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a b s t r a c t

Hydraulic rolling reshaper is an advanced reshaping tool to solve the problem of casing deformation,
which has beenwidely used in recent years. When it is used for well repair operation, the reshaping force
provided by ground devices is generally determined by experience. However, too large reshaping force
may destroy the deformed casing, and too small reshaping force may also prolong the construction
period and affect the repairing effect. In this paper, based on Hertz contact theory and elastic-plastic
theory, combined with the process parameters of shaping, and considering the structural characteris-
tics of the deformed casing and reshaper, we propose a mathematical model for calculating the reshaping
force required for repairing deformed casing by hydraulic rolling reshaper. Meanwhile, the finite element
model and numerical method of hydraulic rolling reshaper repairing deformed casing are established by
using the finite element method, and the reliability of the mathematical model is verified by several
examples. On this basis, the control variable method is used to investigate the influence of each
parameter on the reshaping force, and the influence degree of each parameter is explored by orthogonal
simulation test and Pearson correlation analysis. The research results not only provide an important
theoretical basis for the prediction of reshaping force in on-site construction, but also provide a reference
for the subsequent improvement of the shaping process.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, with the continuous development of oilfields,
the gradual deterioration of the downhole working environment
has led to a continuous increase in the number of casing damages.
According to the statistical data of oilfields over the years at home
and abroad, the number of wells with deformed casing accounts for
more than half of the number of wells with damaged casing (Peng
et al., 2007; Xu et al., 2009; Tao, 2015; Wang et al., 2022). If the
deformed casing is not effectively repaired in time, the casing
failure is easy to occur, so the repair of deformed casing has become
an important problem to be solved urgently in oilfield development
(Deng et al., 2018; Zhou et al., 2019).

After years of exploration and practice, researchers have
developed various reshaping tools such as pear-shaped expander,
off-center tube expander, rotary cam casing swage, split tube
expander and so on (Jiang, 2003; Denney, 2012; Han et al., 2018; Yu,
2017; Lei et al., 2020; Forbes, 2021). According to their working
y Elsevier B.V. on behalf of KeAi Co
principles, it can be seen that the reasonable reshaping force pro-
vided by ground devices is crucial in the construction process. If the
reshaping force is too large, the casing deformation will be further
developed into casing damage, which will make the workover
process more complicated and difficult (Wu and Liu, 2005). If the
reshaping force is too small, the repairing process requires multiple
trips to the well, which will prolong the construction period of the
workover and reduce the repairing efficiency. For this reason, many
studies have focused on how to determine the reshaping force
required to repair the deformed casing. Pear-shaped expander is
the earliest proposed and put into use, which has beenwidely used
due to its simple structure, durability and low price, and the
research on its reshaping force is also in-depth. Some scholars (Lin
et al., 2013; Deng et al., 2016, 2019) have adopted theoretical
analysis and numerical simulation methods to obtain the required
expansive force of the pear-shaped expander, and verified the
correctness of the calculation method by finite element analysis.
For other traditional reshaping tools, such as off-center tube
expander and split tube expander, the reshaping force required to
repair the deformed casing has also been obtained by force analysis
of the expanding head or part of the splitting head (Zhang, 2011).
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Some useful research results have been obtained through pre-
vious studies, but for the traditional reshaping tools mentioned
above, it is found that there are common problems such as high
construction risk, long construction period and high cost in the
process of practical application (Yu et al., 2011). Therefore, with the
development of reshaping tools and the progress of workover
technique, hydraulic rolling reshaper have emerged as the times
require, and due to its construction safety, short shaping period and
low construction cost, it has become an important reshaping tool to
solve the problem of casing deformation, especially for repairing
horizontal wells (Liu et al., 2011). However, according to the pub-
lished reports, most studies on reshaping force have focused on
traditional reshaping tools. In addition, the research on hydraulic
rolling reshaper is limited to the simulation analysis of the shaping
process (Luo et al., 2016; Jin, 2022), the research on its reshaping
force by theoretical analysis is rarely reported, and the reshaping
force is often determined by experience during on-site construc-
tion. Hence, to better guide on-site construction, it is clear that we
are in need to carry out the mechanical analysis on the process of
repairing deformed casing by hydraulic rolling reshaper, focusing
on solving the problem that the reshaping force often depends on
experience.

In this paper, based on Hertz contact theory and elastic-plastic
theory, a new mathematical model is established to calculate the
reshaping force required for repairing deformed casing by hy-
draulic rolling reshaper, which aims to provide a theoretical basis
for the prediction of the reshaping force. To verify the reliability of
the mathematical model, the finite element model and numerical
method for repairing deformed casing by hydraulic rolling reshaper
are established to calculate and compare the simulated and theo-
retical results under different working conditions. According to the
mathematical model established in this study, the control variable
method is used to explore the relationships between multiple pa-
rameters and reshaping force, and the influence degree of each
parameter on the reshaping force is quantitatively judged by
orthogonal simulation test and Pearson correlation analysis.

