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Abstract. Considering the limitations of the static buckling theory on the eccentric wear of sucker
rod and tubing, a new dynamic analysis method for the transverse vibration of sucker rod in the
tubing is proposed. Taking the axial distribution load at the rod body and the dynamic load at the
bottom into account, the dynamic model of transverse vibration is established based on the space
buckling configuration of rod string which regarded as the deformation excitation during the down
stroke. To solve the mathematical equations, the finite difference method is used to discretize the
well depth, and the Newmark-beta method is used to discretize the time. Meanwhile, a restitution
coefficient is introduced to depict the change of velocity and the momentum after the collision.
The result shows the phenomenon of rod-tubing collision occurs mainly in the down stroke after
the rod string post buckling; the collision force from the wellhead to the bottom increases
gradually, of which distributed almost along the entire well depth; and the high frequency collision
occurs below the neutral point where the collision force is also the biggest. Further, the collision
frequency and the collision force decrease successively from the neutral point to the wellhead
direction. But during the up stroke, few collisions occur, and the collision force is also very small.
The simulation model is suitable for the eccentric wear analysis of rod-tubing, and provides a new
theoretical basis for the optimal allocation of the centralizer.

Keywords: vertical pumping wells, sucker rod string, transverse vibration, deformation excitation,
rod-tubing eccentric wear.

Nomenclature

u(x, t) Displacement of sucker rod at any section x and any time t, m
P(t) Load time function at the bottom, N

P(ty) Bottom load at time t;, N

Uy (t) Suspension displacement, m

c Propagation velocity of sound waves in the sucker rod, m/s
v(x) Longitudinal damping coefficient, 1/s

Dr Density of sucker rod in the air, kg/m?

p1(x) Well bore fluid density, kg/m?

g Gravity acceleration, m/s?

v Damping coefficient of oil per unit length, N-s/m?

o Clearance between the sucker rod and the inner wall of tubing, m
m, Equivalent mass of per length sucker rod in oil fluid, N/m

E Elastic modulus of sucker rod, MPa

q(x) Distribution force along the well depth per length, N/m

L Rod length, m

L, Rod length of the same diameter, m

Uy The preceding collision displacement in the y-axis, m
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Uty The preceding collision displacement in the z-axis, m

12 The preceding collision speed value, m/s

Vey The preceding collision speed value component in the y-axis, m/s
Vey The preceding collision speed value component in the z-axis, m/s

0, Angle between the displacement and y-axis before the collision, rad
041 Angle between the node velocity and y-axis before the collision, rad
(e Angle between the velocity and the radial direction before the collision, rad
Ugy Post collision displacement in y-axis, m

Uy, Post collision displacement in z-axis, m

Vg Post collision speed value, m/s

Vyy Post collision speed value component in y-axis, m/s

Uty Post collision speed value component in z-axis, m/s

T Time step, s

h Space step, m

Vi Collision recovery coefficient

D, Diameter of single stage rod string, m

d, Diameter of different stage rod string, m

1. Introduction

The field statistics show that the rod-tubing eccentric wear phenomenon in the tubing is the
main cause of rod-tubing failure and the pump checking in vertical wells. At present, the analysis
of rod-tubing wear has followed the static buckling mechanics theory for a slender rod in the
cylinder [1-3]. Namely, when the pressure load of rod at the bottom exceeds the first static
buckling critical load, the sucker rod will produce buckling and cause the eccentric wear with the
tubing inner wall. As we know, the sucker rod below the neutral point is considered as a
compressive bar [4-7] also the theory eccentric wear area. Based on the above static buckling
theory, the centralizer optimal design method anti-eccentric wear was established and used
extensively [8, 9], namely, to install the centralizers below the neutral point of sucker rod string.
Here, the gap distance between the centralizers was designed through taking the two adjacent
centralizers unbuckled as the constraint condition. The method has effectively prevented or
reduced the rod-tubing eccentric wear at the bottom of the compressive part. But surprisingly, the
eccentric wear phenomenon is obviously upward in the actual oil well. Although the centralizers
at the bottom sucker rod have increased the sucker rod downward hydraulic resistance and led to
the neutral point and the eccentric wear points a small shift, the actual eccentric wear position is
significantly higher than the theoretical neutral point according to the variation of the actual
measurement suspended indicator diagram. So, the current static buckling theory of sucker rod
cannot give the reasonable explanation of the rod-tubing wear phenomenon.

