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Abstract: The processes of HTHP well fracturing, oil drive, and gas recovery are accompanied by
the non-stationary flow of medium in the tubing, which may lead to periodic vibration and cause
the failure and fatigue of the tubing, thread leakage, and bending deformation. In this paper, a
fluid-structure interaction model with 4-equation was established, which considered the unsteady
flow of fluid and the motion state of tubing during the periodic injection, pump start, and shutdown
of fluid in the tubing. Further, the discrete solution of MOC was used to obtain the variation of
fluid flow rate and pressure, tubing vibration rate, frequency, and additional stress with time. The
resonance construction parameters corresponding to different tubing diameters were analyzed by
discussing the effects of different start and shutdown times as well as pressure on the tubing vibration
parameters. The results show that under the periodic injection condition, increasing the tubing
diameter or start inside pressure would lead to a sharp increase in the axial additional stress of the
tubing generated by fluid—structure interaction, which is not conducive to the safety protection of the
tubing. When the pump was shutdown, excessively short operation times and high pressure in the
tubing would lead to excessive transient loads in addition to resonance, which would cause damage
to the pipeline. Finally, corresponding to the above analysis results, this paper proposes the optimal
injection parameters to avoid the generation of resonance, which provides a theoretical basis and
reference range for the safe service conditions of the tubing.

Keywords: tubing; fluid—structure interaction; method of characteristics (MOC); pump start and

shutdown conditions; resonance

1. Introduction

The fluid—structure interaction of tubing and medium in an oil field is the main factor
that causes vibration, and if the effect is too violent, it may lead to the destruction or
leakage of tubing, loss of the seal of the packer, and even cause serious accidents such
as explosions and combustion [1,2]. The tubing fluid—structure interaction is a coupled
interference between the medium and the pipe wall. When a medium with complex
boundary conditions, such as pulsating pressure, passes through the tubing, it will generate
certain forces on the tubing and thus cause tubing vibration. The vibration of the tubing due
to the change in internal pressure is affected by external conditions such as fluid pressure,
flow rate, boundary constraints, pressure changes, etc. The main operating conditions
include pump start or shutdown and pumping pressure fluctuation [3]. Since the time of
pump shutdown is shorter than the time of start, and the pressure in the tubing changes
more frequently in a short period of time, the effect of vibration is usually more significant
when the pump is stopped [4]. In addition, the vibration displacement and deformation of
tubing will also cause space changes in the medium, and the process of mutual coupling
is called the fluid-structure interaction of tubing [5]. There are many researches on fluid—
structure interaction nowadays, and they have quite in-depth discussions in some areas,
such as vibration characteristics analysis, modeling, and theoretical solution algorithms.
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Some of the research obtained the tubing vibration behavior through experiments
and data analysis. Focusing on fluid-structure interaction, Zeng et al. [6] investigated
the vibration attenuation characteristics of periodic composite tubing and predicted the
attenuation intensity within the stopping band frequency. Sang et al. [7] performed modal
analysis of empty and filled tubing, then investigated the tubing resonance phenomenon.
Sunil Kumar et al. [8,9] conducted parametric research and numerical fine-tuning to explore
the chattering instability behavior of a cantilevered fluid transfer pipe by using sliding mass
and spring. Starting from the pressure pulsation of the pipe caused by the reciprocating
pump fluid, Lu et al. [10] calculated the pressure pulsation and unbalanced excitation
force in the pipe under the action of reciprocating pump, and then analyzed the vibration
regularity of the pipe system by arithmetic example and finally proposed the vibration
reduction measures.

In terms of theoretical research on vibration models, Guo et al. [11] used the energy
method and Hamilton’s principle to develop a nonlinear vibration model for tubing and
analyzed the fatigue life of pipelines in two typical horizontal and directional wells that
had different yields and different tubing diameters. Simandjuntak et al. [12] used the
RS-fluid structure interaction finite element analysis method to investigate the effect of
geometric parameters on the stress distribution in bent pipe. Thari et al. [13] proposed
an adaptive reduced-order model to effectively simulate the complexity of time-resolved
and nonlinear deformation fluid—structure interaction effects. Moradi et al. [14] obtained a
hybrid model by combining an extended Wagner method with a hydroelastic one, which
can be extended to three dimensions and applied to more complex structures. Gao et al. [15]
proposed a reduced-order modeling approach to support parallel tubing and obtained a
new reduced-order model.

In terms of theoretical solution algorithms, numerical methods are currently the main-
stream solution. The general approach is to solve the system of partial differential equations
in the vibration model with advanced mathematical computational methods and then use
the program iteratively to calculate the numerical solution of the unknown parameters.
Haeseong Cho et al. [16] implemented a model downscaling of the grid method by using
orthogonal decomposition and discrete empirical interpolation methods and obtained the
FSI framework based on the semi-implicit coupling method. Schussnig et al. [17] pro-
posed a high-order accurate and additional mass-stable fluid-structure interaction scheme,
compared several hidden and semi-implicit variables of the algorithm, and verified the con-
vergence of the algorithm in space and time. With the widespread application of computers,
the use of numerical simulation software has gradually developed into the most common
method for fluid—-structure interaction vibration calculations, and people are constantly
developing and researching more accurate and convenient numerical solution software [18].

