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Abstract: It is of practical interest to investigate the mechanical behaviors of a sidetracking tool
system and to describe the sidetracking tool’s vibration mechanical response, as this can provide
an important basis for evaluating and optimizing the tool structure and effectively controlling the
profile of the sidetracking window. In this article, three nonlinear dynamic models with ten, six, and
two degrees of freedom, respectively, are established using the Lagrange method to characterize
the behavior of the sidetracking tool. It should be noted that in these models, the axial, lateral,
and torsional vibration of the tool system are fully coupled. The process of the sidetracking tool
mills in the casing-pipe wall is divide into three typical stages, i.e., the window mill, pilot mill,
and watermelon mill grinding the casing, respectively. The dynamic response of the three stages
is studied to more effectively analyze the influence of the sidetracking tool vibration deformation
on the window width. The Runge-Kutta method, which is easy to implement, is applied to solve
the supposed nonlinear dynamic model, and some useful findings are as follows. The effects of
sidetracking tool vibrations at different stages on window widening size are illustrated quantitatively.
The vibration trajectory pattern of the sidetracking tool is different from that of the conventional
drilling tool due to the influence of the whipstock, which changes from the general whirling motion
pattern to the X reciprocating pattern, and the vibration amplitude decreases. Due to the influence of
the tool’s lateral amplitude, the window profile is widened. The widened window size of the window
mill and the pilot mill are 3.30 mm and 2.74 mm, respectively, and the extended window size of the
watermelon mill is 0.07 mm, while the maximum window width formed by the sidetracking tool is
374.34 mm. This work proposes, for the first time, the coupled vibration model of the sidetracking
tool system, which is helpful to better understand the nonlinear dynamic effects of the sidetracking
tool, laying the foundation for the optimization of the sidetracking parameters.

Keywords: window milling; sidetracking tool; nonlinear dynamics; vibration; window profile

1. Introduction

The casing window sidetracking technology is widely used in the recovery of residual
oil in aged oil fields, especially in multilateral wells [1,2]. Its aim is to cut out a slanting
and smooth window at the designated position on the casing wall of the original well
hole by using sidetracking tools along the whipstock [3,4]. The huge expansion of side-
tracking technology has facilitated the application of an increasing number of sidetracking
systems, in which tool systems have had a significant impact on the success of sidetracking.
A bottom-hole sidetracking tool system typically consists of a window mill, a flexible joint,
and a watermelon mill. The tool diameter is generally smaller than the casing diameter,
providing a gap for the tool to deform and move due to weight on bit and torque [5].
Thus, the motion of a sidetracking tool is a multi-coupled nonlinear motion that includes
rotations around its geometric axis, roll, and rotational motion around the drilling axis,

Energies 2023, 16, 588. https:/ /doi.org/10.3390/en16020588

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16020588
https://doi.org/10.3390/en16020588
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3029-106X
https://doi.org/10.3390/en16020588
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16020588?type=check_update&version=2

Energies 2023, 16, 588

2 of 21

etc. These complex motions increase the uncertainty of the tool motion and make it more
difficult to predict the profile of the sidetracking window.

The vibration of the sidetracking tool system during drilling is an unavoidable phe-
nomenon due to the combined effects of weight on bit, torque, and reaction forces on the
casing wall. This phenomenon consists of three different types of vibrations, namely longi-
tudinal, transverse, and torsional. The longitudinal vibration is the most harmful [6-8]. Tool
vibrations can cause tool system failure, accelerate casing wear, and reduce device safety.
It is worth noting that the most intense vibration occurs at the bottom of the well, so it is
extremely essential to analyze the vibration characteristics of the bottom hole assembly [9].

