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ABSTRACT

During the implementation of CO, fracturing for oil and gas development, the force transfer effect caused by the
unsteady flow of high-pressure CO, fluid can lead to forced vibration of the tubing and ensuing structural fatigue.
In this study, a forced vibration analysis of tubing under CO, fracturing conditions is carried out by taking into
account the fluid-structure coupling and related interaction forces by means of the method of characteristics
(MOC). The results show that for every 1 m’/min increase in pumping displacement, the fluid flow rate increases
up to 3.67 m/s. The flow pressure in the pipe tends to be consistent with the pumping pressure at the initial stage
and then decreases with an increase in the pump starting time. When the pumping pressure increases by 10 MPa,
the additional stress in the tubing increases by 11.8%, and the peak value of the additional stress at the bottom of
the well is the largest. The temperature in the tubing grows with well depth, which causes a phase change in CO,
due to heat absorption. At this time the pressure in the tubing decreases, the fluid flow rate increases by about
1.12 m/s, and the additional stress grows by about 1.5 MPa.
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Nomenclature

vy Liquid flow rate

Pr Fluid density

K; Bulk modulus of a fluid

P Liquid pressure

E Modulus of elasticity of tubing

v Kinematic viscosity

0 Tubing axial stress

Ve Mean relative velocity of the liquid
o Angle between the tubing and the horizontal plane
Te Wall friction resistance

R Tubing inner radius

¢(81,7)  Helmholtz free energy

01 Contrast temperature

Copyright © 2024 The Authors. Published by Tech Science Press.
@ @ This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


mailto:cjr88112@163.com
https://www.techscience.com/journal/FDMP
http://dx.doi.org/10.32604/fdmp.2024.057056
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/fdmp.2024.057056

2888 FDMP, 2024, vol.20, no.12

T Contrast pressure

Pp Tubing density

i, Tubing axial speed

0 Tubing wall thickness

1 Introduction

Supercritical CO, fracturing is a novel technique for extracting natural gas in which a sizable volume of
CO, is pumped through a high-pressure surface pipeline to the downhole tubing. Once inside the
underground reservoirs, the CO, creates fractures in the rock layers that allow oil and gas to seep through
[1]. Because of its powerful adsorption ability, supercritical CO, fluid can cause a displacement reaction
with methane in the reservoirs, accelerating the recovery of oil and gas and reducing the greenhouse
effect [2]. After injecting CO, into the tubing during the supercritical CO, fracturing process, external
factors like temperature and pressure—which are closely related to physical parameters of CO,—change
with the well depth, causing CO,’s physical parameters to change as well. This can lead to an unsteady
flow of CO, during the phase transition process. Forced vibration of the tubing may result from the force
conduction effect, which is led by the complex unsteady state flow of high-pressure CO, fluid. Downhole
tubing leaks, fractures, and even safety incidents like explosions can be easily caused by the fluid-
structure contact force coupling mechanism [3,4]. Consequently, during supercritical CO, fracturing, it is
important to examine the downhole tubing’s vibration characteristics.

Several methods exist to study the fluid-structure interaction of flow transmission pipelines, such as
experiment and data analysis, theoretical analysis, and simulation. Theoretical research is still the
mainstream research method owing to its low cost and high accuracy. Relevant scholars, based on the
most classical 2-equation theoretical model of water hammer and considering the Poisson coupling effect,
have established a 4-equation model applied to the solution of steady and unsteady flow in the pipe [5,6].
Sanin-Villa et al. [7] developed an 8-equation coupled model to calculate the pipe motion of two-phase
flow by considering the axial and in-plane bending motion of the pipe for the phenomenon of air pockets
in the liquid pipe. Soufiane et al. [8] constructed a 14-equation coupled model that can be used to
calculate diverse structures such as branch pipes and right-angle pipes from a three-dimensional
perspective of pipes. Fara et al. [9] proposed a numerical method to probe into the effects of wall
viscoelasticity and Navier slip parameters on flow characteristics such as vorticity and pressure drop,
aiming at fluid-structure interaction under three-dimensional Navier slip interface conditions. Rocha et al.
[10] established a numerical model for physical phenomena related to fluid compressibility and flow
velocity in two-phase flow, taking into account the disturbance caused by fluid-structure interaction, and
verified its accuracy through experimental analysis. Wu et al. [11] studied the self-excited vibration of a
pipeline under the coupling between the pipeline and internal fluid by adopting the transient fluid-
structure interaction method. Li et al. [12] created a transient simulation model of flow fluctuation in
supercritical/dense-phase CO, pipelines with contaminants, and confirmed the calculation correctness of
the model by contrasting and examining the simulation results of OLAG software. Recent years have
seen a steady advancement and improvement in theoretical investigations of fluid-structure interaction in
pipelines used for flow transmission. Though the aspects to be taken into account are more varied in the
face of more complex actual working settings, it is still possible to explore the fluid-structure interaction
theory of flow pipelines.