2. Mathematical model of reshaping force

The basic components of hydraulic rolling reshaper include an
anchoring device, a hydraulic booster cylinder and a reshaping
head, and the anchoring device is threaded to the drill pipe, as
shown in Fig. 1. When the hydraulic rolling reshaper is lowered into
the deformed section of the casing, the anchoring device anchors
the reshaper and pushes the expansive body in the reshaping head
under the action of the hydraulic booster cylinder, so that the balls
are extruded from the reshaping head. The load and torque
required for shaping are provided by the minor workover rig and
pump motor on the ground, then the reshaper can drill spirally at a
certain speed, and the high stress generated by multi-stage ball
rolling the deformed section causes plastic deformation of the
casing to achieve the shaping requirements.
Fig. 1. Working principle of hydraulic rolling reshaper.
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Based on its working principle, it can be seen that the balls
embedded in the reshaping head are the key components which
are in direct contact with the inner wall of the casing, and they are
also the main body of transmitting the reshaping force to achieve
the repairing goal. Hence, the multi-stage balls on the reshaper and
deformed casing are selected as the research objects, the me-
chanical properties of the casing are reflected in the flow stress, and
the mechanical analysis of the surface contact between the balls
and the inner wall of the deformed casing is carried out based on
Hertz contact theory. According to the working principle and
structural characteristics of the reshaper, combined with the pro-
cess parameters of shaping, the calculation method of the spatial
spiral curve formed by rolling is proposed. The contact duration
between the reshaper and the casing is derived based on the geo-
metric relationship, which is taken as the integrated range of the
spatial curve, and then the spiral contact area of the contact pair is
solved. According to the elastic-plastic theory, the stress distribu-
tion of the casing under the internal pressure is analyzed by
considering Mises yield condition and Tresca yield condition
comprehensively, and then the plastic limit internal pressure
required to repair the deformed casing is determined. Finally, a
mathematical model is presented that could calculate the reshap-
ing force required for repairing deformed casing by hydraulic
rolling reshaper. The flow chart of modeling is shown in Fig. 2, and
the details are presented below.
2.1. Surface contact analysis

In the shaping process, the balls of the ith stage first contact
with the inner wall of the casing with the movement of the
reshaper. To facilitate the analysis of the contact mechanics be-
tween the reshaper and the inner wall of the deformed casing,
taking a single ball as an example, and the deformed section of the
casing is simplified as a circular arc. The curvature radius of the
deformed section in contact with the balls of the ith stage is Ri, the
radius of the ball is Rb, and the initial contact state is shown in Fig. 3.
The contact starts as a point contact, and the contact point is O12,
which is located on the common tangent plane G1G2 of the contact.

The distance between the two points M1 and M2 on the
deformed casing and the ball from the common normal X1X2 are set
to r, then Eq. (1) can be obtained from the geometrical relationship:

ðRb � Z1Þ2 þ r2 ¼R2b; ðRi � Z2Þ2 þ r2 ¼R2i (1)

If M1 and M2 are close to the contact point O12, Z1 is much less
than 2Rb, and Z2 is much less than 2Ri. Hence, Eq. (1) is simplified,
and the distance between M1 and M2 is obtained as follows:

Z1 þ Z2 ¼
�
Rb þ Ri
2RbRi

�
r2 ¼ b12r

2; b12 ¼
Rb þ Ri
2RbRi

(2)

When there is no pressure between the contact pairs, the balls
and the deformed casing are in point contact. With the continuous
feed of the reshaper, the two extrude each other, and local defor-
mationwill inevitably occur near the contact point. The initial point
contact will be expanded into a surface contact with a circular
boundary, and the load will be distributed from the concentrated
load to the whole contact surface. Accordingly, the distance be-
tween the center O1 of the ball and the center O2 of the curvature
radius of the deformed section is set to a12, and the displacements
of points M1 and M2 relative to their circle centers O1 and O2 along
the common normal are set to uz1 and uz2. With the extrusion of the
ball, the distance between M1 and M2 is shortened to become the
same point M on the contact surface, then Eq. (3) is obtained:



Fig. 2. Flow chart of modeling.

Fig. 3. Initial contact state of the ball with the inner wall of the casing.
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uz1 þuz2 ¼a12 � ðZ1 þ Z2Þ¼a12 � b12r
2 (3)

The contact surface between the ball and the deformed casing is
shown in Fig. 4, the radius of the contact circle is r12, and the normal
pressure on the contact surface is q(r).

Fig. 4(a) shows a hemispherical surface on the contact surface,
and the height of the hemispherical surface at each point repre-
sents the magnitude of the pressure q at that point. According to
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Hertz contact theory, under the action of extrusion force FN, the
normal stress distribution in the contact area is shown in Eq. (4),
and the contact stress at the contact center is the largest, corre-
sponding to the height of the hemispherical surface at the contact
point O12, and the maximum contact stress is shown in Eq. (5)
(Harris and Kotzalas, 2007). The change of pressure is shown as
the semicircle dashed line in Fig. 4(b), and the integral along the
chord Q1Q2 is given in Eq. (6).

qðx; yÞ¼ 3FN
2pr2

�
1� 2

�x
r

�2�1
2

(4)

qmax ¼ 3FN
2pr212

(5)

ð
qðrÞds¼ qmax

r12
A¼pqmax

2r12

�
r212 � r2 sin j

�
(6)

where A is the area of the semicircle, mm2, and the radius of the

semicircle is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r212 � r2 sin j

q
based on the geometric relationship;

q(r) is the contact pressure distribution on the contact surface, N.
The mechanical problem of repairing the deformed casing by

the reshaper is the space axisymmetric problem. Therefore, ac-
cording to the differential equation of the axisymmetric body in the
elastic half-space (Xu, 2006), combined with the displacement



Fig. 4. Schematic diagram of contact surface G1G2. (a) Distribution of contact pressure. (b) Infinitesimal integral of circular domain.
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potential function and the Love displacement function, and the
Boussinesq solution for the half-space body subjected to a
concentrated force is obtained by using the superposition method.
According to the expression of the axial displacement component
therein, the displacement distributions on the contact surface are
integrated to obtain the axial displacements of M1 and M2 under
the action of concentrated force as follows:

uz1 ¼
1� m21
pE1

∬ qðrÞdsdj;uz2 ¼ 1� m22
pE2

∬ qðrÞdsdj (7)

where m1 and m2 are the Poisson's ratios of the ball and deformed
casing; and E1 and E2 are the elastic modulus of the ball and
deformed casing, MPa.

