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a b s t r a c t

Marine production strings are continuously affected by unstable internal fluid during operation. In this
paper, the structural governing equation for marine production string self-induced vibration is con-
structed. A finite element analysis model is established based on Euler-Bernoulli theory and solved by the
Newmark method. Furthermore, based on reliability theory, a self-design procedure is developed to
determine the operability envelope for marine production string self-induced vibration. Case studies
show: the response frequency of the production strings is consistent with the excitation frequency under
harmonic fluctuation and mainly determined by the first-order natural frequency under stochastic
fluctuation. The operability envelope for marine production string self-induced vibration is a near
symmetrical trapezium. With the increasing of natural gas output, the permissible fluctuation coefficient
dramatically decreases. A reasonable centralizer spacing, increasing top tension, and controlling natural
gas output are of great significance to the risk control in marine production string operation.
© 2018 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the decline of onshore petroleum resources, offshore oil
and gas exploration and development have become a hot spot in
the world energy industry. Marine production strings serve the
offshore riser system as the link between the platform and seabed.
In service marine production strings endure a rapid flow of oil and
gas. The fluid within marine production strings has an unstable
flow state due to the supply of the oil and gas reservoir, pressure
fluctuation and valve operation. The self-induced vibration of
production strings caused by unstable natural gas is complex.
Successive vibration may lead to damage of the production string,
oil and gas leaks and other severe accidents. For example, due to the
insufficient estimation of natural gas output, the damage rate of
insulation material in inner string reached more than 20% after test
operation of an offshore well in China in 2015. Therefore, the need
to explore the special regularity of self-induced vibration in marine
production strings is essential to ensure the safety of offshore oil
and gas production.

Pipe systems conveying fluid are prevalent in many fields

including ocean engineering, petroleum & chemical process and so
on (Li et al., 2015). Numerous studies have examined the fluid-
structure interaction (FSI) responses of pipes and obtained many
useful research results. It is generally believed that the effect of
internal fluid is to lower the natural frequencies of vibration
because of“added mass effect” (Seo et al., 2005). The influence of
FSI is stronger for relatively thin-walled pipes or more flexible
pipes. The maximum vibration deflection increases with the
increasing of flow velocity. (Ahmadi and Keramat, 2010). Recently,
some advances has been made in nonlinear dynamics of pipes
conveying fluid. Zhai et al. (2011) calculated the dynamic response
of a cantilever pipe under random excitation by the pseudo exci-
tation algorithm. Taking into account the Coriolis force, Li et al.
(2014) studied the natural frequencies and stability of straight
pipe conveying fluid with various boundary conditions. Wang
et al.(2018a,2018b) conducted theoretical and experimental studies
to investigate the dynamic behaviors of horizontal pipes and
pipeline-riser system subjected to hydrodynamic slug flow
considering centrifugal force and Coriolis force.

The internal flow of oil and gas has an important impact on the
mechanical properties of marine production strings. The American
Petroleum Institute (API) has clearly pointed out the power balance
equation of riser should consider the effects of fluid flow in the API
RP 2RD. Furthermore, DNV OS F201 specified the expression for
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effective tension of string should include the effect of internal fluid
flow. Many researchers have explored and studied on the self-
induced vibration mechanism in marine riser/strings. Chen (1971)
pointed out the internal flow has a significant effect on the natu-
ral frequency of marine riser. Montoya-Hern�andez et al. (2014)
derived a numerical algorithm to evaluate the vibrations of pro-
duction risers under internal multiphase flow behavior. Fan et al.
(2015) established a lateral vibration model of production string
to study the vibration response of downhole string. Patrick (2000)
and Kaewunruen et al. (2005) studied the nonlinear free vibrations
of marine risers/pipes subjected to wave, current & internal fluid,
and conducted parameters studied of internal flow velocities, static
offsets et al. Guo et al. (2000, 2006, 2008) conducted the numerical
simulation and model experiment on VIV of marine risers consid-
ering constant inflow velocity.

