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-e tubing string exposed to transient flow may undergo nonlinear vibration due to sudden change in pressure in conveying gas.
But, the drag on such structures often leads to fatigue failure of the strings that may significantly affect the vibrations through the
combined effects of the first sections of gas injection, annulus pressure, the inclined structures, and the large transient flow
component. In this paper, the nonlinear vibration analysis of tubing strings in underground gas storage using the multiscale
wavelet transform has been studied. -e vibration characteristics of strings in the steady gas injection process have been analyzed
by numerical simulation. Results of the calculation model are compared to numerical ones reported previously, and the excellent
agreement is obtained. -e nonlinear vibration experiment of strings in the gas injection process has been studied for discussing
the change rules of the string pressure, the wall velocity, and the amplitude in the gas injection process. -e results show that the
near-injection port section and the inclined section of strings are the high-incidence areas of nonlinear vibration of strings in
underground gas storage. We also find that significant alteration of the dynamics is due to low-frequency pressure fluctuation
forces on the tubing strings.

1. Introduction

-e safety of underground gas storage pipe strings has been
a prominent subject of research for many years, especially in
the complex geological conditions of China’s gas storage,
which results in deep burial of the gas storage well. First, the
underground structure will face cyclical changes in tem-
perature and pressure during injection and production [1, 2].
When a change occurs in a string system, a transient flow in
strings will be generated. -en, the sudden change in gas
velocity causes a pressure wave to propagate within the
strings. Compared to the steady state, the pressures can
reach excessive values, which can easily induce a vibration of
the injection and production well strings and can even lead
to gas leakage, failure of the packer, fatigue failure of the
strings, and so on [3–5].

-e large majority of existing studies focus on string
mechanics in a variety of conditions: rigid or flexible, vertical
or inclined structure, and steady or transient flow [6, 7].

However, most of the first sections of gas injection and
inclined structures described above have large fluctuations
in pressure inside the tube under the action of turbulence.
First, the mechanical behavior of strings has an important
effect on the response of the string system during dynamic
loading. -e rheological behavior of continuous or natural
gas viscoelasticity results in large fluctuations in the pressure
within the tubing string and acts on the delayed expansion
and circumferential strain of the pipe wall. Second, the
vertical structure is not partially perpendicular to the flow,
while the curved structure undergoes a change in flow di-
rection from its angle of free flow, which changes the flow
characteristics of the injected or produced natural gas and
the structural correlation.

As the first to study the vibration of gas storage strings,
Stefan and Cunha enriched and perfected the classical,
established system of rod string mechanics calculations [8].
Yang et al. analyzed the mechanism of string vibrations
induced by natural gas in high production gas wells,
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obtained the excitation force of natural gas to the string, and
used finite element software to achieve the vibration char-
acteristic analysis and dynamic analysis of the string [9]. On
the basis of their predecessors’ research, Dou and Leiqi
studied the dynamic problem of the vibration of gas well
strings by theoretical derivation or finite element simulation
and obtained the change rule of the vibration of strings as
induced by gas [10]. -e above research lays a solid foun-
dation for the development of this paper, but it does not fully
consider the special operation conditions of injection and
production cycles in gas storage, which leads to the con-
clusion that the research on nonlinear vibration of injection
and production strings is not enough. At this point, how-
ever, there is a lack of research results that demonstrate the
effect of pressure fluctuations caused by flow on the tubing
string of an elongated cylinder and that determine the
physical mechanism by which vibration occurs. One might
want to know how pressure fluctuations caused by bending
in normal flow affect the vibration spectrum and, further,
how the amplitude of vibration might be affected.

-e purpose of this paper is to establish a nonlinear
vibrational mechanical model of the tubing string, taking
into account the viscoelastic effect of the annulus liquid, in
particular, based on Rayleigh–Love rod theory and the
theoretical formula of the tubing string mechanics, which
explain the nonlinear vibration effect of the tubing string of
the i-th stage of the gas storage well. We will also use the
multiscale wavelet transformation to analyze the small
amplitude vibration of the gas storage string caused by
pressure fluctuations to identify the physical mechanism in
the tubing string vibration.-is type of model was originally
designed to represent the large deformation elastic char-
acteristics behind the pile structure [11, 12], and they have
been shown to give some of the same characteristics as the
vibration characteristics of the pipe. In the application of
wavelet nonlinearity, the work of Farge and Schneider and
Liu et al. proves that the wavelet function has good locality in
both time and frequency domains when solving nonlinear
dynamic equations [13, 14]. To improve solution accuracy
and efficiency, the above work further proves that many
features of the nonlinear vibration dynamics of the tubing
string can be explained by solution analysis of the multiscale
wavelet transformation.