From Eq. (7), Eq. (8) is obtained:

8><
>:

uz1 þ uz2 ¼ ðk1 þ k2Þ∬ qðrÞdsdj

k1 ¼ 1� m21
pE1

; k2 ¼ 1� m22
pE2

(8)

From Eqs. (1), (6) and (8), Eq. (9) is obtained:

ðk1 þ k2Þ
p2qmax

4r12

�
2r212 � r2

�
¼a12 � b12r

2 (9)

Let the coefficients of the constant term and the r2 term at the
left and right ends of Eq. (9) be equal, and then Eq. (10) can be
obtained:

a12 ¼ðk1 þ k2Þ
p2qmaxr12

2
; b12 ¼ðk1 þ k2Þ

p2qmax

4r12
(10)

Substituting Eqs. (2) and (5) into Eq. (10), and the radius of the
contact circle r12 is obtained:

r12 ¼
�
3pRbRiðk1 þ k2ÞFN

4ðRb þ RiÞ
�1

3

(11)

Then the maximum contact stress qmax on the contact surface
can be obtained as follows:

qmax ¼3FN
2p

�
4ðRb þ RiÞ

3pRbRiðk1 þ k2ÞFN

�2
3

(12)

To meet the requirement of not damaging the casing and
achieving the corresponding shaping effect, the maximum contact
2748
stress should meet the requirement of ss < qmax <sb, where ss and
sb are the yield strength and strength limit of the casing, respec-
tively. Hertz contact theory is applicable to analyze elastic contact
problems, but the casing needs to be plastically deformed to ach-
ieve the purpose of reshaping in the process of casing repair (Deng
et al., 2019). Therefore, this study uses the flow stress sf to repre-
sent the stress level between ss and sb (Zhu and Leis, 2005):

sf ¼ðss þ sbÞ =2 (13)

Therefore, from Eqs. (11)e(13), the diameter of the contact circle
between the single ball of the ith stage and the inner wall of the
casing is obtained as follows:

di ¼
sfp

2RbRiðk1 þ k2Þ
Rb þ Ri

(14)

where di is the diameter of the contact circle between the single
ball of the ith stage and the inner wall of the casing, mm; sf is the
flow stress, MPa; Rb is the radius of the ball, mm; and Ri is the
curvature radius of the deformed section when the deformed cas-
ing is in contact with the balls of the ith stage, mm, calculated by
the formula in Eq. (18).
2.2. Calculation of spiral contact area

From the working principle of the reshaper, it can be seen that
the reshaper is extruded to form multiple spiral pits on the inner
wall of the casing during the shaping process, and the reshaper
with the taper of a is simplified to the frustum of a cone shown in
Fig. 5(a). The diameter of the top surface of the frustum of a cone is
equal to the equivalent diameter of the ith stage Di, and the space
rectangular coordinate system is established at the bottom center
of the cone, where the x and y axes are located in the bottom and
orthogonal to each other, and the z-axis points upward along the
axis of the frustum of a cone.

Themotion time of the reshaper is set to t, the axial translational
velocity of the reshaper is set to v, and the rotating angular velocity
is set to u. In the beginning, the moving point is located at point K.
After the moment of t, the moving point moves along the �z di-
rection and rotates around the z-axis to point K0, and the vertical
plane formed by point K0 and the z-axis is shown in Fig. 5(b). Ac-
cording to the geometric relationship, the parametric equation of
the spiral curve is determined as follows:



Fig. 5. Schematic diagram of the spatial spiral curve. (a) Spiral curve. (b) Vertical plane
where K0 is located.

Fig. 6. Schematic diagram of the deformed section of the casing.

Fig. 7. State of initial contact between the balls of the ith stage and the inner wall of
the casing.
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8>>>>>>><
>>>>>>>:

x ¼
�
Di

2
þ vt tan a

�
cos ut

y ¼
�
Di

2
þ vt tan a

�
sin ut

z ¼ vt

(15)

Taking t as the integration variable, the differential of the spatial
spiral curve is obtained as follows:

dl¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0ðtÞ2 þ y0ðtÞ2 þ z0ðtÞ2

q
dt (16)

The contact duration between the balls of the ith stage and the
inner wall of the casing is set to ti, and the spatial spiral curve li of
the contact between the balls of the ith stage and the inner wall of
the casing is obtained as follows:

li ¼
1
2

ðti
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2
	
tan2 aþ 1


þ u2ðDi þ 2vt tan aÞ2
q

dt (17)

The contact duration ti is calculated below. Before reshaping, the
axial deformation length of the deformed casing is LA, the mini-
mum diameter of the deformed casing is dm, and the inner diam-
eter of the intact casing is din. The minimum diameter of the casing
will be changed after the balls of each stage rolling, then the
minimum diameter of the casing is set to dmi when the ith stage is
reshaped, as shown in Fig. 6.

