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Abstract In deepwater test condition, the riser–test

pipe (tubing string) system (RTS) is subject to the

vortex-induced effect on riser, flow-induced effect on

test pipe and longitudinal/transverse coupling effect,

which is prone to buckling deformation, fatigue

fracture and friction perforation. To resolve this, the

three-dimensional (3D) nonlinear vibration model of

deepwater RTS is established using the micro-finite

method, energy method and Hamilton variational

principle. Based on the elastic–plastic contact colli-

sion theory, the nonlinear contact load calculation

method between riser and test pipe is proposed.

Compared with experimental measurement results,

calculation results using the proposed vibration model

in this study and the single tubing vibration model in

our recent work, the correctness and effectiveness of

the proposed vibration model of the deepwater RTS

are verified. Meanwhile, the cumulative damage

theory is used to establish the fatigue life prediction

method of test pipe. Based on that, the influences of

outflow velocity, internal flow velocity, significant

wave height, as well as top tension coefficient on the

fatigue life of test pipe are systematically analyzed.

The results demonstrate that, first, with the increase in

outflow velocity, the maximum alternating stress and

the annual fatigue damage rate increased. The location

where fatigue failure of the test pipe is easy to occur at

the upper ‘‘one third’’ and the bottom of test pipe are

easy to occur fatigue failure. Second, with the increase

in internal flow velocity, the ‘‘one third damage

effect’’ of the test pipe will decrease, and the ‘‘bottom

damage effect’’ of the test pipe increased that needs

the attention of field operators. Third, during field

operation, it is necessary to properly configure the top

tension coefficient so that there can be a certain

relaxation between the riser and the test pipe, so as to

cause transverse vibration and consume some axial

energy and load. The study led to a theoretical method

for safety evaluation and a practical approach for

effectively improving the fatigue life of deepwater test

pipe.
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List of symbols

ti; i ¼ x; y; z Displacement components of riser, m

t00i ; i ¼ x; y; z Second derivative of riser

displacements versus z

E Elastic modulus of the RTS, Pa

It Polar moment of inertia of the riser,

m4

qt Density of the riser, kg/m3

Fx z; tð Þ Contact/impact force of riser–test

pipe in x-directions, N

FL z; tð Þ Lateral lift in the CF direction, N

f Structural damping ratio

xt Natural angular frequency of riser

Lt Length of riser, m

Do Riser outer diameter, m

mi The mass of the gas per unit length

(kg)

Si; i ¼ x; y; z Displacement components of the test

pipe, m

S00
i ; i ¼ x; y; z Second derivative of test pipe

displacements versus z

fx z; tð Þ High-speed fluid impact load in test

pipe in x-direction, N

fz z; tð Þ High-speed fluid impact load in test

pipe in z-direction, N

xs Natural angular frequency of test pipe

ws ¼ msgð Þ Weight of test pipe per unit length, N

Vr Relative velocity between the fluid

and the riser, m/s

Uc Outflow velocity of the riser, m/s

F0
D;CD Component forces of the fluctuating

drag force and corresponding

coefficient

F0
L;CL Fluctuating lift force and

corresponding coefficient

St Strouhal number

R1 Radius of riser, m

fF The friction of RTS, N

E Elastic modulus of the riser or test

pipe material, Pa

qi Density of gas in the test pipe, kg/m3

a tð Þ Deflection angles of test pipe in x-

direction, rad

a sð Þ Inclination angle, rad

KU Rotational stiffness of the upper

flexible joint

uboat tð Þ Heave displacement of the platform,

m

mp Mass of platform, kg

g tð Þ Surface displacement of random

wave, m

x̂i Circular frequency of the ith

harmonic, Hz

ai Amplitude of the ith harmonic

component, m

S xð Þ Random wave spectrum

x Circular frequency, Hz

T1=3 Significant period of the wave, s

Tp Peak period of the wave, s

r Peak shape coefficient

Fp tð Þ Exciting force of the random wave on

the heave plate, N

J1 �ð Þ First-order Bessel function of first

kind

zplate Depth of heave plate, m

d Displacement vector of riser unit

ui; i ¼ x; y; z Vibration shape function of riser and

test pipe unit

F tð Þ Load column vector

M tð Þ Matrices of the overall mass

qp Density of the actual RTS, kg/m3

qm Density of the RTS in the simulation

experiment

k Radial similarity ratio

CL Load-type correction factor

Kf Stress concentration correction factor

CS Surface quality correction factor

Se Corrected stress, Pa

t0i; i ¼ x; y; z First-order derivative of riser

displacements versus z
_ti; i ¼ x; y; z First-order derivative of riser

displacements versus time

At Cross-sectional area of the riser, m2

Fz z; tð Þ Friction force of riser–test pipe in z-

directions, N

mt Mass of the per unit length riser, kg

Fy z; tð Þ Contact/impact force of riser–test

pipe in y-directions, N

FD z; tð Þ Drag force in the IL direction, N

ct ¼2mtxtfð Þ Structural damping coefficient of

riser
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wg Buoyant weight of riser per unit

length, N

qw Density of the seawater, kg/m3

As Cross-sectional area of the test pipe,

m2

ms Mass of the per unit length test pipe,

kg

S0
i; i ¼ x; y; z First-order derivative of test pipe

displacements versus z
_Si; i ¼ x; y; z First-order derivative of test pipe

displacements versus time

fy z; tð Þ High-speed fluid impact load in test

pipe in y-direction, N

cs ¼2msxsfð Þ Structural damping coefficient of test

pipe

vi; i ¼ x; y; z Absolute velocities of the internal

high-speed fluid (m/s)

V Fluid flow velocity in the test pipe,

m/s

Cd Coefficient of steady-state drag force

Cl Coefficient of steady lift force

qi; i ¼ x; y Dimensionless wake oscillator

variables in IL and CF directions

d The relative deformation between

riser and test pipe, m

x0
s Vortex shedding frequency

R2 Radius of test pipe, m

F Contact load of riser–test pipe, N

n Friction coefficient between the riser

and test pipe

Ai Cross-sectional area of the wellbore,

m2

u tð Þ Deflection angles of test pipe in y-

direction, rad

u sð Þ Azimuth, rad

KL Rotation stiffness of the BOP

Bi; i ¼ 1; 2 Heave radiation and heave viscous

damping

Aw Area of the platform at sea level, m2

Fz Random heave wave exciting force

on platform, N

ei Initial phase of the ith harmonic

component, rad

Dx Frequency step

f Frequency, Hz

H1=3 Significant wave height, m

fp Peak frequency of the wave, Hz

c Peak parameter

R Platform radius, m

Fs tð Þ Exciting force of the random wave on

the platform body, N

d Draft of platform, m

Bplate Width of heave plate, m

d Displacement vector of test pipe unit

D Matrix of overall displacement

K tð Þ Matrices of the overall stiffness

C tð Þ Matrices of the overall damping

Ep Elastic modulus of the actual RTS, Pa

Em Elastic modulus of the RTS in the

simulation experiment

Tf Service life of test pipe, year

CD Test specimen size correction factor

Ra Surface roughness of the specimen,

lm

Sbe Standard stress, Pa

D0 Total fatigue damage

Abbreviations

RTS Riser–test pipe system

VIV Vortex-induced vibration

CF Cross-flow

BOP Blowout preventer

LMRP Lower marine riser packing

3D Three-dimensional

CFD Computational fluid dynamics

IL Inline

RMS Root mean square

1 Introduction

With the increasing demand for oil and gas resources in

the world, the exploitation trend of offshore oil and gas

resources gradually develops from shallow water

(water depth is less than 500 m) to deep water. (Water

depth is between 500 and 1500 m.) The riser–test pipe

system (RTS) is the core equipment for deepwater oil

and gas exploitation, but which is subject to the vortex-

induced effect on riser, flow-induced effect on test pipe

and longitudinal/transverse coupling effect. The RTS

is prone to buckling deformation, fatigue fracture and

friction perforation, so which is the weakest equip-

ment. Compared with conventional water depth testing

conditions, the RTS is subjected to greater risks in

deepwater test conditions. These risks are mainly

caused by severe non-periodic vibrations of the RTS

induced by the vortex-induced effect on riser, flow-
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induced effect on test pipe, nonlinear contact/collision

of the tube in tube and longitudinal/transverse coupling

effect, thereby making the RTS more susceptible to

buckling deformation (Fig. 1a), fatigue fracture

(Fig. 1b) and friction perforation (Fig. 1c) [1]. Once

the system structure is damaged, it will lead to serious

offshore oil and gas accidents, resulting in significant

economic losses and environmental pollution. There-

fore, the three-dimensional (3D) nonlinear vibration

model and fatigue failure mechanism for deepwater

RTS should be investigated. Finally, the research

results can provide a theoretically sound guidance for

designing and practically sound approach for effec-

tively improving the service life of test pipe.

Aiming at the problem of riser vibration, the most

work focused on the vortex-induced vibration (VIV)

of rigid cylinders [2, 3], in which the general VIV

mechanism and law were obtained, such as the

frequency-locked phenomenon [4] and lagging behav-

ior [5]. In recent years, driven by offshore oil and gas

exploitation, more and more attention has been paid to

the VIV problem of flexible cylinders in which the

aspect ratio is a very important parameter. Physical

experiments [6–8] and computational fluid dynamics

(CFD) numerical simulations [9–12] are the two most

common methods in these studies, and remarkable

progress was made. However, when the aspect ratio of

a cylinder is large or a solid model is used, physical

experiments usually become very expensive and

impractical, and it is difficult to analyze the vibration

of the riser by CFD numerical simulation, including

the inability to achieve higher accuracy and faster

calculation efficiency. Therefore, in the VIV study of

risers, there are relatively few works that consider a

large aspect ratio (the ratio of length to diameter is

greater than 1000) or the actual size. In addition to a

large aspect ratio, the impact of the ocean environment

load on the VIV behavior of a riser is significant. The

VIV response mechanism of a flexible riser under

shear flow was examined by Mathelin et al. [13] using

a wake oscillator model presented by Facchinetti et al.