Regarding the reduction of unnecessary losses caused by tool vibration during side-
tracking, there are numerous previous articles in the literature that have addressed the
stick-slip phenomenon in drill string vibration, and these studies have proposed methods
for its control. S. H. Choi et al. [10] gave a consistent derivation of a set of governing
differential equations and proposed a different method to correctly calculate the axial load
effect of the Timoshenko beam. However, the coupling between the bending and torsional
vibrations due to mass eccentricity is not considered in this work. H. Ahmadian et al. [11]
adopted the Lagrange method to obtain the control equation of drill string motion consid-
ering the coupling of axial, lateral, and torsional vibrations and proposed a fully coupled
model, calculated the contact force between the drill collar and borehole wall, and stud-
ied its behavior. K. Nandakumar et al. [12] established a fully coupled two degree of
freedom model, which consisted of two coupled delay differential equations, assuming a
state-dependent delay and viscous damping for both axial and torsional motions. They
conducted a detailed linear stability analysis of the obtained mathematical model. This
work provides a reference for subsequent research on drill string vibration. Luciano P.P.
de Moraes et al. [13] studied the coupled vibration of a drill string considering the four
degrees of freedom non-smooth model, with parametric studies of bit bounce, stick-slip,
rotation, and combination effects. Dou Xie et al. [14] developed a dynamic model of the
drill string in horizontal wells with six degrees of freedom, considering longitudinal, lateral,
and torsional motions. State-dependent time delays were introduced during the cutting
process to couple the axial and torsional motions of the bit. Mohammadzadeh Maziar et al.
studied the fully coupled nonlinear vibrations drill string, which is a composite drill string
consisting of orthogonal anisotropic layers, using the Lagrange method and finite element
methods and investigated the analytical capability of the dynamic model [15]. Then, they
also studied the ability of the composite drill string, with different configurations, to track
and transmit the fully coupled nonlinear vibration [16]. All the above studies have led
to advances in the study of vibrational properties of drill strings. However, if these theo-
ries are to be applied to the sidetracking aspect, further analysis is needed to continue to
consider the effects of the whipstock and milling tools.

In addition, the drill string vibrations have been investigated for control and energy
conversion. Wang Peng et al. [17] developed a unified mathematical model considering
the two mechanisms of static and dynamic friction conversion and friction decomposi-
tion. The model was solved by the second-order finite difference method to obtain the
variations of weight on bit, drilling speed, and positive displacement motor tool face
under three different sliding drilling methods. Tian Jialin et al. established the multi
degrees of freedom torsional vibration model and the nonlinear dynamic model of the
drill string, which is a new torsional vibration tool. They studied the viscosity reduction
mechanism combined with the actual working conditions in the drilling process [18]. Then,
they established the drill string axial-torsional-lateral coupled vibration model. The cou-
pled vibration sliding mode PI controller was designed to control and analyze the drill
string system [19]. Ritto Thiago G. et al. [20] proposed an active vibration control method,
which considered a simplified two-DOF drill string torsion model. Through experiments,
Xu Yugiang et al. [21] studied the characteristics of downhole bit load and drill string lon-
gitudinal vibration under different conditions. Significantly, they proposed an energy
conversion efficiency analysis method converting the drill string vibration to spring po-
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tential energy. Sassi Sadok et al. [22] conducted an experimental study on the suppression
of drill string vibration using a new drill string design. More recently, AmirNoabahar
Sadeghi et al. [23] subdivided the drill string into smaller torsional segments and modeled
the whole system dynamically. Mathematically by modeling stick-slip vibrations using
an extracted torsion model, three structures have been developed and proposed to reduce
and actively control stick-slip vibrations, namely, speed control, bit-weight control, and
increasing damping at the bottom of the drill string.

In the process of milling window, the behavior of the bottom hole assembly (BHA)
affects the deformation and geometry of the milling tool, and then affects the movement
of the BHA. Therefore, the mechanical analysis of BHA is also extremely crucial. Sarker
Mejbahul et al. [24] presented a model to analyze the dynamics of a horizontal oil well
bottom hole assembly. The model can predict how axial and torsional bit-rock reactions are
propagated to the surface and the role that lateral vibrations near the bit play in exciting
those vibrations, as well as the stressing components in the bottom-hole-assembly. Liu
Yongsheng et al. [25] developed a nonlinear dynamic model with four degrees of freedom
(DOE) to characterize the behavior of the drill string in a deviated well. This study provided
a theoretical understanding of the drill string nonlinear motion in non-vertical wells.
Wang Jin et al. [26] analyzed the dynamics model of a rotary steerable system (RSS) with a
single stabilizer and flexible joint, and simplified the drill collar and joint to obtain a suitable
BHA mechanical analysis model and a finite element analysis model. However, these studies
do not take into account the interaction between the drill string and the casing. Thus, the results
for the mechanical behavior of the BHA cannot be reflected in the window profile model.

The above research results mainly focus on the vibration of the drilling tool in the
drilling process, while there are few studies on the vibration deformation of the sidetrack-
ing tools. Particularly, there are few reports on the model considering the influence of
the sidetracking tool vibration on the window shape under the action of construction
parameters such as weight on bit. Therefore, studying the force of the sidetracking tool
in the drilling process and establishing the vibration models in different drilling stages
is essential. The second section of this paper depicts the 2 -DOF system considered in
the analyses, as well as the control strategies employed. The third section presents the
numerical results and, finally, the concluding remarks are presented in the last section.

2. Dynamic Model of Sidetracking Tool

As shown in Figure 1, the physical model of the sidetracking tool has three key parts:
the watermelon mill, the pilot mill, and the window mill [27]. These three parts have
different operating conditions, so their dynamic behavior will be discussed separately.