In addition, the nonlinear vibration mechanics model of
the gas storage well string and the numerical solution of its
mathematical equation are introduced in Section 2. -en,
based on the results of numerical simulations, the effect of
flow-induced pressure fluctuations on the tubing string is
discussed in Section 3. Finally, in Section 4, the vibration
experimental results of the gas storage well string are studied
and the results of the nonlinear vibration characteristics of
the gas storage well string are verified.

2. Modeling and Solution

2.1. Nonlinear Mechanical Model of String Vibration.
Based on the theory of elasticity and string mechanics,
a mechanical analytic model of a well string for gas storage is
established, as shown in Figure 1. To facilitate numerical

analysis, it is assumed that the downhole string is a long
straight rod with isotropic, uniform continuous linear elastic
characteristics, and it is regarded as a single unit evenly
divided into parts. In Figure 1, it also gives a mechanical
vibration analysis model for the i-th section of the well string
of underground gas storage in the gas injection process.

A tube-casing annulus is filled with protection fluid,
which reduces the reservoir pressure that the casing head or
packer bears and lowers the pressure difference between the
tubing and annulus. Due to its excellent shear stability and
viscosity, the multicomponent filling fluid can produce
a liquid spring effect. -erefore, the variable stiffness spring
structure is added to this model.

As shown in Figure 1, under initial conditions, the
pressure inside the tube is f0 and the volume of liquid is v and
when the string is subjected to continuous excitation and
radial displacement occurs, the annulus pressure becomes f1
and the volume change of liquid is Δv. Assuming that the
temperature in the annulus is constant, the spring effect
force of the annulus protection fluid using hydraulic spring
stiffness and an elastic force model [15] is

ΔF �
Δf
Δv

A2
i

v
Δx � kΔx, (1)

where Δf � f1 −f0, with the volume of liquid v increasing
or decreasing; thereby, the stiffness of the spring k is
changed. When Δv⟶ 0, k is

k �
df

dx
�
−dpA2

i

dv/Ai( 
� β

A2
i

vi

, (2)

where k is the stiffness of the liquid spring, which is directly
proportional to the bulk elastic modulus and the cross-
sectional area.

2.2. Nonlinear Vibration Calculation Model of String.
Based on Rayleigh–Love rod theory and string mechanics,
the nonlinear vibration equation of the i-th segment of the
injection production gas storage string can be expressed as

EiAi
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z2ui

zt2
− v

2
i r

2
i − r′

2
i 
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zz2zt2
 

−Δf−fi � 0,

(3)

where ui � ui(z, t) denotes the longitudinal displacement of
the i-th segment of the downhole string. Using ci to denote
the longitudinal shear complex stiffness in the unit length
direction of the downhole drill string contact surface, fi and
Ai can be expressed as

fi � ciui(z, t),

Ai � π r
2
i − r′

2
i .

(4)

-e displacement on the two sides of the interface be-
tween the adjacent microelements of the downhole string
must satisfy the continuity condition as follows:
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Setting φi(z, t) � Ei(z
2ui/zz2) + δi(z

3ui/zz2zt) + ρiv2i
(r2i − r′

2
i )(z

4ui/zz2zt2), the force on the cross section must
satisfy the continuity condition as follows:
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 (6)

2.3. Solution of the Model. Compared with the Fourier
transform, the wavelet function has good locality in both the
time and frequency domains when solving nonlinear dy-
namic equations, which can improve calculation accuracy
and e�ciency. �erefore, in this paper, the nonlinear vi-
bration equation of the injection string and production well
is numerically solved by using the wavelet function. �e
formula of the wavelet function is as follows:

w(a, b) �〈f(t),ψa,b(t)〉 �
1��
a

√ ∫f(t)ψ∗
t− b
a

( )dt, (7)

ψ(t) � e−(1/2)t
2
ejw0t, (8)

where w0 denotes the center frequency of the wavelet.
In setting up sustained stimulation of the downhole

string, the initial displacement and speed of the i-th segment

of the downhole string are both equal to 0. Combining this
with equations (3) and (7), the following equation is
obtained:

EAit
2 + 2Aiδit +

2ρiA
2
i v

2
i

π
( )

z2Ui
zz2
− 2ρi + Ckt

2( )Ui

−
kiΔx
Ai
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(9)

where Ui � Ui(z, s) is the wavelet transform formula of
ui(z, t).

To simplify the solution, set

α � EAit
2 + 3Aiδit +

6ρiA
2
i v

2
i

π
,

β � 6ρi + Cit
2,

ξi �
kiΔx
Ai

t2.

(10)

�en, equation (9) can be simpli�ed to

α
z2Ui
zz2
− βUi − ξi � 0. (11)

�us, the solution of equation (11) is

Ui(z, s) � C1e
r1 + C2e

r2 , (12)
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Figure 1: Nonlinear vibration mechanical model of a gas storage well string in a depleted oil and gas reservoir.
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where r1 � (β +

�������

β2 − 2αδ


/2α) and r1 � (β−
�������

β2 − 2αδ


/2α).

