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The research is aimed at monitoring drill string vibrations as an element of automatic control of the drilling

process. To reduce negative impacts of vibrations occurring in the drill string at deep drilling of hard rocks, a
mathematical model is proposed to consider parameters of the drilling process and predict the penetration rate.
The following parameters are used as input variables when studying drilling data: weight-on-bit, rotations per
minute, torque, mechanical specific energy, longitudinal, transverse and torsional vibrations. In this study,
the rate of penetration is used as a resulting variable. Considering these parameters, a mathematical model of
the drilling process is formed on the basis of adaptive neural-fuzzy inference structures. The accuracy of this

model is 95.56 %.

1 INTRODUCTION

Deep drilling of hard rocks causes strong vibrations in
the drill string associated with a reduced rate of pene-
tration (ROP) and early failure of equipment (Cobern,
2003; Morkun et al., 2015¢). The only available
method of limiting vibrations during drilling is to
change the rotary speed or weight-on-bit (WOB). Yet,
these changes often reduce drilling efficiency.

There are a number of vibration sources in a
drilling rig that can potentially reduce the mechani-
cal rate of penetration and cause vibrations damag-
ing sensors and clamps. These include, in particular,
shock vibrations from bit cones and blades (Morkun
et al., 2015c; Golik et al., 2015). There are sev-
eral cones on the bit which make the string vibrate
when moving. Vibration frequency is a multiple of
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the speed of the bit blades.

Besides, in drilling there is a direct precession —
lateral vibration — caused by imbalance in the drill
string (Cobern, 2003; Morkun et al., 2015b). The
imbalance can occur due to peculiarities of machin-
ing drill collars or due to their curvature, these caus-
ing lateral vibrations along the drill string. The re-
verse precession is caused by friction between the
drill string and the borehole. If there is a sufficient
contact effort and rotary speed, couplings begin to ro-
tate around the borehole counterclockwise with the
friequency that depends on the external diameter of
the couplings and that of the borehole. This creates
an imbalance effort on the drill string. Excitation is a
multiple of the motor speed multiplied by the number
of rotor blades.

In addition, the stabilizers have blades in contact
with the borehole (Cobern, 2003; Deng et al., 2021).
The resulting excitation is a multiple of the rotary
speed multiplied by the number of blades. Straight
blades cause greater vibration than inclined ones. The
stick-slip phenomenon is another source of vibration
caused by friction between couplings or stabilizers
and the borehole as a result of gravity along the drill
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string (Cobern, 2003; Moharrami et al., 2021). This
phenomenon can make the element bit jammed. After
accumulating enough effort to release the drill string,
it resumes its rotation at a high angular speed.

The roller-cone bit is a kind of mechanism that,
when interacting with the borehole bottom, converts
rotation of the drill string or the borehole motor shaft
in longitudinal, torsional, and under certain condi-
tions, transverse vibrations (Novikov and Serikov,
2020; Bogomolov and Serikov, 2018). Strong vibra-
tions during machine operation can cause destruction
of drill collars and derrick elements, damage to bore-
hole motors and equipment, an increase in the bore-
hole diameter, early wear of the bit, reduction of the
mechanical penetration rate. With intensified vibra-
tions and no control of their level, the phenomenon
of resonance can occur, which in most cases results
in severe destruction of elements of drill collars and
the bit (Bogomolov and Serikov, 2018; Morkun et al.,
2015a).

Longitudinal and torsional vibrations are essen-
tially connected with specific design of roller-cone
bits and the principle of their operation (Novikov and
Serikov, 2020; Liu et al., 2021). Vibrations are of a
wavelike nature. They are classified into longitudinal,
transverse and torsional. They occur simultaneously
and depend on wavelike characteristics of the drill
string and devices included in its assembly (calibra-
tors, centrators, dampers, shock absorbers), bit size,
properties of drilled rocks, and drilling mode param-
eters.