At present, the fluid—structure interaction of vibration theory has made some progress
in oil testing and well completion in the well site. Liu et al. [19] established a dual nonlinear
vibration model for oil and gas well tubing, solved it by the Newmark method, and further
verified the validity of it through experiments. Wu et al. [20] established a finite element
model of tubing buckling with geometric and contact nonlinearity for HTHP gas wells,
then simulated this behavior for the whole well section, which provides a technical basis for
gas wells. The vibration of fluid—structure interaction caused by periodic fluid injection is
very likely to cause long-term resonance due to its long duration of action and close to the
inherent frequency of some tubing sections or equipment. Pump starts and shutdowns are
inevitable during the production process, and the accident risk on the oil site cost too much,
so the theoretical research on vibration hazard containment and protection is urgently
needed to be improved.

Based on the above, this paper both introduces the fluctuation disciplinarian of fluid
pressure in the periodically injected tubing and considered the pump shutdown condition,
then established the downhole tubing fluid—structure interaction vibration equations and
solved them theoretically. This research also used the numerical simulation software to
calculate and obtain the vibration parameters of the tubing with periodically injected
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and pump shutdown and analyze their parameter variation regularity. Finally, specific
and reasonable construction suggestions are made for the safe construction of tubing in
well sites.

2. Method

During the flow of the medium in the tubing, if the encountered cross-section changes,
a pressure wave will be generated and move upstream. While the radial fluid pressure
will act on the pipe wall, it would cause circumferential stress in the tubing cross-section,
which in turn induces a stress wave along the pipeline through the Poisson effect, causing
expansion or contraction of the tubing, and finally in turn affecting the fluid pressure
wave [20,21]. The process can be solved according to the classical water hammer 4-equation
model, with the equation expression as:

e  Motion equations of medium:

dv 1dp _ florloy

i = 1
ot pjoz 4ry @)
gv 1 dp nAsou _ 2)
0z plulz Jat ttAl 0z a
e  Motion equations of tubing:

ou 130, _ fpjAilorlor  cou 3)

ot  ps 9z 4rips As 0sAs
ou 1doz 1 dp _ @)

0z E; ot  Egt; ot

where:
v—Iliquid flow rate;
p—liquid pressure;
v,—mean relative velocity of liquid;
pi—fluid density;
r—tubing internal diameter;
a;—fluid wave velocity;
ty—tubing wall thickness;
Yy—Poisson ratio;
As—tubing cross-sectional area;
A;—fluid cross-sectional area;
u—tubing vibration velocity;
o,—tubing axial stress;
f—external forces on the element;
cs—tubing axial damping coefficient;
ps—tubing density;
Es—modulus of string elasticity;
x,y,z—direction of parameter action;
The coupling equation is written in matrix form as:

0 0
J |p dlp| _
Ag |V +Bs |1 | =F (5)
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Perform factor substitution, let a3 = —7;‘1{35, a3y = Ps by = %‘112' by = %,
by =—4, F = _f |Z:t‘vr, Fy =1 :: ;S‘TIZS‘UY — 524, finding the characteristic roots gives:
_ 1
S
=|A-aB|=| T = =0 6)
- 34
0 —Abyp 1 —Abyy

If we expanded the fourth-order determinant, there would be 24 terms.
Omit 0 items, such as: Cj3 Cyg Cos Cz1, Czp Cy4, then it could become
C11C20C33C 4 + Cy3C34Cr1Crn + C11C3C34Chp — C10C Ca3Cyx — Cy3C34Cr0 Cp1 =0, thus
the characteristic equation becomes:

a A2
Abyobyy + % + A\2axazby, — o Aagsby =0 7)

Substituting the coefficients into the above equation:

w1 7)\2(77’1?145;771‘ 1 1 -
0102 E; tA; psEstt o1 pspia?’  pips

=0 8)

Then, the characteristic root was:

Mz = 1 = a 31+ a/a2) — /(1 /a2 — 4 /a2

Asg = +as = ias\/%(l +a?/a?) + %\/(1 +a2/a2)’ — 4a? /a2

where:

as—tubing stress wave velocity;

A—eigenvalue;

In these equations, &, and &; are the actual wave velocity after the coupling of liquid
pressure and tubing stress, which

_ _ 2 . .
as = 4 [Es g , a4 = the axial stress in the tube
° per A1 = HEldf/E‘t‘ 292(re/t) (o1 /ps) +1”

section can be expressed as, 0, = IJ;—ZS. Then, the system of partial differential equations can
be reduced to a system of ordinary ones as follows:

2y du; 2'y f _ 29[F3—cquz / ps As]

Ci df ; o+ /\Pz + aZ/A2-1 dt  ApsAg(a2/A2-1) d =h+ a2/A2-1 )
dz — A= :tal
dv 1 .dp _ pstr(A*/a— )duz t(A*/af—1) df. pstt(A%/a] —1) [F3—cquz/ps As]
G { ar t TPZE oIy + d/\AstVW ar B+ pIreY (10)
ar - )\ - :tas
Therefore, the compatibility equation can be expressed as:

o — o g (o7 p) sl ) — B (7 - )

ap \P P az/a2-1\"* z G105 As (a2 /a2 —1) \/ # (11)