It is known from equations (7) and (9) that β− 2αδ ≥ 0.
-erefore, the equation is solvable.

As the underground gas storage has a built-in depleted
gas reservoir, the following reasonable assumptions can be
made: the stratum of the gas storage can be regarded as
infinite, there is only the residual natural gas in the depleted
gas reservoir, the nature of injected natural gas is the same as
that of residual natural gas, and the initial reservoir pressure
of the depleted gas reservoir is pj,0. -erefore, the process of
gas injection from the wellbore can be regarded as a plane
radial flow of fluid into the formation. -erefore, the
mathematical and physical equations of the gas injection
process [17] can be written in the following form:
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(13)

Combined with equation (13), the relationship between
formation pressure and time t and radius r after gas injection
is obtained as follows [9]:

qi(z, t) � P0 +
Ggiμ
4πKh
−Ei −

z2

4χt
  . (14)

Setting Fi(z, t) � φ(z, t)Ai, the vibration of the bottom
string should meet the following requirements:

Fi(z, t)
z�0 + qi(z, t) � 0, (15)

Ui(z, s)
h � 0. (16)

Combining equations (15) and (16) into (12), we obtain
the following equations:

r2m + r1n( C1 + r2m− r1n( C2 �
α2qi(z, s)

βAi

, (17)

C1e
r1 + C2e

r2 � 0. (18)

Among them, wavelet transform is carried out:
qi(z, s) � (1/

��
a

√
)  q(t)ψ((t− b)/a)dt.

m � Ei + δit, (19)
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ρiv

2
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2

π
. (20)

Combining equations (19), (20), and (18), C1 and C2 are
calculated as follows:

C1 �
α2qi(z, s)

r2m er2 − er1( ) + r1n er2 + er1( ) βAi

,

C2 � −
α2qi(z, s)

r2m er2 − er1( ) + r1n er2 + er1( ) βAi

.

(21)

Vibration displacement of the downhole completion
string at t � ti is as follows:

ui(z, s) �
α2 er1 − er2( )qi(z, s)

r2m er2 − er1( ) + r1n er2 + er1( ) βAi

. (22)

-e corresponding vibration frequency-domain formula
is as follows:

ui(z, iw) �
α2 er1 − er2( )qi(z, iw)

r2m er2 − er1( ) + r1n er2 + er1( ) βAi

. (23)

To solve the natural frequency of the wellbore string,
formula (3) is dimensionless:
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where wi � (ui/h), ξ � (z/h), and η � (t/h
���
E/ρ


).

-e multistep frequency value of the pipe string can be
obtained by formula (24), wherein the first and second
frequency values of the strings are as follows:

w1 �
1
h2

����������������������������

cπE R2
i − r2i( 

ρ

n2 −
���������

n2
2 − 4n1n3



2n1

⎛⎜⎜⎝ ⎞⎟⎟⎠




,

w2 �
1
h2

����������������������������

cπE R2
i − r2i( 

ρ

n2 +

���������

n2
2 − 4n1n3



2n1

⎛⎜⎜⎝ ⎞⎟⎟⎠




,

n1 � 1 + 4ciπ2(  1 + ciπ2( ,

n2 � 1 + 4ciπ2(  Δf + fi(  + ciπ2( 

+ 1 + 4ciπ2(  Δf + fi(  + ciπ2( − 4ciπ2,

n3 � Δf + fi(  + 4π2(  Δf + fi(  + π2( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(25)

3. Engineering Example Analysis

3.1. FieldData. -ewell group of the J03 block of gas storage
in depleted oil and gas reservoirs is located in southern
China. It is diverted from the original main production well
and has a good natural sealing structure. After completion, it
will meet the urgent demand for the gas storage season and
safety peak shaving capacity from long distance pipelines,
such as the Shan-Jing gas transmission pipelines, the second
Shan-Jing gas transmission pipeline, and the west-east gas
transmission pipelines.-erefore, the demand for the design
and safe operation of gas storage is relatively high.-is paper
mainly analyzes the J03-H1 gas storage well.

3.2. Finite Element Model. By means of ANSYS, the non-
linear vibration finite element analysis model of gas storage
well strings in depleted oil and gas reservoirs in the gas
injection process is established (shown in Figure 2(a)) based
on working field parameters. -e model adopts the tube
element Pipe288 for simulation, which has the properties of
tension, bending, and torsion, and each node of the element
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has 6 degrees of freedom. -e mesh sizes (shown in
Figure 2(b)) were refined in a sweep mode with 10 elements
around the pipe circumference, and elements along its axis
were finally adopted with a distance of 0.3m. -e element
number is 20000, and node number is 20020. Numerical
integration is based on the Newton–Cotes integral method.
To simulate the viscoelastic effect of protection fluid in the
tube-casing annulus, the nonlinear spring element Com-
bin39 is added to both ends of each tube element of the
vibration model of the injection and production string, and
the direction of the addition includes the axial direction, the
horizontal direction, and the vertical direction. -e finite
element model of the injection and production string is
shown in Figure 2. It is assumed that the element Combin39
is only allowed to have axial deformation.-e string is made
of ∅114.3×14.22 steel pipe, and its basic parameters are
shown in Table 1.