Based on the geometric relationship, the curvature radius of the
deformed section Ri is obtained as shown in Eq. (18):

Ri ¼
L2A þ ðdin � dmiÞ2

4ðdin � dmiÞ
(18)

At the beginning of the shaping process, the cross-sectionwhere
the first stage of the reshaper is located coincides with the cross-
section of the connection between the deformed section and the
intact section of the casing, and the plane rectangular coordinate
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system is established based on this initial position and the axis of
the casing. When the forward distance of the reshaper is x1, the
balls of the ith stage begin to contact with the inner wall of the
casing, and the contact point is P1 (a, b), as shown in Fig. 7.

The reshaper has a total of n-stage balls, the total length of the
reshaper is L (the axial distance from the first to the last stage is the
total length of the reshaper), the axial distance between the first
stage and the ith stage is Li, and the axial distance between each
stage on the reshaper is uniformly distributed, and then the rela-
tionship of Eq. (19) is obtained:

Li ¼
ði� 1ÞL
n� 1

(19)

The equivalent diameter of the first stage is D1, and then the
equivalent diameter of the ith stage Di can be obtained:

Di ¼D1 þ 2Li tan a (20)

According to the triangle similarity principle (DObBP1 and
DO2AP1), the following relation can be obtained:

b� Di=2þ Rb
Ri þ dmi=2� b

¼ aþ Li � x1
LA=2� a

¼ Rb
Ri

(21)

The deformed section of the casing is a part of the circle, and the
center of the circle is O2 (Ox, Oy). Therefore, from the geometric
relationship, Ox ¼ LA=2, Oy ¼ Riþdmi=2, and P1 is located on the
circle, then Eq. (22) is obtained:
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�
a� LA

2

�2
þ
�
b�

�
Ri þ

dmi

2

��2
¼R2i (22)

From Eqs. (21) and (22), the coordinates of P1 are obtained:

a¼Riðdmi � DiÞ
2ðRi þ RbÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðRi þ RbÞ
Di � dmi

� 1

s
þ LA

2
; b¼Rbdmi þ RiDi

2ðRi þ RbÞ
(23)

Hence, from Eq. (21), x1 is obtained as follows:

x1 ¼ðdmi � DiÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri þ Rb
Di � dmi

� 1

s
þ1
2
LA þ Li (24)

When the balls of the ith stage are about to separate from the inner
wall of the casing, the forward distance of the reshaper is set to x2.
From Eq. (24), x2 is obtained:

x2 ¼ðDi � dmiÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri þ Rb
Di � dmi

� 1

s
þ1
2
LA þ Li (25)

The contact length of reshaping is the difference between x2 and
x1. Therefore, from Eqs. (24) and (25), the contact duration ti is
obtained:

ti ¼
2ðDi � dmiÞ

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri þ Rb
Di � dmi

� 1

s
(26)

From Eqs. (14), (17), (19), (20) and (26), the contact area Si be-
tween the balls of the ith stage and the inner wall of the casing is
obtained:

Si¼
sfp

2RbRiðk1þk2Þm
2ðRbþRiÞ

ðti
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2
	
tan2aþ1


þu2ðDiþ2vt tanaÞ2
q

dt

(27)

wherem is the number of balls per stage, and the number of balls in
each stage on the hydraulic rolling reshaper is the same.
2.3. Plastic limit internal pressure analysis of full-wall casing

In the process of casing shaping, the casing will undergo the
process from inner-wall yield to full-wall yield. Hence, the elastic-
plastic mechanical response of the casing subjected to internal
pressure is investigated below, and the plastic limit internal pres-
sure of the casing under two yield conditions is calculated.

The inner radius of the minimum diameter of the casing is ri1,
the outer radius is ri2, and the inner wall is subjected to the repair
pressure p. According to the force condition and geometric shape of
the casing, ignoring the complex stress distribution near both ends
of the casing due to constraints, it can be seen that the casing is in
an axisymmetric plane strain state. Therefore, the cylindrical co-
ordinate system (r,q,z) is used for analysis, so that the z-axis co-
incides with the axis of the casing, and the polar coordinate system
is in the cross-section of the casing, with the radial coordinate of
the cross-section as r, and the circumferential coordinate as q.
Without considering physical force, the equilibrium equation is
obtained:

dsr
dr

þsr � sq
r

¼ 0 (28)

From the stress component formulas of cartesian coordinates,
the stress components expressed by the stress functions in polar
coordinates are obtained by coordinate transformation. For the
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axisymmetric problem of repairing the deformed casing, the stress
distribution is independent of q, and the stress function is only a
function of r, so there are only radial stress and circumferential
stress in the cross-section of the casing, as shown in Eq. (29).

sr¼1
r

v4

vr
; sq ¼

v24

vr2
(29)

According to the deformation compatibility equation, the stress
function is expressed as follows (Li, 2014):

4¼A ln rþ Br2 ln rþ Cr2 þ D (30)

Since the casing is a continuum, the single-valued condition of
displacement is satisfied, and the term of Br2 ln r in the stress
function is 0. Due to the boundary conditions (Eq. (31)), Eq. (32) can
be obtained:

srjr¼ri1
¼ � p; trqjr¼ri1

¼ trqjr¼ri2
¼0 (31)

A¼ r2i1r
2
i2p

r2i1 � r2i2
;C¼ r2i1p

2
�
r2i2 � r2i1

� (32)

Based on the constitutive equations of the total strain theory
(Wang et al., 2006), the stress components when the casing is
subjected to internal pressure are obtained:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

sr ¼
pr2i1

r2i2 � r2i1

 
1� r2i2

r2

!

sq ¼
pr2i1

r2i2 � r2i1

 
1þ r2i2

r2

!

sz ¼ 1
2
ðsr þ sqÞ ¼

pr2i1
r2i2 � r2i1

(33)

From Mises yield condition, Eq. (34) is obtained:

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

h
ðsq � srÞ2 þ ðsq � szÞ2 þ ðsr � szÞ2

ir
¼

ffiffiffi
3

p
r2i1r

2
i2

r2i2 � r2i1

p
r2

(34)

Under the action of internal pressure p, a plastic zone is formed
in the inner wall of the casing when the maximum stress generated
in the inner wall exceeds the yield strength. With the increase of
internal pressure, the plastic zone expands outward, creating the
coexistence of elastic and plastic zones in the casing as shown in
Fig. 8.

