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Abstract

For the current study on the stick-slip of drill string and the influence of axial vibration, the
stick-slip mechanism of drill string with axial vibration is researched. Firstly, according to the
axial vibration, mechanics analysis model of bit on bottom hole is established. On that basic,
mechanics model of drill string stick-slip with axial vibration and the relationship between
rotating speed and torque of bit are analyzed. Then the reliability of the calculation method is
verified combining with the case analysis by using the built model. The results show that there
have close relations between the working parameters of the rotary table drill speed, rotation
angular displacement and drill torque. With the rotating speed of table increasing, drill speed
and rotation angular displacement and drill torque decreased gradually. The conclusions have
some important reference significances on reducing the drill string stick-slip and improving the
efficiency of rock-breaking.
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1. Introduction

With oil and gas exploration deepening, the drilling engineering faces more complex operating
conditions, including the process of drilling deep, ultra deep, laterals or directional wells, as well as
shale gas or coal-bed gas and so on. In the larger friction condition, with the friction between the drill
string and borehole wall increasing, the friction torque in bottom hole increases and the drill string
rotates difficultly, which resulting in stick-slip phenomenon[1-3]. When the stick-slip phenomenon
of the drill string generates, the drill string will be tighten like clockwork and released suddenly. A
serious one can cause huge distortion, which undermines seriously the performance of the drill string
and reduces the down-hole tool service life[4-5].

Lots of scientific research has been conducted by scholars at home and abroad to clarify the stick-slip
mechanism of drill string[6-10], including the effects to the drill string stick-slip from the drill string
length, turntable rotary speed and so on. These studies provide wide ideas to research the stick-slip
mechanism of drill string and solve a part of relative problems. However, existing studies only
consider the effect of twisting motion and ignore that the stick-slip of drill string is a couple process
of axial motion and twisting motion. In fact, during the drilling process, since the bit is under the
bottom rock reaction, the drill string will produce axial vibration while the drill string produces
torsion vibration, which leads to friction part in the bottom is under a changing constantly state[11-
13]. Therefore, the stick-slip only considering torsion vibration can’t reflect objective law. The stick-
slip of drill string research considering axial vibration reveals essence more efficiently, which is
important to reduce stick-slip phenomenon.

2. Calculation model

In order to facilitate the calculation, the following assumptions about model are proposed: (1) the
quality of drill string system, consisting of the drill string and drill bit, concentrates on the bit; (2) the
turntable speed is constant. Then the forces of the drill string are obtained as shown in Figure 1.
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Fig. 1 The force on drill string
According to the forces of the drill string, the force equation in the axial direction is written as:
MX+ K x+C,x=F 1)
Where the mass matrix is written as:

(2)

The stiffness matrix in the axial direction is written as:
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The stiffness matrix of each part is written as:
EA
k, =— 4
=T @

In which, x is the axial displacement of the drill string, m ; F is the axial force of the drill string, N ;
E is the elastic modulus of the drill string, GPa; Ais the cross-sectional area of the drill string, m?; L
is the length of the drill string, m .

According to the forces of the drill bit in the drilling process, the force in the axial direction is written
as:

0
0
0
F=|. 5)
_FN i
Where the force at the drill bit is written as:
F, =F +F.Ssin (BQt)— F-F (6)
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In which, F; is the quiet weight on bit(WOB), N ; F__ is the maximum of dynamic WOB, N ; Q

is the turntable speed, rad/s ; F, is the impact force on the drill bit resulting in the axial vibration, N ;
F, is the axial friction force of the drill string, N .

The equation in the circumferential direction is written as[14-16]:

JO+K (0-Ot)+CoH=-T, 7)
The inertia matrix is written as:
i, _
Jo
Js
J =
Ja 8)
i n |
Where the torque stiffness is written as:
Gl
kt = T (9)
The torsional stiffness matrix is written as:
o g _
-1 2 -1
-1 2
K, =k
-1 2 (10)
— _1 2_

Inwhich, J is the inertia of the drill string; & is the rotational displacement of the drill string, rad/s ;
k, is the torsional stiffness of the drill string; T, is the total torque of the drill string; G is the shear
modulus of the drill string, GPa .

