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ABSTRACT

Modern techniques to model torsional drill string vibration have positive impact to the efficiency of oil and gas
drilling. The need for torsional model is evident from their detrimental effect to the bottom hole assembly (BHA) fitness.
The model can cater planning for more efficient parameter selections for BHA and controlling surface parameter to reduce
such vibration. In this paper, the models for torsional vibrations are classified based on their functional concept. The
validation techniques are also reported with each classification of the model for torsional vibrations.
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INTRODUCTION

Mathematically, a model maps the future state of
a system. It is a Newtonian point of view of how natural
system can be calculated and predicted. Analogously, the
purpose of modelling vibration is to predict the influence
this dynamic phenomena has on any man-made structure.
The dynamic load imposed to a drill string while drilling
causes various vibrations which can be classified via its
modes viz. lateral vibration, axial vibration and torsional
vibration. However, amongst the aforementioned modes,
torsional vibration has notoriety reputation for causing
wear to BHA and increasing non-production time (NPT)
[1], [2]. Hence, efforts to model such vibrational
behaviour has been extensive with the introduction of
various modelling method and with the advancement of
remote measurement called measurement while drilling
(MWD) tool [3], [4]. The efforts also trailed with
validation techniques that reinforce the validity of such
model. The validation techniques can be summarized into
four, depicted in Table-1.

Table-1. Four methods to validate mathematical model of
drill string dynamics.
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E' data
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2
E » Data = Accuracy of the data
§' collection. i depends on experimental
E‘ Experimental olitie atud model
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testbed data with the expetithental data to fisld
eXpenSE of data
ACCULACY
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Each of these validation techniques is preceded
by a modelling approach to torsional vibrations. The
models can be classified into: (a) physical and
mathematical modelling techniques and (b) data driven
model.

PHYSICAL AND MATHEMATICAL MODELLING
TECHNIQUE

Physical modelling techniques have a reputation
to be used in many literatures due to its simplicity. The
method depicts a simplified view of a drill string with
mechanical element such as spring, damper, and massive
body. This technique is often followed by mathematical
derivation of the mechanical component of the model.
However, the model cannot represent torsional vibration
per se, which requires excitation function to mimic the
torsional behaviour of a drill string. To fill this gap,
analytical model of either bit-rock interaction or self-
excited phenomena are introduced to the system which
calls for various mathematical theory and techniques.

In physical models, torsional pendulum
representation is common. The pendulum can be modelled
mathematically to represent one degree of freedom motion
[5], [6], or two degree of freedom motion. Patil &
Teodoriu (2013) uses multi-segment two degree of
freedom (DOF) torsional pendulum system coupled with
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damper to represent mud damping effect towards the drill
string [7]. Patil & Teodoriu (2013) uses the premise that
torsional vibration is caused by bit-formation interaction
on the drill [7]. With this the mathematical derivation of
their system depends on the nonlinear bit-rock interaction
effect. Their model is validated by numeric-analytical
through simulation under Matlab™/Simulink. Their model
and simulation techniques produce results that correlate
surface parameter which is weight on bit (WOB) and
rotational speed of the turn table bottom hole parameters
i.e. rate of penetration (ROP) and bit rotational speed.
Spanos et al. (2002) also uses physical modelling
technique to represent the nonlinear stochastic nature of
drill string vibration [8]. Their model is based on lumped
mass/spring model with 2-DOF: for rotational motion
along the axial line and another for the lateral motion of
the drill string. Their stiffness model, however, follows
mathematical modelling techniques where the derivation
of the BHA stiffness is based on Euler-Bernoulli beam
theory. Spanos et al. (2002) validated their model using
Monte Carlo Simulation using Auto Regression Moving
Average filtering [8]. The configuration of lumped
mass/spring configuration often seen in literatures can be
modified to incorporate friction between bit and rock
formation. The use of conveyer belt, as described by Abdo
& Abouelsoud (2011), shows a torsional drill string model
by using a linear spring [9]. Figure-1 explains the
configuration of the system.