In the plastic zone, the casing is in the yield state, and Eq. (35) is
obtained from Eqs. (33) and (34):

sq � sr¼ 2ffiffiffi
3

p ss (35)

From the boundary condition of Eq. (31), substituting Eq. (35)
into Eq. (28) and integrating to obtain Eq. (36) as follows:

sr¼ 2ffiffiffi
3

p ss ln
r

ri1
� p (36)

With the increase of internal pressure, the plastic zone of the casing
extends outward and finally extends to the outer wall (r ¼ ri2), at
which time the casing reaches the plastic limit. However, the stress
of the casing needs to reach the tensile limit in the process of
shaping (Lin, 2016). Therefore, in the limit state, the plastic limit



Fig. 8. Elastic-plastic zone of the casing under internal pressure.
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internal pressure required for the balls of the ith stage to repair the
deformed casing under Mises yield condition is obtained:

p1bi ¼
2ffiffiffi
3

p sb ln
ri2
ri1

(37)

If Tresca yield condition is applied, Eq. (38) is obtained:

sq � sr¼ ss (38)

The equilibrium equation of Eq. (28) is still tenable for the plastic
zone, and from Eq. (31), Eq. (39) is obtained after integration:

sr ¼ ss ln
r

ri1
� p (39)

Similarly, with the increase of internal pressure, the plastic limit
internal pressure under Tresca yield condition is obtained as
follows:

p2bi ¼ sb ln
ri2
ri1

(40)

By comparing Eqs. (37) and (40), it is found that the plastic limit
internal pressure obtained by Mises yield condition is larger than
8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

F ¼
Xk
i¼1

ðpbiSi sin aþ mpbiSi cos aÞ

Si ¼
sfp

2RbRiðk1 þ k2Þm
2ðRb þ RiÞ

ðti
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2
�
tan2 aþ 1

�
þ u2ðDi þ 2vt tan a

r

pbi ¼
 ffiffiffi

3
p

3
þ 1
2

!
sb ln

ri2
ri1

; ti ¼
2ðDi � dmiÞ

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri þ Rb
Di � dmi

� 1

s
; sf ¼ ðss þ

Di ¼ D1 þ 2
ði� 1ÞL
n� 1

tan a;Ri ¼
L2A þ ðdin � dmiÞ2

4ðdin � dmiÞ
; k1 ¼ 1� m21

pE1
; k2 ¼
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that obtained by Tresca yield condition, so the result calculated by
Eq. (37) is more radical than Eq. (40). By comprehensively consid-
ering the calculation methods proposed under two yield condi-
tions, and through the calculation and comparison of Section 3.2. In
this paper, it is considered that it is more reliable to calculate the
plastic limit internal pressure required for repairing casing by
considering the average results of both methods. Therefore, the
plastic limit internal pressure required for the balls of the ith stage
to repair the deformed casing is determined as shown in Eq. (41).

pbi ¼
1
2

�
p1bi þp2bi

�
¼
 ffiffiffi

3
p

3
þ1
2

!
sb ln

ri2
ri1

(41)

2.4. Calculation of reshaping force

Fig. 9 shows the overall mechanical model of repairing
deformed casing by hydraulic rolling reshaper. In the actual con-
struction process, the reshaping force and torque are applied to the
reshaper, and the circumferential friction force and normal extru-
sion force act on the inner wall of the casing under the action of
reshaping force and torque, wherein the torque is used to offset the
circumferential friction force, and the reshaping force acts on the
deformed casing by generating extrusion force in contact with the
inner wall of the casing.

Based on the mechanical analysis, the mechanical equilibrium
equation is obtained as follows:

F ¼
Xk
i¼1

Fi ¼
Xk
i¼1

ðFNi sin aþ fi cos aÞ (42)

where F is the reshaping force required to repair the deformed
casing, N; k is the maximum of stages in which the balls are in
contact with the inner wall of the casing during the shaping pro-
cess; FNi is the normal force required to repair the deformed casing
by the balls of the ith stage in contact with the inner wall of the
casing, N, and FNi ¼ pbiSi; fi is the sliding friction force between the
balls of the ith stage and the inner wall of the casing, N, which can
be calculated according to Coulomb law of friction fi ¼ mFNi, where
m is the friction coefficient; and a is the taper of the reshaper, �, for
the reinforced stage of the reshaper, a ¼ 0+.

Therefore, from Eqs. (27), (41) and (42), the final mechanical
model for calculating the reshaping force required for repairing
deformed casing by hydraulic rolling reshaper is given as
ffiffiffiffiffi
Þ2dt

sbÞ=2

1� m22
pE2

(43)



Fig. 9. Mechanical model of repairing deformed casing by hydraulic rolling reshaper.