The torque of the drill string system is written as:
0

0

0

(11)

T, +T,
In which, T, is the torque at the drill bit, N-m; T, is the torque of the drill string from the wall,
N-m

The motion equation of the system is represented by a matrix as:

o lalle ol s elal 2
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When the drill string is under axial vibration, the axial friction force, subjected from the wall, is
written as:

Ff = Mg (13)
The torque of the drill string from the wall is written as:
T, = zDF, (14)

Assuming that the drill depth is h and the downward movement of the drill string is the positive
direction, then

h=x-H(t) (15)
Where
H(t):{o x=0 (16)
1 x>0

During the downward vibration of the drill string, according to the relationship of displacement and
force, the impact force can be obtained for the drill bit to the bottom[17].

Fo ==k, (h)" - H (1) 17)

Where the equivalent spring stiffness that the drill bit collides with the rock is calculated by the
following equation:

K —19e.R. L (18)
8 \2

According to the relationship of the friction force and pressure, the following equation can be obtained:

F, = fF, (19)
Inwhich, F,the friction force of the drill string at the bottom, N ; f .is the friction coefficient between
the drill bit and the bottom.

Due to the friction force, there is dynamic friction torque while the drill string is rotating during the
drilling process. The torque can be calculated by the equation as the following:

T, =27RF,
(20)
In which, T, is the dynamic torque of the bit from the bottom, N-m; R is the drill bit radius ,m .

In the initial moment, turntable rotates at a constant speed. The stick-slip phenomenon of drill string
generates, if the torque of the bit that the torsional deformation of the drill string generates is less than
the minimum required torque for rock-breaking. And from the initial moment to the drill moment,
the drill string satisfies the following equation:

kt (th ) = Tmin (21)

In which, t,,is the time from the initial moment to the drill moment, S ; T, is the minimum required
torque for rock breaking, N -m.

The time from the initial moment to the drill moment can be obtained by the formula (22), and it is
written as:

t = Toin (23)
Qk,
In which, T, is the minimum required torque for rock breaking, N -m.

The torque can be calculated by the equation during the process as:
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T, =k (6 —Qt)
(24)
The drill bit starts to cut rock with the torque generated by the torsional deformation decreasing. In
the process, the rotate of speed (ROP) is increasing from zero to the maximum, then the ROP begins
to decrease gradually to zero. During the process, the torque is as the following:

T, =T
’ (25)
The time required is written as:
ot=t))= a9 =0
dt (26)
In which, @isthe ROP, rad/s.
Then torsional displacement is calculated by the following equation:
0, =1, (27)

Assuming that the angular displacement of the drill bit is ¢, at the moment, since the torque of the

drill bit is less than the minimum rock-breaking torque, the drill string system starts to generate
torsional deformation until satisfying the minimum required torque for rock breaking.

In this process, the time required is written as:

kt (th + en - ep) = Tmin (28)

The torque is as the following:

Ty :kt(g_Qot) (29)

3. Example analysis

According to the calculation method established previously, the example analysis about the stick-slip
of the drill string is conducted. On condition that the parameters are given, the calculation content
includes the analysis of vibration displacement and vibration velocity. And the example parameters
are shown in Table 1.

Table 1 Example parameter

Parameter name Number Value
The drill string length L ,(m) 3000
The drill string density p ,(kg/m®) 7850
The drill string inside diameterd ,(m) 0.12136
The drill string outside diameter D ,(m) 0.1397
The drill string poisson ratio x 0.3
The drill string elastic modelling quantity E ,(GPa) 210
The drill string shear modulus G ,(GPa) 80
The drill bit radius R ,(m) 0.2
The minimum torque for rock-breakingT,;, ,(N m) 5400
friction coefficient f 0.5
The maximum dynamic WOB F, ,(N) 15000
Static WOB F,,(N) 30000
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According to the given example parameters and established calculation method, the ROP can be
obtained in different turntable rotation speed.