[5]. Since the VIV amplitude in the cross-flow (CF)

direction is larger than that in the inline (IL) direction,

most work has focused on the VIV in the CF direction

[14]. The effects of the flow velocity, top tension and

pipe diameter on VIV behavior in the cross-flow

direction of a riser were studied by Xu et al. [15] and

He et al. [16] using a VIV model. In the above studies,

the VIV behavior in the IL direction and its influence

were not taken into account. However, it was found in

the work of Jauvtis and Williamson [17] that as the

mass ratio (the ratio of the structural quality to the

mass of discharged fluid) was less than 6.0, the IL

vibration of a cylinder could not be neglected. The

VIV characteristics study of a rigid cylinder presented

by Gu et al. [18], Martins et al. [19] and Gao et al. [20]

also showed that the effect of the IL vibration was

significant. In our recent work [21, 22], the response

characteristics of VIV of marine risers with consider-

ation of the coupling effects of the CF and IL vibration

were investigated. It was found that there are the

frequency locking effect in the uniform flow and the

multi-frequency effect in the shear flow for the IL

vibration.

The deepwater test pipe and tubing string represent

the same kind of tubular structure. The deepwater test

pipe is the name of the tubular structure under the test

condition, and the tubing string is the name of the

tubular structure under the production condition.

Therefore, their vibration characteristics have the

same trend, which are nonlinear vibration induced by

inside flow. Aiming at the flow-induced vibration of

tubular structure, firstly, some scholars [23, 24] have

verified the phenomenon that the internal fluid can

(a) Buckling deformation (b) Fatigue fracture (c) Friction perforation

Fig. 1 Failure forms of the riser–test pipe system (RTS)
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induce the vibration of the tubular structure through

experiments, which points out the direction for the

later scholars’ research. However, the calculation

method of interaction force and the vibration model of

the tubular structure are not obtained. Subsequently,

many scholars carried out detailed research on the

calculation method of interaction force and the

vibration model and established the calculation

method of fluid force [25], the string vertical vibration

[26, 27], the lateral vibration [28, 29] and the fluid–

structure coupled vibration model [30, 31]. However,

the above models mainly focus on the vibration in a

single direction, which can effectively predict the

vibration of tubular structure with small aspect ratio,

and its calculation accuracy decreased to predict the

vibration of tubular structure with large aspect ratio.

Also, some scholars [32–34] found that the longitu-

dinal/lateral coupling effects of tubular structure with

large aspect ratio cannot be ignored. Therefore, in our

recent work [21, 22], the longitudinal/lateral coupling

model of marine risers with consideration of the

coupling effects of the CF and IL vibration was

established. In the actual operation process, there are

other structures outside the tubing string to restrict its

vibration, resulting in the structure of pipe in pipe.

Therefore, the contact/collision between pipes is also

one of the important factors in tubing string modeling.

This research was attracted the interest of some

scholars and they carried out corresponding research,

in which the bracing effect of the outer pipe was taken

into account by some researchers [35, 36] to analyze

the static buckling deformation of the tubing string.

Meanwhile, the commercial software was used by

researchers [37, 38] to investigate the impact force/

friction force in the flow-induced vibration of slender

structures in vertical well. Also, in our recent work

[39, 40], the flow-induced nonlinear vibration model

of tubing string in conventional oil and gas wells was

established, which considers the longitudinal/lateral

coupling effect of tubing string and the nonlinear

contact collision effect of tubing–casing. In summary,

the interaction between riser and test pipe is ignored in

the above studies, which make the calculation results

by the single vibration model not in accordance with

the actual.

The vibration failure of tubular structure has been

paid attention to by scholars, mainly including wear

failure, fatigue failure and insufficient strength failure

[41]. In this work, the vibration fatigue failure of

deepwater RTS is mainly studied. Therefore, the

current research on fatigue failure of tubular structure

investigated and analyzed. Lekkala et al. [42] estab-

lished a fatigue life prediction model of riser using

SHEAR7 commercial software and provided the new

optimized excitation coefficient datasets, which

reduce the error in the predicting the VIV response

of the riser. Chen et al. [43] analyzed root cause of

tubing and casing failures in low-temperature carbon

dioxide injection well, and an optimal tubing–casing

combination is proposed to prolong the operation life

of tubing. Moreover, in view of the fatigue failure of

the risers caused by VIV, the researchers established a

fatigue life prediction method for risers in deep water

[44, 45]. However, in their method, the acquisition of

alternating stress ignores the contact and collision

factors between riser and test pipe, which makes it

impossible to accurately simulate the fatigue life of

riser under severe working conditions.

Above all, the existing deepwater riser vibration

research mainly focuses on the VIV of a single riser,

and a few scholars studied the riser–drill string

coupling vibration. However, in the test condition,

the research on the coupling vibration of the RTS has

not be reported. The establishment of corresponding

vibration model and the revelation of fatigue failure

mechanism can effectively ensure the safety of RTS.

Therefore, in this study, the 3D nonlinear vibration

model of deepwater RTS is established, in which the

vortex-induced effect of riser, the heave motion of

platform, the flow-induced effect of test pipe and the

nonlinear contact effect of double pipe were taken into

account. Then, the incremental form of Newmark-b
and Newton–Raphson is used to solve the 3D nonlin-

ear vibration model. Meanwhile, a vibration test bench

for the RTS is designed using similarity principle, and

the correctness and effectiveness of the proposed 3D

nonlinear vibration model are verified by comparing

with experimental data. Moreover, the cumulative

damage theory is used to establish the fatigue life

prediction method of test pipe combined with the

stress response, which was determined by the pro-

posed model and the S–N curve of the pipe material

(13Cr-L80) which was measured by fatigue test.

Finally, the influences of outflow velocity, internal

flow velocity, significant wave height, as well as top

tension coefficient on the fatigue life of test pipe are

systematically analyzed.
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2 3D nonlinear vibration model of the RTS

2.1 Nonlinear vibration control equation

of the RTS

In this section, the 3D vibration control equations of

infinitesimal riser–test pipe (RTS) were established

through the energy method and Hamilton variational

principle. Owing to the infinitesimal segment of the

RTS which is very short, it can be regarded as a

straight segment. Therefore, a coordinate system is

established in which the depth direction set as z-axis,

the horizontal direction (the IL direction) set as x-axis

and the y-axis (the CF direction) satisfy the right-hand

rule (Fig. 2). The following basic assumptions are

made before modeling.

(1) The material mechanical property of riser and

test pipe is ideal isotropic and elastic.

(2) The gravity and frictional resistance are evenly

distributed on the tubing element.

(3) The test pipe axis is coincided with the riser axis

at initial moment, and the gravity of the RTS

acts on itself at initial moment.

(4) The friction coefficient at each location of the

system is constant.

2.1.1 Vibration control equation of riser

Based on the small deformation hypothesis and the

Kirchhoff hypothesis [22], the three displacement field

components u1, u2 and u3 along the coordinates x, y

and z, respectively, can be written as:

u1 z; tð Þ ¼ tx z; tð Þ; u2 z; tð Þ ¼ ty z; tð Þ

u3 z; x; tð Þ ¼ tz z; tð Þ � x
otx z; tð Þ

oz
� y

oty z; tð Þ
oz

8
<

:
ð1Þ

where tx, ty and tz represent the displacement

components of any section in the riser on the three

coordinate axes, respectively (m).

According to Zhao’s work [46], the Green strain

can be expressed as follows:

exx ¼
ou1

ox
; eyy ¼

ou2

oy
; ezz ¼

ou3

oz
þ 1

2

ou1

oz

� �2

þ ou2

oz

� �2
" #

exz ¼
1

2

ou1

oz
þ ou3

ox

� �

; eyz ¼
1

2

ou2

oz
þ ou3

oy

� �

exy ¼
1

2

ou1

oy
þ ou2

ox

� �

8
>>><

>>>:

ð2Þ

Substituting Eq. (1) into Eq. (2), the following

equation can thus be obtained:

ezz ¼
otz

oz
� x

o2tx

oz2
� y

o2ty

oz2
þ 1

2

otx

oz

� �2

þ oty

oz

� �2
" #

exx ¼ eyy ¼ exz ¼ eyz ¼ exy ¼ 0

8
><

>:

ð3Þ

Based on the second Kirchhoff stress and neglect-

ing Poisson effect, Hooke’s law under uniaxial stress

state is written as:

rzz ¼ Eezz ð4Þ

Since the infinitesimal segment of the tubing is a

standard cylinder, the integral satisfies the following

formula:
Z

A

xdA ¼
Z

A

ydA ¼
Z

A

xyð ÞdA ¼ 0;

Z

A

x2dA

¼
Z

A

y2dA ¼ I ð5Þ

According to elastic–plastic mechanics [47] and

Eqs. (1)–(5), the total kinetic energy T , potential

energy U and energy with external force W of the riser

can be, respectively, expressed as:

LMRP

Riser

Offshore drilling platform

Catheter

Uc

z

x

y

Ocean  
load

Mudline

dz ds
Test pipe

Riser-test pipe
contact impact

High-speed fluid 
impact load

Contact/
collision load

Heave 
motion

Sea level

Upper Flexible joint

Lower Flexible joint

Fig. 2 Structure diagram of the RTS
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where E is the elastic modulus of the riser and test pipe

(Pa); At is the cross-sectional area of the riser (m2);

t0i; i ¼ x; y; z, t00i ; i ¼ x; y; z are the first-order and

second derivative of riser displacements versus z,

respectively; _ti; i ¼ x; y; z is the first-order derivative

of riser displacements versus time in x-, y- and z-

directions (m/s); mt is the mass of the per unit length

riser (kg); qt is the density of the riser (kg/m3); It is the

polar moment of inertia of the riser (m4); Fx z; tð Þ,
Fy z; tð Þ, Fz z; tð Þ are the contact/impact and friction

force of riser–test pipe in x-, y- and z-directions (N),

which can be determined in Sect. 2.2; FD z; tð Þ, FL z; tð Þ
are the drag force in the IL direction and the lateral lift

in the CF direction (N), which also can be determined

in Sect. 2.2; ct ¼2mtxtfð Þ is the structural damping

coefficient of riser (xt is natural angular frequency of

riser, xt ¼ p2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EIt= mtL4
t

� �q

, Lt is the length of riser

(m); f is structural damping ratio); and

wg ¼ mtg � qwpD2
o=4

� �
is buoyant weight of riser

per unit length (N) (qw the density of the sea-water

(kg/m3); Do is the riser outer diameter (m)).