H.-F. Li, M. Luo, T.-T. Xu et al. Petroleum Science 21 (2024) 2745e2757
where F is the reshaping force required to repair the deformed
casing, N; n is the total number of stages of the reshaper; k is the
maximum of stages in which the balls are in contact with the inner
wall of the casing during the shaping process, i ¼ 1;2;…;k; pbi is
the plastic limit internal pressure required for the balls of the ith
stage to repair the deformed casing, MPa; Si is the contact area
between the balls of the ith stage and the inner wall of the casing,
mm2; m is the friction coefficient; ti is the contact duration, s; m is
the number of balls per stage; a is the taper of the reshaper, �; v is
the axial translational velocity of the reshaper, mm/s; u is the
rotating angular velocity of the reshaper, rad/s; ss and sb are the
yield strength and strength limit of the casing, respectively, MPa; sf
is the flow stress, MPa; Ri is the curvature radius of the deformed
sectionwhen the deformed casing is in contact with the balls of the
ith stage, mm; D1 and Di are the equivalent diameters of the first
and ith stages, mm; dmi is the minimum diameter of the casing
when the balls of the ith stage repair is performed, mm; ri1 and ri2
are the inner and outer radius of the minimum diameter of the
casing at the shaping process of the balls of the ith stage, mm; Rb is
the radius of the ball, mm; L is the total length of the reshaper, mm;
LA is the axial deformation length of the deformed casing, mm; din
is the inner diameter of the intact casing, mm; m1 and m2 are the
Poisson's ratios of the ball and deformed casing; and E1 and E2 are
the elasticity modulus of the ball and deformed casing, MPa.
3. Comparison of calculated results with simulation data

Taking a certain type of hydraulic rolling reshaper as an
example, the mathematical model established in this paper is used
to calculate the reshaping force required for repairing deformed
casing with different degree of deformation, and the corresponding
Fig. 10. Structural parameters of hydraulic rolling reshaper.

2752
finite element model is established for simulation, and the simu-
lated and theoretical results under different working conditions are
compared and analyzed.

3.1. Example verification

3.1.1. Calculating parameters
The structural parameters of hydraulic rolling reshaper are

shown in Fig. 10. The total length of the reshaper is 300 mm, the
radius of the ball is 10.32 mm, and the exposed size of the ball is
5 mm. The reshaper has 7 stages, with 6 balls distributed in each
stage, and the equivalent diameter of the first stage is 110 mm.
Moreover, the diameters of the first 6 stages increase in steps with
the taper of 1.145�, and the 7th stage is called “reinforced stage”,
which is mainly used to strengthen the shaping effect of the casing,
and its equivalent diameter is the same as that of the 6th stage
(120 mm). Furthermore, the axial translational velocity of the
reshaper is 1 mm/s, the rotating angular velocity is 0.48 rad/s, and
the friction coefficient is 0.1.

According to the API 5CT standard for the material properties of
the casing, the P110 casing with elastic modulus of 210 GPa, Pois-
son's ratio of 0.3, yield strength of 851 MPa and strength limit of
933 MPa is selected as an example for calculation. The specification
of the intact casing is F139.7 mm � 9.17 mm, and the minimum
diameter of the deformed section is located in the middle of the
casing. To avoid the influence of the boundary effect, the intact
casings with the length of 100 mm are connected at both ends of
the deformed section, as shown in Fig. 11.

3.1.2. Theoretical calculation
Taking the deformed casing with LA ¼ 300 mm and

dm ¼ 114 mm as an example, the mathematical model established
in this paper is used to calculate the reshaping force.

According to the structural parameters of the reshaper, it can be
seen that the 4th stage of the reshaper first contacts with the inner
wall of the casing, and there are 4 stages (4th to 7th stages) of
contact between the balls and the casing during the shaping pro-
cess. Therefore, based on past experience, the average value of the
springback of this material after shaping by single-stage balls is
0.5 mm, then according to Eq. (43) and the basic parameters
(Table 1), the reshaping forces of the 4th to 7th stages are calculated
respectively, and the reshaping force required to repair the
deformed casing with the minimum diameter of 114 mm is
281.19 kN, as shown in Table 2.

3.1.3. Finite element calculation
Based on the structural dimensions of the reshaper and

deformed casing, a parametric model is established. The casing is
discretized into solid elements by the finite element method, and
the target and contact elements are created on the outer surface of
Fig. 11. Structural parameters of the deformed casing.



Table 1
Basic parameters of calculation.

Basic parameters, Units LA, mm din, mm n, / k, / L, mm a, � D1, mm v, mm$s�1 u, rad$s�1

Value 300 121.36 7 4 300 1.145 110 1 0.48

Table 2
Calculated results of repairing force required for deformed casing (LA ¼ 300 mm, dm ¼ 114 mm).

Calculated parameters Di , mm dmi , mm Ri , mm ti , s Si , mm2 pbi , MPa Fi , kN

4th stage 116 114.0 3058.91 156.33 558.55 149.95 60.28
5th stage 118 115.5 3841.06 195.84 716.60 148.14 76.41
6th stage 120 117.5 5829.98 241.20 904.44 145.79 94.91
7th stage 120 119.5 12097.20 155.58 575.92 143.52 49.59
Total e e e e e e 281.19

Fig. 12. Models of the repairing process. (a) Mechanical model. (b) Finite element
model.