Operability envelope/warning boundary can effectively deter-
mine the operating conditions for the deep-water flexible string,
and provide a reference for on-site operation and real-time deci-
sion-making. In recent years, many researchers have made
considerable achievements in this field. Williams and Kenny (2010)
presented a sample drilling operability envelope for a maximum
allowable drilling sea state. Ju et al. (2012a) proposed a nonlinear
search algorithm for operability envelopes based on a riser-
wellhead-conductor integral finite element model. Liu et al.
(2016b) determined warning limits for offshore drilling platform/
riser coupling system. Ju et al. (2012b) put forward a method to
analyze operation windows for soft or hard hang-off modes of the
riser. Wang et al. (2015) produced a safety operation window for
riser in installation through analyzing three kinds of mechanical
behavior. Liu et al. (2014) adopted a magnetic search algorithm to
study the warning control boundary of platform offset for offshore
test string based on pipe-in-pipe mode. Liu et al. (2016c) deter-
mined starting-up and shutting-in operations envelope for offshore
gas well by analyzing the string-gas coupled vibration.

Previous studies concentrate on the effect of vibration response
in marine flexible strings and operability envelop, which can pro-
vide reference for this study. However, due to limitations in oper-
ating time, the centralizer spacing of the marine production string
is larger and the geometric nonlinearity is more pronounced.
Reservoir temperature & pressure are complex and variable, which
makes the state and motion of natural gas in production strings are
difficult to determine. Therefore there is room to study vibration
induced by natural gas in marine production string. Moreover,
there is a lack of corresponding operational specifications and
guidelines for marine production string self-induced vibration at
present. Determination of the operability envelope for self-induced
vibration in marine production string is of great engineering
significance.

The remainder of the paper is organized as follows. The me-
chanical model of the self-induced vibration of marine production
string is presented in Section 2 and the determination method of
operability envelope is given in Section 3. Then, nonlinear self-
induced vibration analysis through a case study is shown in Sec-
tion 4. After that, the operability envelope is drawn in Section 5. The
related conclusions are summarized in Section 6.

2. Mechanical model

2.1. Analysis model

Fig. 1 shows the schematic of the marine production string
system, which serves as the link between the platform and seabed.
The outer riser provides protection, while the inner production
string conveys the fluid. The top tension of the riser and the

production string are provided by a tensioner and a hook, respec-
tively. Due to the constraint effect of hanger, the interaction of
production strings partitioned from the hanger is little. So the two
sections can be studied respectively. Typically, the outside of pro-
duction string is coated with thermal insulation material. Central-
izers need to be installed between the riser and production string to
protect the string and insulation material (Harrison and Helle,
2007). Little clearance between the centralizer and production
string can provide constraints for production string. The lateral
displacements of the inner and outer columns tend to be syn-
chronized at the restraint location.

The marine production string is generally used to convey crude
oil, natural gas and water. When the formation oil and gas flows
from the bottom of well to the platform, the unstable flow will
induce nonlinear vibration of production string. The output oil and
gas not only changes the stress state in the production string by the
effect of Poisson coupling and internal pressure environment, but
also produces Coriolis forces when fluids travel along the curved
production string.

For nonlinear self-induced vibration analysis of marine pro-
duction string, the effect of external dynamic load can be ignored to
avoid interference from wave-induced vibration and vortex-
induced vibration. The production string is simplified as a free
beam, and the following assumptions are made: (1) production
string element is considered as a pipe element of homogeneous,
linear elastic and small deformation; (2) the structural damping of
oil and gas in the production string is considered, while the internal
damping of natural gas is ignored considering its low viscosity; (3)
axial and lateral vibration of the production string is produced
without interference; (4) the influence of lateral vibration of pro-
duction string on the internal flow velocity is ignored.

The coordinate system is as follows: z is the vertical height in
meters; x is the horizontal displacement of the string in meters.

Fig. 1. Model of marine production string system.
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Considering the Coriolis forces when oil or gas travel along the
curved production string, the structural governing equation of
marine production string self-induced vibration is:
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where, E is the elastic modulus, Pa; I is the moment of inertia, m4; t
is time, s; W is the string mass per length, kg/m; C is the damping
coefficient of the structure, N�s/m; mf is the internal fluid mass per
length, kg/m; vf is the internal flow velocity, m/s; T is the effective
tension, N.