M

Figure-1. The configuration of lumped mass/spring model
with contact between mass and conveyer belt surface
replicating friction between bit and formation (Abdo &
Abouelsoud, 2011)

The system introduced by Abdo & Abouelsoud, (2011) is
analytically derived based on Liapunov second method to
derive the oscillatory nature of the system [9]. Their
simulation is based on analytically solved second order
equation of motion with reports on their models limit
cycles based on multiple conditions. Lumped parameter
mass/spring model are often used when new parameters
are being studied in torsional drill string model. Tang et al.
(2015) studied the effect of surface rotary table speed on
the torsional vibration of a drilling system [10]. Their
research uses lumped parameter mass/spring constant to
represent their torsional drill string model with bit-rock
interaction is modelled based on Coulomb. The derivation
of the stick-slip motion of the drill string is governed by
Euler-Lagrange equations of motion. The solution to their
Euler-Lagrange equations of motion are based on the

boundary condition of a stick slip where at stick phase, the
motion of the bit is regarded as zero and at slip phase, the
bit relative angular response of the bit is considered
constant. Their simulation is based on the numerical
method where Tang et al., (2015) managed to produce
results that shows an attracting cycle limit of the drill
string torsional behaviour for certain range of the rotary
table speed. The same approach was adopted in papers
done by Zhu & Tang (2015) where they look into the
formation of limit cycle for friction induced vibration [11].
Multiple degree of freedom torsional drill string
modelling has also been reported based on Iumped
mass/spring system. Liu et al. (2014) has proposed 32 drill
string segments based on the lumped mass/spring system
[12]. The system takes regard of the dry friction into the
model system and shows that the axial-torsional vibration
induced by the system is caused by state-dependent delay
which is observed on polycristaline diamond compact
(PDC) bit. Their finite element validation method uses 128
states induced by the 32 segments in the drill string model.
It is thus far that the mathematical model of tool-bit
interaction has been deterministic in nature. However,
tool-bit interaction observed in the field is stochastic in
nature. To address this problem, Ritto, Soize & Sampaio
(2009) simulated uncertain model on a drill string system
that realistically represent the torsional drill string model
of a drilling system [13]. Ritto et al. (2009) uses nonlinear
Timoshenko beam theory. Often enough, with highly
nonlinear system, the method of validation is often in the
form of finite element method as is the case for Ritto et al.
(2009). Highly nonlinear system also calls for numerical
method for solution of drill string vibration under different
parameter consideration. In the report presented by Yigit
& Christoforou (1998), a beam model of drill string was
used to prove the self-excitation of drill string vibration
[2]. The paper explained from their validation method of
the model that the geneses of other vibrations mode are
highly likely caused by the interaction of the bit-rock
formation which in turn excites the drill string to produce
varying torque on the bit (torsional vibration) [2]. Their
experimental set up validated further the finding of the
numerical simulation that was done based on the model.

DATA DRIVEN MODEL

Data driven model are based on streams of offline
or online data that is used to generate either parameters of
a system or the output for an agitator. This type of method
of modelling technique is often used for highly dynamic
system with online data to optimize control parameters of
the system.

Stream of data that can produce parametric value
of a system are useful in determining torsional
characteristic of a drill string. The method are known as
system identification and has been utilised in a full scale
rig experimental setup [6]. The parameters of a drilling
process are obtained based on the input and the output of a
drilling process through system identification method and
produce a model of drill string torsional model. The model
is used to find the optimal surface parameter through
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stability analysis. Bayliss, Pachal & Whidborne (2012) has
used parametric identification to model the torsional
vibration of a directional drilling exercise [14]. The
parameters produced in their recursive least square
identification method are then used to model the torsional
vibration. Their system is simulated using symbolic-
numerical method via Matlab™.

