vibration of heat exchange tube. F. Oviedo-Tolentino
[7] studied the vortex-induced vibration of flexible beam with the bottom of the fixed. Based on
the finite volume method and finite element method, Zhi-peng Feng et al. [8-10] used with
dynamic grid control technology to analysis the interaction structure and fluid for elastic tubes. In
summary, the vortex induced vibration analysis has made great progress for Circular tube and heat
exchanger tube bundle. However most of the tube are studied the rigid pipes, and the fluid domain
is infinite. Also, the influence of the shape of pipe vibration fluid domain is not considered. In this
article, the research of finite fluid elastic instability of flexible pipe was carried out by physical
experiment and numerical simulation. The vortex induced vibration characteristics of flexible pipe
were analyzed in cylinder fluid field with different positions. It will provide the theory basis for
designing and control of the slender flexible pipe such as heat exchanger, marine riser in regarding
of vibration.

2. The fluid-structure coupling model of flexible pipe in a cylindrical fluid field with cross
flow

The flexible pipe and the fluid in a cylinder container were selected as research object. The
model of fluid-solid coupling model was established for flexible pipe in a limited fluid domain.
Seen from Fig. 2, the model was divided into two domains, structural domain () and fluid domain

f. The inlet boundary was velocity and it was denoted as Fg ™ The outlet boundary was pressure

and it was denoted as I‘,{,c . The liquid that flowing along the cylinder wall was free sliding surface

and it was denoted as Fg @ In the interaction between fluid and solid, the boundary was

fluid-structure coupling and it was denoted as [xg;.

The boundary of flexible pipe was hinged on both ends. Assuming that the flexible pipes were
uniform and the cross section were circular, if the flexible pipe was dispersed spatial solid element,
the model will be too lager and the computational efficiency will be very low. Seen from Fig. 3(a),
in this article, the fluid domain was discretized solid elements FLUID142 by computational fluid
software CFX. The nodes number was 114345. Seen from Fig. 3(b), the flexible model was
adopted Beam188 element by ANSY'S software. And the nodes number was 100. And the method
of sub regional coupling was adopted to analyze the fluid and solid domain.

Fig. 2. The fluid-structure coupling mechanics model of flexible pipe in cylinder fluid domain

a) FLUID142 b) Beam188
Fig. 3. The fluid-structure coupling FEM model of flexible pipe in cylinder fluid domain
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3. The fluid-structure coupling numerical calculation method of flexible pipe in a cylindrical
fluid field with cross flow

3.1. The control equation of fluid domain

The fluid flowing in cylinder container followed the law of conservation of physical and its
continuity equation was shown as:

ap d(pu,r) @ a(pu,
op  9Cpu,r) | 0(pue)  0(pu,)

= 1
at ror oo 0z 0. )

where p and p are the density and pressure of liquid in the cylinder, respectively. t is time. u,, ug,
u, are the fluid velocity vector along r, 8, z direction, respectively.

The flow regime was turbulent and turbulence model was k-¢. The momentum equation of
fluid (navier-stokes equations) was follows:

{% Ur aaurr +%(Z;;T _ur_§+ Uz aauzr = _%g_p”eff (VZUT _%_%aa?>
%Jr”’aaurz +%ZIZJZ + Zaauz =fa 1ap 27 T Verr(V1t2),
where V2= —% (r aa_r) + riz 6692 7 fr> fo, f; are volume force along r, 6, z direction,

respectively. v,¢f is the effective dynamic viscosity of fluid , verf = v + v¢. v, v, are dynamic
viscosity and turbulence viscosity, respectively. It assumed that the turbulent viscosity was
connected with turbulent kinetic energy and turbulent kinetic energy dissipation:

2

Ve =Cup — (3)

The values of k and € were solved by turbulent kinetic energy and turbulent kinetic energy
dissipation.
The boundary conditions for cylinder fluid domain €} were shown as follows:

u, =ns -y, n Fg(l),
u, =0, on /@, “)
b =ny b0 oy,
where ng, u,., p, are unit vector, the velocity vector, stress vector of normal direction at the fluid
domain interface, respectively.