Indeed, the centralizers equipped at the bottom sucker rod have prevented or alleviated
effectively the bottom rod-tubing wear, but not prevented the rod buckling, so the whole sucker
rod is still in the state of buckling. Considering the radial clearance between the centralizer and
the inner wall of the tubing, the buckling configuration of the sucker rod string has been changed
after centralizers allocated. Obviously, for the sucker rod in vertical wells, the overall sucker rod
is buckled when the resistance of the rod string at the bottom is bigger than the critical buckling
load no matter whether the centralizers are equipped or not. Namely, the rod string has generated
transverse displacement in this case [10-12]. In the author’s opinion, the transverse buckling
deformation of the sucker rod stimulates the sucker rod to produce the transverse vibration in the
tubing and cause the collision friction with the tubing inner wall. The collision friction below the
neutral point is more serious, and above the neutral point or even the whole wells also produce
rod-tubing collision. So, after the rod string below the neutral point equipped with centralizers,
the rod above the neutral point has become the new weak point and produce eccentric wear or
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even wear off.

The rod string dynamics in petroleum engineering had been studied extensively by many
experts and scholars: the longitudinal vibration of sucker rod [13, 14], the transverse vibration of
traditional pressure bar [15, 16] and moving beam [17, 18], the transverse forced vibration of riser
under tension [19-21], the transverse vibration and collision problems for wellbore under
fluctuating pressure [22-25]. However, the research on the transverse vibration triggered by the
buckling deformation excitation seems to have not been discovered so far. In addition, the
following cases are considered: (1) The environmental load of sucker rod is complex, there is not
only the non-uniform axial distribution force, but the bottom load varying with the bump speed,
which shows the tension as well as the pressure state and the tensile force dominated. (2) The
transverse vibration of sucker rod is triggered, and the rod collides with the tubing inner wall with
the collision point changing with time. The above-mentioned complex load is considered globally
in this paper, further, the simulation method of sucker rod transverse vibration in the tubing and
the eccentric wear of rod-tubing are established. The method provides a new theoretical basis for
the eccentric wear analysis of rod-tubing and optimal configuration of the centralizer.

2. Mechanical model

For the convenience of study, the following assumptions and simplifications are considered:

1) The sucker rod string is an elastic rod, and the wellbore center line is coincident with the
rod string center line in the vertical well.

2) To establish the coordinate system from zero point of the wellhead, the axial distribution
load of sucker rod in well depth x is q(x). The bottom of sucker rod is subjected to periodic
loading P(t).

3) The sucker rod is a homogeneous single stage rod, and the influence of the connectors and
centralizers is neglected.

4) The influence of the longitudinal vibration and torsional vibration on the transverse
vibration is not considered.

5) The space buckling configuration of rod string at a given moment is considered as the
deformation excitation of rod string.

Under the above assumptions, the transverse vibration mechanics model of sucker rod is shown
in Fig. 1. The buckling deformation diagram is shown in Fig. 1(b).
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a) Mechanical model b) Buckling configuration d) Top view
Fig. 1. Transverse bending mechanics model of sucker rod
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The bottom load of sucker rod P(t) adopts the result of the wave equation for the longitudinal
vibration. The wave equation [26] is expressed by:

(*u_ ,0%u  du pr—p(x)
! TR PG T
9 |
EAZY =P, (1)
Xlx=L

l F]