25r
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Fig. 2 The rotating speed of drill bit

From the Fig. 2, considering the stick-slip motion of the drill string under the axial vibration, when
the rotary speed of the turntable is constant, since the subjected torque of the drill bit is less than the
minimum required torque for rock-breaking, the drill string generates the stick-slip motion in the
beginning time. The ROP is zero and the drill string generates torsional deformation until the torque
generated by the deformation is more than the minimum torque for rock-breaking. When the stick-
slip motion is end, the drill bit begins to generate slipping motion. Since the torque of the drill sting
generated by deformation is more than the dynamic friction torque of the drill bit at the beginning
moment, the ROP is increasing gradually. When the dynamic friction torque of the drill bit is more
than the drill sting generated by deformation, the ROP is decreasing gradually until it decreases to
zero. Then the drill string generates the stick-slip motion once a time. Considering the stick-slip
motion of the drill string substituted the axial forces, the period of the stick-slip motion is related to
the rotary speed of the turntable, and it presents a decreasing tendency with the rotary speed of the
turntable increasing.
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Fig. 3 The rotating displacement of drill bit
From the Fig.3, considering the stick-slip motion of the drill string under the axial vibration, when
the rotary speed of the turntable is constant, since the ROP is zero, the drill bit remains stationary.,
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and the rotational displacement is zero in the beginning moment. When the stick-slip motion is end,
the drill bit begins to generate slipping motion. The ROP increases firstly and then decreases, however,
the rotational displacement increases all the time, and the rate of change is also increasing firstly and
then decreases until the drill bit generates the stick-slip motion. Considering the stick-slip motion of
the drill string substituted the axial forces, the period of the rotational displacement is related to the
rotary speed of the turntable, and it presents a decreasing tendency with the rotary speed of the
turntable increasing.
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Fig. 4 The torque on drill bit

From the Fig.4, considering the stick-slip motion of the drill string under the axial vibration, when
the rotary speed of the turntable is constant, since the subjected torque of the drill bit is less than the
minimum required torque for rock-breaking, the drill string generates the stick-slip motion in the
beginning time. And the subjected torque of the drill bit is equal to the torque generated from the
torsional deformation of the drill string. When the stick-slip motion is end, the drill bit begins to
generate slipping motion. The torque of the bit is equal to dynamic friction torque at the moment.
Since the force that the bottom subjects from the drill bit changes periodically, the torque of the bit is
also changing periodically. And the ROP begins to increase from zero to the maximum and then
decreases to zero. Then the drill bit generates the stick-slip motion once, and the forces keep
unchanged. Considering the stick-slip motion of the drill string substituted the axial forces, the period
of torque variation is related to the rotary speed of the turntable, and it presents a decreasing tendency
with the rotary speed of the turntable increasing.

4. The results contrast of existing axial vibration or not

According to the foregoing, considering both torsional vibration and axial vibration, the stick-slip
phenomenon about the drill string is researched. And the obtained results are more consistent with
the actual working conditions of the drill string system. Based on this, using the built analysis model,
The results contrast of existing axial vibration or not is conducted. Assuming that the rotary speed of
turntable is written as @=2.5z(rad /s) and other parameters is kept same, the number value is
substituted into the calculation formula and then the calculation result is obtained, as shown in Fig.5,
based on considering the axial vibration or not.
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Fig. 5 Results comparison of bit speed considering axial vibration or not

From the Fig.5, for different rotation time of the drill bit, the time that the axial vibration is ignored
is less than the time for considering the axial vibration, which indicates the axial vibration can
generate hysteresis effect on the drill bit. For the stability, when the axial vibration is ignored, the
speed curve of the drill bit is a smooth curve and shows a decreasing tend after the first increase,
which indicates the relative stability. For the results considering the axial vibration, the speed curve
of the drill bit also shows a decreasing tend after the first increase, but the amplitude is more than the
results ignoring the axial vibration. The speed curve is a non-smooth curve and existing fluctuation
in the changing process especially in the amplitude.

5. Conclusion

Compared to existing stick-slip mechanism, the research, considering the axial vibration, improves
the accuracy of the stick-slip mechanism analysis and it is better to reflect truly of stick-slip
mechanism. Since considering the axial vibration, the axial force of the drill string is not a stable
value, and the torque at the bit is also not a stable.

Using the established calculation method, the variation of the ROP, rotational angular displacement
and torque at the bit can be obtained. With the time increasing, the ROP, rotational angular
displacement and torque at the bit exist some fluctuation during the page phase. With the speed of the
turntable increasing, the ROP, rotational angular displacement and torque at the bit show a decreasing
gradually tend.

The results, analyzing the variation of the ROP and torque, can provide evidence for avoiding the
stick-slip phenomenon and improving the life of the drill string.
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