The boundary conditions of force and displacement, velocity were seen as section 3.3 at
cylinder fluid domain (¢ and solid domain € coupling interface Irg;.

3.2. The vibration dynamics equation of flexible pipe

According to the theory of computational structural mechanics, the dynamic equation was
obtained for beam element as follows:

Md, (t) + Cd,(t) + Kd,(t) = F(b), (5)
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where M, K and C are the mass, stiffness and damping matrix of flexible pipe, respectively. F(t)
is the force generated by fluid for flexible pipe in the cylindrical container.

3.3. The force and displacement transfer conditions of flexible pipe in a cylindrical fluid field
with cross flow

The force and displacement transfer information were shown in Fig. 4 for the fluid and flexible
pipe at the coupled interface. Because of the flexible pipe using beam element and the fluid field
using solid element, this led to a serious mismatch at coupling interface. In order to achieve
coupling, the condition of displacement, velocity coordination and force balance for structural
domain {2 and fluid domain (¢ at the coupling interface I'rs; must be all satisfied:

1) Displacement coordination condition:

ds‘ns+df‘nf=0, (6)

where d;, dy are the displacement vector of the domain and the fluid domain, respectively.
ng, ng are the unit vector of the domain and the fluid domain, respectively.

The fluid element

dispacement

., The beam element

i"?x_“ the element of 'e’

Fig. 4. The force and displacement interpolation in the coupling interface
2) Velocity coordination condition:
ds'ns+uf-nf=0, @)

where d;, uy are the velocity vector of the domain and the fluid domain, respectively.
3) Force equilibrium condition:

as'ns+af-nf=0, (8)

where o5, of are the stress vector of the domain and the fluid domain, respectively.

u
u

Fig. 5. The fluid through the flexible pipe surface in a cylindrical container
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The fluid was flowing in a cylindrical container at a certain speed. And a vortex was forming
when flowing around a flexible pipe, which would result in a change in the flow rate. The flow
pattern was shown in Fig. 5. The flow pressures P (0, z, t) which acting on the face, the back and
the side surface of the flexible pipe were changed. The P(0,z,t) belonged to surface load.
Integrated with the pressures along the surface of the flexible pipe and two loads which are
perpendicular and parallel the fluid flow direction was obtained. The load vertical to the velocity
direction was called lift per unit length. And the other load which was parallel to the fluid flow
direction was called resistance per unit length. The formulas were shown as follows:

2T
(Qze(z; t) = J P(8,z,t) Rsinfdo,
! o ©)
LQS(Z. t) = J- p(6,z,t) RcosHdo,

0

where o (P, z, t) is fluid pressure of flexible pipe in each point of the cross section at time t. R is
the radius of the flexible pipe. And 8 was as shown in Fig. 5.
The vector expression of Eq. (9) is:

q° =g/ (z,t) q3(z,0]".

As shown in Fig. 2, according to the principle of virtual work, the lift and drag forces that the
fluid acting on flexible pipe were equivalent to beam element nodes i and j by coordinate
transformation. Thus the nodal forces of the element e on the flexible pipe were obtained as
follows:

le

Fe = T7 f NTq¢ dx, (10)
0

where T is the coordinate transformation matrix. N is the shape function matrix.
Fe =[F; Fg Fji F{]". They were node lift resistance of flexible pipe beam. Assembling all
fluid nodal force on the flexible pipe, the F(t) of Eq.(5) was obtained. Where
F(t) = F, ()i + F;(v)j, F;(t), F;(t) were the vector of lift force ((the vertical direction of flow))
and drag force (along the direction of flow), respectively. The fluid interface force was applied to
flexible pipe beam with equivalent nodal force by interpolation method, which met force
equilibrium conditions at coupling interface.