For a riser section with length dz, its length ds after

deformation can be written as follows:

ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ t02x þ t02y

q
dz ð7Þ

Therefore, the longitudinal strain and its variation

of the riser can be written, respectively, as

t0z ¼ e0 þ
ds � dz

dz
ffi e0 þ

1

2
t02x þ t02y

� �
) dt0z

¼ t0xdt
0
x þ t0ydt

0
y ð8Þ

According to variational principle (dU t¼t1;2=x¼
	
	

0; L: ¼ dU0
t¼t1;2=x¼0;L

	
	 ¼ d _U t¼t1;2=x¼0;L

	
	 ¼ 0) and inte-

gration by parts (
R

f 0 zð Þg zð Þ½ �dz¼f zð Þg zð Þ �
R

f zð Þ½
g0 zð Þ�dz), the integration forms of T , U and W over

time can be expressed as:

T ¼
R L

0

R

A

qt
2

_u2
1 þ _u2

2 þ _u2
3

� �
dAdz ¼ 1

2

Z L

0

mt _t2
x þ _t2

y þ _t2
z

� �
þ qtIt _t02x þ _t02y

� �h i
dz

U ¼ 1

2

Z

V

redV ¼ E

2

Z

V

e2
zzdV ¼ 1

2

Z L

0

EAt t0z þ
1

2
t02x þ t02y

� �
 �2

þEIt t002x þ t002y

� �
( )

dz

W ¼
R L

0
FD z; tð Þ þ Fx z; tð Þ � ct _txð Þdtx þ FL z; tð Þ þ Fy z; tð Þ � ct _ty

� �
dty þ Fz z; tð Þ þ wg � ct _tz

� �
dtz

� 
dz

8
>>>>>><

>>>>>>:

ð6Þ

d
Z t2

t1

Tdt ¼ 1

2
d
Z t2

t1

Z L

0

mt _t2
x þ _t2

y þ _t2
z

� �
þ qtIt _t02x þ _t02y

� �h i
dzdt

¼
Z t2

t1

Z L

0

mt _txd _tx þ _tyd _ty þ _tzd _tz

� �
þ qtIt _t0xd _t

0
x þ _t0yd _t

0
y

� �h i
dzdt

¼
Z L

0

mt _tzdtz þ _tzdtz þ _tzdtzð Þ t2
t1

	
	 �

Z t2

t1

€txdtx þ €tydty þ €tzdtz

� �
dt

� �

þqtIt _t0xdt
0
x þ _t0ydt

0
y

� �
t2
t1

	
	 �

Z t2

t1

€t0xdt
0
x þ €t0ydt

0
y

� �
dt

� �

2

6
6
6
4

3

7
7
7
5

dz

¼ �
Z L

0

Z t2

t1

mt €txdtx þ €tydty þ €tzdtz

� �
dtdz � qtIt

Z t2

t1

Z L

0

€t0xddtx þ €t0yddty

� �
dt

¼ �
Z L

0

Z t2

t1

mt €txdtx þ €tydty þ €tzdtz

� �
dtdz � qtIt

Z t2

t1

€t0xdtx þ €t0ydty

� �
L
0

	
	 �

Z L

0

€t00xdtx þ €t00ydty

� �
dz


 �

dt

¼
Z t2

t1

Z L

0

�mt €txdtx þ €tydty þ €tzdtz

� �
þ qtIt €t00xdtx þ €t00ydty

� �h i
dzdt

ð9Þ
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d
Z t2

t1

Wdt ¼
Z t2

t1

Z L

0

FD z; tð Þþ

Fx z; tð Þ � c _tx

 !

dtx

"

þ
FL z; tð Þþ

Fy z; tð Þ � c _ty

 !

dty þ
Fz z; tð Þþ

wg � c _tz

 !

dtz

#

dzdt

ð11Þ

Substituting Eqs. (9)–(11) into the expression of

Hamiltonian principle d
R t2

t1
U � T þ Wð Þdt ¼ 0, the

nonlinear vibration control equations of the riser can

be obtained and expressed as follows:

2.1.2 Vibration control equation of test pipe

In the oil and gas test condition, the test pipe is located

inside the riser, forming a pipe in pipe structure, and

there exist high-speed test oil and gas in the test pipe.

Therefore, the main factors causing the nonlinear

vibration of the test pipe include the contact/collision

of the external riser and the impact of the internal high-

speed oil and gas. In this study, the same coordinate

system as riser was established. Based on the

assumption of Eq. (1) and Green’s strain, the expres-

d
Z t2

t1

Udt ¼ 1

2
d
Z t2

t1

Z L

0

EAt t0z þ
1

2
t02x þ t02y

� �� �2

þEIt t002x þ t002x

� �
" #

dzdt

¼
Z t2

t1

Z L

0

EAt t0z þ
1

2
t02x þ t02y

� �� �

dt0z þ t0xdt
0
x þ t0ydt

0
y

� �
þ EIt t00xdt

00
x þ t00ydt

00
y

� �
 �

dzdt

¼ EAt

Z t2

t1

t0z þ
1

2
t02x þ t02y

� �� �

�

dtz þ t0xdtx þ t0ydty

� �

2

6
6
4

3

7
7
5

L
0

	
	 �

Z L

0

t0z þ
1

2
t02x þ t02y

� �� �0
dtzþ

t0z þ
1

2
t02x þ t02y

� �� �

t0x


 �0
þ t0z þ

1

2
t02x þ t02y

� �� �

t0y


 �0

2

6
6
6
4

3

7
7
7
5

dz

8
>>><

>>>:

9
>>>=

>>>;

dt

þ EIt

Z t2

t1

t00xdt
0
x þ t00ydt

0
y

� �
L
0

	
	 �

Z L

0

t00x
� �0

ddtx þ t00y

� �0
ddty

h i� �

dt

¼ �EAt

Z t2

t1

Z L

0

t0z þ
1

2
t02x þ t02y

� �� �0
dtz þ t0z þ

1

2
t02x þ t02y

� �� �

t0x


 �0
þ t0z þ

1

2
t02x þ t02y

� �� �

t0y


 �0
 �

dzdt

þ EIt

Z t2

t1

t00xdt
0
x þ t00ydt

0
y

� �
L
0

	
	 � t00x

� �0
ddtx þ t00y

� �0
ddty

h i
L
0

	
	 þ

Z L

0

t00x
� �00

dtx þ t00y

� �00
dty

h i
dz

� �

dt

¼ �EAt

Z t2

t1

Z L

0

t0z þ
1

2
t02x þ t02y

� �� �0
dtz þ t0z þ

1

2
t02x þ t02y

� �� �

t0x


 �0
þ t0z þ

1

2
t02x þ t02y

� �� �

t0y


 �0
 �

dzdt

þ EIt

Z t2

t1

Z L

0

t00x
� �00

dtx þ t00y

� �00
dty

h i
dzdt

ð10Þ

mt€tx þ c _tx � qtIt€t
00
x � EAt t0z þ

1

2
t02x þ t02y

� �� �

t0x

� �0
þEIt t00x

� �00¼ FDðz; tÞ þ Fxðz; tÞ

mt€ty þ c _ty � qtIt€t
00
y � EAt t0z þ

1

2
t02x þ t02y

� �� �

t0y

� �0
þEIt t00y

� �00
¼ FLðz; tÞ þ Fyðz; tÞ

mt€tz þ c _tz � EA t00z þ
1

2
t02x þ t02y

� �0
� �

¼ Fzðz; tÞ þ wg

8
>>>>>>><

>>>>>>>:

ð12Þ
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sions of strain energy, kinetic energy and work done

can be obtained as follows, and the kinetic energy of

the fluid in the pipe is considered.

where Sx, Sy and Sz are the displacement components

of any section in the test pipe on the three coordinate

axes, respectively (m); ms and mi are the masses of the

per unit length test pipe and the gas per unit length

(kg), respectively; As is the cross-sectional area of the

test pipe (m2); S0
i; i ¼ x; y; z and S00

i ; i ¼ x; y; z are the

first-order and second derivative of test pipe displace-

ments versus z, respectively; _Si; i ¼ x; y; z is the first-

order derivative of test pipe displacements versus time

in x-, y- and z-directions (m/s); fx z; tð Þ, fy z; tð Þ, fz z; tð Þ
are the high-speed fluid impact load in test pipe in x-,

y- and z-directions (N), which also can be determined

in Sect. 2.2; cs ¼2msxsfð Þ is the structural damping

coefficient of test pipe (xs is natural angular frequency

of test pipe); ws ¼ msgð Þ is weight of test pipe per unit

length (N); and vx, vy and vz are the absolute velocities

of the internal high-speed fluid in x-, y- and z-

directions (m/s), respectively, which can be expressed

as follows:

vx ¼ _Sx þ VS0
x; vy ¼ _Sy þ VS0

y; vz ¼ V ð14Þ

where V is the fluid flow velocity in the test pipe (m/s).

Also, substituting Eqs. (13) and (14) into the expres-

sion of Hamiltonian principle, the nonlinear vibration

control equations of test pipe can be expressed as

follows:

Uc

x

y
o

x

t
υ∂
∂

y

t
υ∂
∂

x
cU

t
υ∂−
∂

y

t
υ∂
∂

rV

θ

θ

θ

DF

LF

Fig. 3 External fluid forces

acting on the riser

T ¼ 1

2

Z L

0

ms
_S2
x þ _S2

y þ _S2
z

� �
þ qsIs

_S02
x þ _S02

y

� �
þ mi v2

x þ v2
y þ v2

z

� �h i
dz

U ¼ 1

2

Z L

0

EAs S0
z þ

1

2
S02

x þ S02
y

� �� �2

þEIs S002
x þ S002

y

� �
" #

dz

W ¼
R L

0

Fx x; tð Þþ
fx x; tð Þ � cs

_Sx

 !

dSx þ
Fy x; tð Þþ

fy x; tð Þ � cs
_Sy

 !

dSy þ
Fz x; tð Þ þ fz x; tð Þ

þws � cs
_Sz

 !

dSz

 !

dz

8
>>>>>>>><

>>>>>>>>:

ð13Þ

ms þ mið Þ €Sx � qsIs
€S00x þ 2miV _S0x þ cs

_Sx þ miV
2S00x þ EIs S00x

� �00�EA S0
z þ

1

2
S02

x þ S02y

� �� �

S0x

� �0
¼ Fx z; tð Þ þ fx x; tð Þ

ms þ mið Þ €Sy � qsIs
€S00y þ 2miV _S0y þ cs

_Sy þ miV
2S00y þ EIs S00

y

� �0
�EA S0z þ

1

2
S02x þ S02y

� �� �

S0y

� �0
¼ Fy z; tð Þ þ fy x; tð Þ

ms
€Sz þ cs

_Sz � EA S00z þ
1

2
S02x þ S02y

� �0
� �

¼ Fz z; tð Þ þ fz x; tð Þ þ ws

8
>>>>>>><

>>>>>>>:

ð15Þ
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2.2 Boundary conditions

In the deepwater test condition, the external loads on

the RTS include the ocean environment load and the

high-speed fluid impact load. The internal loads are

the nonlinear contact collision between the riser and

test pipe. The upper part of the RTS is connected with

the drilling platform, and the lower part is connected

with the blowout preventer (BOP). Thus, the upper

displacement boundary considers the heave motion of

the platform, and the lower displacement boundary is

hinged support. In this section, the calculation meth-

ods of ocean environment load, contact force between

riser and test pipe, impact load of high-speed fluid in

pipe and heave motion equation of platform will be

established.