Vo

Fuid o
y
Part A Fix
T1
FZZ FZy
Part B Fx
T
Wy
Part C e,
Th

Figure 1. Physical model of the sidetracking tool.
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2.1. Model Simplification of the Sidetracking Tool

For the ideal sidetracking tool considered, the assumptions are as follows: (1) The
drill hole is straight, and its diameter is equal to the drill bit diameter. (2) The damping
effect of the drilling fluid is neglected [28]. Based on these assumptions, a lumped mass
model is proposed, which consists of three parts, as shown in Figure 1. In this system, the
inertial characteristics of the watermelon mill, pilot mill, and window mill are represented
by Part A, B, and C, respectively. These three parts are connected with each other through
the elastic section string.

According to the physical model of the sidetracking tool, the dynamics of Parts A
and B are described by four degrees of freedom, i.e., one longitudinal, one torsional, and
two transverse, respectively. The dynamic characteristics of Part C are described by only
two degrees of freedom, longitudinal and torsional, because its lateral motion is limited
by the whipstock. This system is driven from the top with constant axial velocity vy and
constant angular velocity P, = 6. In Figure 2, the subscripts 1 and 2 of each physical
quantity represent Part A and Part B, respectively. The subscripts x and y represent the
lateral direction, respectively, and z represents the axial direction. Wy, represents the weight
on bit. T}, represents torque, and T; (i = 1~2) represents friction torque. F represents
the contact force.

ing-pipe wall

[———

\

Figure 2. Three typical stages of the sidetracking process: (a) the first stage, (b) the second stage, and
(c) the third stage.

The sidetracking process can be divided into three typical stages, as shown in Figure 2.
The sidetracking tool is lowered into the casing until the window mill touches the whipstock,
which can be considered as the first stage. The second stage occurs when it continues
drilling until the pilot mill contacts the whipstock. In the third stage, both the window and
pilot mills are included the formation, and the watermelon mill contacts the whipstock to
mill the casing wall for the last time.

2.2. Motion Equation of the Sidetracking Tool

In order to describe the dynamic model, the coordinate system (x-y-z-¢) is introduced.
Thus, the spatial positions of Parts A, B, and C can be determined by the coordinates
(x1-y1-21-91), (x2-Y2-22-¢2), and (z3-¢3). Parts A, B, and C all rotate around their geometric
centers, (x,y) denoting their lateral displacements, and z is their longitudinal displacements.
The contact between the sidetracking tool and the casing wall is modeled as linear elasticity.
In order to simulate the plane motion of sidetracking tool, linear eccentricity e associated
with Part A and Part B is introduced [29]. The mass of Part A is m; and the moment of
inertia is J1. The mass of Part B is m, and the moment of inertia is J,. The mass of Part C is
mz and the moment of inertia is J3.
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2.2.1. The First Stage

During the first stage of the sidetracking process, the windowed shoe section was run,
reaching the miter section to begin milling the casing. Then, the kinetic energy of the drill
string system can be written as

1 . . . 1. . 1 . . . 1. . 1 . 1. .
T = iml(ﬁz + 9,2 +21%) + Ehfplz + Emz(xz2 +1,° +22%) + E]z(PzZ + 57'13232 + EIB(P32 1)

where (') denotes a time derivative, x; and y; are the lateral displacements of Part A, and
z1 and ¢ are the axial and angular displacement, respectively. x, and y; are the lateral
displacement of Part B, and z, and ¢, are the axial and angular displacements, respectively.
z3 and @3 are the axial and angular displacements of Part C, respectively.

Euler-Bernoulli beams are used to describe the potential energy V. Let w(z,t) and ¢(z,t)
be the axial and torsional displacements of the sidetracking tool system, respectively, and
u(z,t) and v(z,t) be the lateral displacements at z € [0, L]. It is assumed that the deformation
is linearly elastic, so V can be constructed as

V= %/OL{EI[(LIH)Z + (0")?] + EA(w)? +2G1(0')? }dz @)

where, A and I refer to the cross-sectional area and moment of inertia of the string, respec-
tively, and the specific expression is

_(p2_p2
4= (b2~ D?) @)
and
== (D04 - D-4) )
64 !
respectively.

The system is divided into three parts according to the simplified model shown in
Figure 3. Therefore, the boundary conditions related to the axial motion of the above

system are
w|z:0 = vot
wl,_L =z
o )
ZU|Z % = 27
w‘z:L =723
X
A
B
X
0 : X2 ¢

b
b

Lo

Ly )

- >
|‘ V|‘
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> |
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i
Figure 3. Deformation diagram of the sidetracking tool in the first stage.