The transmission pipeline’s fluid-structure interaction vibration theory has also advanced studies on well
completion and extraction in the petroleum sector. Guo et al. [13] investigated the response law of the
production of oil and gas and the wellbore environment to tubing vibration and developed a nonlinear
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vibration model of tubing by taking into account variables such borehole trajectory change and tubing dead
weight. Zhang et al. [14] established a pressure fluctuation model suitable for multiphase flow in gas wells
during the whole production process and simulated the pressure fluctuation in the tubing. Wang et al. [15]
designed the lateral fluid-structure interaction vibration model of oil injection and production pipe by
combining the energy method and variational method, and analyzed the influence of different gas
production on the lateral displacement and vibration frequency of tubing. Cui et al. [16] analyzed the
effects of variables including pressure, pump start and shutdown times, and vibration characteristics of
tubing resulted in the resonance construction parameters of tubing with various diameters. Cao et al. [17]
used simulation software to analyze the effects of different coaxial forces, wall thickness, and other
variables on the tubing’s natural frequency and deformation during the injection of the CO, drive. Under
the comprehensive analysis of existing literature, for the extraction process of oil and gas wells, there are
more studies on the mechanism of force coupling between tubing and oil and gas, while research on the
fluid-structure interaction vibration characteristics of tubing during the supercritical CO, fracturing
process is yet to be explored in depth.

Previous studies consider the fixed tubing barrier and treat the fracture fluid as an incompressible, phase-
change-free state. The coupled vibration of fluid-structure interaction in CO, fracture, which is significantly
altered by fracturing and may undergo a phase transition, has received less research attention. This article re-
established and theoretically solved the coupled dynamic model of CO, fracturing tubing, taking into account
the unique physical features of CO, fluid that are readily influenced by the surroundings. The matching
program was created based on the solution results in order to examine how various construction
parameters, such as pumping pressure and fracturing fluid displacement, affect the vibration
characteristics of tubing during CO, fracturing.

2 Establishment of Fluid-Structure Interaction Vibration Model for Downhole Tubing

The following presumptions form the foundation of this paper: Hooke’s law [18] describes the
relationship between the bending forces and displacements of the tubing, which is linear in nature.
The fluid is a one-dimensional flow, with identical properties are the same in the same cross-section, and
the tubing’s cross-sections are equal and isotropic. The fluid compressibility and viscous interaction
with the tubing are taken into account, and the acoustic wave velocity is greater than the fluid flow velocity.

The continuity equation and fluid momentum equation, together with the axial force equilibrium
equation and geometrical physics equation of the tubing, are typically included in the axial fluid-structure
interaction vibration model. Given that the fluid’s compressibility depends on unknown variables such as
flow velocity Vi, pressure P, temperature T, and mass density [19], the energy equation for the fluid
should be contained in the primary set of control equations in order to achieve the closure of the entire
system.

2.1 Fluid Models

The law of conservation of mass states that the mass of a micro-element rate of change is equal to the
difference between its inflow and outflow mass per unit of time. In column coordinates, the continuity
equation for a compressible fluid is expressed as follows:

E%—Vfg—i—vrﬁ—i-pfg—l—?E(rw)—O (1)

where, v, is the liquid flow rate, m/s; p,denotes the fluid density, kg/m3 .

Introducing the classical equation of state for compressible fluids and taking a partial derivation of it in
time yields:
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where, Ky is the bulk modulus of a fluid, Pa; P refers to the liquid pressure, Pa.