3.3.Analysis of the InherentCharacteristics of String. To verify
the accuracy and precision of the nonlinear vibration cal-
culation model of the gas storage well string, the author uses
MATLAB to compile the calculation model and then uses the
calculation model to simulate a certain production condition
of well J03-H1 in the gas storage. -e production conditions
of well J03-H1 are shown in Table 2. Meanwhile, the mul-
tiperiodic harmonic response analysis of the injection string
under the same production condition is done by using the
three-dimensional finite element model. Numerical simula-
tion conditions are set as follows: the injection pressure
35MPa, the axial force of the string 20 kN, the phase angle 0,
and the load frequency range 0∼0.5Hz. String frequency
calculated by the model in this paper is compared with that
calculated by the finite element model, as shown in Figure 3.

A comparison of the results calculated by the model in
this paper without considering the annulus constraint
(NAP), the results calculated by the model in this paper
considering the annulus constraint (CAP), and the results of
harmonic response analysis (N-S) are shown in Figure 3.
From the comparison of the calculation results of the string
frequency, it is found that, for a string with a certain length,
the calculation value of the natural frequency considering
the annulus pressure constraint is greater than that without
considering the annulus pressure constraint, and it is close to
the finite element analysis results. When the length of the
string is approximately 400m, the natural frequency value
without considering the annulus pressure constraint is
0.378×10−1Hz, and the natural frequency value considering
the annulus pressure constraint is 0.391× 10−1Hz, while the
numerical value is 0.402×10−1Hz. -e difference is ap-
proximately 3.35%. -erefore, the results of this model have
a certain stability.

As shown in Figure 3, with the increase of pipe length,
the influence of annulus constraints on the natural frequency
of the string gradually increases and the difference between
the natural frequencies under the two boundary conditions
increases. When the string length is less than 300m, the
influence of the annulus constraint on the natural frequency
of the string is not significant. When the length of the string

is approximately 200m, the natural frequency value without
considering the annulus constraint is 0.865×10−1Hz and
the natural frequency value considering the annulus con-
straint is 0.874×10−1Hz, while the numerical value is
0.901× 10−1Hz. -e difference is approximately 1.06%.
When the length of the string exceeds 400m, the natural
frequency of the string considering the annulus constraint is
significantly greater than it is without considering the an-
nulus constraint. When the length of the string is approx-
imately 600m, the natural frequency value without
considering the annulus constraint is 0.129×10−1Hz and the
natural frequency value considering the annulus constraint
is 0.161× 10−1Hz, while the numerical value is
0.165×10−1Hz. -e difference is approximately 24.01%.
When the length of the string is approximately 800m, the
natural frequency value without considering the annulus
constraint is 0.118×10−1Hz and the natural frequency value
considering the annulus constraint is 0.149×10−1Hz, while
the numerical value is 0.153×10−1Hz. -e difference is
approximately 26.48%. -e results show that if the string is
long enough, the constraint of the tube-casing annulus on
the injection and production string must be taken into
account when designing the safety string.

Figure 4 is an analysis chart of the influence of the
damping of the gas storage well string system on the string
vibration. It can be seen from the curve of the result cal-
culated by themodel in this paper that when the frequency of
the excitation is close to a fundamental frequency of the
string, the amplitude of the string will greatly increase and

WY

2

WZ WX

(a)
R 2

(b)

Figure 2: -ree-dimensional finite element model of the gas
storage well string. (a) Finite element model of injection and
production string. (b) Mesh result of the finite element model.
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the “saddle like” distribution is produced, which is obviously
larger than the amplitude produced by other frequencies.
�erefore, it can be con�rmed that the string is resonant
under this condition and the corresponding excitation
frequency is the excitation frequency domain that induces
resonance of the string. When the damping is 0.1, the ex-
citation frequencies inducing the “saddle like” distribution
characteristics of the string are 0.0301Hz, 0.0546Hz, and
0.0902Hz, respectively. �e corresponding amplitude is
0.357m, 0.0185m, and 0.122m, and the di�erence between
the value calculated by the model in this paper and the
output results of the software is 9.23%, 4.86%, and 4.91%,
respectively, which validate the calculation results of the
amplitude characteristic.

At the same time, from Figures 4(a)–4(c), it is known
that with an increase in damping, the amplitude of the string
will change correspondingly under the same excitation
frequency. When the damping of the string system is 0.10,
0.15, 0.20, and 0.25, respectively, the “saddle-like” charac-
teristic amplitude (f� 0.0301Hz) of the string is 0.357m,
0.315m, 0.225m, and 0.206m, respectively, indicating that
the greater the damping, the smaller the amplitude of the
string when the string resonates. �erefore, increasing the
damping of the string system can e�ectively reduce the e�ect
of resonance.