- fAl Fidt + mﬂ; (F3 — cquz/ psAg)dt



Energies 2022, 15, 9291

50f 20

—pf L _pA 2y p_ Ay, 2y
of — o’ 101 (pp p 2) + Py (uz uz?) + s As (Hs/ulz D (fz ) (12)
—fA Fidt + 2/,12 1fA1 Cd“z/PsAs)dt
A 1 A pste(@p2/a?—1) , p A (% /a2 —1) ( ,p A
P —v 3+W((pp7p 3) - ;lr,'yl (uZ _u23)+ Ep}i‘lspllrt'y (fZ - 23) (13)
st (a ar—1)
= fA Fydt — %ﬂg (F3 — cquz/ psAs)dt
S VR U _ _pst(@?/ai-1) o p Ay ft(ﬁn /ap—
Up v ﬂppl (fp / p ) o1ty (uz uz ) hplrf'y (fZ ) (14)
ste(ap</a
= f}ll Fldt bt (fli’f’}’l fA4 Cduz/psAs)

The entrance boundary conditions are p{) = const, ui 0=0, Ué = const. According to
Equations (12) and (14), there was results can be obtain as follows:

_ A 1 A 2 14 A
P =v 2+?(PP—P 2)_ z/a?/ (Mz —Mzz) Tps As(a /ﬂlz 1) (fz )
_sz Fpdt — 2/a 1fA1 F3 — cquz/psAs)dt

= lag (7 =) = (&0 o) — g ol =) & [,
1 Ry (B = caus/ps At/ oot + — 14

Additionally, the exit boundary conditions is pg = p{) — Ap — p18h,v; = u,;, and the
substitution calculation process is similar to the above method, so the calculation is omitted
here for brevity.

3. Results

Based on the established fluid—structure interaction model, the vibration parameters
of the 6500 m downhole tubing were calculated under the periodic injection of fluid and
the pump shutdown condition, and the initial setting parameters were taken as shown in
Table 1. The results include the fluid pressure, flow rate, tubing vibration speed, frequency,
and additional stress in the tubing. These results were calculated under different pressure,
flow rate and time.

Table 1. Values of tubing vibration parameters.

Construction Parameters Value Model Solving Parameters Value
i 8 MPa, 8.5 MPa, 9 MPa,
Length 6500 m Initial pressure 9.5 MPa, 10 MPa
Bulk modulus 2.2 x 10° Pa Stop the pump time 3s,6s,9s5,125,15s
Initial flow 0~4 m3®/min Coefficient of friction resistance 0.0159
Viscosity of liquid motion 5 x 107° Pa-s Vortex frequency 0.25 Hz
Elasticity modulus 210 GPa Space interval 50 m
The tubing density 7850 kg/ m> Time step 05s
Poisson ratio 0.29 Total steps of time 500

The liquid density

2-3 /5" x 4.83 mm

2-7/¢" x 551 mm

1.142 x 10% kg/m3 Diameter 3-1/,"x 6.45 mm
4" x 6.65 mm

4-1/,"x 6.88 mm

3.1. Calculation Results of Cycle Injection
3.1.1. Calculation Results of Periodic Injection Flow Field Parameters

When the length of the tubing with a single inner diameter is too long, the natural
frequency will decrease sharply. In order to observe the periodic response of the flow field
during the periodic injection process, the tubing length selected as 1500 m. When the same
initial pressure of 9.5 MPa was applied with the tubing of different internal diameters, the
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Tubing diameter: 2-7/s in

calculation results were shown in Figure 1. It could be seen that, affected by the tubing
vibration, the change of pressure not only has the short period of 4 s, but also close to 30 s
or longer. This was due to multiple pressure waves generated by the tubing movement,
and it could influence the pressure superposition cycle, and finally promote each other and
cut the peak situation.

Tubing diameter: 3-1/2in Tubing diameter: 4-1/2in

Depth: 0 m
Depth: 500 m ”

Depth: 0 m
Depth: 500 m

—— Depth: 1000 m
Depth: 1500 m

P/Pa
P/Pa

Depth: 0 m

Depth: 500 m
Depth: 1000 m
Depth: 1500 m

Depth: 0 m
d ———— Depth: 500 m 4
5 . Depth: 1000 m
N | Depth: 1500 m \ 38
vE

Fluid flow rate variation curve
Figure 1. Variation curves of flow field parameters at different tubing diameters.

The pressure in the tubing decreases with the increase of the diameter, and the peak
pressure at the initial end of the three diameters was 12.67 MPa, 11.78 MPa and 10.82 MPa,
respectively, with the peak pressure in the 4-! /5" tubing decreasing by 15% compared to
the 2-7/g"". At the same time, the inside pressure also decreases gradually with increasing
depth. In the 2-7 /5 tubing, the inside pressure at 1500 m depth is only 9.65 MPa, compared
to the initial end of the same diameter tubing, it dropped near 24%. This was due to the
fact that the pressure variation exists near the wellhead tubing, and it is reduced by friction
when transmitted inside the tubing, and the pressure variation is weakened when it is
transmitted downhole. Although the internal pressure decreases as the diameter increases,
the frequency of change is significantly faster.

The change trend of the flow rate frequency of different tubing diameters is consistent
with the inside pressure. Meanwhile, the fluid flow rate in the tubing also decreases with
the increase diameter. The peak flow velocities at 1500 m downhole for the three diameters
were 6.11 m/s, 5.25 m/s and 4.02 m/s, respectively, with the peak flow velocity of the
4-1/," tubing decreasing by 60% compared to the 2-7 /" one. In the 2-" /5" tubing, the
fluid flow rate in the 1500 m deep tubing increased by 41% compared to the wellhead flow
rate of 4.32 m/s.