2.2.1 Ocean environment load (load boundary

condition)

It is assumed that the relative velocity between the

fluid and the riser is Vr, and the outflow velocity of the

riser is Uc. For steady flow, the steady-state drag force

and lift force acting on the riser are shown in Fig. 3.

According to Morison’s equation, the steady-state

drag and lift forces acting on the riser are written as:

FD ¼ 1

2
qwV2

r DoCd

FL ¼ 1

2
qwV2

r DoCl

8
><

>:
ð16Þ

where Cd is the coefficient of steady-state drag force;

Cl is coefficient of steady lift force; and qw is seawater

density (kg/m3).

The components of fluid force acting on the riser in

the IL direction and CF direction can be expressed as

follows:

F0
x ¼

1

2
qwV2

r Do Cd cos hþ Cl sin h
� �

F0
y ¼

1

2
qwV2

r Do �Cd sin hþ Cl cos h
� �

8
><

>:
ð17Þ

Given that

h ¼ tan�1 oty

ot
= Uc �

otx

ot

� �
 �

Vr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oty

ot

� �2

þ Uc �
otx

ot

� �2
s

8
>>>><

>>>>:

ð18Þ

The components of fluid force can be written

further as:

F0
x ¼

1

2
qwUcDo Cd Vr �

Vr

Uc

otx

ot

� �

þ Cl
Vr

Uc

oty

ot


 �

F0
y ¼

1

2
qwUcDo Cl Vr �

Vr

U

otx

ot

� �

� Cd
Vr

Uc

oty

ot


 �

8
>>><

>>>:

ð19Þ

In addition to the steady-state component, the fluid

force acting on the riser also includes harmonic

pulsating drag force and pulsating lift force.

F0
D ¼ 1

2
qwU2

c DoCD

F0
L ¼ 1

2
qwU2

c DoCL

8
><

>:
ð20Þ

where F0
D, CD are the fluctuating drag force and

corresponding coefficient, respectively; F0
L, CL are

fluctuating lift force and corresponding coefficient,

respectively.

Therefore, according to Eqs. (19) and (20), all fluid

forces acting on the riser can be written as:

FD z; tð Þ ¼ Fx þ F0
D ¼ 1

2
qwUcDo Cd Vr �

Vr

Uc

otx

ot

� �

þ Cl
Vr

Uc

oty

ot


 �

þ 1

2
qwU2

c DoCD

FL z; tð Þ ¼ Fy þ F0
L ¼ 1

2
qwUcDo Cl Vr �

Vr

U

otx

ot

� �

� Cd
Vr

Uc

oty

ot


 �

þ 1

2
qwU2

c DoCL

8
>>>>>>>>>>><

>>>>>>>>>>>:

ð21Þ

It is noted that the steady-state lift coefficient Cl is

taken as 0 for the circular section and

Vr � Uc � otx=ot. Ignoring the effect of higher-order

terms, fluid forces can be further written as

FD z; tð Þ ¼ 1

2
qwU2

c DoCd � qwUcDoCd
otx

ot
þ 1

2
qwU2

c DoCD

FL z; tð Þ ¼ � 1

2
qwUcDoCd

oty

ot
þ 1

2
qwU2

c DoCL

8
><

>:

ð22Þ

In this paper, the van der Pol nonlinear vibration

equation is used to describe the shedding character-

istics of fluid vortex. According to the discussion on

the coupling term of the wake vibrator by [5], when the

coupling term is acceleration, the calculation results

are more consistent with the experimental results.

Therefore, the governing equation of the wake

123
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oscillator model based on acceleration coupling is

used as follows:

€qx þ exx
0
s q2

x � 1
� �

_qx þ 2x0
s

� �2
qx ¼

Ax

Di
€tx

€qy þ eyx
0
s q2

y � 1
� �

_qy þ x0
s

� �2
qy ¼

Ay

Di
€ty

8
>><

>>:

ð23Þ

where qx and qy are the dimensionless wake oscillator

variables in IL and CF directions, respectively; x0
sð¼

2pSt Uc � _txj j=DoÞ is the vortex shedding frequency(St

is Strouhal number); and ex, ey, Ax, Ay are dimension-

less parameters determined by experiment.

The fluctuating drag force coefficient CD and the

fluctuating lift force coefficient CL are expressed by

the dimensionless wake oscillator variables qx and qy,

respectively, namely

CD ¼ C0
d

qx

2
; CL ¼ C0

l

qy

2
ð24Þ

Substituting Eq. (24) into Eq. (22), the final form of

external flow force acting on the riser can be obtained

as

FD z; tð Þ ¼ 1

2
qwU2

c DoCd � qwUcDoCd
otx

ot
þ 1

2
qwU2

c DoC0
d

qx

2

FL z; tð Þ ¼ � 1

2
qwUcDoCd

oty

ot
þ 1

2
qwU2

c DoC0
l

qy

2

8
><

>:

ð25Þ

In this study, Ax ¼ 48;Ay ¼ 12; ex ¼ 1:2; ey ¼ 0:3;

C0
d ¼ 0:3;C0

l ¼ 0:4, according to [5], and [48].

2.2.2 Nonlinear contact/collision load

between the riser–test pipe (load boundary

condition)

A method for calculating the riser–test pipe con-

tact/collision load has been established according to

the elastoplastic mechanics theory [47]. The defor-

mation structure is illustrated in Fig. 4. The relation

between contact/impact load and deformation and the

friction of RTS can be obtained, whose detailed

derivation is demonstrated in our recent work [39].

d = 1:82
F

E
1 � ln 1:522

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F

p
R1R2

R2 � R1

r� �
 �

fF ¼ nF

8
><

>:
ð26Þ

where d is the relative deformation between riser and

test pipe (m); fF is the friction of RTS (N); F is contact

load of riser–test pipe (N); E is the elastic modulus of

the riser or test pipe material (Pa); R1 and R2 are the

radius of riser and test pipe, respectively (m); and n is

the friction coefficient between the riser and test pipe,

Riser

Test pipe

Riser

Test pipe

(a) (b)

Drag force FD

FL F

FD

FL
F

FD

FL F

(c) (d) (c)(c) (e)

(h) (g) (f)

(i) (j)

FD FD

FL F

FDFD

FL

FD

FL F

FD

F

FLF

FD

FD

FL

FD

F

Structure diagram of the RTS collision

R1

R2 O2

O1

P
A2

A1
z2z1

r

R1

R2 O2

O1

P

2b

Riser

Test pipe

(k) (l)

Mathematical model of the RTS collision

Fig. 4 Contact deformation between the riser and test pipe
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Fig. 5 Schematic of the impact load by high-speed gas
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which can be determined using the method proposed

by Wen et al. [49] or by performing a wear test. In our

present study, a wear test revealed that the friction

coefficient is 0.243 for the gas wells in the South China

Sea [50].

2.2.3 High-speed fluid impact load in test pipe (load

boundary condition)

In the testing condition, when the high-speed fluid in

the test pipe passes through regions with changing

well inclination angles or deformation area, it gener-

ates an impact load on the test pipe (as shown in

Fig. 5), resulting in longitudinal and lateral vibrations

of the test pipe. According to fluid mechanics [51], the

high-speed fluid impact load in the test pipe can be

calculated using the following equations:

fx x; tð Þ ¼ �qiAiV
2 sin a2 tð Þ � a1 tð Þ½ � cos u2 tð Þ � u1 tð Þ½ �

fy x; tð Þ ¼ �qiAiV
2 sin a2 tð Þ � a1 tð Þ½ � sin u2 tð Þ � u1 tð Þ½ �

fz x; tð Þ ¼ �qiAiV
2 cos a2 tð Þ � a1 tð Þ½ �

8
><

>:

ð27Þ

where qi is the density of gas in the test pipe (kg/m3);

Ai is the cross-sectional area of the wellbore (m2); and

a1 tð Þ, a2 tð Þ, u1 tð Þ and u2 tð Þ are, respectively, the

deflection angles of the upper and lower micro-

segments of the test pipe in x- and y-directions (rad),

which are determined by the inclination angle and the

deformation of the test pipe.

Meanwhile, the inclination angle and azimuth at

any depth can be determined through the cubic spline

interpolation method [52], which can be expressed as

follows in the interval sk�1; sk½ � (k ¼ 1; 2; . . .;N):

a sð Þ ¼ Mk�1 sk � sð Þ3

6Lk
þ Mk s � sk�1ð Þ3

6Lk
þ Ck s � sk�1ð Þ þ Ck�1 sk � sð Þ

u sð Þ ¼ mk�1 sk � sð Þ3

6Lk
þ mk s � sk�1ð Þ3

6Lk
þ ck s � sk�1ð Þ þ ck�1 sk � sð Þ

8
>>><

>>>:

ð28Þ

where Cj ¼ aj

Lk
� MjLk

6
; j ¼ k; k � 1; cj ¼

uj

Lk
� mjLk

6
; j ¼

k; k � 1; Mj ¼ a00j ; j ¼ k; k � 1; mj ¼ u00
j ; j ¼ k; k � 1;

k is the order number of measuring point; Lk ¼
sk � sk�1 is the length of measuring section (m); s is

the well depth at the measuring point (m); and N is the

total measuring point.