�rough analysis of the natural frequency characteristics
and harmonic response analysis of the injection and pro-
duction string, the excitation e�ect on the injection and

production string caused by injection and production
pressure �uctuation is studied and the induced e�ect of the
excitation frequency on the string vibration is obtained.
Considering the multiperiod forced injection and forced
production of the gas storage, the instantaneity and vari-
ability of the pressure �uctuation will have a great in�uence
on induced string vibration, so the transient dynamic re-
sponse of the gas storage string in a gas reservoir should be
further analyzed.

3.4. Transient Dynamic Response Analysis of Strings. Due to
the instability of high-speed gas �ow, the injection and
production pressure in the gas storage well during stable
production process has a certain range of �uctuation; that is,
there is a certain �uctuation range of the real load.�erefore,
in order to get closer to real working conditions, intermittent
random �uctuation pressure is added when analyzing the
transient dynamic response of injection and the production
string. Figure 5 shows the value of the internal pressure as
applied to the three-dimensional string model. �e static
pressure P0 is 30MPa, the �uctuation pressure di�erence is
10MPa, and the running time is 30 s.

�e transient dynamic response of the string at di�erent
positions away from the packer is shown in Figures 6(a)–
6(c). From Figure 6, it can be seen that the instability of
high-speed natural gas will cause �uctuation of internal
pressure during the steady injection and production pro-
cess and then, the �uctuation will cause periodic distur-
bance of the axial displacement of the string; the closer the
position of the string to the packer, the smaller the am-
plitude, speed, and acceleration of the string. �e farther
away from the packer the position of the string is, the
greater the amplitude, speed, and acceleration of the string.
�e reason is that as the distance from the packer increases,
the �exibility of the string will increase and the elastic
deformation and the space of movement will also increase.
It can be seen that, compared with the shutdown well
process and the initial injection and production stage, the
vibration degree of the string in the stable injection and
production process is smaller and the main vibration is the
longitudinal vibration of the string.

To study the in�uence of pressure �uctuation on the
frequency domain of string vibration, the numerical results
of di�erent positions away from packers (A-F-P) at 100m,
200m, 300m, and 400m are analyzed, as shown in Figure 7.

Table 1: Parameters of gas injection string of gas storage.

String Density Modulus of elasticity Poisson’s ratio Coe�cient of expansion �ermal conductivity
∅114.3×14.22mm 7800 kg·m−3 2.1× 105MPa 0.30 12.2×10−6°C 45.0W (m·K)−1

Table 2: Design parameters of gas storage.

Operating
pressure Depth Geothermal

gradient Porosity Permeability Design value of
storage capacity

Working gas
volume

Reservoir
thickness

Gas
injection
time

10∼40MPa 3174m 3.1°C/100m 16.2∼22.3% 2.46×10−3 μm2 10.4×108m3 5∼8×108m3 10m 90 days
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Figure 3: Curve of relationship between length and natural fre-
quency for two conditions.
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Here, we can see that the trend of frequency-domain dis-
tribution of vibration at di�erent positions has similar
regularity. In the low-frequency pressure excitation area, the
time-domain displacement response amplitude of the string
structure is larger, indicating that the structural frequency
decreases with the elongation of the string structure. When
the excitation frequency is close to the low-order natural
frequency of the system, the string will vibrate noticeably
and the �uctuation range of vibration amplitude is

approximately 0∼3.3mm. It can be seen that low-frequency
pressure �uctuation is an important excitation source for
vibration of strings in the production process.

At the same time, from Figure 7, we can see that, in the
frequency range of 0Hz to 50Hz, the closer the position
(from 400m to 100mD-T-P) is to the packer, the smaller the
vibration amplitude. �e maximum amplitude of the po-
sition L� 400m is approximately 3.18mm, the maximum
amplitude of the position L� 200m is approximately
1.83mm, and the maximum amplitude of the position
L� 100m is approximately 1.71mm. �e vibration ampli-
tude of the string near the packer does not increase with the
decrease of the frequency of the string, of which the main
reason is that the bottom hole packer has a solid constraint
on the string. �erefore, for security, a packer device can be
properly used to reduce the fatigue e�ect caused by an al-
ternating load.