When different initial pressures were applied to the 3-1/,” inner diameter tubing,
the calculation results of the pressure variation parameters were shown in Figure 2. For
the same size of tubing, the stress amplitude of the inside pressure would be different for
different initial pressures, but the frequency of the pressure was similar. The higher the
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Pressure of pump start: 8 MPa

Depth: 0 m
Depth: 500 m 1
Depth: 1000 m

TER

initial pressure, the higher the inside pressure amplitude. The corresponding peak values
were 10.20 MPa, 11.28 MPa, and 12.30 MPa at the pump start pressure of 8 MPa, 9 MPa,
and 10 MPa, respectively. The flow field pressure when starting the pump with 10 MPa was
increased nearly 21% compared to the same operation with 8 MPa. At the same time, the
pressure gradient decreases from wellhead to downhole in order, with the inside pressure
at the wellhead being the maximum.

Pressure of pump start: 9 MPa Pressure of pump start: 10 MPa

15

Depth: 0 m
Depth: 500 m
Dsolh 1000 m

Depth: 0 m

Depth: 500 m
L Depth: 1000 m

Depth: 1500 m

P/Pa
m ©
o © @
%—
s
=t

Vi(mis)

Pressure variation curve in the tubing

55 55

Depth: 0 m
Depth: 500 m

Depth: 0 m
Depth: 500 m
Depth: 1000 m 5
Depth: 1500 m

A

Depth: 0 m
——— Depth: 500 m
Depth: 1000 m
Depth: 1500 m

——— Depth: 1000 m
Depth: 1500 m

45
‘\«

A
A |l o
\V I:\ P) ,,' \

|

AT
niN

Vi(mis)

35 {
[ ¥ ‘H \
3

25

N —— '
Fluid flow rate variation curve

Figure 2. Variation curves of flow field parameters at different initial pump start pressures.

The period variation regularity of the fluid flow velocity in the tubing was similar
to that of the pressure, and both have similar large and small period rules. At the same
time, the flow velocity of the flow field in the tubing is almost identical at three different
pump start pressures. Additionally, for the flow velocity gradient in the distribution
along the pipeline, the deeper the depth, the faster the flow velocity. The flow velocity at
1500 downhole at the pump start was 5.25 m/s, while it was only 4.01 m/s at the initial
position of the tubing, which was 23.6% lower compared to 1500 downhole.

3.1.2. Calculation Results of Periodic Injection Tubing Parameters

When the initial pressure of 9.5 MPa was given to different tubing diameters, the
axial vibration velocity curves and axial additional stresses of the obtained tubing were
shown in Figure 3. It can be observed that the axial vibration velocity of the tubing is not
significantly affected by the difference in tubing diameter, and the peak values fluctuate
between 0.13 m/s and 0.14 m/s. The vibration velocity of the tubing at the wellhead is the
highest, and nearer to the bottom of the well was smaller.

When a large diameter tubing was used, the additional axial stress amplitude was
affected by the flow field coupling vibration in the tubing. The maximum stress value
was 39 MPa when the diameter with 2-7 /g in, and 4-!/,” reaches more than 42 MPa, an
increase of nearly 7%. The additional axial stress at the bottom of the well was the highest,
while the stress near the wellhead was lower. It is also clear from the parameter vibration
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Tubing diameter: 2-7/s in

curve that the frequency of the additional stress in the axial direction would be accelerated
when the diameter of the tubing increases.

When different initial pressures were applied to the downhole tubing with a diameter
of 3-1/,", the interaction vibration parameters of the tubing affected by the flow field were
shown in Figure 4. The trend of axial vibration velocity was basically the same, which
indicates that the initial pressure was not the main factor affecting the axial vibration
velocity of the tubing. The axial vibration velocity at the wellhead of the tubing was the
fastest. However, closer to the bottom of the well, the vibration velocity is slower. When
the same initial start pressure was applied to different inner diameters of the tubing, it
could be observed from the calculation results that there were several relative extreme
values of the axial vibration speed amplitude of the tubing from the start of the pump until
50 s of operation. However, in the three different tubing dimensions, the smaller extreme
values increase as the diameter rises. This indicated that the tubing diameter influenced
the average speed of axial vibration to a certain extent, and the larger the tubing diameter
was, the higher the average vibration speed would be.

It can be seen from the calculation results of additional axial stress that the maximum
value of additional axial stress increases with the increase of initial pressure. When the
pump was started at 8 MPa, the maximum axial additional stress of the tubing was 34 MPa,
while when the pump was started at 10 MPa, the axial additional stress was close to 40 MPa,
with an increase of 18%. The stress value at the bottom of the hole was the highest, and the
closer it was to the wellhead, the smaller it was.