2.2.4 Displacement boundary condition

The different working conditions and the different

riser hang-off conditions are mainly different in the

upper and lower boundary conditions. In the testing

condition, as shown in Fig. 2, the upper end of the riser

is connected to the platform with flexible joint (the

rotational stiffness of the upper flexible joint is KU

(N�m/deg), which can be determined in Mao’s recent

work [53], and the RTS can move with the movement

of the platform. In this study, the heave motion of the

platform is mainly considered and the influence of

horizontal motion is ignored. That is to say, the

horizontal displacement of the platform is 0. The

lower end of the RTS is connected to the BOP, and the

rotational stiffness is KL (N�m/deg), which also can be

determined in Mao’s recent work. Therefore, the

displacement boundary and initial conditions of the

RTS under the normal drilling condition can be

expressed as:

For the riser:

tx 0; tð Þ ¼ 0; ty 0; tð Þ ¼ 0; tz 0; tð Þ ¼ uboat tð Þ; tx L; tð Þ ¼ 0; ty L; tð Þ ¼ 0; tz L; tð Þ ¼ 0

EItt
00
x 0;tð Þ
	
	 ¼ KUt

0
x 0;tð Þ
	
	 ;EItt

00
y 0;tð Þ
	
	 ¼ KUt

0
y 0;tð Þ
	
	 ;EItt

00
x L;tð Þ
	
	 ¼ KLt

0
x L;tð Þ
	
	 ;EItt

00
y L;tð Þ
	
	 ¼ KLt

0
y L;tð Þ
	
	

tx z; 0ð Þ ¼ 0; ty z; 0ð Þ ¼ 0; tz z; 0ð Þ ¼ 0; t0x z;0ð Þ
	
	 ¼ 0; t0y z;0ð Þ

	
	 ¼ 0;EIt00x z;0ð Þ

	
	 ¼ 0;EIt00y z;0ð Þ

	
	 ¼ 0

8
><

>:
ð29Þ
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For the test pipe:

where uboatðtÞ is the heave displacement of the

platform (m).

2.2.5 Heave motion equation of platform

In the deepwater test condition, it is necessary to

establish the heave motion model of the platform

under the action of random waves to determine the

upper boundary displacement of the RTS. According

to Shen’s work [54], the heave motion equation of

platform can be expressed as follows:

mp €uboat þ B1 _uboat þ B2 _uboat _uboatj j
þ qwgAw uboat � g tð Þð Þ
¼ Fz ð31Þ

where mp is the mass of platform (m); B1 and B2 are

heave radiation and heave viscous damping; Aw is the

area of the platform at sea level (m2); and g tð Þ and Fz

are the surface displacement of random wave (m) and

random heave wave exciting force on platform (N).

In this study, the random wave surface displace-

ment can be determinded using Longuet-Higgins

model [55], which can be expressed as follows:

g tð Þ ¼
XM

i¼1

ai cos x̂it þ ei½ � ð32Þ

where x̂i(¼ xi�1 � xið Þ=2) is circular frequency of

the i th harmonic (Hz); ei is the initial phase of the i th

harmonic component (rad), taking the random number

in the range 0; 2pð Þ; M is the interval number of

partition; ai (¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2S xð ÞDx

p
) is amplitude of the i th

harmonic component (m); Dx (¼ xH � xLð Þ=N) is

the frequency step; and S xð Þ is the random wave

spectrum, which was described using JONSWAP

spectrum in this study. The expression can be obtained

in the Shen’s work [54]:

S xð Þ ¼ 0:06238 1:094 � 0:01915 ln cð Þ
0:23 þ 0:0336c� 0:185 1:9 þ cð Þ�1

H2
1=3T�4

P f�5 exp � 5

4
TPfð Þ�4


 �

cexp � f =fp�1ð Þ2
=2r2

� 

Tp ¼
T1=3

1 � 0:132 cþ 0:2ð Þ�0:559
; r ¼

0:07; f � fp

0:09; f [ fp

(

8
>>>>>>>>><

>>>>>>>>>:

ð33Þ

where f is the frequency (Hz), and x is the circular

frequency (Hz), x ¼ 2pf ; H1=3 and T1=3 are the

significant wave height (m) and significant period (s)

of the wave; fp and Tp are peak frequency (Hz) and

peak period (s) of the wave; c is peak parameters,

which is 3.3 in this study; and r is the peak shape

coefficient.

Also, according to Shen’s work [54], the random

heave wave exciting force on platform includes two

parts: One is the exciting force of the random wave on

the platform body (Fs tð Þ), and the other is the exciting

force of the random wave on the heave plate (Fp tð Þ),
which can be expressed as follows:

Fz ¼ Fs tð Þ þ Fp tð Þ

¼ 2qwgpR2 1 � 1

2
sin kRð Þ


 �
J1 kRð Þ

kR

� �

e�kdg tð Þ

þ 0:597
qwg

4
x2ekzplate B3

plateg tð Þ

ð34Þ

where R is platform radius (m); k is wave number;

J1 �ð Þ is the first-order Bessel function of first kind; d is

the draft of platform (m); zplate is the depth of heave

plate (m); andBplate is the width of heave plate (m).

Sx 0; tð Þ ¼ 0; Sy 0; tð Þ ¼ 0; Sz 0; tð Þ ¼ uboat tð Þ; Sx L; tð Þ ¼ 0; Sy L; tð Þ ¼ 0; Sz L; tð Þ ¼ 0

EIsS
00
x 0;tð Þ
	
	 ¼ KUS0

x 0;tð Þ
	
	 ;EIsS

00
y 0;tð Þ
	
	 ¼ KUS0

y 0;tð Þ
	
	 ;EIsS

00
x L;tð Þ
	
	 ¼ KLS0

x L;tð Þ
	
	 ;EIsS

00
y L;tð Þ
	
	 ¼ KLS0

y L;tð Þ
	
	

Sx z; 0ð Þ ¼ 0; Sy z; 0ð Þ ¼ 0; Sz z; 0ð Þ ¼ 0;EIS0
x z;0ð Þ
	
	 ¼ 0;EIS0

y z;0ð Þ
	
	 ¼ 0;EIS00

x z;0ð Þ
	
	 ¼ 0;EIS00

y z;0ð Þ
	
	 ¼ 0

8
><

>:
ð30Þ
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2.3 Solution scheme

This study used the linear Lagrange and cubic

Hermitian functions (micro-finite method) to express

the longitudinal/transverse displacements of riser and

test pipe; the finite element discrete forms can be

expressed as follows:

tx ¼ uT
x d ty ¼ uT

y d tz ¼ uT
z d

Sx ¼ uT
x d Sy ¼ uT

y d Sz ¼ uT
z d

(

ð35Þ

where d and d are the displacement vectors of riser and

test pipe unit, respectively; ux, uy and uz, respec-

tively, represent the vibration shape function of riser

and test pipe unit, which are expressed as:

Fig. 6 Flowchart of solving nonlinear vibration model of the RTS
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By substituting the displacement obtained from

Eqs. (35) and (36) into the energy functional of the

RTS, the standard forms of the strain energy function

U, kinetic energy function T and energy function with

external force W expressed by the node displacement

vectors can be obtained. After assembling the struc-

tural elements, the discrete dynamic equation of the

system can be obtained according to the variational

principle:

M tð Þ €D þ C tð Þ _D þ K tð ÞD ¼ F tð Þ ð37Þ

where D represents the matrix of overall displacement,

which is given by Eq. (35); F tð Þ represents the load

column vector of the structure, which accounts for the

impact force of gas on the test pipe as well as the

contact/friction force of the tubing–casing, ocean

environment load and the expressions of them shown

in Sect. 2.2; and K tð Þ, M tð Þ and C tð Þ represent the

matrices of the overall stiffness, mass and damping,

respectively.

Because there are too many nonlinear factors

considered in the 3D nonlinear vibration model, the

calculation accuracy of model will be decreased and

the model will be difficult to converge if only using

Newmark-b method for gradual integration. There-

fore, in this study, the incremental Newmark-b
method and Newton–Raphson method are used to

solve the discrete Eq. (37) simultaneously, and the

specific derivation process can be seen in our previous

work [56]. The wake vibrator (shown in Eq. (23)) is

Table 1 Simulated experiment parameters

Parameter Test pipe

outer

diameter (m)

Test pipe

inner

diameter (m)

Test pipe

length

(m)

Riser outer

diameter

(m)

Riser inner

diameter

(m)

Gas flow

velocity

(m/s)

Elastic

modulus

(GPa)

Density

(kg/m3)

External

velocity

(m/s)

Actual

parameter

0.1143 0.095 579.7 0.2445 0.2168 18.05 206.0 7850 0.5

Test

parameter

0.016 0.014 3.0 0.034 0.030 18.05 3.92 1150 0.5

d
d
ux

uy

uz

2

6
6
6
6
4

3

7
7
7
7
5

T

¼

tz1

tx1

dtx1

dz

ty1

dty1

dz

tz2

tx2

dtx2

dz

ty2

dty2

dz

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;

Sz1

Sx1

dSx1

dz

Sy1

dSy1

dz

Sz2

Sx2

dSx2

dz

Sy2

dSy2

dz

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;

0

1 � 3z2

l2
þ 2z3

l3

z � 2z2

l
þ z3

l2

0

0

0

3z2

l2
� 2z3

l3

� z2

l
þ z3

l2

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;

0

0

0

1 � 3z2

l2
þ 2z3

l3

z � 2z2

l
þ z3

l2

0

0

0

3z2

l2
� 2z3

l3

� z2

l
þ z3

l2

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

;

1 � z

l

0

0

0

0

z

l

0

0

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

0

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
A

ð36Þ
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(d) Schematic of upper and lower boundary joints (e) Schematic of strain gauge installation

Fig. 7 Experimental system design
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solved by a fourth-order Runge–Kutta technique [22].

The coupling iteration between the Runge–Kutta

technique and incremental Newmark-b method was

performed to determine the dynamic response of the

RTS. The solution flow of the nonlinear dynamic

model is shown in Fig. 6, and its FORTRAN calcu-

lation code was developed.

2.4 Experimental verification

2.4.1 Simulated experimental parameters

Because the vibration data of deepwater RTS cannot

be accurately measured onsite, a simulation experi-

ment is performed to validate the nonlinear vibration

model in this study. Three criteria should be satisfied

for the similarity experiment of RTS vibration:

geometric similarity, motion similarity and dynamic

similarity [57, 58]. Based on field parameters of BY-M

(a) Physical drawing of test bench

(b) Adjusting spring (c) Tension adjustment device (d) Bottom universal joint (e) Gas transportation system

(f) Experimental pool

Fig. 8 Physical diagram of test system
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gas well in deepwater block of South China Sea and

simulation experiment area conditions, the basic sizes

of the riser and test pipe (inner diameter, outer

diameter, tube length, etc.) in the simulation experi-

ment are determined using geometric similarity.