According to the previous document [11] and the assumptions that the cross-section of the pipe
was always circular, the nodal displacements of beam element was mapped to the fluid field at the
coupling interface. The arbitrary node displacement and velocity vectors in a cartesian coordinate
system were expressed as:

{df(t) = H[,, ()d(D),

' 11
ulg(t) = HIY:FSI(t)dS(t)i ( )

where: d(t), ug(t) were the displacement and velocity vector at coupling interface in fluid
domain.
HFFSI (t) was grid interpolation function matrix at fluid-structure coupling interface.
According to the transform relationship between cylindrical coordinate system and cartesian
coordinate system, the displacements df(t) and velocity ug(t) in the Eq. (11) were converted to
d(t) and us(t) in cylindrical coordinates. Thus it achieved displacement harmonization for
structural domain and fluid domain at coupling interface.
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3.4. The algorithm for flexible pipe in a cylindrical fluid field with cross flow

The coupling iteration block diagram was shown in Fig. 6 for flexible pipe in a cylindrical
fluid field with cross flow. t was the current time step. h was the coupling iteration number in
current time step.

(1) Give inlet velocity u and outlet pressure P.

(2) Solve the fluid domain Q and get the coupling interface load P (6, z, t);

(3) Transfer the physical of fluid domain interface to structural domain interface, get the
coupling interface loads F(t) of domain interface;

(4) Solve structural domain €, get displacement d(t) and velocity d(t) at coupled interface
in structural domain.

(5) Transfer the physical of structural domain interface to fluid domain interface, get
displacement df(t) and velocity ug(t) at coupled interface in fluid domain.

(6) Ordert = t + At, follow the previous coupling step iteration (2) to (5), and do the current
time step of coupled iterative calculation.

| Give the initial value |

Time-step cycle

»
>

h=0

Coupling iteration loop

A Al
The fluid domain

! solver of cylinder
GO Fof okt

The solid domain
solver of flexible pipe

t =t + At N

Convergence

[V A 7

t= tend

A 4 Y
Over

Fig. 6. The geometric location of the flexible pipe in the cylindrical container
4. The analysis study of vibration characteristics for flexible pipe in cylindrical fluid
4.1. Cases and calculation parameters

The calculation parameters of the flexible pipe and fluid were listed in Table 1.

The flexible pipe was placed in a cylindrical container with the position 1 to 8. And the
geometric position was as shown in Fig. 7. The flexible pipe at different positions was calculated
by the model and calculation methods established in this paper. Then, the lift and drag curves, and
induced vibration regularity of flexible pipe were obtained as followed.
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Table 1. The calculation parameters of the flexible pipe and fluid

Length (m) 1.8
Outer diameter (m) 0.02
Inner diameter (m) 0.016
Elastic modulus (GPa) 2.9
Poison’s ratio 0.3
The density of flexible pipe (kg/m?) | 1140
The density of fluid (kg/m?) 1000
Dynamic viscosity (mPa's) 1
Inlet velocity (m/s) 2.236
outlet pressure (MPa) 0
Natural frequency of pipe (Hz) 23.91
Calculation time step (s) 0.001

’— 305,

-
D20
T 1

Fig. 7. The geometric location of the flexible pipe in the cylindrical container
4.2. The pressure analysis of flexible pipe in fluid region
4.2.1. The fluid velocity and pressure of flexible pipe’s cross section at center position

The Fig. 8 was the streamlines for flexible pipe placed in the cylindrical container position 1
when t = 1.8 s. The Fig. 9 was the velocity distribution on the cross section for flexible pipe in
different positions. Seen from Figs. 8, 9, the velocity was uniform on the cross-section of the
flexible pipe in different positions. The value of velocity was small at the upstream face (8 = 90°).
The value of velocity was large at lateral face (90° < 8 < 225°, 315° < 6 < 360° (0°),
0° < 8 <90°). The value was almost zero at lee face (225° < 6 < 315°).

R S
a) The entire b) The local
Fig. 8. The streamlines for flexible pipe placed in the cylindrical container position 1 whent = 1.8 s

The Fig. 10 was the turbulent vortex for flexible pipe placed in the cylindrical container
position 1 when t = 1.8 s. Seen from Fig. 10, there was almost no turbulent vortex at upstream
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face. In the side stream surface, the turbulent vortex was produced gradually. When 6 = 225° and
6 = 315°, its vortex momentum was maximized.