In view of the constraint effect of hanger and the good locali-
zation of production platform, the boundary conditions of the
marine production string is expressed as:
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where, Lp is the total length of the production string from the
offshore platform to the hanger nearly the seabed, m.

The effective tension of the marine production string is:

T ¼ Tw � AiPi þ AoPo (3)

where, Tw is the axial tension of production string, N;Ai and Ao are
the outer area and inner area of the production string cross section
respectively, m2; Pi and Po are the external pressure and internal
pressure of the production string respectively, Pa; ri is the internal
fluid density, kg/m3.

The production string vibration mass needs to incorporate the
impact of internal fluid and additional mass (API RP 2RD, 1998),
hence:

WðzÞ ¼ mr þ riAiðzÞ þ Cmro
pDp

4
(4)

where, Cm is the added mass coefficient, and we set Cm¼ 1.0 in this
paper; ro is the annular fluid density, kg/m3; Dp is the outer
diameter of production riser, m.

The unstable internal flow of oil and gas is the main reason for
self-induced vibration of the production string. The fluid velocity
and density of natural gas inside string need to be calculated using
the gas state equation. When the marine production string carries
natural gas, the natural gas density equation is:

ri ¼
rscPinTstd
ZTinPstd

(5)

where, rsc is the density of natural gas under the standard state, kg/
m3; Pstd is the standard atmospheric pressure, and we set
Pstd¼ 1.01325� 105 Pa in this paper; Tin is the production string
internal temperature, K; Pin is the production string internal pres-
sure, MPa; Tstd is the absolute temperature for ideal gas, and we set
Tstd¼ 273.15 K in this paper; Z is the gas compressibility coefficient,
and we set Z¼ 1.7 in this paper.

The flow velocity equation of natural gas in the production
string is:

vf ¼ Bvsc ¼ qscZTinPstd
AiPinTstd

(6)

where, B is a conversion factor, dimensionless; vsc is the gas flow

rate under the standard state, m/s; qsc is the natural gas production
under the standard state, m3/s.

2.2. Model solution

Because the marine production string is adequately slender, the
Euler-Bernoulli beam element is selected for calculation when the
effect of shear deformation is negligible. Then the Hermite inter-
polation polynomial is applied to conduct finite element
discretization.

NðxÞ ¼ ½N1ðxÞ;N2ðxÞ;N3ðxÞ;N4ðxÞ� (7)

where N1ðxÞ ¼ 1� 3x2 þ 2x3, N2ðxÞ ¼ x� 2x2 þ x3, N3ðxÞ ¼ 3x2 �
2x3,N4ðxÞ ¼ x3 � x2, x is under the local coordinate system, which is
dimensionless, 0 � x � 1.

The coupled fluid-solid finite element analysis model of self-
induced vibration in the marine production string is obtained by
using Ritz method.
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where, [Me] is the element mass matrix; fdg is the element
displacement vector; ½Ce

1� is the Rayleigh dampingmatrix; ½Ce
2� is the

internal flow damping matrix; [Ke] is the element stiffness matrix;
½Fein� is the element force vector.

Rayleigh damping should be considered during analysis of ma-
rine production string self-induced vibration in the following form:

�
Ce
1
	 ¼ a½Me� þ b½Ke� (9)

where, a is the proportional coefficient of the mass matrix, mainly
used to eliminate low-order oscillation; b is the proportional co-
efficient of the stiffness matrix, mainly used to eliminate high-
order oscillation; we set a¼ 0.01 and b¼ 0.33 respectively in this
paper.

The other matrices for each element in Eq. (10) are:
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The direct integration method is commonly used to solve the
structural governing equation. The goal is to satisfy the motion
equation at discrete-time points separated by Dt and assume the
variation of displacement and acceleration in each time domain to
obtain the solution. Newmark method, Houbolt method, Wilson�
q method and random central difference method are typical rep-
resentatives. The Newmark method is used in this paper. The basic
assumptions are:
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where, dt , d
0
t , d

00
t represent the displacement, velocity and accel-

eration of production string at time t, respectively; aN and bN are
determined by accuracy and stability of the integral; we set
aN ¼ 0.25 and bN ¼ 0.5 respectively in this paper.