Tubing diameter: 3-1/2in Tubing diameter: 4-1/2in

———Depth:0m
— Depth: 500 m
~ Depth: 1000 m

Depth: 0 m

——— Depth: 500 m
Depth: 1000 m
Depth: 1500 m

30 35 40 45 50

Depth: 0 m
| ——— Depth: 500 m
‘ Depth: 1000 m

Depth: 1500 m

30 35 40 45 50

u,/(mis)

sigma /(Pa)

33

w

Depth: 0 m
Depth: 500 m
| Depth: 1000 m
| Depth: 1500 m| |

5 10 15 20 25 30 35 40
Us

-0.05

-0.15
0

i

|
‘f‘
|

Depth: 0 m
Depth: 500 m
Depth: 1000 m
Depth: 1500 m

-

i

Tubing axial additional stress variation curve

5 10 15 20 25 30 35 40 45 50

Figure 3. Variation curve of tubing parameters at different diameters.
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Pressure of pump start: 8§ MPa
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Tubing axial additional stress variation curve
Figure 4. Variation curve of tubing parameters at different initial pump start pressure.

3.2. Calculation Results of Pump Shutdown Operating Parameters
3.2.1. Calculation Results of Flow Field Parameters in Pump Shutdown Condition

When the initial pump shutdown pressure of the surface pipeline is 10 MPa and the
pump stop time is 3 s, 9 s, and 15 s, the variation curve of the parameters of pressure and
flow velocity in the tubing with time is calculated with different pump shutdown times
of the 6500 m pipeline, as shown in Figure 5. Both tubing pressure and flow velocity will
fluctuate at the instant of pump stop. For the pressure inside the tubing, when the pump
shutdown occurs, the tubing pressure would increase rapidly in a short time during the
process. The tubing pressure would be reduced after the pump stops. In the whole time
domain of numerical fluctuation, the pressure in the bottomhole tubing was the highest.
When the pump was shut down for 3 s, the pressure in the bottomhole tubing could rise to
12.2 MPa at its highest. It also decreases along the line to the wellhead. Additionally, the
longer the pump stop time, the smaller the peak fluctuation of pressure in the tubing, and
the inverse relationship.

For the flow rate of the medium in the tubing, the flow rate at the bottom of the
well was the largest throughout the range of numerical fluctuations and decreases to the
wellhead in the direction of the pipeline. The overall trend of the flow rate decreases in an
approximately linear relationship until stationary at different pump shutdown times.

The calculated inside pressure and flow velocity at 6 s pump shutdown under different
inside pressures were shown in Figure 6. The effect of initial pressure on the variation
of the inside flow field is only reflected in the numerical difference, and the effect on the
fluctuation trend was small. At different shutdown pressures, the inside pressure increases
rapidly during the shutdown process, reached a peak at the end of the operation, and
finally decreases gradually after the finish. At all three different initial pressures, the
inside pressure at the bottom of the well was maximum and decreased continuously along
the pipeline direction to the wellhead. However, due to the different magnitude of the
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initial shutdown pressure, the flow field pressure showed a large difference in values. The
maximum flow field pressure was close to 9.9 MPa when the pump was shut down at
8 MPa, and it was also close to 12 MPa when the pump was stopped at 10 MPa, an increase
of about 20%. The overall situation showed that the higher the initial pressure in the tubing

when the pump is shutdown, the higher the peak fluctuation.

Pump shutdown times: 3 s

Pump shutdown times: 9 s

Pump shutdown times: 15 s
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Figure 5. Variation curves of flow field parameters under different pump shutdown times.
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Pump shutdown time: 3 s

-02 shut down moment
1 5 after shut down

uz(mis)
&
w

wnitial moment

However, the flow velocity in the tubing variation with the different pump shutdown
pressure was not significant, as all fluctuations were between 14.5 m/s to 14.6 m/s. The
overall situation showed that the flow rate at the bottom of the well was much higher than
the wellhead position during the pump shutdown.

3.2.2. Calculation Results of Tubing Parameters in Pump Shutdown Condition

When the pump shutdown operation was performed at a pressure of 10 MPa in the
tubing, the calculated results of the tubing effected by the interaction vibration of the
flow field are shown in Figures 7 and 8. For the variation of axial vibration velocity and
additional stress of the tubing with depth, the figures of the variation parameters at the
initial time, the moment of well shutdown and 1 s after finish are obtained, respectively,
the results of were calculated under 3 s, 9 s and 15 s pump shutdown time, as well as the
calculated results of the above parameters in the time domain.

As can be seen from Figure 7, at the time of well shutdown, if the operation time was
3 s, then the tubing would shake violently, and the phenomenon of flickering occurs from
the wellhead to 3000 m downhole, where the reverse vibration speed appears. In contrast,
the 9 s and 15 s vibration speeds were not affected by the above phenomenon. At the time
of pump shutdown, the overall tubing vibration speed along the pipeline to the bottom of
the well was increasing in trend distribution.

At the end of the pipe shutdown, the axial vibration velocity of the tubing at all depths
of each section gradually decreases with time in the form of cyclic cycles due to the frictional
influence of the downhole boundary conditions. The effect of pump shutdown time on the
amplitude of vibration velocity was not significant, and the wellhead vibration velocity is
maximum on the overall tubing section and decreases gradually down the well depth.
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Figure 7. Variation curve of tubing vibration speed under different pump shutdown time.
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Figure 8. Variation curve of tubing axial additional stress under different pump shutdown time.