Because the size difference between the length and

radial directions is considerable, the uniform scale

ratio is not adopted. The similarity ratios in the radial

and length directions are set as 7.14 and 193.2,

respectively. According to our recent work [39], the

material density and elastic modulus of the experi-

mental pipe string and the actual pipe string should

satisfy the following:

Ep
�
Em

qp
�
qm

¼ k ¼ 7:14 ð38Þ

where qp and Ep represent the density (kg/m3) and

elastic modulus (Pa) of the actual RTS, respectively;

qm and Em represent the density (kg/m3) and elastic

modulus (Pa) of the RTS in the simulation experiment,

respectively; and k represents the principal similarity

ratio (radial similarity ratio). Thus, by substituting the

density (qp = 7850 kg/m3) and elastic modulus

(Ep = 206 GPa) of the actual RTS into Eq. (38), we

obtain the following:

IL direction

D
ep

th
 o

f r
is

er
 (m

)

Experimental measurement
Calculation by proposed vibration model of RTS
Calculation by the single vibration model of riser

[x/Do]RMS [y/Do]RMS

D
ep
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f r
ise

r (
m

)

Experimental measurement
Calculation by proposed vibration model of RTS
Calculation by the single vibration model of riser

CF direction

(a) The RMS of riser in IL direction (b) The RMS of riser in CF direction

Fig. 9 The RMS distribution of riser displacement

Experimental measurement
Calculation by proposed vibration model of RTS
Calculation by the single vibration model of riser

(2.63, 22.0)

(2.58, 18.2)

(2.49, 16.2)
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(μ
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Measuring point 3-IL direction
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m
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(μ

ε)

Frequency(Hz)

(1.30, 55.9)

(1.29, 63.1)

(1.53, 69.3)

Measuring point 3-IL direction

Experimental measurement
Calculation by proposed vibration model of RTS
Calculation by the single vibration model of riser

(a) The amplitude frequency response curve of riser in IL

direction

(b) The amplitude frequency response curve of riser in 

CF direction

Fig. 10 The amplitude–frequency response curve of riser at measuring point 3
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Em

qm

¼ 1

7:14

Ep

qp

� 3:68 � 10�3GPa � kg
�
m3

� ��1

ð39Þ

According to the elastic modulus/density ratio, the

PVC tube is selected to satisfy the requirement by

referring to the metal materials manual [59]. Its elastic

modulus and density are Em = 3.92 GPa and

qm = 1150 kg/m3, respectively.

According to the dynamic similarity, the fluid

velocity of the simulated experiment is consistent with

the actual fluid velocity onsite. Thus, we can obtain the

experimental gas flow, which is 239.95 m3/d, and the

rated pressure, motor power and maximum flow of the

air compressor are 1.25 MPa, 2200 W and 302.4 m3/
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Fig. 11 The RMS distribution of test pipe displacement
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Fig. 13 Flowchart of fatigue life analysis of test pipe
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d, respectively, which can satisfy the requirements of

the simulation experiment (as shown in Fig. 8e). To

accurately determine the vibration amplitude and

frequency of the pipe, strain gauges are used to

measure the strain characteristics at different locations

of the pipe. All parameters of the final simulation

experiment are shown in Table 1.

2.4.2 Simulation experimental system

The experimental system is mainly composed of

experimental pool, experimental bench, string system,

data testing system and gas supply system (as shown in

Fig. 7a). The size of experimental pool is

30 m 9 15 m 9 3 m (as shown in Fig. 7b). The

experimental bench is mainly composed of experi-

mental steel frame, which is welded by H-beam

(12.5 m long and 3.5 m high), poplar roller, fixed

pulley, wire rope, track, etc. (as shown in Fig. 7c). Its

function is to change the movement direction of the

wire rope using the fixed pulley, so as to ensure that the

movement direction and speed of the top and bottom

wire ropes are consistent. Meanwhile, using the wire

rope to drag the experimental string can realize the

synchronous movement of the string, so as to ensure

the force of the simulated uniform current. The

experimental string system consists of inner and outer

simulated tubes and upper and lower joint simulators,

in which the upper end of the string is connected with

the slider by a spring with elastic stiffness, and the

lower end is connected with the lower slider by a

rotatable universal joint (as shown in Fig. 7d). The

data test system consists of strain gauge, shield wire

and data acquisition instrument, in which the mea-

surement accuracy and sampling frequency of the

strain gauges are 7.5 le and 500 Hz,, respectively. As

shown in Fig. 7e, eight measurement points are

arranged around the pipe, for a total of 32 points.

Nodes 1 and 8 are 0.17 m from the ends of the pipe,

and eight measurement points are evenly arranged

along the length direction of the pipe at intervals of

0.38 m. The gas supply and transportation system

consists of screw air compressor, high-pressure gas

storage tank, connecting pipeline, flowmeter, solenoid

valve, etc. The physical diagrams of each part of the

experimental system are shown in Fig. 8.

2.4.3 Experimental results

In the experiment, eight measuring points are arranged

on the surface of the inner and outer pipe. Four groups

of strain gauges are arranged on the section of the same

measuring point, which are uniformly distributed 90�
along the circumference of the pipe. The vibration

characteristics of the pipe in the flow direction are

measured by in-line flow 1 (IL1) and in-line flow 2

(IL2), and those in the vertical flow direction are

measured by cross-flow 1 (CF1) and cross-flow 2

(CF2), as shown in Fig. 7e. According to the theoret-

ical model established in the first section, the single

riser vibration model [22] and the single flow-induced

vibration model of the test pipe [39] in our recent

researches, the vibration response of the RTS is

calculated using the same parameters as the test

parameters (as shown in Table 1), in which the riser

and test pipe were divided into 300 units. The

simulation time is 10 s, and the step size is 0.001 s.

Figures 9 and 10 show the root-mean-square

(RMS) distribution and the amplitude–frequency

response curve (at the measuring point 3) of the riser

displacement in IL and CF direction. It can be seen

from Fig. 9 that the CF RMS of the riser is

Stress

Bending moment

ρ

D

r

1L 2L

1F 2F

(a) (b)

Fig. 14 PQ-6 pure bending fatigue testing machine (a) and stress analysis diagram of test specimen (b)
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significantly greater than the IL RMS. Through the

comparison of the experimental data, the calculation

results using the proposed model in Sect. 2.1 and the

single riser model in our recent work [22], it is found

that the calculation results of the proposed model are

closer to the experimental data, which verified the

correctness and effectiveness of the proposed model. It

can be discovered in Fig. 10 that, regardless of the

experimental results and the theoretical calculation

results, the IL vibration frequency of the riser was

twice that of the CF vibration frequency, which was

consistent with the previous research results [11, 22].

The amplitude of the riser using the single vibration

model is the largest, and the main reason is that there is

no restraining effect of the test pipe. By observing the

experimental amplitude–frequency response of the

measurement point 3, it is found that the vibration was

obviously complex, which is mainly affected by the

external factors in the test process. Meanwhile,

compared with calculation results using the single

vibration model, the calculation results in this paper

are closer to the experimental results, which verifies

the correctness of the RTS vibration model again.

Figures 11 and 12 show the RMS distribution and

the amplitude–frequency response curve (at the mea-

suring point 3) of the test pipe displacement in IL and

CF direction. It can be noted in Fig. 11 that when the

riser is fixed and only the flow-induced vibration (FIV)

of the test pipe is considered, the calculated results of

test pipe are significantly smaller than the experimen-

tal results and the calculation results in this paper,

which indicates that the vibration of the test pipe was

mainly caused by the riser vibration. Therefore, the

nonlinear vibration of the riser cannot be ignored in the

vibration analysis of the test pipe, and the calculation

results of test pipe obtained using the proposed

nonlinear model of RTS can be closer to reality. It

can be observed in Fig. 12 that the main frequency

obtained by the single test pipe vibration model is

significantly lower than that of the test and the

calculation results of proposed model. It shows again

that the influence of riser should be considered when

4 8

Fatigue limit

Infinite fatigue life

1312

11

10

9

8

7

6

5

4

3

21 Limited fatigue life 

lg
(S

)

lg(N)

Fig. 15 Schematic diagram of measuring S–N curve

Table 2 Test data of limited fatigue life zone

Stress amplitude S (MPa) Cycle times N The logarithmic form of the number of cycles (lgN) Logarithmic form of stress (lgS)

585 14,611 4.16 2.77

535 42,749 4.63 2.73

485 79,520 4.90 2.68

435 258,661 5.41 2.63

425 289,239 5.46 2.62

415 540,381 5.73 2.61

405 7,914,224 6.79 2.60

Table 3 Test data of infinite fatigue limit zone

Number Stress (MPa) Cycle times Result

1 385 10,654,984 Suspension

2 405 10,343,146 Suspension

3 425 323,889 Invalid

4 405 10,153,919 Suspension

5 425 307,439 Invalid

6 405 3,245,607 Invalid

7 385 10,438,520 Suspension

8 405 1,018,500 Invalid

9 385 10,248,537 Suspension
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analyzing the vibration response of the test pipe, and

the effectiveness of the nonlinear model is verified.

Comparing the calculation results using proposed

model and the experimental results, the main fre-

quency and amplitude obtained by the two methods

are very similar, which verified the correctness of the

nonlinear model of RTS in this paper and lay the

foundation for the fatigue reliability analysis of test

pipe in Sect. 4.

3 Fatigue life prediction model and S–N curve

for test pipe

3.1 Fatigue life prediction model

In this section, the cumulative damage theory (Miner’s

law) is used to predict the fatigue life of the test pipe

[60]. The principle is that when fatigue damage occurs

under multi-stage constant amplitude alternating

stress, the total damage is the sum of the fatigue

damage components under all levels of stress cycles,

and the steps of fatigue life analysis are shown as

follows.

The stress amplitude of all stress cycles in the

service life of the test pipe (r1; r2; r3…) can be

determined by the 3D nonlinear vibration model in

Sect. 2, and the corresponding number of cycles

(n1; n2; n3…) can be calculated by the rain flow

counting method [61]. The number of cycles of each

stress amplitude acting alone (N1;N2;N3…) can be

obtained from the S–N curve of the test pipe. So, the

damage degree caused by each stress cycle can be

obtained (n1=N1
; n2=N2

; n3=N3
…). The total fatigue

damage of the test pipe can be obtained by adding

all the stress cycle damage, which can be shown as

follows:

D0 ¼ n1

N1

þ n2

N2

þ n3

N3

þ � � � ¼
X

i¼1

ni

Ni
ð40Þ

The fatigue life of the test pipe is the reciprocal of

the total fatigue damage, which can be shown as

follows:

Tf ¼
1

D0 ð41Þ

where Tf is the service life of test pipe and D0 is the

total fatigue damage.