The equation is simplified by substituting Eq. (2) into Eq. (1) and neglecting the nonlinear migration
acceleration term. Combining the generalized Hooke’s law with the geometric equations [20], the
continuity equation is obtained as follows:

LoP 0Vy 20
- 4L 4 = [
Kf Ot 0z E 8t
where, F indicates the modulus of elasticity of tubing, Pa; v is the kinematic viscosity, m?/s; o, is the tubing
axial stress, Pa.
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Considering the Poisson effect and neglecting the radial stresses in the tubing, the final simplified
continuity equation is expressed as follows:

oy 1 9P 2vdoy 5)
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According to Newton’s second law, the sum of the external forces acting on the fluid micro-element is
equal to the product of the mass and acceleration of the micro-element. The axial equation of motion for a
compressible fluid in column coordinates is:

Ovy Ovy Ov v 9 [Ovr  10(rvy) 10 [ Ov O*vr
by ot o o e = bl | P L2 () + ©)
By invoking Stokes’ assumption, the volume viscosity coefficient is taken as 0. f, represents the
component of the fluid volume force in the axial direction, Pa. Considering the friction effect between the
fluid and the tubing wall [20], and neglecting the nonlinear migratory acceleration term and the second-
order derivative term, the simplified momentum equation can be obtained as follows:
ovy 10pP 21,

ot —l——a——gsmoc—pf—R @)

where, Vis the mean relative velocity of liquid, m/s; « is the angle between the tubing and the horizontal
plane; 7, denotes the wall friction resistance, Pa; R is the tubing inner radius, m.

According to the first law of thermodynamics, the rate of change of the total energy of a flowing system
is equal to the sum of the power of external forces to the system and the heat transfer power of external forces
to the system. The energy equation in differential form is expressed as follows:

D 1 0 Jq,
2 [o(c+2)] - oo oo 22 »

The left side of the above formula represents the change rate of the total energy (internal energy and
kinetic energy) of the fluid micro-element system. The first term on the right is the work power of the
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surface force, the second term is the work power of the mass force, and the third term is the heat transfer
power of the outside world to the fluid.

The surface force of the fluid in this model encompasses the fluid pressure and the friction between the
fluid and the tubing wall. Considering these factors and introducing the internal energy equation and the heat
transfer equation, the final expression of the energy equation is obtained as follows:

0 1 o\], 0 AN oPV; 2, 0T
at[pf<"vT+2Vf>]+az[prf<cVT+2Vf'ﬂ_prfg o R Vo ©)

where, T'is the temperature, K; ¢, represents the specific heat capacity at constant volume, J/(/kg'k); ¢, is the
specific heat capacity at constant pressure, J/(/kg-k).

The compressible fluid involves a total of four unknown parameters, and the existing continuity,
momentum, and energy equations are not yet able to realize the closure of the system. Therefore, it is
also necessary to introduce the equation of state. For the CO, fracturing process, where the fluid flow rate
is high and the well environment is gradually complex with a wide range of temperature and pressure, the
Span-Wagner equation of state with higher accuracy and applicability is used, which is expressed as
follows [21,22]:

(b(élv T) = d)o(élvf) + ¢r(5171’-) (10)

where, ¢(d1, 7) refers to the Helmholtz free energy, a function of temperature and density, consisting of the
ideal fluid ¢°(dy, 7) and the residual fluid ¢"(,,7). J, is the contrast temperature (8, = T,,./T); 7 is the
contrast pressure (t = P/P,,); T., and P,, indicate the critical temperature and critical pressure of CO, fluids.

The density of CO, can be determined by the following equation:
P(1,7) = pbT (14615, (1)

where, b means the gas constant (b = 0.1889 kJ/kg-k); ¢, is the partial derivative of ¢” (residual fluid energy)
with respect to d;.

By time deflecting the above formula and ignoring the second deflecting term, the following equation
can be acquired:
dp 1 oP P orT

- — - — 12
ot (1+0¢5)bT 0t (14 3¢5 )RT? Ot (12)

2.2 Structure Models
According to Tijsseling and Morgan’s theory [23], the following equations for the axial force balance of
the tubing can be obtained:

o, . Ou, . Ou, . o, 1 a(rfzr)
P ¥ Pole g T Pplr g =S+ T (13)

where, p, is the tubing density, kg/m?; i1, means the tubing axial speed, m/s; J-p 1s the component of the
volume force in the axial direction of the tubing, Pa.

Considering the friction effect between the tubing wall and the fluid, and ignoring the nonlinear
migration acceleration term, the equation can be simplified. By dividing both sides by the density of the
tubing at the same time, the final axial force balance equation of the downhole tubing is obtained as follows:
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where, 0 is the tubing wall thickness, m.