Ulyx=0 = Uy (1)
3. Mathematical model

3.1. Transverse vibration equation of sucker rod string

Under the assumption that the viscous damping force in oil for the sucker rod at any point x;
in the transverse direction y and z is v dy;/dt. By the force and moment balance of rod string in
the xoy plane and xoz plane, the mathematical equation is obtained as follows:

o*y,z dy, z} o 0y, z 0%y,z

0 L
El pp +§{[P(t)—fxq(x)dx] o T +me—6t2 =

2

3.2. Boundary conditions

The displacement and the rotation angle at the top of sucker rod string are constrained by the
wellhead, so the top boundary condition is simplified as a fixed end. Similarly, the displacement
and the rotation angle at the bottom are restrained by the pump barrel, so the bottom boundary
condition is simplified as a sliding fixed end. Thus, the boundary conditions at both ends of sucker
rod can be expressed by:

a )
¥,2(0,t) =0, %(0, t) =0,
ayxz @)
,Z L,t = O, - , = (.
y,z(L,t) o (L) =0

3.3. Initial condition and deformation excitation

Assuming that the initial state of sucker rod string is natural and static, and the suspension
point of rod string is at the bottom dead center, the initial condition of the whole system at time
t = t, is satisfied by:

¥,2(x,0) = p(x) =0,

9y, z _ _ 4)
T (x,0) =g(x) =0.

The space buckling of sucker rod will occur at a moment during the down stroke. Here the
buckling configuration is regarded as the periodic deformation excitation for the rod transverse
vibration. In other words, when P(t;) exceeds the space buckling critical load at time t; during
the down stroke, a continuous contact area of the rod-tubing starts to appear, and the space
buckling configuration at this time is just the deformation excitation of rod string transverse
vibration. Considering the energy for each period will be partly dissipated due to the system
damping, the deformation excitation will be applied once a period at time t; + nT according to
the superposition principle of small deformation.
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3.4. Collision condition

Taking the ith node of the sucker rod as an example, the node is regarded as a particle with the
quality m, whose coordinate is (U, Us) on the cross section. When the transverse displacement

is satisfied by | /ufy + uZ,

transient process, the radial velocity is reversed in direction with a weaken reverse speed due to
the frontal collision, while the tangential velocity are changeless in magnitude and direction. After
the collision, the node displacement falls on the inner circumference of the tubing as shown in
Fig. 2. Correspondingly, the node displacement collision conditions can be given by:

> 1y, the rod collides with the inner wall of tubing. During the

Uy, = 19€0s(6,),
for 710 )
Uy, = 1o5in(6,),
where:
arctan | — ),
uty
m — arctan | — ),
uty
u
T + arctan (i)
6, =< Uty (6)

u
2m — arctan <£>,
T
2 )
3T
2 )

Fig. 2. Velocity change during the collision

Taking the node in the first quadrant as an example, shown in Fig. 2, the relationship of
velocity change before and after collision is analyzed. Since there is only the change in the radial
velocity during the collision, the relationship between the radial velocity and the tangential
velocity can be satisfied by:

{ﬁtr = _yivtrcos(gtz)’ (7)

ﬁt‘r = V-

The velocity after the collision can be regarded as the initial velocity at the next moment
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through decomposing it into two coordinate directions. Therefore, when 6,; = 6,, the velocity
after the collision can be expressed by:

Vgy = —Yilvelcos(8;)cos(8;) — |ve|sin(By;)sin(B,),
U, = —Vi|velcos(Be;)sin(8,) + |ve|sin(8y;)cos(6,), (®)
Otz = 0y — 0.

When 6;, < 6., the post collision velocity will become, as follows:

Vyy = —Yilvelcos(B¢z)cos(8;) + |ve|sin(8,)sin(6,),

—Yilvelcos(8e;)sin(6,) — |ve|sin(6;,)cos(6,), )
0r — O¢1-

Utz
012

The collision recovery coefficient ¥; (0 < y; < 1) is related to the material of two collision
bodies, steel to steel is 0.56, iron to lead is 0.14, steel to the naked rock is 0.1 [27].