For the axial additional stress of the tubing, it could be seen from Figure 8 that the
shorter the time of pump shutdown, the higher the instantaneous load at the wellhead.
At 3 s of pump shutdown, the axial additional stress at the wellhead could reach 66 MPa,
which was 8.5 times higher compared with 7 MPa at 15 s. Additionally, as the time of
pump shutdown increases, the stress increase due to tubing resonance manifests itself at
the bottom of the well. The longer the tubing length, the lower the intrinsic frequency,
the more likely it was to resonate, and the superposition of the resonance-induced axial
stresses would lead to higher stresses at the bottom of the well than wellhead. The stress at
the bottom of the well at the 15 s pump shutdown in this paper was close to 35 MPa, much
higher than wellhead.

During the entire pump shutdown cycle, the stress amplitude at the wellhead was
the highest and decreases gradually along the pipeline toward the bottom of the well.
Additionally, for the hole tubing, the stress would decreases and disappears with damping
effected. The stress at the wellhead was greater than at the bottom of the well for the entire
period of time between the pump shutdown and tubing standstill, and the deeper the well,
the lower the stress. Additionally, then it gradually decreased in a cyclic manner until it
comes to rest.

According to the calculation results in Figures 9 and 10, the variation curves of tubing
vibration speed and axial additional stress were obtained when the pump was stopped
after giving different initial pressures to the downhole tubing at the same time. In this
paper, the vibration parameters of the tubing at 8 MPa, 9 MPa, and 10 MPa were calcu-
lated, respectively.

As could be seen from Figure 9, for the tubing axial vibrational velocity, the variation
curve at the well shutdown moment was basically the same for the three different inside
pressures, all of which increase with depth, and the difference in the peak stress variation
was not obvious. This indicates that the relationship between different inside pressures
and the vibrational velocity of the tubing was not closed at the instant of well shutdown.
Additionally, from the time domain calculation results, it could be seen that the vibration
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velocity at the wellhead was the largest, while it decreased along the tubing direction to
the bottom of the well due to the influence of downhole damping.
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Figure 9. Variation curve of tubing vibration speed under different initial shutdown pressure.
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For the axial additional stress in the tubing, it could be seen from Figure 10 that
the stress amplitude at the wellhead was the largest at the three different shutdown
pressures and decreased and stabilizes along the pipeline direction to the bottom of the
well throughout the shutdown cycle. The different effects of inside pressure were reflected
in the magnitude of stress fluctuations in the time domain. The axial stress in the tubing
could reach 52 MPa at 8 MPa shutdown, while the stress magnitude at 10 MPa shutdown
was close to 64 MPa, which was a 23% increase compared to 8 MPa condition.

4. Discussion

In the two conditions discussed in this paper, the periodic injection of the flow field
and pump shutdown can be regarded as simple harmonic external excitation acting in the
fluid-tubing system, so the behavior of downhole tubing during the fracturing process is
forced simple harmonic excitation vibration. During well site operations, tubing damage
due to an unsteady flow field is more often come from resonance. In addition, the pressure
impact during pump shutdown also causes tubing damage by deformation of press and
instability. In the 3-1 /5" tubing calculated results, the maximum additional axial stress of
the tubing under the cyclic injection condition was 36.2 MPa, while when it was under the
pump shutdown, the maximum value was 61.6 MPa, which was an increase of 70.2%.

Under the periodic injection condition, the periodic disturbance of the flow causes
the change of the tubing vibration frequency triggered by the flow field as an external
excitation, and resonance occurs when it approaches the intrinsic frequency of some of
the tubing sections. Mao [22] concluded that the amplitude and phase difference of the
steady-state response depend only on the physical properties of the system itself and the
frequency of the excitation and force spokes, independent of the initial conditions of the
system. Therefore, for the tubing itself, its inherent frequency is affected by factors such as
mass, geometry, and material, according to the inherent frequency calculation equation:

k
w =4/ (15)

where:

w—the intrinsic frequency of the tubing in Hz;

k—the stiffness of the tubing in N/m;

m—the mass in kg.

Due to the shape characteristics of the downhole tubing, it can be approximated and
treated as a model of beam, and the expression of the stiffness of the tubing is obtained as:

EA
where:
E—the modulus of elasticity of the tubing;
A—the cross-sectional area;
[—the length of the tubing.
Substituting Equation (16) into Equation (15) yields:
E
w ﬁ (17)

where:

p—the tubing density.

In the research by Xu et al. [23], it was pointed out that the tubing buckling phe-
nomenon was a potential risk to production safety in the high-pressure environment of
ultra-deep wells, and severe tubing buckling deformation can lead to a series of catas-
trophic accidents such as shutdown and waste of wells. Therefore, combined with the
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above research and within the reference range given by it, thickened tubing with an elastic
modulus of 210 GPa and a tubing density of 7850 kg/m? was selected for the downhole
tubing material in this paper.

From the above equations, it can be seen that the longer the length of the downhole
tubing, the higher the intrinsic frequency will be. Additionally, the vibration frequency
of the tubing under the action of external excitation increases from zero to peak and
then decreases. By calculating the vibration frequency of three different tubing diameters
subjected to 0.25 Hz disturbance pressure variation, it was concluded that the peak vibration
frequency of the tubing decreases gradually with the increase of the diameter, but the
maximum value does not exceed 12 Hz. Therefore, in order to avoid the resonance of the
inherent frequency of the tubing close to the flow field frequency, it should be greater than
its peak vibration frequency as far as possible, which requires the length of the tubing
to set the longest safety threshold. The design of oil well tubing mostly uses composite
connection types, and its diameter commonly ranges between 2-3/g” and 4-!/,”, and the
longer the length of the tubing, the denser the inherent frequency will be, and it is not
easy to avoid the resonant excitation frequency of the system at this time [24]. Table 2 was
calculated and gives the maximum value of the tubing vibration frequency and the upper
limit of the safe depth of the tubing at different diameters. The results show that when
the inner diameter of the tubing increases, the depth location where resonance begins to
occur increases accordingly. For combined tubing, the tubing diameter sizes are generally
distributed decreasingly from the wellhead to the bottom of the well. The data listed
in Table 2 provided a basis for well design to avoid tubing resonance and have useful
engineering value. The operator can choose the combination of casing at different depths
according to different downhole conditions to achieve safe operation and production.