The coupling between fluid and tubing involves the interface. Introducing interface contact conditions at
r = R (fluid-solid contact surface) and » = R + § (tubing outer diameter) yields:

Trz’r:R = —Ty; Trz’r=R+5 =0
Gr‘r:R = _P|r=R; O-r‘r=R+5 =0 (15)

ur‘r:R - Vr’r:R; i‘r|r:R+5 =0

Combining the generalized Hooke’s law and the geometric equation, the stress-strain and strain-
displacement equations of the tubing can be known, and the axial stress expression of the downhole
tubing is further obtained as follows:

Ou,
(00 + o) (16)

ot

After partial derivation of the above equation with respect to time and corresponding treatment of gy and
a,, the final geometrical-physical equations of the tubing are obtained as follows:
ou. 100, n VROP
0z E ot ESOt

This paper presented a dynamic model of tubing fluid-structure interaction, which considers that the
density varies with the temperature and pressure in the wellbore during CO, fracturing.

(17

3 Solution of the Model

3.1 Discrete Model

Egs. (5), (7), (14) and (17) are the main equations of the tubing fluid-structure interaction model. The
equations are converted into matrix form, with the coefficient matrices represented by A and B,
respectively, and F indicates the external excitation vector. The hyperbolic partial differential equations
are converted to ordinary differential equations by MOC and then decoupled.

Vr Ve
9 |p 9 1p
A—|~& B— =F 18
oz i | P i (18)
GZ O-Z
- 1 - B T
0 — 0 O ! ? 0 02 f
Py 0 — 0o _=H !
E 0
A |l 0 O 01 B— . P,;) f o Fo
00 0 —— | f3
Pp 0 K 0 —— 0
0 0 1 0 i 2,ofc1 E |
29
InvectorF, f; = 2l ,andf3 = g + ok [’) aidi . For replacement of coefficients in coefficient matrices

A and B, let a;; = 1/pf, a34 =—1/pp, byp = 1/pfcf, byy = —2u/E, by = ,u/prc], and byy = —1/E.
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For the solution of the feature root, let the A = 0:

- an 0 0
—/11)22 0 —/1[)24

1
=|4—-JBl =] , 0 -7 a =0 (19)
0 —ib42 1 —/1b44
2H(baabas — basbar) — 27 (brasa + abas) + annass =0 (20)

By substituting the coefficients into the Eq. (20), the feature roots are as follows:

- 2c
/11,2=icf:i\/;P\/l+c%/c%—\/(14-0}/0%)2—40}/0%,

- 2c
’13,4:icp:i\/;1’\/1+c}/c%+\/(1+c%/c%)2—4c]2,/c%,

where, c; indicates the wave velocity of the medium; ¢, and ¢, are liquid wave velocity and conventional
wave velocity of tubing stress, respectively; 4, and 434 represent the actual wave speeds corrected for
tubing-fluid coupling, respectively.

When the eigenvalue takes a positive value, it reflects the forward motion law of the coupled pressure
wave along the displacement. When the eigenvalue takes a negative value, it reflects the reverse motion law
of the coupled pressure wave along the displacement [24].

According to the eigenvalue theory, the eigenline is the constraint of the characteristic equation, and the
characteristic equation can be established only on the eigenline. By solving the characteristic equation, the
solution of the original partial differential equation can be achieved. The system of hyperbolic partial
differential equations is converted into compatible equations as follows:

dVy dP di, do'z
—+Ci—+D;— — =
Mg T TP =0
dVy dP dit,
——-C—+D E =
m dt ' + D) —— ar “+E— =0
dVy dP dit,
C D E =
n2dz+2dz+2d+2 =0
de dP dis, daz
D =
Y T Ca TP =
where, n,, Ci, Dy, E1, O1, 1, C2, D,, E> and O, are both coefficients.
2 2 24,2 ,
o Ui A T E N
}1’ M = 227 1 — ~Cz_ .2+ . Z,Cz—ﬁ7
Prer Prev PrPpSy Prex
/12 202 SR )
Dl:_2#)'17D2:1 El 'u/LlyEZZ 32_’u—23__37
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;{3
O = )ﬁfl _21‘/1%!{3; 0> :g—cé’fl + (1 ——2>f3-
1
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Fig. 1 displays the characteristic lines of the Z-t plane. The characteristic equations for the different
conditions are integrated and expanded along the direction of the characteristic lines as follows
(dZ/dt = A, dZ/dZ =A=—4, dZ/dZ = A3, dZ/dZ =My = —/13)3

m(Ve — Vi,) + Ci(Pp — Py,) + Dy (itzp — itz4,) — E1(0:p — 024,) = Q1A
m (Ve — Vi,) — Ci(Pp — Py,) + Dy (izp — it24,) + E1(02p — 024,) = Q11
(Ve — Vig,) + Co(Pp — Pay) + Do (itzp — itzn,) + Ex(0:p — 624,) = OrAt
(Ve — Vi,) — Co(Pp — Py,) + Dy (itzp — itzg,) — Ex(0p — 024,) = Q1AL