The causes of vibrations include a stick-slip nature
of rock destruction, rough borehole bottom (Serikov
and Ginzburg, 2015; Morkun and Tron, 2014), inho-
mogeneity, fracturing and sharp intermittency in hard-
ness of drilled rocks, pressure differences under dif-
ferent support teeth of the bit (Novikov and Serikov,
2020; Serikov et al., 2016), uneven wear of teeth lead-
ing to formation of different contact areas with the
rock; the toothed working surface of the bit, pres-
sure pulsation in the discharge system (Vasiliev et al.,
2015; Morkun et al., 2014) and discrete tool feed.

2 MATERIALS AND METHODS

In paper (Sharma et al., 2021) a lumped mass drill rod
model that consists of two degrees of freedom was
suggested. The drill rod is represented by the equiva-
lent mass and rigidity for axial and torsional motions
(figure 1).

Equations of for axial and torsional motions the
drill string are as follows:
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Figure 1: Simplified lumped model for axial and torsional
motion: a — axial motion; b — torsional motion (Sharma
etal., 2021).

T OB

mi—+cgx+kyo(x—voxt) = —WOB €))
JO4c04+k(0—Qxt)=—-TOB )

where m is the effective mass of the drill rod, x is the
axial displacement, J is the effective polar inertia mo-
ment, ¢, s the damping coefficient during the axial
motion, ¢; is the damping coefficient during torsional
motion, k, is the axial rigidity, k; is the torsional rigid-
ity, vo is the initial axial velocity, 0 is the angular dis-
placement of the bit and € is the surface rotation rate
in radians per second (RPS). Axial and torsional mo-
tion equations (1) and (2) are related due to interaction
forces of the bit.

A method of direct quantitative determination of
various vibration forms with parameters that can be
easily transmitted to the surface was substantiated in
(Cobern, 2003). The system uses four accelerome-
ters and a magnetometer mounted on the drill string.
By using various combinations of accelerometer out-
put signals, it is possible to distinguish a whirl, a
stick slip, a rebound of the bit, and lateral vibrations
from each other. Three accelerometers are mounted
in the cuff at the angle of 120 degrees from each other
and oriented radially to be measured. The fourth ac-
celerometer is installed axially. The magnetometer is
also installed in one of the pockets. The pockets can
also accommodate WOB and TOB (time on bottom)
strain gauges providing a complete toolkit for bore-
hole diagnostics. Installing accelerometers radially
(figure 2) enables direct calculation of various vibra-
tion modes.

Radial accelerometers measure the centrifugal
force, which is directly related to the rotary speed
(Cobern, 2003). As a result, the rotary speed, the
stick-slip and the swirl can be directly calculated.
The magnetometer is used as a backup for measur-
ing the rotary speed. To measure axial vibration, only
a single-axis accelerometer is required. These param-
eters are calculated as follows.
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Figure 2: Drill collar sensors.

3 RESULTS AND DISCUSSION

Analysis of frequency characteristics of vibrations
during drill string operation indicates different fre-
quency ranges for individual technical components.
In particular, Cobern (Cobern, 2003) reveals that vi-
brations of components cause vibrations of the fol-
lowing frequency: bit rotation — 1000 Hz, stick-slip
motion of the bit — 10 Hz, direct precession — 10 Hz,
reverse precession — 100 Hz. Also, the vibrations pro-
duced by these sources differ significantly in ampli-
tude.

Transfer functions in a closed form associating de-
formation of the drill string with displacement on the
bit in the dimensionless form are described by the fol-
lowing expressions:

X Y, 1 Z.,+Z ,tanhI;

Tb(f) :Taha(j):_i_ai 7a+ La & =

W, § ZeaZpatZegtanhl,
éb \P[ 1 Z(;,[ + ZLJ tanh F[

H=¥Yh(§)=———
7, O = ) == o 7.t
Graphical results of modelling the above trans-
fer functions are obtained via software solutions de-
scribed in (Aarsnes and Aamo, 2016) and shown in
figure 3.
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Figure 3: Drill collar sensors.