Thus, w(z,t) can be represented as
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—ogt
ZlL/goz—o—vot, 0§z§%

w(z,t) =< 25722, +3z, L<z<3k (6)
b= L74 2 L 2S%2%>7

Z?ﬂizz — 323 + 425, % <z<L

while the boundary conditions related to the lateral motion are

9|z:0 = ¢t
Ol =
oo @)
z:% =2
9|z:L = ¢3
Therefore, 6(z,t) can be represented as
Ltz + gty 0<z<%
0(z,t) = Bz —29:+3¢1, 5<z<3 (8)
P3—P2 3

712 — 393+ 42 ,TL<Z§L

In addition, the bending deflection of the sidetracking tool system in the x-direction
is shown in Figure 3. The deflection equation and the angle equation of the system in
the first stage can be obtained from the shear force and bending moment equations of the
system and the boundary conditions of A, B, C and O. Since the bending in the y-direction
is symmetric with that in the x-direction, the deformation equations of the window system
in the x and y directions can be expressed as

2% [(51x1 — 24x2) L2 — (112x1 — 96x7)2?] ,0<z<k
u(z,t) = 723% [(144x1 — 176x2) L%] (—9282%x1 + 12162%x5 + 1728L22x1 — 966L2zx1 — 2112L2%x; 4+ 1104L%zx,) 5 <z < 3L )
22LS*L§Z (2251%x1 — 344L2%x; + 240z%x1 — 4162%x; — 480Lzx; + 832Lzx5) Jh<z<L
and
5225 [ (51yy — 24y2) L% — (112y1 — 96y2)7?] ,0<z< L
0(z,t) = — 535 [(144y1 — 176y) L% — (966y; — 1104y,) L2z + (1728y; — 2112y5)Lz> — (928y; — 1216y,)z°] 5 <z <3F  (10)
2L-22[(225y; — 344y,) L2 — (480y; + 832y2)Lz + (240y; — 416y7)2?] yl<z<L
respectively.

Substituting Equations (6)—(10) into potential energy expression (2), the expression of
potential energy can be obtained as

V= B2z - 21)" +2(z— 22)" + (21— 00t | + E 201 — 907 + 492 — ¢1) + (95— 92)°]

- o (224x —192x)° + 122(211x% — 572x1%3 + 508122 + 211312 — 572y1y> + 508y22) (11)
T 3 2,12 2 2 2 2
+ 10855 (224y1 — 192y2)” + 555 (225x1° — 780x1 x2 + 67632~ 4- 225y~ — 780y1y2 + 676127)

In order to describe the viscous damping effect of this sidetracking tool system,

Rayleigh dissipation function D is introduced here

D= fea(t? +22425) + e (12 +9n2 + 322 +32) +a(ind + 0+ 457)] (12)
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The Lagrange equation is

d(dT oT oU oD
dt (a%’) 9q; ~ 9q;  0q; !
where g; is the generalized coordinate.
Substituting T, V, and D into the Lagrange equation can obtain
[MI{x} + [CI{x} + [K[{x} = {F} (14)

where [M], [C], and [K] represent the mass matrix, damping matrix, and stiffness matrix,
respectively, and {F} is the column vector of the force; the expressions are

mq
my
nmq
my
my
[M] = s (15)
ms3
N1
J2
I J3]
o _
Cp
Cp
Cp
C
€] = " (16)
Ca
Ct
Ct
L Ct |
[ 9k, —11k, i
—11k, 16k,
9k, —11k,
—11k, 16k,
Bk  —2ky
K| = 17
(K] —2ky 4k, —2ky (17)
—2ky  2ky
3k(P —qu,
—qu, 4kq) —2k¢
i —qu, 2k¢

and
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Fiy +myeq gblz Cos @1
Fy + mae2,? cos g
Fyy + mye1 ¢y * sin
Eyy + mpe¢,° sin ¢y
(F} = ky - vot +m1g — s.ign(zl)yrl—“nl
mpg — sign(zp)urFpn
—Wp, — Fysinw
ko -t —Th
~T,
~T,

(18)

respectively.
In the above formulas, k;, k», and k, are expressed as
_ 33EI 2EA 4GI

kr— szi,k(/):T

T 19

respectively.

2.2.2. The Second Stage

In the second stage of the sidetracking process, the window mill has been milled out
into the formation, and then, the pilot mill begins milling the casing. The kinetic energy
and potential energy of the sidetracking tool system are

1 g g a1, 1, 1

T= Eml(xlz +97 4212 + 5114’12 + 5’”2222 + §f2¢22 (20)
and L

= %/0 {E1[(")? + (")) + EA(w')* +2G1(9')* }dz (21)

respectively, where, (') denotes a time derivative.
The system is divided into two parts, according to the simplified model shown in

Figure 4. Therefore, the boundary conditions related to the axial and lateral motions of the
above system are

w|z:0 = vot

Wt =2 (22)
wl,op =22

and
0l.—0 = ¢t
0l._L = ¢ (23)
0, = ¢

respectively.