Though the collision force generated by the rod-tubing collision is extremely large and the
instantaneous value is difficult to measure in the process of collision, the dynamic impulse S can
be used to estimate the impact strength, which is satisfied by the impulse theorem. When the
precision of calculation is not required perfectly, the collision time 7 related closely to two solid
materials can be determined by the empirical value obtained by experiments [28]. In this paper,
the material of sucker rod and tubing all belongs to the alloy steel and T can be chosen as 0.03 s.
Therefore, the average value of collision force during the collision time 7 by the impulse theorem
can be obtained by:

S; My

F-:—_
mi T T

(ﬁtr - 17!.“1")- (10)

The collision process is divided into the extrusion time t;; and recovery time t,;. It is assumed
that the collision time is just a time step, the following equation can be satisfied:

At=T=t1i+t2i. (11)
4. Simulation method

Eq. (4) is a variable-coefficient and higher-order differential equation with the variable t and
x being coupled together. Therefore, the analytic solution cannot be obtained by using the
separation variable method. In this paper, the numerical solutions are obtained by combination of
two methods of Newmark-beta method and difference method [29-33].

First, the finite difference method is used to separate the space variable x and Newmark-beta
method is used to discretize the time variable t. The whole sucker rod is divided into n elements
and n + 1 nodes, the corresponding nodes number is i = 0, 1,..., N. The space node step is h, the
time step is t.

The difference expressions about two fixed boundary nodes can be obtained by the central
difference method, as follows:

{y'Zo=0' _’y,Z_1=y,ZI,
y,zy =0, ViZny1 = Vi ZN-1-

(12)

Taking the xoy plane as an example, the all-order derivative in the y direction is rewritten by
the difference form. The difference forms of the fourth-order derivative on each node can be
expressed by:
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o 1y1 =4y, +y3

yl - h4_ y
mro_ 6y2 - 4(y1 + y3) + Vs
y2 - h4 )
6V —4(Vi « + Vi )+ Vi, + v
Hypr = 220 y}:f) YeThe 3<i<N-3), (13)
v 6YN—2 —4(Vn-1+Yn-3) T Yn-s
IYN-2 = n4 ’
o TYN-1—4YN—2 + YNn-3
\VN-1 = e .

Similarly, the difference forms of first-order and second-order derivative on each node can be
expressed respectively by:

(, _Y2—2)
Y1 = Tz
v Vi1 — 2Yi Vi .
i = h2 ) (ZSLSN_Z), (14)
w  _YN-2T 2yN-1
IN-1= " 2
r_ Y2
T
<y{=y’“2—hy“1, <i<N-2), (15)
P —YnN-2
YN-1 on

The Newmark-beta method is used to discretize the time, and then the following assumptions
are made:

evae = e + [A = BT} + B} eracl AL,

. 1 y . (16)
Ohesae = D+ G306+ | (5= 7) G + ¥ Therae 42,
where, f and y are the adjustable parameters according to the integral accuracy and stability
requirements. When £ = 0.5 and y = 0.25(0.5 + 8)?, the Newmark-beta method is an
unconditionally stable format. Here we let § = 0.5, y = 0.25. {y};3a¢ and {J};44¢ by Eq. (16) can
be obtained by:

{{y}HAt = ag((Vesae — }e) — @20} — az{0}e, (17)
erae = ar(W}evar — }) — aa{y}e — as{y}e

The vibration differential equation at time t + At according to the Newmark-beta method can
be expressed as:

M]{J}erae + [ClV}erae + [KI{V}erae = (R} txae (18)
Substituting Egs. (16-17) into Eq. (18), the equation about u;,,; can be obtained by:

(K10} esae = {R}esner (19)

where:
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(IK] = [K] + ao[M] + & [C],
{R} = [M](ao{y}: + a2 (¥}t + az{¥}e) + [Cl(ay{u} + as{ti} + a5 + Atfii},),