The bottom section of the drill string usually con-
sists of weighted drill collars, which can have a great
impact on dynamics of the drill string due to their ex-
tra inertia. In particular, transition from collars to cou-
plings in the drill string causes reflections in traveling
waves due to a change in the characteristic impedance
of the line.

The length of sections is included in propagation
operators, so they determine basic frequencies of an
individual section. Figure 4 demonstrates the impact
of a 200m drill collar on a 1200m drill string on trans-
fer functions.
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Figure 4: Transfer function with and without drill collars:
a — torsional, b — axial.

To determine the rotary speed, we calculate the
centripetal acceleration A.(¢) (Cobern, 2003):
Ac(t) = (A1 (1) +A2 (1) +A3 (1) /3 3)

As A (t) = 0?(t) — r, where r is the sensor radius, ®
is the angular rotary speed, radian/sec. From here:

o) =/ 20 @

’
the instantaneous speed is determined by the expres-

sion: 60
RPM = <271:> -0(1) (®)]

The stick-slip effect is set by the maximum rotary
speed (Cobern, 2003):

W5 = max (o (t)) 6)
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The reverse precession is determined by the peak
of the following expression (Cobern, 2003):
Ay (1) = Ay (£) + A2 (1) cos (120 deg) +
+A3 () cos (240 deg)

Lateral vibration has two components. The x-axis
acceleration is equal to:

L (A(t)—Ac(t)  As(t)—Ac(t)
Ax<t)_2< cos(30)  cos(30) > ™

The y-axis acceleration is determined by the for-
mula:

1
Ay (1) = 5(A1(r) = Ac(r) +
—Ax (1) +A(1)  —As() +Ac(t))
sin(30) sin(30)
Thus, the value of lateral vibration is determined
by the vector sum (Cobern, 2003):

Arar (1) = \JA(1)* + A, (1) (8)

Axial vibration can be directly measured with an
axial accelerometer.

To verify the mathematical model, the data on drill
string operation published in (Tunkiel et al., 2021) is
used. On figure 5 shows the results of measuring the
weight-on-bit depending on the depth of the borehole.
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Figure 5: Dependence of the weight-on-bit on the borehole

depth.

The graph of a dependence of the weight-on-bit on
the borehole depth demonstrates characteristic stick-
slip changes in the weight indicator which may be as-
sociated with alternation of various types of drilled
rocks. On figure 6 revealed a dependence of the
torque and the rotary speed on the borehole depth.
These dependences are also characterized by areas
with a stick-slip change in the indicator as in the case
with the WOB indicator.

On figure 7 it is shown the change of the resulting
indicator value (the ROP of the borehole) depending
on the depth.

When studying the data on the drilling process, the
above parameters are used as input variables: WOB,
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Figure 6: Dependence of the torque and the rotary speed on
the borehole depth: a — torque, b — rotary speed.
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Figure 7: Drilling parameters.

RPM, torque, MSE, longitudinal, transverse and tor-
sional vibrations. The resulting variable in this study
is the ROP of the borehole.

Considering the above parameters, a mathemati-
cal model of the drilling process is formed on the ba-
sis of adaptive neural-fuzzy inference structures (AN-
FIS). There are three input terms of membership func-
tions. The type of input membership functions is bell-
shaped. On figure 8 it is shown the results of verifica-
tion of the resulted model.

The verification results of the developed model on
the test sample (figure 8) confirm its applicability to
practical use. The accuracy of this model is 95.56 %.
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Figure 8: Modelling results.

4 CONCLUSIONS

To reduce negative impacts of vibrations occurring
in the drill string at deep drilling of hard rocks, a
mathematical model is proposed to consider param-
eters of the drilling process and predict the penetra-
tion rate. When studying the data on the drilling pro-
cess, the above parameters are used as input variables:
WOB, RPM, torque, MSE, longitudinal, transverse
and torsional vibrations. The resulting variable is the
ROP of the borehole. Considering the above param-
eters, a mathematical model of the drilling process is
formed on the basis of adaptive neural-fuzzy infer-
ence structures (ANFIS). The accuracy of the given
model makes 95.56 %.
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