Finally, the flowchart of fatigue life analysis of test

pipe is obtained, as shown in Fig. 13. According to the

fatigue life analysis method of test pipe, the S–N curve

of pipe material is necessary for the calculation of the

fatigue life. Therefore, the next step is to carry out

fatigue experiment to determine the S–N curve of the

test pipe.

Table 4 Load-type correction factor CL [62]

Loading type Pure bending load Axial load (slightly bent) Reverse about steel Reverse about cast iron

CL 0.9 0.7 0.58 0.8

Fig. 16 Dimension drawing of test specimen

4.0 4.5 5.0 5.5 6.0 6.5 7.0
2.3

2.4

2.5

2.6

2.7

2.8

lg(S)=-0.0585lg(N)+2.7202

lg(S)=-0.0585lg(N)+2.9798

 Before correction
 After correction

lg
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)
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Fig. 17 S–N curve of test pipe material (13Cr-L80)
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3.2 Experiment measurement of S–N curve

3.2.1 Equipment of experiment

PQ-6 pure bending fatigue tester is used for this

fatigue experiment (Fig. 14), and the working princi-

ple of which is that both ends of the test piece are

clamped by clamps, and the test load is determined by

the weights. So, if the minimum diameter of the

specimen is dmin, the weight can be calculated by the

following formula.

F0 ¼ pd3
minr

16L
� G ð42Þ

where F0 is weight of loading weight (N); L ¼ L1 ¼ L2

are arm length (m); r is stress of test piece (Pa); and G

is additional weight including weight plate and force

bracket (N).

3.2.2 Experimental procedure

(1) Minimum diameter of test specimen is

measuring.

Table 5 Calculation parameters of LS-M well

Parameter Value Parameter Value

Riser and test pipe length (m) 1000 Time step (s) 0.001

Test pipe inner diameter (m) 0.095 Number of division elements 1000

Test pipe outer diameter (m) 0.1143 Friction coefficient 0.243

Riser inner diameter (m) 0.4822 Riser and test pipe density (kg/m3) 7850

Riser outer diameter (m) 0.533 Seawater density (kg/m3) 1020

Elastic modulus (GPa) 210 Drilling fluid density (kg/m3) 1200

Poisson’s ratio 0.3 Testing liquid density (kg/m3) 1120

Random wave height (m) 5–20 Uniform flow velocity (m/s) 0.2–1.1

Random wave period (s) 5 Internal flow velocity (m/s) 5–20

Rotational stiffness of the upper flexible joint

(N�m/deg)

8800 Rotational stiffness of the lower flexible joint

(N�m/deg)

127,400

Calculation time (s) 50 Top tension coefficient 1.1–1.7

Hard cabin diameter (m) 32.31 Heave plate spacing (m) 23.8

Platform draft (m) 153.924 Total discharge (t) 56,401.45

Depth of platform center (m) 90.39 Number of heave plates 3

Hard cabin length (m) 68.88 Heave linear damping 0.0379

Size of heave plate (m) 32.31 � 32.31 Heave quadratic damping 0.0186
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(2) According to the determined stress level, cal-

culate the weight of the added weight by

Eq. (42), and plus weights.

(3) Lift the weight before starting the machine, add

the weight quickly and without impact after the

running is stable, and set the counter to zero.

(4) If the sample breaks or the number of tests

exceeds 107, record the number.

3.2.3 Experimental result

The determination of S–N curve is completed in two

parts which are limited fatigue life zone and infinite

fatigue life zone, as shown in Fig. 15.

3.2.3.1 Limited fatigue life zone Due to the yield

limit of pipe material (13Cr-L80) is 665 MPa, seven

stress amplitudes are preliminarily set as 585 MPa,

535 MPa, 485 MPa, 435 MPa, 425 MPa, 415 MPa

and 405 MPa. Three test specimens are measured

under each stress amplitude, and the number of cycles

is recorded when each test specimen is broken. Then,

the average number of cycles of three test specimens is

taken as the number of cycles corresponding to the

stress amplitude, and 21 test specimens are measured

in total (Table 2). If the number of cycles of the

minimum stress amplitude has not exceeded 107,

reduce the stress amplitude and continue the test until

the number of cycles is greater than 107. Therefore, the

S–N curve of finite fatigue life zone can be obtained.

3.2.3.2 Infinite fatigue life zone The initial stress

amplitude is determined by the fatigue limit range

obtained from the previous test, and the fatigue limit is

measured by the lifting method, and the infinite fatigue

life zone is obtained by the fatigue limit. According to

the judgment of the first sample, if the first sample

fails, the stress value will be reduced. Otherwise, it

increases (Table 3). The fatigue limit of 13Cr-L80 is

calculated from the data of the effective test specimen

by Eq. (43), and the S–N curve of the infinite fatigue

life zone is obtained.

r�1 ¼ 1

9
� 2 � 425 þ 4 � 405 þ 3 � 385ð Þ

¼ 402:78 MPa ð43Þ

3.3 S–N curve fitting and correction

After the S–N curve of pipe material is obtained, in

order to make the curve more consistent with the

actual situation of the field pipe, the S–N curve is

corrected from the following four aspects.

3.3.1 Load-type correction factor CL

In the actual working condition, the test pipe is subject

to vertical and horizontal coupling, while the test piece
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is subject to pure bending only. Therefore, it is

necessary to correct the S–N curve measured in the

test, and the correction factor of load type is 0.7 from

Table 4.

3.3.2 Test specimen size correction factor CD

The larger the size of the specimen, the less likely it is

to fatigue fracture. The correction factor of test

specimen is determined by Eq. (44). In this study,

the minimum diameter of the specimen is 6 mm

(Fig. 16). Therefore, the size correction factor is 1.0.

CD ¼ 1:0; dmin\8 mm

CD ¼ 1:189 d � 0:097; 8 mm\dmin\250 mm

(

ð44Þ

3.3.3 Stress concentration correction factor Kf

Different surface roughness will cause different stress

concentration on the surface of the specimen that will

affect its fatigue life, and the formula of stress

concentration correction factor is put forward by Li

[62].

Kf ¼ 1 þ 1 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1Ra=q

p
� 1

� �
q ð45Þ

where q is radius of curvature of the specimen, which

is 39 mm (Fig. 16); k1 is the ratio of spacing to depth

of micro-cracks, which is 1; q is sensitivity coefficient,

which is 0.99; and Ra is the surface roughness of the

specimen, which is 6.625 lm measured by a white

light interferometer. Therefore, the stress concentra-

tion correction factor is 1.0248 by Eq. (45).

3.3.4 Surface quality correction factor CS

Since the fatigue crack of the test pipe mainly

originates on the free surface of the test pipe, the

influence of the surface quality of the test specimen on

the crack should be considered. According to the test

results of surface roughness, it can be seen from the

literature [62] that the surface quality correction factor

can be 0.82.

After comprehensive consideration of surface

roughness, notch effect, loading type, surface quality

coefficient and size coefficient, the correction formula

is as follows.

Se ¼
SbeCLCSCD

Kf
¼ 0:56Sbe ð46Þ

where Sbe is standard stress (MPa); Se is corrected

stress (MPa).

Finally, the corrected S–N curve of test pipe

material (13Cr-L80) is obtained, as shown in Fig. 17.
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4 Results and discussion

According to the parameters of LS-M well in the South

China Sea (as shown in Table 5) and the proposed

nonlinear vibration model in Sect. 2, the influences of

external flow velocity, internal flow velocity and top

tension coefficient on the stress, fatigue life and

fatigue reliability of deepwater test pipe are investi-

gated, and the fatigue failure mechanism of deepwater

test pipe is revealed.

According to the established platform heave motion

model, the random wave displacement and wave

spectrum are calculated. On this basis, the platform

heave motion displacement is obtained (as shown in

Fig. 18). It can be noted in Fig. 18a, b that random

wave presents complex motion state, the amplitude of

wave surface motion is less than the wave height of

random wave, and the energy of random wave is

concentrated between 1 and 1.5 rad/s. It can be

observed in Fig. 18c that the heave amplitude of the

platform is about 0.15 m. Due to the structure of the

platform, it can alleviate the influence of random

waves, making its motion relatively slow and regular.

The above results lay the foundation of load and

displacement boundary for the response analysis of

deepwater test pipe.

4.1 Influence of outflow velocity

Under the action of different outflow velocity, the riser

presents different vibration states, which affects the

vibration characteristics of the test pipe [1, 12, 22].

Therefore, in this study, the outflow velocity is set as

0.2, 0.5, 0.8 and 1.1 m/s, and keeping the internal flow

velocity, the top tension coefficient and the significant

wave height unchanged, which are, respectively, set as

10 m/s, 1.3 and 5 m. The other calculation parameters

are listed in Table 5. The curves of maximum axial

stress, annual fatigue damage rate and fatigue life

corresponding to different water depths are obtained,

as shown in Fig. 19. In order to display the fatigue life

of test pipe conveniently, once the fatigue life is more

than 60 years, it is considered as 60 years.

It can be seen from Fig. 19a that the maximum

alternating stress of the test pipe occurs at the upper

‘‘one third’’ and the bottom positions. The main reason

is that the test pipe is affected by the contact/impact

force of the outer riser, and its deformation shows the

same trend as that of the riser. Meanwhile, the riser is

subjected to ocean load, and its maximum stress also

appears at the upper ‘‘one third’’ position, which was

called ‘‘one third effect’’ by academician Zhou [1].

This is mainly because the ocean load presents a

distribution state of large upper end and small lower

end, which is similar to the shear distribution. Through

the force analysis, its action point is just located at the

upper one-third position. At the same time, the
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alternating stress at the bottom of the test pipe is also

relatively large. The main reason is that during

operation, the bottom of test pipe is connected with

the lower marine riser packing (LMRP), which limits

the axial movement of the test pipe, resulting in

concentrated stress at this position. Therefore, the

locations where fatigue failure of the test pipe is easy

to occur are mainly distributed at the upper ‘‘one

third’’ and the bottom of test pipe (as shown in

Fig. 19b, c). The service life is about 3 years when

outflow velocity is 1.1 m/s, which can meet the

requirements of field short-term test (about 2 months).

The field designer should pay attention to the fatigue

life of the test pipe at this location.