1 B 1
= = = — 20
o yAt?’ *1 yAt’ %2 yAt’ (20)
1 B At /B
3 2y 7 %4 y s 2(]/ )

{7}t +a¢ can be obtained by solving Eq. (19). {y};4ar and {¥}:4a¢ can also be got by Eq. (17).
It is assumed that y < ry, q(x) = constant, we give out the discrete form of Eq. (2) in the
following:

Ayl + BIayitq + Clyf + Dyl + Fyli, = G, B=<is<N-3)
El 4EI P(t)—q(L—x;) ¢
— — k _ i
A=F=pp BhLi=—gr+— @ — o
_6El  2P(t) — 2q(L —x;) 4 q 4EI  P(t) —q(L —x;) 4 q

k -, Dk = — - " ,
aOg i+1 h4 hz 2h

LTt h?

_ ay\“ *y\
oot +aa(Gg), oG
t i

_ ay\“! 2y\""
ayf T +ay (§>l + as 3 i
BYyf + C¥yy + DYy¥ + Fyf = G§,  (i=2),

El 4E1 P(t)—q(L—x;) ¢q
F = F, Bl = -
_ 6EI 2P(t) — 2q(L — x3) N q

k k _—
=% % g D=

. ay\“! ?y\“
apys ™t +a, (E)z tas 3
2

. ay\“ *y\
Y5t +ay (E)z +as 2
2

Ciyf +D5yf + Fys =Gf,  (i=1),
EI
F = F,
o _7EL_2P(®) —2q(L —x,)
L7 pe h?2

. ay\< *y\
ayt +a, (E)l +as 2
1

_ ay\“! ?y\“
ayf Tt ay (§>1 + as 3
1

2y

k —
G =m,

+v

)

ht h2 2h’
4El P()—q(L—x) q
T n2 ton

(22)

k _
Gz_me

+v

’

\

4EI  P(t) — q(L — xy) N q
h* h? 2h’

+aog, Dé‘t:_
(23)

GF=m,

+v

)
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rAy1'6_4 + BII\CI—3yII\cI—3 + CII\(It—ZyII\CI—Z + DI’fI—l)’II\cl—l = G’]\?—z, (i=N-2),

EI X 4EI P(t)—q(L —xy_3) q
A g Bhs= g & o
K =@_2P(t)—2q(L—xN_2)+a q
N-2 h4 hz Og’
4EI P(t) —q(L —xy-2) ¢
ko
N-1 = _F+ hz +ﬁ, (24)
_ ay\“ %y
G-z = M [agyn_5 + a, (_) taz|o7
3t )y_s o),
a k-1 az k-1
+v |y ¥k + ay <_y) + asg i ,
0t/ n_2 dat? N2
A}’1I\{/—3 + B1’\{/—23’1’\{1—2 + Cll\i—ly},\cl—l = le’ i=N-1),
EI 4EI P(t) —q(L —xy_1) q
_ ko _
Aprr Phz=—gat 2 "o
v _ 7EL 2P(t) —2q(L —xy-1) q
N-1= 77 2 +ao—,
h h g
) o 9 e (25)
k k-1 dy 0%y
Gy-1 =M |aoyn—1 + a2 (E) +az 2
N-1 N-1
_ ay\ 2y\""
+v|aykl + a, (E)N_l +as| o5 ,

N-1

where y¥ represents the transverse displacement of ith space node and kth time node on the
y-axis.

5. Engineering simulation examples
5.1. Basic parameters

The basic simulation parameters are listed in Table 1. In addition, the change rule of the bottom
load P(t) with time is shown in Fig. 3(a), the corresponding neutral point position is shown in
Fig. 3(b), the deformation excitation of buckling configuration is applied at time t,. Among these
parameters, the bottom load P(t) can be transformed into an analytical expression about time by
Fourier series transform.