4. Experimental Study on Nonlinear
Vibration of Tubing String

4.1. Experimental Design. According to the working con-
dition data, an experimental device is set up.�e tubing used
in the experiment is made of stainless steel pipe, the length is
approximately 8.5m, the design pressure is 10MPa, and the
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Figure 4: Curves of amplitude-frequency and phase-frequency characteristics under di�erent damping values: (a) 0.10, (b) 0.15, (c) 0.20,
and (d) 0.25.
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maximum pressure is 16MPa. As shown in Figure 8, the
experimental device is set up according to the injection
mode of “vertical well section-inclined well section-hori-
zontal section #1-horizontal section #2-gas storage.” At the
same time, 8 measuring points are set up between the
starting point and the end point, and the measuring points
are, respectively, located at the gas injection inlet, inclined
well section, and horizontal section, etc. In addition, the
position of the measuring points can be changed according
to the needs of the experiment. �e gas injected in the
experiment is compressed air, and the physical properties of
the compressed air are similar to those of natural gas, which
can meet the needs of both experimental results and device
safety. In the process of design, a similarity analysis between
the experimental system and the actual gas storage well is
carried out (shown in Table 3). �e similarity results are
good, so the experimental device can be used in monitoring
and simulation function of nonlinear vibration of gas storage
string in a depleted oil and gas reservoir during the gas
injection process.

�e experimental system includes hardware units and
a data acquisition unit. �e hardware units are composed of
an air compressor, a booster pump, an air storage tank, an oil
pipeline, a sensor, and so on. �e layout of the experimental
hardware units is shown in Figure 9. In the experiment, the
�ow rate can be provided by the air compressor. �e
pressure gas is provided by a booster pump and the gas

storage tank. �e gas in�ow pressure is controlled by the gas
mass �ow controller. �e di�erential pressure meter is used
to measure the pressure di�erence of each experimental
tube.

�e pressure sensors (PM), displacement sensors (DM),
speed sensors (VM), and other data elements are added to
the measuring point position in order to measure and collect
the near-wall pressure, the displacement, and the velocity
value of each measuring point. �e distribution of the data
elements at the measuring points of the nonlinear vibration
test of the gas storage is shown in Figure 10.

�e real-time data acquisition system of the experi-
mental device also includes a PCI-1711 conventional data
acquisition card and a PCI-4472 dynamic data acquisition
card, both of which have unique circuit designs and perfect
data acquisition and control functions. Because the ampli-
tude and frequency of the experimental signal change very
fast, it is imperative that the data acquisition card be used for
high-speed data acquisition. �e data acquisition cards used
in this experimental device can collect high-speed data,
which ultimately can ensure the real-time data acquisition
and experimental accuracy.

4.2. Experimental Process. �e experimental process is as
follows: the gas source used in the experiment is compressed
air. �e gas is pressurized by using a compressor, dried by
using a cold dryer and �lter, and then pumped into a pipe
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Figure 6: Curve of pipeline dynamic response analysis at di�erent positions of the packer. (a) Axial velocity. (b) Axial acceleration. (c) Axial
displacement.
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section by using a high-pressure compressor. A �ow control
ball valve is used to measure steady gas out�ow. At the same
time, openings of the gas valves are used to simulate the
bottom hole and wellhead. �e pressure gas �ows from
“vertical well section-inclined well section-horizontal sec-
tion #1-horizontal section #2” to the high-pressure storage

tank which is used to simulate the gas storage tank. �e
pressure gas continuously out�ows, and the feedback data of
the sensors are recorded. Finally, the gas cylinder is closed.
When the release process of gas pressure in the tubing is
�nished, the experiment is �nished, that is to say, simulation
experiment of the nonlinear vibration of string of the gas

Ph
as

e

10 20 30 40 500
Frequency (Hz)

0 10 20 30 40 50
Frequency (Hz)

0.00

1.10

2.20

3.30

V
ib

ra
tio

n 
am

pl
itu

de
 (m

m
)

(a)

Ph
as

e

10 20 30 40 500
Frequency (Hz)

0 10 20 30 40 50
Frequency (Hz)

0.00

0.95

1.90

2.85

V
ib

ra
tio

n 
am

pl
itu

de
 (m

m
)

(b)

Ph
as

e

10 20 30 40 500
Frequency (Hz)

0 10 20 30 40 50
Frequency (Hz)

0.00

0.67

1.33

2.00

V
ib

ra
tio

n 
am

pl
itu

de
 (m

m
)

(c)

Ph
as

e

10 20 30 40 500
Frequency (Hz)

0 10 20 30 40 50
Frequency (Hz)

0.00

0.80

1.60

V
ib

ra
tio

n 
am

pl
itu

de
 (m

m
)

(d)

Figure 7: Analysis results of simulated data change. (a) A-F-P: 400m. (b) A-F-P: 300m. (c) A-F-P: 200m. (d) A-F-P: 100m.
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Figure 8: Experimental setup.
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(a)

(b)

(c)

Figure 9: Hardware experimental device for simulation of injection and production in UGS.

Table 3: Comparison of experimental tubings and real tubings.