1 120 [T 60

210 < /330 210 < /330

. Y >
20 . 30 o] 240 300

210 270

a)l,7,8 b) 4,8
Fig. 9. The velocity distribution on the cross section for flexible pipe in different positions

2.542e+002

2.542e+002

1.271e+002

1.271e+002

2.101e-003
-]

4.618e-004
™11

a) The entire b) The local
Fig. 10. The vortex shedding for flexible pipe placed in the cylindrical container position 1 whent = 1.8 s

150

-4000 | 180 |-

e 4000 | 240 o 300
270 i
270

a) Perpendicular to the flow direction b) Along the flow direction
Fig. 11. The stress distribution on the cross section for flexible pipe in different positions

The pressure distribution of the flexible pipe in different locations was shown in figure 11. Of
note, the fluid pressure on flexible pipe’s cross-section was changed with positions. In 48°-132°,
namely in the position of upstream face, the fluid pressure was positive, greater than atmospheric
pressure and the maximum value was changed with positions. In the position of 1, 7, 8 (facing the
inlet flow rate), the maximum fluid pressure was occurred in the surface facing the flow at 90°. In
48°-132°, namely in the position of lee face, the fluid pressures were relatively positive, greater
than atmospheric pressure. the maximum pressure was occurred at 234°-240°. But the change of
maximum value was very small with varying positions of the flexible pipe.

In 132°-210°, 330°-360°, 0°-48°, namely in the position of side face, the fluid pressures were
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relatively negative, less than atmospheric pressure and the maximum negative value was occurred
in 174° and 6° position.

To sum up, the fluid pressure in the upstream face was greater than the value in the lee face.
The pressure in the lee face was greater than the value of side flow face.

4.2.2. Lift and drag force

The Fig. 12 was the lift force curves for the flexible pipe at the position 1, 4, 8. From the
Fig. 12(a), it showed that the initial lift force was great for flexible pipe at the position 8 (deviating
the entrance). The value decayed rapidly from time O s to 0.5 s. While the value was small at the
position of 1, 8 (facing the entrance). In t > 0.5 s, the value of lift force was stabilized. From the
Fig. 12(b), when the vibration of the flexible pipe was stable, the life force curve was sine or
cosine. The amplitude of sine or cosine curve was symmetrical at the position 1,8 and the upper
and lower vibration value was from —0.34 N to 0.34 N. While the amplitude of sine or cosine curve
was asymmetric at the position 4 and the upper and lower vibration value was from —0.5 N to
0.74 N. The magnitude at position 4 was significantly greater than the value at the position 1, 8.

304 —1

—1 104 E—
—a —8

Lift force (N)
3 o
| §

Lift force (N)
s 8 £

-30 T T T 1 0.6 T T T T T T T T T 1
0.0 05 1.0 15 20 180 182 184 186 1.88 1.90 192 194 196 198 200

Time(s) Time(s)
a)0.0s-2.0s b) 1.8-2.0 s
Fig. 12. The lift force curves of changing with time for flexible pipe placed
in the cylindrical container position 1, 4, 8

300 4 1 0.0 —a

200 4

S
o
L

100 4

o
!

Drag force (N)
Lift force (N)

o
!

-100 4

-200 4 204

T T T T T T T T T T T 1
0.0 05 1.0 15 20 180 182 184 18 188 190 192 194 19 198 200

Time(s) Time(s)
a)0.0s-2.0s b) 1.8-2.0 s
Fig. 13. The resistance curves of changing with time for flexible pipe placed
in the cylindrical container position 1, 4, 8

The Fig. 13 was the drag force curves of flexible pipe at the position 1, 4, 8. From the
Fig. 13(a), the initial value was large. From t =0 s to t = 0.3 s, the value decreased rapidly. At
t > 0.3 s, the value was stabilized. From the Fig. 13(b), the drag curve was also sine or cosine and
the drag’s magnitude at position 4 was significantly greater than the value at the position 1, 8.