Solving Eqs. (11) and (12), the calculation formula of accelera-
tion at time t þ Dt can be expressed as Eq. (13):
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The solution of the self-induced vibration finite element model
in this paper is realized by self-developed MATLAB program. The
pseudo code of solution algorithm for the simulation module is
presented in Fig. 2.

The selection of time step (Dt) is related to natural frequency
(u0) and circular frequency (up). The time step Dt is set 1s in this
paper. When choosing a proper time step, the following formula is
recommended: Dt < 0.2/max (u0, up). The number of iterations
Tnum is related to simulation time (Tsim) and Dt。If we want to
simulate self-excited vibration for 1000 s, the Tnum¼ Tsim/

Dt¼ 1000/1¼1000.
The effective stiffness matrix and the load vector in Fig. 2 are

calculated from Eqs. (14) and (15) respectively:
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where, A1,A2,A3,A4,A5,A6 are integral constants determined by aN, bN
and time step Dt.
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3. Determination method of operability envelope

Self-induced vibration of production string will lead to damage
of the insulation material, string/pipe abrasion and other serious
consequences. Self-induced vibration operability envelope is

Fig. 2. Algorithm for the dynamic simulation module (Liu et al., 2013; Mao et al.,2016).
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designed to answer whether the production operation can be car-
ried out and how much risk the operation activity has for a given
environment condition and mechanical properties. The excitation
forces of production string stem from output fluctuation, which is
represented by the change of internal flow velocity in the analysis
model. Avoiding structural damage caused by self-induced vibra-
tion is considered as the risk assessment standard, which is realized
by comparing the annulus and bilateral vibration amplitude of
production string during an interval of time.

The typical risk assessment includes two aspects i.e. probability
and consequence assessment (Rausand, 2013). Since the conse-
quence assessment of self-induced vibration for marine production
string is a more complex work, so the probability assessment of
avoiding structural damage is implemented in this paper. The limit
state of structure (Z) is a critical state which divides the structure
capacity into reliable and unreliable states. The Z has three possible
states as follows: (i) Z> 0 indicates that the structure is in reliable
state; (ii) Z¼ 0 indicates that the structure is in limit state; (iii) Z< 0
indicates that the structure is in failure state. (Aljaroudi et al., 2015).
Based on above theory, the limit state function of self-induced vi-

bration for production string could be defined as the difference
between bilateral vibration amplitude and string annulus, as shown
in Eq. (17).

Z ¼ MaxððMaxðdxiÞ �MixðdxiÞÞÞ �
�
dr � Dp

�
(17)

where, dxi is time sequence of lateral displacement at the ith
element, m; dr is the inner diameter of production riser, m.

During the calculation process of operation reliability of pro-
duction string under unstable gas output, the finite element model
for production string and stochastic time-series of output should be
determined firstly. Then, the Monte Carlo method can be employed
to solve the limit state functions. The Monte Carlo method is based
on repeated random sampling, and is usually used to obtain the
approximate solution of problem that has the specific probability
model (Marseguerra and Zio, 2009). According to limit state func-
tions of self-induced vibration for production string, the operation
reliability (P) of production string can be determined using Eq. (18).

P ¼ PðZ >0Þ ¼ Nnum � Nfnum
Nnum

(18)

where, Nnum is the total simulation number; Nfnum is the failure
number.

The operability envelope search method is designed to quickly
obtain the permissible range for different gas outputs (Fig. 3). This
method divides the expected natural gas output into intervals, and
the one-dimensional nonlinear searchmethod is used to obtain the
critical value of the fluctuation coefficient for one output. The
natural gas output data is updated until all searches for critical
values of fluctuation coefficients under different outputs are
completed. The operability envelope for self-induced vibration of
the marine production string is draw based on the allowable fluc-
tuation coefficients under different gas outputs.