Thus, the w(z,t), 0(z,t), u(z,t) and v(z,t) are

z1—0gt L
w(z, t) = 24
=5) 20y 2427, L<z<L 24
L/2 1> 32 >~
(l]l_(l’tz+ 0<z< L
L2 #71 Pts >2>3
0z t) = (25)

P8tz — g2 + 291,

N~
A
N
IN
h
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T (3L%z — 42%) ,0<z<k
u(z,t) = (26)
3
%(3L2(L—z) —4(L—2) ) JLcz<L
and ) s L
. 75 (3L%z — 42°) ,0<z< % o
o\Z =
’ 3
%;(3L2(L—z) —4(L-2) ) Lez<L
respectively.
X
A
X1 B
Ll I—2
I g g

Figure 4. Deformation diagram of the sidetracking tool in the second stage.
Substituting Equations (24)—(27) into potential energy expression (21), the expression
of potential energy can be obtained as
EA GI 24E1
V=2 -2+ G-t + 7 (01— 00 + (92— 97| + 5 (P +1?) (28)
The Rayleigh dissipation function D is

D= % {Cu (212 + 222) +cp (5(12 + y12) +ct (gblz + gbzz)} (29)

Substituting T, V, and D into the Lagrange equation, the result is
(MI{x} + [CI{x} + [K]{x} = {F} (30)

where [M], [C], and [K] represent the mass matrix, damping matrix, and stiffness matrix,
respectively, and {F} is the column vector of the force, and their expressions are

mq

[M] = - (31)
h

]2

Cp
Cp
C
€] = " (32)
a
Ct

Ct |
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ks

K] = o (33)

and -
Fix +mye1¢,“ cos g1

Fly + myeq ¢12 sin 1
Ky - vot + myg — sign(zq) prFin

F} = 34
{ } —Wb—FbSil‘llx ( )
Ko-9r—Th
~T,
respectively. In the above formulas, k;, ki, and k,, are expressed as
48E1 2EA 2GI
kl’ = L?) , kw = I and k(P = T (35)

respectively.

2.2.3. The Third Stage

In the third stage, the window mill and pilot mill have finished milling the casing
and entered the formation, and the watermelon mill begins milling. At this time, the
sidetracking tool system can be regarded as an axial force link element, as shown in
Figure 5, and the kinetic energy and potential energy of the system are

1 . 1. .
T= Emlzlz + Ehfplz (36)
and L
V=g [ e[+ )] + EA@) +261(0') a2 (37)
2Jo
respectively.
XA
A
) | > Z
Ao AP
Ly

Figure 5. Deformation diagram of the sidetracking tool in the third stage.
Then, the vibration equation of this system is
[M]{x} + [C[{x} + [K]{x} = {F} (38)

where, [M], [C], and [K] represent the mass matrix, damping matrix, and stiffness matrix,
respectively, and {F} is the column vector of the force; their expressions are
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M) = [ml ml] 39)
= Ct} (40)
kw  —kw
(K] = S ] (41)
and
(F} = {—Wb :%sina} (42)
respectively.

In the above formulas, k;, is expressed as
ke = —— (43)

2.3. Contact Model

The sidetracking tool moves within the casing, and its radial displacement should
not exceed the clearance between the window mill and the casing inner wall. The radial
displacement of the window mill center from the casing center is marked as p;. The
radial gap between the window mill and the inner casing is marked as . The distance
of the window mill into the casing wall is marked as ;. Here, a judgment parameter A is
introduced to judge whether the mills contact the casing wall. When A; = 0, it indicates that
there is no contact between them, while when A; = 1, contact occurs. Their expressions are

pi = \/ x> +yi? (44)

e )
0 = pi — P (46)
and
(e
respectively.