The Fig. 14 showed that, when the flexible pipe at the position 2, 3, 4, the lift and drag forces’
amplitude was large. While at the position 5, 6, 7, 8, the amplitude was small.
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® @ —m— Jift forces
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b
|

0.9

0.8-| ®; © ©\
0.7 ®\

[}
@
1

06

T
2 3 4 5 6 7 8

postions

Fig. 14. The fluid forces for flexible pipe placed in the cylindrical with different positions
4.3. The vortex induced vibration analysis of flexible pipe
4.3.1. Acceleration

The Fig. 15 was the acceleration curves of the flexible pipe at position 1, 4, 8 in a direction
perpendicular to the flow rate. From the Fig. 11(a), when the flexible pipe located at position 1, 8
(facing the entrance), its acceleration value was small att =0 s-0.5 s. Att = 0.5 s-0.75 s, the
acceleration’s amplitude increased quickly. At t > 0.75 s, the amplitude vibration was stabilized.

From the Fig. 15(b), when the vibration was stable, the acceleration curve that was
perpendicular to the direction of flow was a sine or cosine curve. And the acceleration amplitude
at position 4 was significantly greater than the value at the position 1, 8.

500 - —1

o

&
g
S
!

Acceleration (m/s?)
Perpendicular to the flow direction
°
I

Acceleration (/s
Perpendicular to the flow direction

1000 40 4

T T T 1 -60 T T T T T T T T T 1
0.0 05 1.0 15 20 180 182 184 18 188 190 192 194 196 198 200

Time (s) Time(s)
a)0.0s-2.0s b) 1.8-2.0 s

Fig. 15. The acceleration curves of changing with time for flexible pipe placed
in the cylindrical container position 1, 4, 8

1400

1200 — 4
1000 —8
40
800
c
22 600 <
E-E \f\';,_g 20
=5 400 €8
=3 §3
B2 200 23 o
2 o 5=
2E 52
8 o ek
<5 <2 20
2 200 k]
-400 0
600
-800 T T T T 1 -60 T T T T T T T T T 1
0.0 05 1.0 1.5 20 180 182 184 18 188 190 192 194 196 198 200
Time (s) Time (S)
a)0.0s-2.0s b) 1.8-2.0 s

Fig. 16. The acceleration curves of changing with time for flexible pipe placed
in the cylindrical container position 1, 4, 8
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The Fig. 16 was the acceleration curves of flexible pipe at position 1, 4, 8 in a direction along
the flow rate. The Fig. 16(a) showed that the fluid begun to flow into the container, which leads
to a larger acceleration along the flow rate’s direction. In t = 0-0.4 s, the acceleration decayed
quickly. In t > 0.8 s, the acceleration was stabilized. From the figure 16 (b), the acceleration curve
which was along the direction of flow was a sine or cosine curve. And the acceleration amplitude
at position 4 was significantly greater than the value at the position 1, 8 too.

@ |—m—Perpendicular to the flow direction 30
@ —@— Along the flow direction —m— Perpendicular to the flow direction

@ | —@— Along the flow direction

o

]
L
L]

284 ®

26

g
h
*®

Z 244

224

'
S
L

204 @

The maximum value of acceleration (M/s°)
»
&
|

w
&
L

®©
Q
The maximum value of velocity (mm/s)

Postions Postions
Fig. 17. The maximum value of acceleration and velocity for flexible pipe placed
in the cylindrical with different positions

The Fig. 17 showed that, when the flexible pipe located at different positions, since the fluid
elastic instability affected, it resulted in different amplitudes of acceleration and velocity. When the
flexible pipe located at position 3, the acceleration, velocity that was vertical to the flow velocity
direction was greater than the value along the flow velocity direction. Therefore, the main vibration
direction was the direction that was perpendicular to the flow rate for flexible pipe at the position 3.

At position 4, the acceleration and velocity were identical along two directions. Namely, the
vibration of flexible pipe was same along two directions.

When the flexible pipe located at position 1, 2, 5, 6, 7, 8, the acceleration, velocity that was
vertical to the flow velocity direction was less than the value along the flow velocity direction.
And therefore the main vibration direction was the direction that was along the flow rate for
flexible pipe at the position 1, 2, 5, 6, 7, 8.

It can be seen from the Fig. 17, when the flexible pipe located at position 4 (deviation from
the inlet velocity), the vibrations along two directions were larger than the other positions and the
maximum accelerations that are vertical and parallel to the flow velocity direction are 54.79 m/s?,
55.36 m/s?, respectively. While at position 1, 7, 8 (facing the inlet velocity), the vibrations along
two directions were less than the other positions and the maximum accelerations that were vertical
and parallel to the flow velocity direction were respectively 34.54 m/s?, 35.8 m/s? at the position 8.