Type
Real tubings (mm) Experimental tubings (mm)

Proportion
External diameter Internal diameter Wall thickness External diameter Internal diameter Wall thickness

Parameter 114.3 100.53 6.885 3.81 3.351 0.23 30 :1

Vertical well
section

Inclined well
section

Horizontal section

U

X

R L

Superstructure

Bottom structure

PM
DM
VM

Figure 10: Gas storage nonlinear vibration measurement point data element distribution.
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storage in depleted oil and gas reservoir in the gas injection
process is completed.

4.3. Experimental Results and Discussion. Referring to the
simplified condition proposed by Tijsseling [16], the effect of
tubing gravity on the experimental results is ignored, and it
is determined that the moment of inertia of the whole
pipeline is zero. -e experimental simulation conditions are
as follows: gas injection flow is 30×104m3·d−1, the pressure
drop along the way is 8MPa, the overall angle change rate is
9°/30m, the oil pressure is 33MPa, and the wellhead tem-
perature is 25°C. -e experimental results of the distribution
of near-wall pressure of the tubing are compared with the
field results, as shown in Table 4.

-e experimental results of distribution of the near-wall
pressure of tubing (vertical well section-inclined well sec-
tion-horizontal section #1-horizontal section #2) are com-
pared with the field results, as shown in Table 4. -e results
show that the relative errors of the experimental results and
the field results of these sections are 6.27%, 7.58%, 4.82%,
and 5.31%, respectively, which meet the needs of practical
engineering. -e maximum variance of the experimental
results is 3.85, and the maximum variance of the field results
is 3.99, which means that the fluctuation of the experimental
results is smaller than that of the field results. It can be seen
that the above experimental design is stable and practical. To
study the vibration characteristics of the well string of gas
storage in depleted oil and gas reservoir in the gas injection
process, the change rules of the string pressure, the wall
velocity, and the amplitude in the gas injection process are
further studied.

4.3.1. Analysis of String Near-Wall Pressure Change in the
Gas Injection Process. -e string near-wall pressure of three
sets of measuring points A, B, and C (vertical well section-
inclined well section-horizontal section) varies with time
during the gas injection process, as shown in Figure 11. It
can be seen from Figures 11(a)–11(c) that the string near-
wall pressure rises rapidly, and then, the pressure fluctuates
cyclically in a certain range. As shown in Figure 11(a), the
gas pressure in the vertical well section is periodically os-
cillatory and has a wide fluctuation and the gas pressure
remains stable after t� 0.136 s. As shown in Figure 11(b), the
gas pressure in the inclined well section is multistage
concussive after t� 0.164 s and the variation range increases.
It shows that the near-wall pressure of the vertical well
section and the inclined well section changes greatly, of
which the effect on the string is obvious. As shown in
Figure 11(c), the gas pressure in the horizontal section re-
mains stable during the transmission process, showing
a cyclical alternation; then, the amplitude of the change
gradually decreases, and the alternating cycle gradually
becomes longer.

4.3.2. Analysis of the Tubing Wall Velocity Change in the Gas
Injection Process. -e tubing wall velocity of three sets of
measuring points A, B, and C (vertical well section-inclined

well section-horizontal section) varies with time in gas in-
jection process, as shown in Figure 12. It can be seen from
Figures 12(a)–12(c) that the vibration velocity of the tubing
as predicted by the numerical method is basically the same as
the experimental value.

It is known from Figures 12(a)–12(c) that, in the con-
tinuous injection process, the velocity of the vertical well
section, inclined well section, horizontal section #1, and
horizontal section #2 changes periodically. With an increase
in the injection flow, the velocity of each section varies
predictably and the trend of the speed change is fast first and
then slow. At the same time, Figure 12(a) shows that after
opening the flow control valve, the injection gas quickly
enters the experimental device in the vertical well section,
and that the wall velocity of the vertical well section rises
rapidly and then gradually fluctuates periodically in a certain
range with a high frequency of fluctuation. Figure 12(b)
shows that after the injection and production gas enters the
inclined well section, the fluctuation peak of the wall velocity
decreases with the influence of flow resistance and wall
friction. However, after t� 0.02 s, the wall velocity cyclically
alternates and the alternating cycle gradually becomes
shorter. Figure 12(c) shows that the wall velocity decreases
slowly with an increase in the lift and the alternating cycle
becomes larger and the wall velocity gradually tends to be
stable.

4.3.3. Analysis of the Change of Displacement Amplitude of
Tubing Wall in the Gas Injection Process. -e displacement
amplitude of the tubing wall of three sets of measuring
points A, B, and C (vertical well section-inclined well
section-horizontal section) varies with time in the gas
injection process, as shown in Figure 13. -e variation
trends of nonlinear vibration amplitude of the vertical well
section, the inclined well section, the horizontal section #1,
and the horizontal section #2 are similar to those of the
wall velocity. With an increase in injection flow, the
change of amplitude in each section shows a periodic
change.