Based on the previous simplifying assumptions, the contact can be described by a
linear elastic model. The contact force acting on the sidetracking tool can be divided into
two parts, including the normal force F,, and the tangential force F; due to friction [30],
which can be defined as

F,; = )\i(kpfsi + vani) (48)
and
F. — ) 2?)”' '
ti = pr [tanh(20,;) + 11 40,2 Fui (49)
ri
respectively. The normal velocity is
Ui = Ky D gy (50)

If contact occurs, the motion of the sidetracking tool with respect to the casing can
be described as pure rolling or sliding. To determine the presence of sliding, the relative
velocity between the two faces is marked as
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. X; . Yi Dout
Ui = X et /.2
Xi© + Yi X% +yi*

When v, # 0, it means there is only relative sliding, while when v, = 0, it means
that there is no relative sliding, but only pure rolling. By superimposing the contact force
components along their respective vectors in the x and y directions, the external forces from
the casing wall acting on the mill by are calculated as

(51)

. — . Yi
sz = —Fy;- \/ 212 + Fi- \/x12+y1 (52)
Fyi = b \/Xi2+yi2 ~ \/xi2+yi2
The friction moment on the sidetracking tool is
1
T; = EFtiDout (53)
The weight on bit and drill bit torque during sidetracking can be defined as
Wob — ke(zz — sosin(np@)), z3 < So si.n(an)) (54)
0 , 23 > sosin(ny@)
and
Tob = Wob[ routf (93) + 6V Toutde (55)
respectively, wherein the depth of cut per revolution and the average rate of penetration are
2tROP
b = 27RO (56)
Wy
and
ROP = ciWy/wy + 2 (57)

respectively. A continuous function f is used to express the influence of bit speed on bit
torque [31], and its expression is

(B ) (58)

. 2 .
= Zat
f((/’B) 7_[{1 an(eq; 1+T|‘P3‘

3. Simulation of the Sidetracking Tool Motion Process

A numerical procedure is used to solve the obtained equations system, which can
be solved using the Runge-Kutta method. Some system parameters involved in the
calculations and their specific values are listed in Table 1, which represent typical situations
in sidetracking operations.

3.1. The First Stage

Analyzing the curve diagram of displacement with respect to time variation can better
describe the movement of the sidetracking tool. Figures 6 and 7 both show the historical
curve of time displacement within the test time. Figure 6 shows the change diagram of
lateral displacement with respect to time of Parts A and B, and Figure 7 shows the time
variation of the angular displacements of Parts A, B, and C. In the above two figures, x;
and x; represent the lateral displacement of Parts A and B, respectively, and ¢1, ¢, and
@3 represent the angular displacement of Parts A, B, and C, respectively. Figure 6 only
discusses the lateral displacement in the x-direction because the bending in the y-direction
is symmetrical with the bending in the x-direction.
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Table 1. System parameters values used for numerical study.

Quantities Variable Value Units
Unbalanced mass on BHA my, 10 kg
Tool external diameter Doyt 215.9 mm
Tool internal diameter D;, 86.1 mm
Casing internal diameter D, 2445 mm
Linear eccentricity e 8 mm
Elastic modulus E 2.1 x 101 Pa
Shear modulus G 7.7 x 1010 Pa
Density P 7800 kg/m?
Distance between restraint end and watermelon mill Lq 640 mm
Distance between pilot mill and watermelon mill Lo 320 mm
Distance between the window mill and the pilot mill Ls 320 mm
Whipstock angle « 2 °
Static friction coefficient He 0.35
Dynamic friction coefficient Hd 0.1
Initial weight on bit Wo 30 x 103 N
Supporting force of whipstock Fop 200 x 103 N
Initial speed 01 3.14 rad/s
Initial angle on 10 °©
Contact stiffness of tool and casing ky 1 x 108 N/m
Contact stiffness of window mill ke 25 x 103
Damping of tool and casing Cp 5 x 103 N-s/m
Steepness parameter X 0.5
Empirical constants c1 1.35 x 1078
Empirical constants co 1.9 x 10~*
Forced parameters related to borehole irregularity S0 0.001
Dimensionless coefficient g 0.1
Bit coefficient ny 3

lateral position (mm)

time ()

10

Figure 6. Schematic diagram of lateral displacements x; and x; with respect to t.

The length of the sidetracking tool analyzed in this paper is 1280 mm, and within this
measurement range, only a small range of vibration occurs. In Figure 6, the amplitude
of the window mill and the pilot mill at the initial time in the x direction is relatively
large, and the amplitude gradually decreases with the passage of time. This phenomenon
indicates that the window mill rolls continuously in the axial direction. The amplitude of
@3 is always larger than ¢ and ¢, in the measured range. In the first stage of sidetracking,
the window mill just begins to contact the whipstock, and in addition to the friction of
casing wall, the system is also subjected to the lateral support of the whipstock, while the
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movements of the other two parts are still in the casing, so the dynamic response of Part C
is more obvious and larger than that of the other two parts.

\'\ (01
" ,‘/” )
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(9t

u

Y|

time (s)
Figure 7. Schematic diagram of angular displacements @1, ¢ and @3 with respect to t.