Moreover, it can be observed from Fig. 19 that with

the increase in outflow velocity, the maximum alter-

nating stress and annual fatigue damage rate of the test

pipe increase. When the flow velocity is small (lower

than 0.8 m/s), the increasing trend is not obvious, but

when the flow velocity is large (higher than 0.8 m/s),

the alternating stress of the test pipe varies signifi-

cantly. As a result, the annual fatigue damage rate also

increased significantly and the service life decreased

significantly (from 8 to 3 years). The main reason is

that the increase in the outflow velocity leads to the

increase in the marine load and the increase in the

vibration of the riser. The alternating stress of the

internal test pipe also increases through the con-

tact/collision transmission effect. When the velocity

continues to increase, the dominant frequency of the

external excitation is close to that of the riser, and the

riser has a resonance effect, resulting in a significant

increase in the alternating stress. Finally, the alternat-

ing stress of the internal test pipe also increases

significantly. Therefore, in the process of field oper-

ation, in case of severe offshore conditions (with large

outflow velocity), other measures need to be taken to

reduce the vibration of the test pipe (such as changing

the flow velocity and top tension coefficient) to

improve its fatigue life.

4.2 Influence of internal flow velocity

Deepwater testing process is an important process to

detect the safety of oil and gas production in the later

stage. Testing the safety of the whole oil and gas

production system at different flow velocity in the test

pipe can lay a foundation for the allocation of oil and

gas well production in the later stage. Therefore, the

internal flow velocity is an important index in the

testing process. In this study, the internal velocity is set

as 5, 10, 15 and 20 m/s, and keeping the outflow

velocity, the top tension coefficient and the significant

wave height unchanged, which are, respectively, set as

0.5 m/s, 1.3 and 5 m. The other calculation parameters

are listed in Table 5. The curves of maximum axial

stress, annual fatigue damage rate and fatigue life

corresponding to different water depths are obtained,

as shown in Fig. 20.
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It can be noted in Fig. 20a that, with the increase in

flow velocity in the test pipe, the alternating stress at

the lower part of the test pipe increases significantly,

and this increasing trend decreases in turn with the

seabed to the wellhead. The main reason is that the

action load of internal fluid on the test pipe mainly

occurs at the position with large transverse deforma-

tion. Under the action of the test pipe self-gravity, the

lower pipe string is subjected to axial compression

load, which presents a certain bending state. That

results in a large flow force when the fluid in the pipe

flows through these positions. Meanwhile, the upper

test pipe is tensioned under its self-gravity action, and

the fluid excitation is very small. Therefore, with the

increase in flow velocity, the change trend of alter-

nating stress of the test pipe at the upper is very small.

Finally, it can be seen that with the increase in internal

flow velocity, the ‘‘one third effect’’ of the test pipe

will decrease, and it shows ‘‘the bottom damage

effect’’, which needs the attention of field operators.

It can be stated from Fig. 20b, c that when the

internal flow velocity is 5 m/s and 10 m/s, the

maximum annual fatigue damage rate of the test pipe

occurs at the upper ‘‘one third’’ and the bottom

position, where the fatigue life is small, about 22 years

and 12 years, respectively. With the increase in the

internal flow velocity to 15 m/s and 20 m/s, the annual

fatigue damage rate of the test pipe at the bottom

position is significantly greater than that at the middle

and upper position, and the life decreases significantly,

about 5 years and 1.5 years, respectively. Therefore,

during field operation, when low flow velocity is

configured in the test pipe, it is necessary to focus on

the fatigue damage at the upper ‘‘one third’’ and

bottom position of the test pipe. When high flow

velocity is configured in the test pipe, it is necessary to

focus on the fatigue damage at the bottom position of

the test pipe. The research results of this study provide

a theoretical basis for field operation and parameter

design.

4.3 Influence of significant wave height

The marine random wave mainly affects the heave

motion of the platform and then affects the vibration

characteristics of the test pipe. By exploring the

influence rules of the different significant wave height

of marine random wave on the fatigue damage of

deepwater test pipe, it can effectively guide the

specific operations to be carried out on site under

different sea conditions. Therefore, in this study, the

significant wave height is set as 5, 10, 15 and 20 m,

and keeping the outflow velocity, the top tension

coefficient and the internal velocity unchanged, which

are respectively set as 0.5 m/s, 1.3 and 10 m. The

other calculation parameters are listed in Table 5. The

curves of maximum axial stress, annual fatigue

damage rate and fatigue life corresponding to different

water depths are obtained, as shown in Fig. 21.

It can be seen from Fig. 21a, b, c that, with the

increase in ocean random wave height, the alternating

stress of the test pipe decreases first and then increases,

but the variation amplitude is not very obvious. The

main reason is that with the increase in random wave

height, the heave amplitude of the platform increases,

which increases the displacement of the upper end of

the test pipe. On the one hand, it can effectively reduce

the transverse vibration of the test pipe. On the other

hand, it increases the axial stress of the test pipe. When

the random wave height increases slightly, the

decrease trend of transverse vibration is greater than

the increase trend of axial stress. The axial alternating

stress of the test pipe is effectively reduced. However,

when the random wave height increases again, the

decreasing trend of transverse vibration is less than the

increasing trend of axial stress, resulting in the

increase in axial alternating stress of the test pipe.

Moreover, with the increase in ocean random wave

height, the annual fatigue damage rate of the test pipe

first decreases and then increases, while its fatigue life

first increases and then decreases. Their variation

amplitude trend is similar to that of the alternating

stress of the test pipe, which indicated that the increase

in ocean random wave height does not affect the

vibration frequency of the deepwater test pipe. The

change of fatigue damage of test pipe is mainly caused

by the variation of alternating stress. Therefore, during

field operation, when the sea random wave height is

large, it is necessary to set other parameters (such as

reducing the internal flow velocity and configuring

appropriate top tension coefficient) to improve the

fatigue life of the test pipe.

4.4 Influence of top tension coefficient

Tensioner is an important component of deepwater

RTS and the only connecting component between

drilling platform and submarine system. Top tension
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coefficient is an important mechanical parameter of

tensioner, and its value determines the top tension.

Different top tension will affect the vibration charac-

teristics of deepwater test pipe, resulting in the change

of its fatigue characteristics. Therefore, the influence

of different top tension coefficients on fatigue damage

of deepwater test pipe is explored to guide the

configuration of top tension coefficient on site. In this

study, the top tension coefficient is set as 1.1, 1.3, 1.5

and 1.7, and keeping the outflow velocity, the internal

velocity and the significant wave height unchanged,

which are, respectively, set as 0.5 m/s, 10 m/s and

5 m. The other calculation parameters are listed in

Table 5. The curves of maximum axial stress, annual

fatigue damage rate and fatigue life corresponding to

different water depths are obtained, as shown in

Fig. 22.

It can be observed from Fig. 22a that, with the

increase in the top tension coefficient, the alternating

stress of the test pipe increases, and the increasing

range of the alternating stress of the test pipe along the

water depth direction is similar. The main reason is

that with the increase in the top tension coefficient, the

top tension applied by the tensioner increases, result-

ing in the riser being pulled tighter. Under the action of

transverse ocean load, the contact and collision effect

between the riser and the test pipe is more obvious, and

finally, the axial alternating stress of the riser

increases. Moreover, it can be observed from Fig. 22b

that, with the increase in the top tension coefficient,

the annual fatigue damage rate of the test pipe shows

an increasing trend, but which increases more and

more obviously, showing an uneven increasing trend.

The increasing trend of annual fatigue damage rate is

different from that of alternating stress of test pipe.

The main reason is that with the increase in the top

tension coefficient, on the one hand, the alternating

stress of the test pipe is increased. On the other hand,

when the test pipe is pulled tighter, its vibration

frequency will also increase under the same external

force, and this increasing trend becomes more obvious

with the increase in the top tension coefficient. It can

be stated from Fig. 22c that when the top tension

coefficient changes from 1.3 to 1.5, the fatigue life of

the test pipe decreases significantly, and the minimum

fatigue life is about 2.5 years. When the top tension

coefficient is 1.7, the fatigue life of the test pipe is

about 0.6 years, and the test pipe is in a serious

dangerous state. Therefore, during field operation, it is

necessary to properly configure the top tension

coefficient so that there can be a certain relaxation

between the riser and the test pipe, so as to cause

transverse vibration and consume some axial energy

and load.

5 Conclusions

(1) The three-dimensional (3D) nonlinear vibration

model of deepwater RTS is established using the

micro-finite method, energy method and Hamil-

ton variational principle. In the model, the

vortex-induced effect on riser, flow-induced

effect on test pipe and longitudinal/transverse

coupling effect are taken into account. Based on

the elastic–plastic contact collision theory, the

nonlinear contact load calculation method

between riser and test pipe is proposed. Due to

too many nonlinear factors considered in the 3D

nonlinear vibration model, the incremental

Newmark-b method and Newton–Raphson

method are used to solve the model

simultaneously.

(2) Based on field parameters of BY-M gas well in

deepwater block of South China Sea and

simulation experiment area conditions, the

vibration simulation test bench of the RTS is

designed using geometric similarity, motion

similarity and dynamic similarity. The vibration

simulation experiment of the RTS is carried out,

and the vibration response data of RTS are

measured. Compared with experimental mea-

surement results, calculation results of the

proposed vibration model in this study and the

single tubing vibration model in our recent

work, the results demonstrate that the calculated

results using the proposed model are basically

consistent with the experimental data in ampli-

tude and frequency, while the calculated results

using the single-tube model are quite different

from the experimental data, which verifies the

correctness and effectiveness of the nonlinear

vibration model of the RTS.

(3) The cumulative damage theory (Miner’s law) is

used to establish the fatigue life prediction

method of test pipe combined with the stress

response which was determined by the proposed
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3D nonlinear model and the S–N curve of the

tubing material (13Cr-L80) which was mea-

sured by fatigue test. Based on that, according to

the parameters of LS-M well in the South China

Sea, the influences of external flow velocity,

internal flow velocity and top tension coefficient

on the stress, fatigue life and fatigue reliability

of deepwater test pipe are investigated.

(4) The results obtained demonstrate that, first, with

the increase in outflow velocity, the maximum

alternating stress, the annual fatigue damage

rate increased and the service life decreased

significantly. The locations where fatigue fail-

ure of the test pipe is easy to occur are mainly

distributed at the upper ‘‘one third’’ and the

bottom of test pipe. Second, with the increase in

internal flow velocity, the ‘‘one third effect’’ of

the test pipe will decrease, and it shows ‘‘the

bottom damage effect’’, which needs the atten-

tion of field operators. Third, during field

operation, it is necessary to properly config-

ure the top tension coefficient so that there can

be a certain relaxation between the riser and the

test pipe, so as to cause transverse vibration and

consume some axial energy and load.
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