4

t 4 I I [
J

j-1

Figure 1: Schematic diagram of the characteristic lines of the Z-t plane

The above system of equations can be processed to obtain the expressions for each unknown parameter,
as shown below:

DD, . . . . 7]2(1/;’/43 + VfA4) '/ll(VfAl + VfAz)
Vi = ————— z zAs — Uz4, — Uz, -
o 2(1’]2D1 _’71D2) |:(u Aq T Uzgy — Uzg, uAl) + D D,
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AL A4 p, P _ _
+ D, (Pa = Pa) + D, D, D T D,
E\E, M (Vigy = Vias)  mi (Ve — Vi)
P» — . — _
g 2(CiE, + GLE)) {(GA“ 0 = Oy = Oa) F E, E
LGP 4 Pa) | CoPas +Pa) | Dalitza, — tiza,) _ Dilitza, — tiza))
E, E> E, E
: 011, Ci(Py, — Pa,)  Co(Pay — Py,)
= (L Vi 4V - :
U = 501Dy — 1DY) [( ity + Vet + Ve + Vi) + A £
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op = [(P/u + P4y — Py, — Py,) +

_l’_

Ci G Ci 6
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3.2 Boundary Condition

Based on the previous solution, it is obtained from Pé = const, V}O = const, i, o = 0 m/s at the inlet:

E At
V= P = P = D = i) = (ot - o)+
‘ m m m m

Dy ,. . E QZAt
pP:pAl_ﬂ VP_VAl = P_u41 £1 P—O'Al
C] ( f f ) C] (uf f ) + C] (O-Z z ) + C1

. . C E Q2 At

P i 2 (pP sy L 22 (P phy 4 22 (P g

i =il — 2V = V) + 2 (P = PP) (e = o)+
The related program, which can be utilized for the forced vibration analysis of downhole tubing under

the CO, fracturing condition in this research, has been compiled based on the previously mentioned model

solution results. The effects of pumping pressure, displacement, and other pumping parameters related to the

fracturing fluid on the vibration characteristics of the fluid-structure interaction in tubing during CO,

fracturing were studied in this article. The construction parameters of CO, fracturing are summarized in
Table 1 [25].

Table 1: Supercritical CO, fracturing parameters

Tubing parameters Value Construction parameters Value

Length 6500 m The pump stop time 30s

Inside diameter 3-172" Pumping displacement  2~8 m>/min

Wall thickness 6.45 mm Pumping pressure 80, 90, 100, 110 MPa
Elasticity modulus 210 GPa Space interval 50 m

The tubing density 7850 kg/m® Time step 0.5s

Poisson ratio 0.29 Total steps of time 500

4 Results

In this research, four parts of the wellhead, 2000 m downhole, 4000 m downhole, and 6000 m downhole
were selected to explore the time-dependent vibration characteristics of downhole tubing at different
locations during the fracturing process. In order to investigate the effects of various construction
parameters on the forced vibration of the tubing during the fracturing process, the control variable
method was used. Specifically, variation curves of the vibration characteristics of the tubing with the
pumping displacement were attained. The pumping pressure was set at 90 MPa, and the pumping
displacement was set at 2, 4, 6, and 8 m*/min when the pumping time was 30 s. The variation curves of
the vibration characteristics of the tubing with the pumping pressure were obtained when the fracturing
fluid injection displacement was assumed to be 5 m*/min. The pumping pressure was then 80, 90, 100,
and 110 MPa, respectively.
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4.1 Fluid Domain

Fig. 2 displays the change curves of the tubing’s fracturing fluid flow pressure at various pumping
displacements. It was evident that the fluid pressure fluctuation at the wellhead became more violent
when the pump was started. However as the well depth deepened, the in-tube fluid pressure fluctuation
period slowed down and the fluctuation peak value gradually rose. The pumping displacement had less of
an impact on the in-tube flow pressure by comparing the change curves of the in-tube flow pressure
under the pumping displacements of 2 and 8 m*/min, respectively.