Table 1. Simulation parameters

Number Parameters / unit Value
1 Diameter of sucker rod string D,/ m | 0.025
2 Rod length L / m 1000
3 Density of rod p,. / (kg/m?) 7860
4 Elasticity modulus E / (GPa) 209
5 Radial clearance rod-tubing r, / m 0.01
6 Damping coefficient v / (N*s/m?) 0.05
7 Period time T / s 15

5.2. Simulation result analysis and experiment verification

Substituting the above basic parameters into the simulation model, we can get the following
simulation results.
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Fig. 3. The curve of pump load and the neutral point position with time

5.2.1. Variation law of collision force

The variation regularity of collision force with the well depth and time in 10 full cycles and
150 seconds is obtained in Fig. 4 and Fig. 5.

Fig. 4 shows that (1) the collision force is distributed almost along the whole well depth. In
each movement period, the collision occurs mainly on the down stroke, and the collision force
increases with the increase of the well depth and reaches the largest near the bottom. (2) Under
the larger damping coefficient, the collision force shows approximately the periodic variation law.
(3) The collision force each stroke is in the same or close level with the error of curve peak value
being shown within 15 %.

From Fig. 5, it can be found that the collision frequency is higher and the collision force is
bigger from the neutral point to the bottom than above the neutral point. The collision force and
collision frequencies become smaller and smaller from the neutral point to the wellhead.

Fig. 6 further shows: (1) The most fierce collision point is not near the neutral point but below
the neutral point near the bump end. (2) The maximum collision force below the neutral point is
almost the same at the corresponding position with different periods. (3) The collision points are
very few and the collision force is weak during down stroke.

In all, the collision mainly occurs during down stroke with the collision force almost being
distributed throughout the whole well. The collision below the neutral point is the fiercest and
collision force is the biggest. The simulation results have well explained why the eccentric wear
phenomenon still happens although centralizers installed below the neutral point. Indeed, the
eccentric wear phenomenon at the bottom or below neutral point has been improved well after
centralizers installed, but disappointingly, the position points above the neutral point become the
new weakness points.
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Fig. 4. The curve of collision force with the well depth and time
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Fig. 6. The curves of collision force with time in different depths

5.2.2. Transverse vibration trajectory

Fig. 7 shows that the transverse trajectory within t = 1-150 s in different well depth points.
The sucker rod does not collide with the tubing wall near 20 meters from the wellhead with the
low amplitude vibration around the center of the well. Near 100 meters from the wellhead, the less
collision has appeared between the rod and the tubing. Then the stronger and stronger collision is
produced from 400 meters to the bottom of well with the most intense vibration in 960 meters. It
can be deduced that the regularity of the rod-tubing contact or collision area varies from
free-collision to weak-collision, and then strong-collision from the wellhead to the bottom bump.
Except tens of meters near the wellhead, all the rest position points have produced rod-tubing
lateral collision, and the collision is more and more intense with the increase of well depth.
Different from the static buckling theory, the rod section above neutral point also produces the
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relatively strong rod-tubing collision.
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Fig. 7. The curves of movement trajectory in different depths

5.2.3. Bending configuration at different times

Fig. 8 shows that the bending deformation of sucker rod at different times in the same period.
Before the buckling deformation excitation is applied, the rod also produces small amplitude
transverse vibration displacement and small collision probability with the inner wall of tubing.
After the buckling deformation excitation is applied, the rod string has produced strong space
transverse vibration and almost continuous collision phenomenon below the neutral point. It is
known that the load P(t) acted at the bottom of the rod string will change from negative to
positive, namely pressure state to tension after the down stroke, the buckling of the rod string will
disappear. However, it can be found from Fig. 8(a-d) that the residual deformation of transverse
vibration produced by the buckling deformation excitation during the previous cycle will transmit
toward the wellhead in the form of the gradually weakening spiral wave until the buckling
configuration excitation is applied again, and so on reciprocating periodically.
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Fig. 8. Bending configuration of the entire rod string at different times during a period
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in no. X2 well
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¢) The tubing worn out in no. X5 well
Fig. 9. The eccentric wear of rod string in oil field