Table 2. Resonance occurrence depth of tubing with different diameters.

2.3 /8// 2.7 /8 " 3_1 /2 " 4" 4-1 /2//
Maximum frequency of flow field (Hz) 11.67 10.54 9.587 9.129 8.721
Critical safety tubing length (m) 443204  490.721 539.501 566.567  593.074

Under the pump shutdown condition, the water hammer effect will also cause the
unsteady flow field in the tubing to change drastically. For the same stoppage time and
shutdown pressure, the tubing vibration frequency is 55.43 Hz for 2-” /", and 55.37 Hz
for 3-1/,", which is 0.11% lower than that of 2-7 /g", while the tubing vibration frequency
is 55.27 Hz for 4-1/,", which is 0.29% lower than that of 2-7 /g". It can be seen that the
change in tubing vibration frequency caused by pump shutdown is very little affected by
the inner diameter size. At the same time, the vibration frequency of the 3-! /,” tubing is
82.5 Hz at 8 MPa and 83.22 Hz at 10 MPa, which is 0.87% higher than that of 8 MPa. When
the pump shutdown with inside pressure at 12 MPa, the tubing vibration frequency was
83.92 Hz, which was 1.72% higher than that at 8 MPa. Therefore, the change in tubing
vibration frequency caused by the difference in pressure when the pump shutdown is also
extremely small. Therefore, the main factor affecting the resonance is the stopping time of
the pump. After calculation, the obtained downhole tubing hazardous resonance location
schematic was shown in Figure 11. The resonance potential of the tubing will be extended
from its dangerous resonance depth to the bottom of the well, and with the increase of the
pump shutdown time, its dangerous resonance location will be closer to the bottom of the
well, thus shortening the length of the tubing section that may produce resonance. On the
other hand, the operation time when shutdown of the pump should not be too short, which
will lead to the dangerous resonance position close to the wellhead, thus making too long
tubing sections have resonance safety hazards.
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Figure 11. Dangerous resonance position of tubing under different pump shutdown times.

The severe impact caused by the transient load when the pump set valve is closed
is the main form of tubing damage under pump shutdown conditions, and the tubing
will generate very strong axial additional stresses. At this time, the tubing diameter size,
pump shutdown time, and the pressure during pump shutdown will have an impact on
the additional axial stress of the tubing [25]. Figure 12 shows the peak axial stresses for
different tubing diameters at the same stopping time and shutdown pressure, and it can be
observed that the larger the tubing diameter is, the higher the additional axial stresses are.
The peak stress of the 2-3/g” tubing was 57.27 MPa, while the 4-! /," tubing was 79.9 MPa,
and the stress increase has reached 40%. Therefore, the coarse tubing diameter should be
given priority when analyzing the axial stress impact damage during pump shutdown so
that vibration damping measures can be applied at the corresponding combined tubing
section locations. As can be seen from Figure 13, the shorter the pump shutdown time,
the greater the additional axial stress generated. Among them, in Figure 13, the peak
value of additional axial stress was 67.14 MPa at 3 s pump shutdown, while it dropped
to 62.25 MPa at 15 s, with a dropped of 7% in the selected tubing diameter and working
condition. In Figure 14, it could be found that the pressure in the tubing at the time of pump
shutdown and the additional axial stress generated by it were close to the proportional
linear relationship, in which the peak value of the additional axial stress was 52.32 when
the pump shutdown pressure was 8 MPa, and the peak value of the stress was close to
76.7 MPa when the pumping stop pressure increases to 12 MPa, with a growth rate of 47%.
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Figure 12. Maximum value of additional axial stress for different tubing diameters. (Uniform pump
shutdown time of 6 s and inside pressure of 10 MPa).



Energies 2022, 15, 9291

17 of 20

@ ? @ @ @ @D
@ @ - ~ @
1 1 1 L 1 |

-

Maximum stress value (MPa)

(2]
R
1

2
L

T T
3s 6s 9s 12s 15s
Time (s)

Figure 13. Maximum value of additional stress in the axial direction for different pump shutdown
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Figure 14. Maximum value of axial additional stress for different pump shutdown pressures. (Uni-
form tubing diameter of 3-! /5", pump shutdown time of 6 s).