4.3.2. Movement track and ultimate annulus

The displacements of flexible pipe were set as X-coordinate, Y-coordinate respectively. The
movement track was obtained for flexible pipe at different positions and seen as Fig. 18.

The Fig. 18(a) showed that, when the fluid begun to flow into the cylindrical container, the
flexible pipe started vibrating in the effect of fluid and its movement track was “shuttle” shape.
The Fig. 18(b) showed that, with the fluid flowing into the cylindrical container, the vibration of
flexible pipe was stable and its trajectory was “oval”.

When the flexible pipe was situated at 1, 7, 8 position, the size of the ellipse was less and the
vibration level was similar at the position 1, 7, 8.

When the flexible pipe was situated 2, 3, 4, 5, 6, position, the trajectory of the flexible tube
was still ellipse, but the ellipse rotated a certain angle with respect to the oval of position 8.

The Fig. 19 is the limit cycle and cycle for flexible pipe placed in the cylindrical with different
positions. From the Fig. 15, the acceleration in the vertical direction of flow is a sine or cosine curve
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for flexible pipe. Then the displacement and velocity curves are also sine or cosine. Assuming that
displacement equation in the direction of vertical velocity was: x = Acos(wt + ¢), Where in it, A
was the amplitude, w was angular frequency and ¢ was the phase angle at the direction of the
vertical velocity. The velocity equation of flexible pipe was: v, = ¥ = —Awsin(wt + @) .
Elimination parameters, the displacement and velocity equation was:

x\?2 X\
— —) =1.
(A) * (Aw)
The graphs enclosed by displacement and velocity were ellipse, known as “Limit Cycles”.
Seen from the Fig. 18(a), the long axis of ellipse was the amplitude A. The minor axis was Aw.
Fig. 19(a) shows that the proportion of minor axis and long axis is approximately equal at
different positions, which is Aw/A = w. Namely the vibration frequency and cycle are
tantamount. The Fig. 19(b) shows that the cycles are 0029 s-0.03 s for flexible pipe in different
positions.
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‘*2

The dispacement of (mm)
to the flow

dicul.

The dispacement of (mm)
perpendicular to the flow direction

T T T T T T J T T T T T U
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The dispcement of along the flow direction (mm) The dispcement of along the flow direction (mm)

a) Before stable b) After stable
Fig. 18. The trajectory for flexible pipe placed in the cylindrical with different positions
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a) Limit cycle b) Cycle
Fig. 19. The limit cycle and cycle for flexible pipe placed in the cylindrical with different positions

4.4. The contrast of numerical simulation and text
4.4.1. The experimental apparatus and principle

As shown in Fig. 20, according to geometric similarity and kinematic similarity, vibration test
was designed for flexible pipe in cylindrical fluid domain. Its circulatory system was shown in
Fig. 21. The water was delivered into the pipe from the tank 5 by pump 4. Through the valve 3,
the water was flowing into inlet a and b. The water flowing into inlet a was entering the induced
vibration test equipment 1. The valve 3 was used to adjust the fluid velocity.

In the test, the length of pipe was 1.8 m and the medium was water. The inlet flow rate was
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2.236 m/s. The experiment was carried out for flexible pipe at 8 positions (seen from Fig. 7). Using
GWT-2B-axis accelerometer to monitor the vibration, the acceleration curve was acquired for
flexible pipe.

Pressure gauge

Clamping ring

a) The schematic diagram b) The experimental device
Fig. 20. The vibration test device for flexible pipe in a cylindrical fluid domain

5k

1. Vibration experiment device 2. Pressure gange 3. Valve 4. Waterpump 5.Water tank 6. Data acquisition

Fig. 21. The vibration test circulatory system for flexible pipe in a cylindrical fluid domain:
1 — vibration experiment device, 2 — pressure gange, 3 — valve,
4 — water pump, 5 — water tank, 6 — data acquisition

4.4.2. The comparison results

The Fig. 22 was the vibration acceleration curve for flexible pipe at the location 8. It showed
that the experimental acceleration value was upper and lower, while numerical simulation
acceleration value was cyclical variation. The average acceleration amplitude was seen in Table 2
for the flexible pipe at the location of 1 to 8.