Fig. 13. Error (pbi) of calculated and simulated results.
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the reshaper and the inner surface of the casing, respectively.
Furthermore, considering the computational cost and accuracy
comprehensively, the global grid density is determined, and the key
geometric features (such as the contact interface between the
reshaper and the inner wall of the casing) are refined with the local
grid refinement. According to the loading features of the integral
structure, the end faces on both sides of the casing are set as fully
fixed constraints, and the cylindrical joint is set up to simulate the
motion relationship between the reshaper and the casing. In
addition, to be consistent with the mathematical model, the initial
position of the reshaper is set as follows: the cross-section where
the first stage of the reshaper is located coincides with the cross-
section of the connection between the deformed section and the
intact section of the casing, and finally, the mechanical model and
finite element model of hydraulic rolling reshaper repairing
deformed casing are obtained, as shown in Fig. 12.

Since the elastic-plastic analysis is involved and the nonlinear
characteristics of the contact area and pressure on the contact
interface, the modified Newton-Raphson method is chosen to solve
Table 3
Comparison of calculated results with simulation data.

dm, mm Simulated results, kN Theoretical results, kN

p1bi p2bi

112 323.65 364.17 315.38
113 316.30 347.60 301.03
114 285.05 301.38 261.00
115 271.00 285.19 246.98
116 224.08 230.99 200.05
117 213.60 213.64 185.02
118 136.15 150.12 130.00
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the nonlinear problems involved in the shaping process, which has
been verified by our research group (Xu et al., 2020) through the
combination of numerical simulation and experiment.

On this basis, the shaping process of the deformed casing with
LA ¼ 300 mm and dm ¼ 114 mm is simulated, and the reshaping
force required to repair the deformed casing is obtained to be
285.05 kN, which has a small error of �1.35% compared with the
theoretical calculation.

3.2. Theoretical and numerical comparisons

To illustrate the reliability of Eq. (43), under the condition of a
fixed axial deformation length (300 mm), p1bi, p

2
bi and pbi are used
Error, %

pbi p1bi p2bi pbi

339.78 12.52 �2.55 4.98
324.32 9.90 �4.83 2.53
281.19 5.73 �8.44 �1.35
266.08 5.23 �8.86 �1.81
215.52 3.09 �10.73 �3.82
199.33 0.02 �13.38 �6.68
140.06 10.26 �4.51 2.87



Fig. 15. Correlation heatmap of the basic parameters of the deformed casing and the
reshaping force.
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respectively to calculate the reshaping force required to repair the
deformed casing with different minimum diameters, and the re-
sults of the corresponding finite element analysis are also listed as
shown in Table 3. Remarkably, it can be seen that the error of the
reshaping force calculated by using the average value (pbi) is much
smaller, which is all within 10% (Fig. 13), and the error is acceptable
in engineering. Therefore, the above verification shows that the
mathematical model established in this paper is reliable, which can
effectively predict the magnitude of the reshaping force required to
repair the deformed casing and provide a reference for on-site
construction.

4. Analysis of the effects of parameters on the reshaping force

It can be observed from Eq. (43) that the reshaping force (F) is
related to multiple parameters. According to the characteristics of
the parameters, they are divided into three categories: the basic
parameters of the deformed casing, the process parameters of the
reshaper and the constructional dimensions of the reshaper. To
investigate their influences on the reshaping force, the relation-
ships between the reshaping force and each parameter are
explored by the control variable method, and the influence degree
of each parameter on the reshaping force is quantitatively analyzed
by orthogonal simulation test combined with Pearson correlation
coefficient.

4.1. Basic parameters of the deformed casing

The basic parameters of the deformed casing can be subdivided
into the structural parameters of the deformed casing (LA and dm)
and the material properties (ss and sb), and in the mathematical
model developed in this paper, ss and sb of the casing with
different materials are represented by the flow stress sf (Eq. (13)).
Hence, for the three factors of LA, dm and sf , according to the control
variable method, other variables are fixed, and only the influence of
a single variable on the reshaping force is studied. To analyze their
effects on the reshaping force clearly, the relationships between
three variables and the reshaping force are plotted, as shown in
Fig. 14.

At the same time, according to the central composite design
method (Aksoy and Sagol, 2016; Chinthaginjala et al., 2022), the 3-
factor 5-level orthogonal simulation test is designed on the premise
of sufficient sample size, and the mathematical model established
in this paper is used to calculate the reshaping force under the
combination of various parameters.

On the basis of the calculation results, Pearson correlation co-
efficient is used to quantitatively reflect the degree of correlation
between each parameter and the reshaping force (Ceballes and
Abdelkefi, 2021; Zhong et al., 2018). The range of Pearson correla-
tion coefficient is [�1,1], and the closer the correlation coefficient is
to 1 or �1, the higher the degree of positive/negative correlation,
which is calculated as follows:
Fig. 14. Relationships between the basic parameters of the deformed casing and the resh
diameter of the deformed casing (dm). (c) Flow stress (sf ).
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rðX;YÞ¼CovðX; YÞ
sXsY

¼
P ðX � XÞðY � YÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðX � XÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðY � YÞ2
q (44)

where r is Pearson correlation coefficient; CovðX;YÞ is the covari-
ance; and sX and sY are the standard deviations of variables X and Y,
respectively.