Figure 8 shows the angular velocity variation of the three Parts A, B, and C with respect
to time in the first stage. The rotation direction varies continuously between forward and
backward during the time period covered by the simulation, and all three curves are faster
in the first half of the period. This model predicts the contact between the sidetracking tool
and the casing, but the sidetracking tool is short, and its vibration amplitude is smaller
than the gap between the shoe and the casing wall. The vibration is finally stabilized as a
limit ring behavior due to the presence of dissipative effects such as friction.

time (s)

Figure 8. Schematic diagram of angular velocity of Parts A, B and C with respect to t, respectively.

Figure 9 shows the lateral motion trajectory of Part C. It can be seen from the figure
that the window mill can only roll back and forth in the direction parallel to the surface
of the whipstock. It is worth noting that the vibration trajectory shape changes from the
vortex shape to the X reciprocating shape, which is very different from the behavior of
conventional drilling tools. Its vibration amplitude is smaller than the gap between the
window mill and the casing wall, and there is no random collision with the casing wall.
The maximum lateral displacement is 3.30 mm.
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Figure 9. The movement trajectory of the window mill.

3.2. The Second Stage

During the second stage of the sidetrack process, the window mill is milled into the
formation, and the pilot mill begins to mill the casing. The research objects in this stage are
Parts A and B.

Figures 10 and 11 both show the historical curve of time-displacement in the test
time. Figure 10 shows the lateral displacement change diagram of Part A with respect
to time, and Figure 11 shows the angular displacement change diagram of Parts A and
B with respect to time. In the above two figures, x; and y; represent the lateral dis-
placement of Part A, respectively, and ¢; and ¢, represent the angular displacement of
Parts A and B, respectively.

1.0}
— — X
= H “ 1
E 05 i 1
[
=}
‘2 0.0F
o
S
g -05¢ U u

L

0.00 ' 0.02 0.04 0.06 0.08 0.10

time (s)
Figure 10. Schematic diagram of lateral displacements x; and y; with respect to ¢.

From Figure 10, it can be seen that the amplitude of the pilot mill is larger in the lateral
direction at the initial moment, and it gradually decreases with time. This phenomenon
indicates that the pilot mill continuously tumbles in the axial direction. The angular
displacement curve (Figure 11) shows obvious vibration in the first half of the study
period, and gradually levels off in the second half. In addition, ¢, is always larger than ¢;.
Figure 12 shows the angular speed variation of the two Parts A, B with respect to time in
the second stage. The angular speed curve shown in Figure 12 has obvious vibration in the
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first half of the study period, and gradually level off in the second half. In addition, the
angular speed of Part B is always larger than the angular speed of Part A.
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time (s)

Figure 11. Schematic diagram of angular displacements ¢; and ¢, with respect to t.
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Figure 12. Schematic diagram of angular velocity with respect to f.

In the second stage of the open window, the window mill has entered the formation,
and the pilot mill is in contact with the whipstock; thus, it is subject to the frictional force
of the casing wall and the lateral support force of the whipstock. Therefore, the dynamic
response of Part B is more obvious compared with the other two parts, and the amplitude
is larger. Over time, the motion of the sidetracking tools all gradually stabilized.

The lateral movement trajectory of Part B is shown in Figure 13. It can be seen that
the pilot mill rolls back and forth in the direction parallel to the surface of the whipstock.
The pilot mill is located in the middle of the window mill and the watermelon mill in the
axial direction. Both of its ends are subjected to tension and restriction, so its motion range
is smaller than that of the window mill, which is in the first stage. The maximum lateral
displacement at this moment is 2.74 mm.

3.3. The Third Stage

In the third stage, the window and pilot mills have entered the formation, and the
watermelon mill is in the window position. In this case, the sidetracking tool system can
be considered as a cantilever beam structure, with a fully restrained upper end and a
lower end subject to the lateral forces provided by the whipstock and the weight on bit
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generated during the drilling process. Numerical simulation is used to calculate the lateral
displacement of the tool system under the action of weight on bit and lateral force. The
specific steps are as follows.

1. The upper end of the tool system is fully constrained, and the lateral force in the
positive Z-axis is applied to the ground sole circle at the lower end. The lateral force
is 23.3 kN.

2. Subsequently, the upper end of the sidetracking tool is fully constrained, which has
been deformed at this moment, and a WOB of 5 t and a torque of 130 kN-m are applied
to its lower surface.

3. The lateral displacements of the sidetracking tool under the weight on bit, torque, and
lateral force are shown in Figure 14.