CONCLUSION

The model of drill string vibration is a two tier
process. First aspect of the model deals with the model of
the mechanical nature of the drill string which is a
commonplace for researcher today to use lumped
parameter mass/spring model. The motion of this drill
string is govern by the mathematics that we give to the
motion, either it moves freely in one, two, to six DOF. The
more freedom the model of the drill string is based on, the
more complex and nonlinear the equation of motion is.
Thus the coupling of the two or more modes of vibration
in drill string model is only practically validated through
numerical method or finite element method with
underlying linearization technique. The second aspect of
the model delves into the interaction of the bit and the rock
formation. The model can be based on various friction
theories or any stochastic method. The coupling of the
friction to the drill string motion model gives a complete
representation of the drill string dynamics. In this paper
various model techniques and their validation method has
been elucidated; one being the mathematical and
mechanical modelling technique, and another on data
driven modelling technique. Both produce results that are
commonly utilised in different ways. Mathematical and
modelling techniques are more often used in offline or
non-real-time purposes while data driven modelling
technique are used in real-time system for optimising
system control.

ACKNOWLEDGEMENTS

This research is funded under ERGS Grant
Scheme (O153AB-116) by Ministry of Higher Education,
Malaysia

REFERENCES

[1] J. F. Brett and others, “The genesis of bit-induced
torsional drill string vibrations,” SPE Drill. Eng., vol.
7,n0. 3, pp. 168-174, 1992.

[2] A. S. Yigit and A. P. Christoforou, “Coupled
Torsional and Bending Vibrations of Drillstrings
Subject to Impact With Friction,” J. Sound Vib., vol.
215, no. 1, pp. 167-181, Aug. 1998.

[3] R. L. Cook, J. W. Nicholson, M. C. Sheppard, and W.
Westlake, “First Real Time Measurements of
Downhole Vibrations, Forces, and Pressures Used To
Monitor Directional Drilling Operations,” 1989.

[4] H. Henneuse, “Surface Detection of Vibrations and
Drilling Optimization: Field Experience,” in
SPE/IADC Dirilling Conference, 1992.

[5] P. C. Kriesels, W. J. G. Keultjes, P. Dumont, I.
Huneidi, O. O. Owoeye, and R. A. Hartmann, “Cost
savings through an integrated approach to drill string
vibration control,” in SPE/IADC Middle East drilling
technology. Symposium, 1999, pp. 139-150.

[6] J. Rudat, D. Dashevskiy, and others, “Development of
an innovative model-based stick/slip control system,”
in SPE/IADC Dirilling Conference and Exhibition,
2011.

[7] P. A. Patil and C. Teodoriu, “Model development of
torsional drill string and investigating parametrically
the stick-slips influencing factors,” J. Energy Resour.
Technol., vol. 135, no. 1, p. 13103, 2013.

[8] P. D. Spanos, A. M. Chevallier, and N. P. Politis,
“Nonlinear Stochastic Drill-String Vibrations,” J. Vib.
Acoust., vol. 124, no. 4, pp. 512-518, Sep. 2002.

[9] J. Abdo and A. A. Abouelsoud, “Analytical approach
to estimate amplitude of stick-slip oscillations,” J.
Theor. Appl. Mech., vol. 49, pp. 971-986, 2011.

[10]L. Tang, X. Zhu, C. Shi, J. Tang, and D. Xu, “Study
of the influences of rotary table speed on stick-slip

vibration of the drilling system,” Petroleum, vol. 1,
no. 4, pp. 382-387, 2015.

[11]1X. Zhu and L. Tang, “On the formation of limit cycle
of the friction-induced stick-slip vibration in oil well
drill string,” Petroleum, 2015.

[12]1X. Liu, N. Vlajic, X. Long, G. Meng, and B.
Balachandran, “State-Dependent Delay Influenced
Drill-String Oscillations and Stability Analysis,” J.
Vib. Acoust., vol. 136, no. 5, p. 51008, 2014.

[13]T. G. Ritto, C. Soize, and R. Sampaio, “Non-linear
dynamics of a drill-string with uncertain model of the
bit-rock interaction,” Int. J. Non-Linear Mech., vol.
44, no. 8, pp. 865-876, Oct. 2009.

[14]M. T. Bayliss, N. Panchal, and J. F. Whidborne,
“Rotary steerable directional drilling stick/slip
mitigation control,” in Proceedings of the 2012 IFAC
Workshop on Automatic Control in Offshore Oil and
Gas Production, 2012.

13391