7
Depth:0m (b) 9.2 X10
Depth:2000m
Depth:4000m

Depth:0m
Depth:2000m

Denth:6000 9.1 Depth:4000m
St w —— Depth:6000m
9
—89
©
e
%58
8.7
8.6
- ; ; . . . i 8.5 . . , , . ,
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/s t/s

Figure 2: Variation curves for fluid flow pressure in the tubing at different pumping displacements.
(a) 2 m*/min; (b) 8 m*>/min

Fig. 3 displays the flow pressure change curves in the tubing at various pumping pressures. As observed,
there was a positive correlation between the pumping pressure and the flow pressure in the tubing. Initially,
the average flow pressure values at various well depths remained nearly identical to the pumping pressure.
The peak value of in-tube flow pressure decreased with the increase of fracturing fluid injection time, and the
fluctuation of flow pressure at the wellhead became violent, but along with larger decrease.

According to Fig. 4, the fluid flow rate at the wellhead was higher and the fluctuation period was shorter
throughout the fracturing process. The fluid flow rate was directly related to the pump displacement. The
peak flow rate fell and fluctuation period lengthened with increasing well depth. This was because, during
the fracturing fluid injection process, some friction appeared between the fluid and the tubing wall,
affecting the flow rate. For pumping displacements of 2, 4, 6, and 8 m*/min, the initial flow rates at the
wellhead were 8.23, 15.72, 23.08, and 30.27 m/s, respectively. Up to 3.67 m/s more fluid flow rate was
achieved for every 1 m*/min increase in pumping displacement.

As can be seen from Fig. 5, the fluid flow rate increased with the increase of fracturing fluid injection
time. In the initial stage, when the pumping pressure was 80 MPa, the flow rate at the wellhead was
19.29 m/s, and when the pumping pressure rose to 110 MPa, the flow rate at the wellhead was 19.33 m/s,
an increase of 0.04 m/s. Obviously, the pumping pressure caused very little effect on the fluid flow rate.
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Figure 3: Variation curves for fluid flow pressure in the tubing at different pumping pressures. (a) 80 MPa;

(b) 90 MPa; (c) 100 MPa; (d) 110 MPa
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Figure 4: Variation curves of fluid flow rate at different pumping displacements. (a) 2 m*/min; (b) 4 m*/min;
(¢) 6 m*/min; (d) 8 m*/min
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Figure 5: Variation curves of fluid flow rate at different pumping pressures. (a) 80 MPa; (b) 110 MPa

4.2 Structure Domain

Fig. 6 describes the effect of pumping displacement on the axial additional stress of tubing. At the
wellhead, the average axial additional stress of tubing was approximately 26.5 MPa, and the peak value
of additional stress rose as well depth increased. The stress fluctuation amplitude at 6000 m downhole
reached 10.5 MPa when the pump was started for 6 s, and the fluctuation period is only lasted for 2.6 s.
The greatest rise in axial additional stress of tubing during the process of increasing the pumping
displacement from 2 to 8 m’/min was just 0.012 MPa, indicating a negligible effect of the pumping
displacement on tubing axial additional stress.

Fig. 7 exhibits the characteristic curve of the downhole tubing’s axial additional stress change under
various pumping pressures. It was evident that when pumping pressure rose, the axial additional stress of
downhole tubing also increased. The axial additional stress in the tubing increased by approximately 11%
for every 10 MPa increase in pumping pressure. At the wellhead, the axial additional stress fluctuated
more dramatically, while the amplitude of the fluctuation remained small. The peak additional stress of
tubing increased with increasing well depth, with 31.7 MPa reached at 6000 m downhole under 90 MPa
pumping pressure.
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Fig. 8 depicts how the downhole tubing vibration speed is affected by the pumping displacement. At the
wellhead, the amplitude of the violent fluctuations in tubing vibration speed reached 2.83 m/s. The
fluctuation period of tubing vibration speed decreased with increasing pumping time, whereas
the fluctuation amplitude exhibited a declining tendency. The peak value of tubing vibration speed at the
wellhead reached 1.49 m/s, whereas the greatest value at 6000 m downhole was 1 m/s. As the well depth
increased, the amplitude of tubing vibration speed decreased. The peak value of tubing vibration speed at
the wellhead increased by 0.003 m/s when the pumping displacement was increased from 2 m>/min to
8 m’/min. These results suggested that pumping displacement exerted a lessening influence on the
vibration speed of the tubing.
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Figure 8: Vibration velocity variation curves in tubing at different pumping displacements. (a) 2 m*/min; (b)
8 m*/min