According to the calculated results, the correlation heatmap is
plotted as shown in Fig. 15. The scale on the right side indicates the
color and depth of different correlation coefficients, and the color
and diameter of different circles in the heatmap on the left side
indicate the magnitude of correlation coefficients. It can be seen
from Figs. 14 and 15 that the influence degree of the basic param-
eters of the deformed casing on the reshaping force from big to
small is dm, sf , LA. Among them, both sf and LA are positively
correlatedwith the reshaping force, that is, the increase of sf and LA
will cause the increase of reshaping force. Moreover, dm is nega-
tively correlated with the reshaping force, that is, the smaller the
minimum diameter of the deformed casing is, the greater the
reshaping force is required. However, the basic parameters of the
deformed casing are special in that they cannot be changed or
improved during the shaping process.
4.2. Process parameters of the reshaper

According to the mathematical model, the process parameters
of the reshaper include the axial translational velocity v, the
rotating angular velocity u, and the friction coefficient m, and these
aping force. (a) Axial deformation length of the deformed casing (LA). (b) Minimum



Fig. 16. Relationships between the process parameters of the reshaper and the reshaping force. (a) Axial translational velocity of the reshaper (v). (b) Rotating angular velocity of the
reshaper (u). (c) Friction coefficient (m).

Fig. 17. Correlation heatmap of the process parameters of the reshaper and the
reshaping force.
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parameters can be adjusted in the shaping process. Similarly, the
influence degree of each variable on the reshaping force is inves-
tigated respectively, and their relationships with the reshaping
force are plotted in Fig. 16. In addition, the 3-factor 5-level
orthogonal simulation test is also designed and calculated, and
the correlation heatmap is plotted as shown in Fig. 17.

From Figs. 16 and 17, it can be seen that the influence degree of
the process parameters of the reshaper on the reshaping force from
big to small is v, m, u. Among them, both m and u are positively
correlated with the reshaping force, that is, the reshaping force
increases with the increase in m and u. Obviously, increasing the
rotating angular velocity will significantly improve the uniformity
of the casing, but the ground devices also need to provide greater
reshaping force. Moreover, the friction coefficient has a greater
impact on the reshaping force, but it is not advisable to reduce the
friction coefficient blindly to reduce the reshaping force, because
ensuring a certain friction can also transfer the reshaping force
better and improve the efficiency of shaping. In addition, Figs. 16
and 17 show a negative correlation between v and the reshaping
force, but excessive axial translational velocity will produce greater
impact force, which will not only increase the risk of casing dam-
age, but also make the deformation of the casing become uneven.
Therefore, the axial translational velocity, the rotating angular ve-
locity of the reshaper and the friction coefficient need to be
reasonablymatched with the structural dimensions of the reshaper
and the actual condition, to ensure that the deformed casing can
obtain better shaping effect.
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4.3. Constructional dimensions of the reshaper

Based on the mathematical model, the constructional di-
mensions of the reshaper include the total length of the reshaper L,
the total number of stages of the reshaper n, the number of balls per
stage m, the taper of the reshaper a, the equivalent diameter of the
first stage D1, and the radius of the ball Rb. Therefore, considering
the rationality of structure and combining with the relevant stan-
dard (ISO 3029e1:2014(E)), the relationships between individual
variables and the reshaping force are investigated, and the curves of
the reshaping force with each factor are obtained. The orthogonal
test scheme of 3-factor 5-level is designed by orthogonal simula-
tion test, and the correlation heatmap is drawn according to the
calculated results, as shown in Figs. 18 and 19.

As can be seen from Figs. 18 and 19, the influence degree of the
constructional dimensions of the reshaper on the reshaping force
from big to small is D1, n, a, m, L, Rb, and all of them are positively
correlated with the reshaping force. Among them, D1, n, a and m
have a significant effect on the reshaping force. Therefore, in the
structural optimization of hydraulic rolling reshaper, we should
combine the actual application conditions of the reshaper, within
the range of available reshaping force, and focus on the adjustment
and optimization of these dimensions to further improve the
shaping ability of the reshaper.
5. Conclusions

In this paper, themechanical analysis on the process of repairing
deformed casing by hydraulic rolling reshaper is carried out, which
provides a new calculation method for solving the problem that the
reshaping force often relies on empirical decision, and the influence
of each calculated parameter on the reshaping force are analyzed in
detail. Some interesting conclusions can be drawn from the results.

(1) Based on Hertz contact theory and elastic-plastic theory, a
mathematical model for calculating the reshaping force
required for repairing deformed casing by hydraulic rolling
reshaper is established for the first time, which can be used
to predict the reshaping force required to repair casing with
any degree of deformation.

(2) Based on the structural characteristics and working principle
of the hydraulic rolling reshaper, considering the contact
nonlinear characteristics, the finite element model and nu-
merical method for repairing deformed casing by hydraulic
rolling reshaper are established, and the reliability and ac-
curacy of the mathematical model are verified by several
examples.

(3) According to the mathematical model, the relationships be-
tween multiple variables and reshaping force are discussed
respectively, and the influence degree of each parameter on
the reshaping force is analyzed and sorted by orthogonal



Fig. 18. Relationships between the constructional dimensions of the reshaper and the reshaping force. (a) Total length of the reshaper (L). (b) Total number of stages of the reshaper
(n). (c) Number of balls per stage (m). (d) Taper of the reshaper (a). (e) Equivalent diameters of the first stage (D1). (f) Radius of the ball (Rb).

Fig. 19. Correlation heatmap of the constructional dimensions of the reshaper and the
reshaping force.
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simulation test and Pearson correlation analysis. Among
them, for the basic parameters of the deformed casing: dm >
sf > LA, for the process parameters of the reshaper: v> m> u,
and for the constructional dimensions of the reshaper: D1 >
n>a>m> L>Rb. In addition, LA, sf , u, m and the construc-
tional dimensions of the reshaper are positively correlated
with the reshaping force, dm and v are negatively correlated
with the reshaping force, and the research results provide a
reference for the subsequent structural design and process
optimization of the reshaper.
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