4. Nonlinear self-induced vibration analysis

4.1. Calculation data

The work examines a specific gas well in the South China Sea.
The water depth is 1500m, the outer and inner diameter of marine
production string are 4.5” and 3.374” respectively, and the linear
density is 24 lb/ft. The reservoir depth is 2040 m below seabed, the
bottom hole temperature (BHT) is 92 �C, the bottom hole pressure
(BHP) is 42MPa, and the natural gas relative density is 0.62. The
average mass and velocity of natural gas in the production string
are calculated according to Eq. (5) and Eq. (6). The specific pa-
rameters of the analysis are shown in Table 1.

In the process of offshore oil and gas production, fluctuations in
oil and gas output are inevitable due to the environment, opera-
tions and working conditions. In this paper, the effects of output
fluctuation on the self-induced vibration response of marine pro-
duction strings are studied by using the harmonic and stochastic
fluctuation. The equations for harmonic and stochastic fluctuation
of natural gas output are defined as:

Where, s is the fluctuation coefficient; up is the circular frequency
of the output fluctuation, which is set at 5 times natural frequency
of the production string on the basis field data of one offshore well
in China by statistical method; n is the number of stochastic fluc-
tuation at a given time.

4.2. Vibration response under harmonic fluctuation

Taking the stable output as 0.7� 106m3/d, the vibration
amplitude curves (time-history curves of lateral displacement) of
the production string under simple harmonic fluctuation are
shown in Fig. 4 and Fig. 5. The production string initially shows
regular bilateral vibration, and the vibration centers show periodic
changes. In the following steady-state response stage, the vibration
center remains essentially stable. The vibration amplitude in-
creases with increasing fluctuation coefficient.

The Fourier transformation of the vibration response at the
midpoint of the production string is used to produce the spectro-
gram shown in Fig. 6. The vibration frequencies of the production
string midpoint under different fluctuation coefficients are similar.
There are two peaks at 0.02167Hz and 0.1075Hz under different
fluctuation coefficients when the stable output is 0.7� 106m3/d.
The vibration characteristics are determined by the combined ef-
fect of the natural and exciting frequencies in the initial stage of
output fluctuation. With the passage of time, the response of the
production string tends to stabilize. The vibration response of the
marine production string is consistent with the exciting frequency
and the vibration frequency holds at 0.1075Hz.

4.3. Vibration response under stochastic fluctuation

The vibration amplitude curves for the production string
midpoint under stochastic fluctuation at a stable output of
0.7� 106m3/d are shown in Fig. 7. Due to the irregular fluctuation
of the natural gas output, the vibration state of the production
string is chaotic. The vibration amplitude of production string

qsc ¼
�
qosc

�
1þ s,0:5,cos upt

�
; harmonic fluctuation

qoscð1þ s,ðrandð1;nÞ � 0:5ÞÞ; stochastic fluctuation
(19)
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midpoint increases with increasing fluctuation coefficient. How-
ever the vibration amplitude has certain upper and lower limits.

Similarly, the Fourier transformation of the vibration response
at the midpoint of the production string gives the spectrogram
shown in Fig. 8. The vibration frequency of the production string
only has one peak value of 0.02133Hz, which is different from the
harmonic fluctuation under the same stable output. The vibration
frequency is mainly determined by the first order natural frequency
of production string under stochastic fluctuation. The natural fre-
quency peak may be strengthened or weakened by the stochastic

fluctuation frequency, but no second peak is visible. Comparing
output stochastic fluctuation with harmonic fluctuation, the effect
of output stochastic fluctuation on the self-induced vibration
response of the marine production string is more pronounced.

5. Determination of operability envelope

To determine the operability envelope for marine production
string self-induced vibration, a large number of single variable
analysis based on the basic model in Section 4 are needed to be

Fig. 3. Method for determining the operability envelope.

Table 1
Basic parameters.