Experiment

Experiment
Numerical simulation

204
-20
T T T T 1

1.0 1.2 14 16 1.8 20 10 12 14 16 18 20
Time (s) Time (s)

a) Perpendicular to the flow direction b) Along the flow direction
Fig. 22. The acceleration curves of changing over time for flexible pipe
with the position of 8 in the cylindrical fluid domain

Numerical simulation

40 |

20 4

20

o
I

The acceleration of along the flow direction m/s?
o

40 4

The acceleration of perpendicular to the flow direction m/s?

From Table 2, there were 32 groups of acceleration value from experimental measurement and
numerical simulation at the position from 1 to 8. There were 8 groups with errors were greater
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than 10 % and the remaining were less than 10 %. That was the acceleration value of numerical
simulation was agreement with the value of experimentally measured. Therefore, it proved that
the theoretical model and calculation method established in this paper correct.

Table 2. The compared results between experimental and numerical simulation
for flexible pipe in different positions

Positions 1 2 3 4 5 6 7 8
Experiment | 30.54 | 56.32 | 35.32 | 40.21 | 37.55 | 32.12 | 37.55 | 32.12
Max | Numerical |4, 501 46 08 [38.93 | 36.19 | 35.99 | 34.54 | 35.99 | 34.54

simulation

Error | 7.07 |-16.58] 10.22 |-10.00| —4.15 | 7.53 | 4.15 | 7.53
Experiment |-30.93|-56.98|—34.78|39.58|-37.58|-35.02|—37.58|-35.02
Min | Numerical |35 g9l 47 80[-38.57|-37.06|-36.38 -36.4 | 36.38| 36.4
simulation

Error | 6.34 |-16.11] 10.90 | 6.37 | -3.19 | 3.94 | 3.19 | 3.94
Experiment | 42.10 | 40.20 | 49.23 | 47.35 | 41.09 | 35.75 | 41.09 | 35.75
Max | Numerical |30 05| 49 4g | 4675 | 47.05 | 43.13 | 35.8 | 43.13 | 35.8
simulation

Error | —6.82 | 23.08 | —5.04 | —0.63 | 4.96 | 0.14 | 496 | 0.14
Experiment | 40.18|—45.98|—48.33]|-45.12|-40.02|-34.89|40.02|-34.89
Min | Numerical | 5o 511 50 43| 46.95|46.80| 43.28|-35.10[-43.28] 35.10
simulation

Error -1.67] 9.68 | 286 3.72 | 8.15 | 0.60 | 8.15 | 0.60

The acceleration
of perpendicular to the
flow direction (m/s?)

The acceleration
of along the flow
direction (m/s?)

5. Conclusions

1) With selected flexible pipe and fluid in a cylinder container, the model of fluid-solid coupling
model was established for flexible pipe in a limited fluid domain. The flexible pipe was dispersed
into several three-dimensional beam element and the fluid domain is discretized into solid element.
And the method of sub regional coupling was adopted to analyze the fluid and solid domain.

2) According to the geometric similarity and kinematic similarity, the vibration test equipment
was designed for flexible pipe in cylindrical fluid domain. Using GWT-2B-axis accelerometer to
monitor the vibration, the results were compared to the numerical simulation and the degree of
agreement was reached 75 %.

3) The vibration characteristics were studied for the flexible pipe in cylindrical fluid domain
at different positions. The results indicated that when the flexible pipe in position 4 (departing
from the inlet velocity position), the acceleration values were greater than that of other positions.
While in the position of 1, 7, 8 (facing on the inlet velocity position), the acceleration and velocity
values were less than at other locations.

To sum up, to reduce the vortex-induced vibration, the flexible pipe should be placed in facing
to the direction of the inlet flow rate. The greater the deviation from the inlet velocity position,
the stronger the vibration is. We should try to avoid placing the flexible pipe in a position deviated
from the inlet flow rate.
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