Pumping pressure had less of an impact on the tubing vibration velocity, as Fig. 9 illustrates. The peak
tubing vibration speed at the wellhead changed from 1.458 to 1.467 m/s, with an increase of only 0.009 m/s,
when the pumping pressure was raised from 80 to 110 MPa.
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Figure 9: Vibration velocity variation curves in tubing at different pumping pressures. (a) 80 MPa; (b)
110 MPa
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Based on the above, it could be concluded that the fluid-structure interaction vibration characteristics of
the tubing during supercritical CO, fracturing were directly correlated with the pumping pressure and
displacement. The fracturing fluid flow rate was mostly determined by the pumping displacement,
whereas the axial additional stress and fluid flow pressure in the tubing were largely influenced by the
pumping pressure. At the wellhead, an increase in pumping displacement and pressure could result in a
modest rise in tubing vibration velocity. However, the tubing vibration velocity fell with increasing well
depth due to the increased prominence of friction effect and energy dissipation. The tubing’s axial
additional stress peak and fluctuation amplitude were the maximum at the bottom of the well, and the
wellhead achieved the highest fluid flow rate. Overall, by selecting the proper pumping displacement and
pumping pressure during the actual fracturing construction, it is possible to control the fracturing fluid
flow rate and tubing vibration rate in future research, thereby lowering the danger of tubing failure from
forced vibration and enhancing production safety.

5 Discussion

The phase distribution of CO, is shown in Fig. 10. Clearly, the environment imposed an impact on
physical properties of CO,, causing phase changes when temperature and pressure rose above a specific
threshold. Normally, CO, exists in three phase states: gas, liquid, and solid. However, when both
temperature and pressure hit their critical values (31.1°C and 7.38 MPa), CO, will be in the gas-liquid
equilibrium at the state’s edge. At this point, the mass fraction of the liquid equals the mass fraction of
saturated vapour, and the CO, fluid—known as supercritical CO, fluid—becomes a viscous material that
seems to be both a liquid and a gas [26].
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Figure 10: CO, phase distribution diagram

The wellbore environment tend to be more complicated during the real supercritical CO, fracturing
process, and the CO, fluid is easily impacted by it, changing its phase state [27]. This paper employed
the control variable method to compare and analyze the vibration characteristics of the fluid-structure
interaction of tubing under different phase states of CO, and different physical parameters at the same
well depth and further study the influence of the change of fluid physical parameters on the coupling
dynamic behavior of tubing. The physical characteristics of CO, varied with temperature and pressure, as
shown in Table 2.
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Table 2: CO, physical parameters

T/(°C) P/(MPa) p/(kg/m®) v/(cm?/s) Phase

5 1 20.367 0.00691 Gas

10 2 42.997 0.00337

15 3 68.444 0.00219

5 40 1066.3 0.00142 Liquid

10 50 1076.5 0.00145

20 70 1093.2 0.00149

30 90 1106.7 0.00153

31.1 7.38 359.38 0.00072 Critical point
40 70 1044.5 0.00132 Supercritical fluid
50 80 1043.2 0.00132

60 90 1042.1 0.00131

Fig. 11 displays the highest values of vibration characteristic parameters of CO, fluid in different phases
at different well depths within 30 s after starting the pump, with the pump pressure set as 90 MPa and the
pumping displacement as 4 m*/min. It was evident from Fig. 1la that the peak flow pressure in the
tubing under gaseous CO, fluid varied very little between well depths and increased slightly at 5000 m
downhole. For both liquid and supercritical CO, fluid, the in-tube flow pressure trends with well depth
during fracturing remained essentially the same, with a significant drop at 1000 m downhole and a very
near peak flow pressure.

As observed in Fig. 11b, at varying well depths, the peak flow velocity of the gaseous CO, fluid in the
tubing was higher than that of the liquid and supercritical CO,. An inflection point appeared in the fluid’s
peak flow velocity trend as it descended from 5000 m downhole to 6000 m downhole. The gaseous CO,
peak flow rate was 16.78 m/s at 6000 m downhole, and liquid CO, achieved the lowest flow rate. The
pumping pressure’s influence during the flow from the wellhead to 1000 m downhole caused the peak
flow rate to increase by approximately 0.7 m/s. The peak flow rate then gradually decreased as the well
descended, with the decrease in liquid CO, being greater than that of gaseous and supercritical CO,. This
was due to the fact that liquid CO, presented the highest viscosity, leading to greater friction between the
liquid CO, and the well wall.