At the same time, Figure 13(a) shows that the dis-
placement amplitude of the tubing wall in the vertical well
section ranges from 1.5 to 4mm and that the amplitude
gradually stabilizes in a certain range after t � 0.056 s. As
shown in Figures 13(b) and 13(c), the wall velocity de-
creases but the displacement amplitude increases and the
alternating cycle is small, which indicates that the vortex
section is formed in the inclined well section and its effect
on the tubing wall excitation is obvious. From the inclined
well section to the horizontal section, the variation of the
displacement amplitude gradually decreases and the al-
ternating period becomes longer, and it is the author’s
opinion that the reason for the occurrence of this phe-
nomenon is related to the compressibility of gas and the
wall friction resistance. During the experiment, both the
vertical well section and the inclined well section have
a certain degree of shock. Combined with analysis of the
previous results, it shows that the first section of gas in-
jection and the inclined well section are high-incidence
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areas of the nonlinear vibration of the gas storage well
string in a depleted oil and gas reservoir. Corresponding
safety measures should be made in the design and oper-
ation of safety production.

5. Conclusion

In this paper, a method of nonlinear vibration analysis of
tubing strings in underground gas storage using string
multiscale wavelet transform has been developed. �e vi-
bration characteristics of strings in the steady gas injection
process have been analyzed by means of numerical

simulation. �e nonlinear vibration experiment of strings in
the gas injection process has been studied. As an application,
the dynamic characteristics and frequency-domain charac-
teristics of the gas storage well string in the wellbore were
studied. �e results show that the longer the tubing string,
the greater the in�uence of the annulus constraints on the
frequency of the tubing string. �is behavior of the string
plays a major role when a sudden pressure change in the
strings causes vibration. Signi�cant alteration of the dy-
namics owes to a low-frequency pressure �uctuation force
on the tubing string. During the injection process, the near-
wall pressure and displacement amplitude of the tubing
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Figure 11: Variation of pressure in the wall of the pipe with time during gas injection. (a) Vertical well section. (b) Inclined well section.
(c) Horizontal section.

Table 4: Near-wall pressure test results and �eld results.

Number
Vertical well section

(MPa)
Inclined well section

(MPa)
Horizontal section

#1 (MPa)
Horizontal section

#2 (MPa)
Test Field Test Field Test Field Test Field

1 21.23 20.20 20.97 19.68 18.92 18.17 17.98 17.17
2 21.19 19.50 20.92 19.01 21.48 20.56 20.44 19.47
3 20.56 18.96 20.17 18.46 23.42 22.30 22.42 21.25
4 18.82 17.72 19.68 19.12 25.71 24.42 24.71 23.32
5 11.17 10.19 25.051 24.40 25.06 23.94 23.97 22.76
6 10.53 9.42 24.54 21.79 23.42 22.34 22.42 21.28
7 16.33 16.62 20.87 19.01 23.05 21.99 22.05 20.93
8 17.02 16.14 16.81 15.76 22.32 21.29 21.25 20.17
Average value 17.17 16.09 21.12 19.63 22.92 21.85 21.95 20.80
Relative error (%) 6.27 7.58 4.82 5.31
Variance 3.99 3.85 2.47 2.37 1.97 1.83 1.96 1.81
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Figure 12: Variation of tubing wall velocity with time in gas injection. (a) Vertical well section. (b) Inclined well section. (c) Horizontal
section.
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Figure 13: Variation of displacement amplitude of tubing wall with time during gas injection. (a) Vertical well section. (b) Inclined well
section. (c) Horizontal section.
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string are similar to the wall velocity. With an increase in
injection flow rate, the amplitude of each tubing string
changes significantly and periodically. We also find that the
near-injection port section and the inclined section of strings
are high-incidence areas of nonlinear vibration of strings in
underground gas storage. In conclusion, the method of
nonlinear vibration analysis of tubing strings in un-
derground gas storage using multiscale wavelet transform
can provide a good prediction of pressure with acceptable
precision for studying the vibration characteristics of tubing
string. Safety measures should be taken for production
design and operation.

Abbreviations

hi: Length of the i-th string
r: Inside diameter
R: Outside diameter
f0: Pressure inside the tube
V: Volume of liquid
f1: Annulus pressure
Δv: Volume change
∆F: Spring effect force
k: Stiffness of spring
Ai: Cross-sectional area
Ei: Elastic modulus
ρi: Density
vi: Poisson’s ratio
δi: Damping coefficient
ui: Longitudinal displacement
fi: Sum of the force on the unit length of the upper and

lower ends of the i-th string
∆f: Annulus pressure value
ci: Longitudinal shear complex stiffness
w0: Center frequency of wavelet
Pj,0: Initial reservoir pressure
P: Pressure function
Ggi: Mass flow
χ: Pressure transmitting coefficient
t: Time
rc: Radius
qi: Formation pressure
wi: Frequency
h: Length.
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