The material service performance of tubing could be affected by multiple factors such
as physical, chemical or biological, which could accelerate its fatigue damage and reduce
its material toughness affecting the safety factor. In the research done by Ahmed et al. [26],
fluid pipelines were subjected to factors such as corrosion or temperature differences, which
resulted in wall thickness thinning. This could be a fatigue crack extension in the pipe due
to circumferential stresses, which could eventually damage the pipe body causing losses.
Meng Li et al. [27] pointed out that the impact load on the tubing during production was a
key factor in determining the safety of strength design and tubing material selection for
deep and ultra-deep wells, and the safety factor method was commonly used as its direct
measure. As for the selection of tubing materials, in the study of Li [28], it was pointed out
that in the complex operating environment of the downhole, J55 steel was often used as oil
downhole casing and tubing material because of its high tensile and yield strength as well
as great impact properties. In the J55 steel downhole tubing used in this paper, the tubing
safety factors for different tubing diameters, pump shutdown times and inside pressures
were given in Tables 3-5, respectively, in relation to the above pump shutdown conditions.
Among them, the larger the tubing diameter, the smaller the safety factor. The 4-!/,"
tubing diameter safety factor compared to 2-3/g" decreased by 25%. The longer the pump
shutdown time, the higher the safety factor. Compared with 3 s stop time, extending it to
15 s, the safety factor can be increased by 6%. The effect of shutdown pressure on the safety
factor is significant, the higher the stopping pressure, the lower the safety factor. Compared
with the pump shutdown at 8 MPa, the safety factor is reduced by 32% at 12 MPa. As a
result, the most effective way to protect against the pump shutdown condition is to release
the pressure in the tubing before stopping the pump, and then consider extending the
operation time while shutting down the well in steps based on the different diameters.
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Table 3. Safety factors for different tubing diameters (Uniform pump shutdown time of 6 s and inside

pressure of 10 MPa).
Different Diameter 2-3/5" 2-7/¢" 3-1/," 4" 4-1/,"
Safety factor 5.72 5.38 5.16 4.65 4.28

Table 4. Safety factors for different pump shutdown times (Uniform tubing diameter of 3-1/2”, inside

pressure of 10 MPa).
Different Finish Time (s) 3 6 9 12 15
Safety factor 491 5.08 5.16 5.21 5.24

Table 5. Safety factors for different inside pressures (Uniform tubing diameter of 3-!/,"”, pump
shutdown time of 6 s).

Different Stress (MPa) 8 9 10 11 12
Safety factor 6.28 5.62 5.08 4.64 4.24

In summary, for downhole tubing, the hazards caused by the resonance of tubing
due to unsteady flow fields such as periodic injection and water hammer damage must
be avoided in construction and design. When the wellhead pump was closed, the velocity
of the fluid in the tubing begins to decrease until eventually the flow stops. Then, when
the elastic wave at the wellhead with reduced pressure reaches the bottom of the well, the
backflow occurs. In the study by Tang et al. [29], the pressure fluctuation due to valve
closure was shown to be 1.37 MPa, and the pressure fluctuation due to fluid—structure
interaction could be up to 8.27 MPa, an increase of up to 6.03 times, which could cause a
serious risk of damage to the tubing. The main reasons for this damage are the resonance
caused by the variation in frequency of the unsteady flow field, which is close to the
inherent frequency of some tubing sections, and the increase in damage load also caused by
the water hammer impact on the tubing due to sudden pump shutdown. Whichever type
of pipeline damage is caused, the economic affordability pressure is huge for costly oilfield
operations [30]. Therefore, combined with the analysis results in this paper, in order to
avoid resonance, the tubing combination with different working conditions need to make
suitable selections, as far as possible to eliminate the frequency of easy to resonate parts,
so as to achieve the purpose of protection. For the pump shutdown condition, increasing
the operate time and decompression before process are effective protection measures.
Meanwhile, the tubing diameter should not be too large when designing. Therefore, in
the construction, operators could calculate the possible pressure variations amplitude of
pump shutdown according to the parameters in the tubing, and then carry out the pump
group to shutdown step by step or increase the vibration mitigation restraint at the local
tubing section to limit the amplitude of tubing swing. This is conducive to slowing down
the vibration of the downhole tubing, which could effectively avoid structural instability,
local deformation, and other failures to ensure production safety.

5. Conclusions

In this paper, aimed at the fluid—structure interaction vibration of the tubing caused
by the unsteady flow of the medium inside the tubing and its possible failure, the influence
of the vibration caused by the variation of the flow field and the tubing parameters due to
external excitation was calculated, and the main conclusions were obtained as follows:

(1) The tubing diameter and pump start pressure are the main factors for the vibration
damage under the periodic injection condition. When the diameter increases, the flow
field pressure and flow velocity will decrease, and the axial stress will also increase.
When the pump begins to operate at a higher pressure, the impact on the flow field
increases, as does the axial stress in the tubing.
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(2) Inaddition to resonance, the tubing damage under the pump shutdown condition
comes more from the surge of transient load. The pump shutdown time and inside
pressure are the main influencing factors. The shorter the shutdown time, the greater
the pressure of the flow field in the tubing, and the more rapid the flow velocity
fluctuation trend. The axial additional stress caused by it would increase. The higher
the inside pressure at operation of shutdown, the more pressure inside the tubing
when it is interacted with. As this flow field variation acts on the tubing, the additional
axial stress would rise sharply.

(3) The resonance damage of tubing originates from its vibration frequency being close
to its inherent one, so combined with the calculation results of tubing vibration
parameters, the maximum safe pipeline length under different tubing diameters was
obtained by analyzing its inherent frequency distribution regulation. It has excellent
practical engineering value and provides a theoretical basis and reference range for
the safety selection of tubing groups in actual operation.
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