5.2.4. Experiment verification

In order to further validate the correctness of the simulation results in this paper, the
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comparison of three groups of data is shown in Table 2: the measured data of pump inspection in
an oilfield in early 2017, a traditional static method and the result in this paper. Further, the
eccentric wear of rod string in oil field, which has been equipped with the centralizer in the middle
and lower part of sucker rod, is shown in Fig. 9. We can see from the data the eccentric wear areas
of rod-tubing in the oil field have a great dispersion without obvious regularity. From the wellhead
to the pump, the eccentric wear of rod-tubing can happen anywhere, which is determined by many
factors, such as wellbore conditions, swabbing parameters and so on. The simulation results about
the rod-tubing eccentric wear in the last column in Table 2 is in fully consistent with the
experimental results of last third column, however, the results obtained by the static method in
last second column are partly consistent with the experimental results. Therefore, we can say that
the simulation method in this paper is correct and more convincing. In the future, we will also take
some advanced experimental method to test the response of this structure to validate the numerical
simulation further, such as wireless sensor networks [34-39].

Table 2. Experiment results verification

.. Serious wear| Wear area
Combining form . Wear area
Bump | Pump . areas or | simulated | . .
. Stroke | Frequency / | of rod string . . |simulated in
Number |diameter| depth . break point | by static .
/(m) (1/min) d,/(mm) this paper
/(mm) /(m) <L./(m) measured | method /(m)
r /(m) /(m)
25x500+22x400
X1 38 1699.62| 3 25 L 19%(L-900) 1336 1354-L 130-L
22%x596+19
X2 44 1496.15| 4 29 «(L-596) 960-1392 | 1190-L 120-L
25%250+22x300
X3 57 1003.15| 4.2 3 119%(L-550) 560-976 870-L 82-L
25x200+22x400
X4 70 902.31 | 4.8 2 1+ 19%(L-600) 536 795-L 71-L
25x400+22x500| 320-640,
X5 38 151147 3 2.5 119%(L-900) | 880-1200 1201-L 123-L
25%400+22x700
X6 44 1596.35| 4.2 2.1 119%(L-1100) 208 1253-L 119-L
25%800+22x700
X7 32 1993.1 5 1.2 1 19%(L-1500) 800-1900 | 1560-L 140-L
25%600+22x650
X8 32 1864.26 | 4.8 1.7 119%(L-1350) 400-1200 | 1452-L 136-L

6. Conclusions

The transverse vibration model of sucker rod string under the space buckling deformation
excitation is established in the tubing. Based on the model, the finite difference method and
Newmark-beta method are used to solve the equations, and the collision effect between rod and
tubing being is fully considered. The nonlinear dynamics simulation of rod-tubing collision under
transverse vibration in the vertical well pumping is realized well.

The phenomenon of rod-tubing collision caused by the transverse vibration occurs almost
along the whole well depth. The collision force increases gradually from the wellhead to the
bottom. Collisions below neutral point are most fierce, and gradually decrease from the neutral
point to the wellhead.

The phenomenon of rod-tubing collision occurs mainly during the down stroke and after post
buckling with the high collision frequency and large collision force. However, the collision
phenomenon is few and collision force is small during the up stroke.

The periodic transverse vibration is completely described with a complete cycle in this paper.
The residual deformation of transverse vibration produced due to the buckling deformation
excitation during the previous cycle will transmit toward the wellhead in the form of the gradually
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weakening spiral wave until the buckling configuration excitation is applied again.

A new method is provided for analyzing the rod-tubing eccentric wear. The simulation results
are in good agreement with the engineering practice and better explain the rod-tubing eccentric
wear not only occurs below the neutral point also the above the neutral point. So, the centralizers
are positioned below the neutral point can effectively prevent or reduce eccentric wear of
rod-tubing at the bottom compressed section of rod string, but after the centralizers are positioned,
the position points above the neutral point even near the wellhead become the new weak points
who have not get the protection of the centralizer. The simulation model of transverse vibration
excited by the buckling deformation of sucker rod string is suitable for the eccentric wear analysis
of rod and tubing, and provides a new theoretical basis for the optimal allocation of the centralizer.
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