Working conditions Output (106m3/d) Average internal pressure (MPa) Average temperature(K) Internal flow density (kg/m3) Internal flow velocities (m/s)

1 0.3 35.1 304.2 136.75 3.29
2 0.7 34.4 324.8 125.76 8.34
3 1.2 32.9 331.7 117.73 15.28
4 1.5 30.2 335.3 106.78 21.06
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conducted. Further, statistical analysis should be carried out taking
production string annulus as a constraint. The basic parameters in
Section 4.1 are used to analyze the operability envelope. Given the
production riser outer diameter is 10.75” and the inter diameter is
9.25”, the fluid-structure coupling model for marine production

string from seabed to platform is established considering the in-
fluence of output stochastic fluctuation. Parameter settings and
model simplification are as follows: ① the production string
annulus is filled with sea water to balance internal pressure;
therefore, wet weight is used for production string; ② clearance
between the centralizer and the riser can be ignored because the
outer diameter of the centralizer is similar to the inter diameter of
the riser, and centralizers provide lateral restraint for the produc-
tion string;③ centralizers are evenly distributed from the platform
to the seabed.

Stochastic fluctuation self-induced vibration responses for out-
puts from 0.3� 106m3/d to 1.5� 106m3/d are analyzed, and
operability envelopes are obtained for different top tension ratios
and centralizer spacing. Fig. 9 and Fig. 10 show the operability
envelopes for self-induced vibration. The x axis represents the
range of output fluctuation coefficient, and the y axis represents the
various gas outputs. Green, yellow and orange areas represent the
acceptable output fluctuation ranges under different conditions.
The white area indicates where the production string could collide
with the outer riser.

In Fig. 9, TTR is the abbreviation for Top Tension Ratio, namely
the ratio of top tension to effective weight for production string.

As shown in Figs. 9 and 10, the operability envelope for output
fluctuation is similar to the symmetrical trapezium distribution of
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“big-end-down". The permissible range of fluctuation coefficient is
gradually reduced with increasing natural gas output. The rate of
changing of the permissible fluctuation range is intensities when
natural gas output is low, but reduces gradually as natural gas
output increases. Therefore, high yield operations can be used for
stable gas fields. While natural gas output should be reasonably
reduced in gas fields with highly fluctuating of BHP and BHT.

The operability envelope increases with increasing top tension,
and decreases with increasing centralizer spacing. With changing
top tension, variation of the operability envelope is small, which
means the top tension has little effect on the operability envelope
for self-induced vibration of marine production string. However,
centralizer spacing have a significant influence on the operability
envelope. These results have been successfully applied in a marine
well and have guided preliminary hazard analysis and operation
management for the production strings in the South China Sea.

Natural gas output and fluctuation range are the major
constraint factors of self-induced vibration in marine production

string operation. In order to reduce the risk of damage to the ma-
rine production, the detailed parameters of natural gas wells need
to be investigated and analyzed. It is necessary to pre-evaluate the
operability envelope for self-induced vibration. The natural gas
output should be controlled reasonably according to the operability
envelope for self-induced vibration, which will reduce the risk of
marine production string.

6. Conclusions

(1) Considering the excitation effect of unstable natural gas, the
structural governing equation for self-induced vibration in
marine production string is constructed. The self-induced
vibration response of marine production string is presented
within the harmonic and stochastic fluctuation of natural gas
output. Based on reliability theory, a design procedure is
developed to determine the operability envelope for self-
induced vibration of marine production string.

(2) For output harmonic fluctuation, the vibration frequency of
production string is determined by the combined effect of
the natural frequency & exciting frequency in the pre-
liminary stage, and by the exciting frequency in the stabili-
zation phase. In the case of output stochastic fluctuation, the
vibration frequency is primarily determined by the first-
order natural frequency. The vibration amplitude of the
production string increases with increasing natural gas
output and fluctuation coefficient. The effect of stochastic
fluctuation on the self-induced vibration response of marine
production string is more pronounced.

(3) The operability envelope for marine production string is
similar to a symmetrical trapezium distribution. As the
increasing of natural gas output, the permissible fluctuation
coefficient gradually decreases; the operability envelope in-
creases with increasing top tension and decreasing central-
izer spacing. However, top tension has less of an effect on the
operability envelope than centralizer spacing.

(4) Having a reasonable centralizer spacing, increasing top ten-
sion, and properly reducing natural gas output are effective
methods to control self-induced vibration during marine
production string operation. Therefore, we suggest that high
yield operation can be used for stable gas fields. Output
should be reduced reasonably in gas fields with unstable BHP
and BHT. These measures can help to ensure the safe oper-
ation of marine production string in service.
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