1.0F I
/ Al
|
0.5F |
g |
-~ I
|
0.5+ :
|
|
-1.0F |
-1.0 -0.5 0.0 0.5 1.0
x] (mm)
Figure 13. The movement trajectory of the pilot mill.
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Figure 14. Displacement of BHA.
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In Figure 14, the first half of the curve indicates that the tool has not yet touched
the whipstock and is only subject to weight on bit and torque, producing only a small
lateral displacement, which is negligible. While the latter half indicates that the tool has
contacted the whipstock. The lateral force of the whipstock acts on the tool y-direction,
so the displacement in this direction is the largest. None of the external forces on the tool
had a large effect on the displacement in the x-direction. From the results of the numerical
simulation, it can be seen that the maximum lateral displacement in the x-direction of the
sidetracking tool is 0.067 mm.

3.4. Case Analysis

Through the above analysis, the window width, which is derived from the action of
an arbitrary size casing and the mills, can be calculated. A longitudinal profile of the casing
is taken from the centerline of the casing. In this case, the plane is perpendicular to the
casing wall, and the Cartesian coordinate system is established, as shown in Figure 15.

Casing Inner
Diameter D
Y Mill Shoe Diameter d

Casing Wall
Thickeness &

)

a

Figure 15. Schematic to model the lateral motions of window mill.

The central point of casing on this plane coincides with the central point of the window
mill, and this point is set as the origin of the coordinates O. The forward direction of the
window mill is taken as the X axis, and the direction perpendicular to the X axis is taken as
the Y axis. The casing inner diameter, marked as D, represents the thickness, marked as
J, and the outer diameter is marked as D + §. The outer diameter of the window mill is
marked as d. 7y represents the bevel angle of the whipstock, and a represents the distance
between the center of the casing and the center of the window mill. The window width
produced by the window mill on the casing can be regarded as the length between the
intersection points of two circles on the XY plane, as shown in Figure 15. The derived
theoretical formula for the window width is

D242 (Zrx)’ (D2-@)?

W=2
8 4 64(Ert +x)

S, x € [0,d+ 0] (59)

where x is the distance between the tool cross section center and the casing cross section
center. When D = 244.48 mm, d = 184.15 mm, and ¢ = 13.84 mm, the ideal window width
calculated by Equation (59) is W = 368.23 mm.

The schematic diagram of the window result formed by the sidetracking tool milling
casing wall under stress is shown in Figure 16, where curve (1) represents the theoretical
window profile calculated by Equation (59). Curve (2) represents the window profile
formed by the window mill, and the maximum lateral displacement generated is 3.30 mm.
Curve (3) is the window profile formed by the pilot mill, and the maximum lateral dis-
placement generated by it is 2.74 mm. Curve (4) is the profile formed by watermelon mill,
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whose maximum lateral displacement is 0.07 mm. Therefore, the maximum width of the
final window is 374.34 mm.

downhole ————
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Figure 16. Schematic diagram of the window profile.

4. Conclusions

A study of the coupled axial, lateral, and torsional vibrations of an actively controlled

sidetracking tool has been presented and some dynamic models have been proposed,
including a ten degrees of freedom, six degrees of freedom, and a two degree of freedom
dynamics model, which can be used to analyze the effect of the sidetracking tool system
vibration on the casing window profile.

1.

The sidetracking tool is taken as the research focus during window opening, and the
simplified physical model is established including Parts A, B, and C. The vibration
model of the sidetracking tool is obtained according to the Lagrange equation, which
can be solved by the Runge-Kutta numerical method. This model can be used to
analyze the force and motion process of different mills during the sidetracking.

The dynamic model is numerically solved by Runge-Kutta method, and the dynamic
responses of different parts of the sidetracking tool at different stages are obtained.
The analysis shows that regarding the drilling of the sidetracking tool, the vibration
amplitude of the mills colliding with the whipstock is the largest. Its displacement
and angular velocity are larger than those of the other parts. The vibration trajectory
pattern of the sidetracking tool is different from that of the conventional drilling
tool due to the influence of the whipstock, which changes from the general whirling
motion pattern to the X reciprocating pattern, and the vibration amplitude decreases.
The sidetracking tool analyzed in this paper does not include the drill pipe, but only
the mills. Within this measurement range, a small range of vibration occurs, which is
smaller than the gap between the mill and the casing wall.

The window profile is widened by the sidetracking tool vibration deformation,
and the extension of the window width by the window mill and the pilot mill are
3.30 mm and 2.74 mm, respectively. The extension of the window width by the water-
melon mill is 0.07 mm, so the maximum window width formed by the sidetracking
tool is 374.34 mm.

During the casing sidetracking process, the actual window shape will also be affected

by parameters such as mill shape, casing material, and formation hardness. In the next
study, more influencing factors will be considered to further improve the accuracy and
applicability of window opening tools.
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