The peak vibration velocity of tubing under CO, fluid fracturing with varying physical parameters all
decreased with increasing well depth, as shown in Fig. 1lc. The wellhead tubing’s highest vibration
velocity reached 1.79 m/s when gaseous CO, fluid fractured. Under the fracturing of liquid and
supercritical CO, fluid, the peak axial vibration velocity of tubing at the wellhead was 1.37 m/s. The
peak vibration velocity showed a highly consistent trend with well depth, which first increased before
rapidly decreasing at the tubing section at 2000 m downhole.

From Fig. 11d, it was evident that the trend of the axial additional stress of the tubing with the change in
well depth was not significantly affected by changes in physical property parameters of CO,. The axial
additional stress of the tubing increased with well depth under variable phase CO, fracturing. While the
highest axial additional stress of the tubing during gaseous CO, fluid fracturing remained small at
26.48 MPa at the wellhead, with 33.4 MPa reached at 6000 m downhole. The maximal axial extra stress
of the tubing under liquid and supercritical CO, fracturing at 6000 m downhole was 31.9 MPa, which
was 1.5 MPa less than that under gaseous CO, fluid fracturing.
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Figure 11: Vibration characteristics of tubing under fracturing with different phases of CO,. (a) Fluid flow
pressure in the tubing; (b) fluid flow rate; (c) tubing vibration velocity; (d) tubing axial additional stress

In conjunction with the analysis presented in this paper, it could be concluded that CO, fluid parameters
and phase state were altered, all of which had an effect on the vibration characteristics of the tubing fluid-
structure interaction. The fluid flow rate, tubing vibration velocity, and tubing axial additional stress all
decreased when CO, was changed from gas to liquid, although the flow pressure inside the tubing
increased slightly. The fluid flow velocity greatly increased as CO, was transformed from a liquid to a
supercritical state. Consequently, controlling the phase state of the fracturing fluid through pressurizing
equipment and ground heating could facilitate efficient development of supercritical CO, fracturing
construction.

6 Conclusion

Aiming at the forced vibration of tubing caused by unsteady flow of fracturing fluid under fracturing
conditions, the fluid-structure interaction vibration model of tubing was established and solved in this
research considering that physical properties of the fluid change with temperature and pressure. The
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tubing vibration characteristic curves under various fracturing construction conditions were studied using
programming software, and the following primary results were obtained:

1. In CO; fracturing, the fluid flow rate of the fracturing fluid in the tubing was greatly influenced by the
pumping displacement. The fluid flow rate rose by 3.67 m/s for every 1 m*/min increase in pumping
displacement. There existed a positive correlation between the pumping pressure and the fluid flow
pressure in the tubing. The average flow pressure in the tubing during the initial stage of pump
starting was consistent with the pumping pressure. The flow pressure fluctuation at the wellhead
became extremely intense with the largest fluctuation peak value. The flow pressure fluctuation
time extended and the fluctuation amplitude somewhat increased as well depth climbed.

2. The primary causes of tubing failure are variations in the load on the tubing and variations in the
vibration velocity of the tubing. The tubing’s largest vibration velocity at the wellhead occurred
during the pumping stage, with 1.49 m/s reached when the pump was started in roughly 12 s. The
peak vibration velocity of the tubing dropped as well as the vibration velocity swung sharply with
increasing well depth. As the pumping pressure increased, the tubing’s axial additional stress also
increased, with the maximal value of 37.1 MPa reached at 6000 m downhole under 110 MPa
pumping pressure. When the pumping pressure increased by 10 MPa, the axial additional stress in
the tubing increased by over 11.8%.

3. The effects on the coupling mechanism of the force that interacts with the fluid after the phase change
that takes place during the unsteady flow of high-pressure CO, fluid in downhole tubing during
supercritical CO, fracturing were predicted by theoretical calculations. The peak fluid flow rate
rose by 0.4 m/s when the CO, fluid’s physical properties changed and the phase state moved from
a liquid to a supercritical state in response to changes in temperature, pressure, and other
variables. The peak fluid flow rate increased dramatically, reaching a maximum rise of 1.12 m/s,
as the CO, fluid transformed from the supercritical state to the gas state. At the same time, the
tubing’s peak vibration velocity and peak axial additional stress both increased, which added the
risk of tubing damage.
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