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ABSTRACT

Md. Mejbahul Sarker: Modeling. Similation and Control of Stick

slip and Bit-bounce

Vibration in an Oilwell Drillstring. M.Eng. Thesis, Memorial University. July. 2012.

Drillstrings are used in oil and gas production as well as geothermal wells. Drillstrings

sometimes vibrate severely and can twist off in hard rock drilling, Stick-slip and bit-
bounce are predominant to oilwell drilling operations. Stick-slip vibration particularly has

received considerable atiention in recent years with increasing use of polyerystalline

diamond compact (PDC) bi

in harder formations, and has motivated extensive research
on this type of drillstring vibration. Stick-slip vibration may also excite severe axial and
lateral vibrations in the bottom hole assembly (BHA). causing damage to the drillstrings.
and downhole equipment. Failure of oilwell drillstrings is very costly in terms of money
and time. Controlling these vibrations is essential to improving the efficiency and
minimizing the cost of drilling.

A bond graph model of a drillstring has been developed that predicts axial
vibration, torsional vibration, and coupling between axial and torsional vibration due to
bit-rock interaction. Axial and torsional submodels use a lumped-segment approach. with

each submodel having a total of 21 segments to capture vibration of the kelly. drillpipes.

and drillcollars. In addition. the model incorporates viscous damping. hydrodynamic
damping, and hydraulic forces due to drilling mud and an empirical treatment of rock-bit

interaction and top drive motor.



The model predicts the expected coupling between weight on bit (WOB), bit speed. and

rock-bit interface condition, and their effect on stick-slip and bit-boun

Low bit speed
and high WOB cause stick-slip, and avoiding critical bit speed and low WOB cause bit-

bounce. Mitigating measures used in the drilling industry (changing rotary speed. and

justing WOB through changing derrick cable tension) were applied to the model, and

y stick-slip or bit-b
A lincar quadratic regulator (LQR) controller was then implemented which
controlled stick-slip and eliminated bit-bounce. Finally, the advantages of an LQR

controller, compared to a spring-damper isolator currently applicd in oilwell drilling, for

stick-slip and bit-bounce mitigation in an oilwell drillstring are studicd.

The simulation time is very fast compared to high order finite- and di

element models, making the model suitable as a tool for design and sensitivity analysis.

Indexing terms: Oilwell drilling. lumped-segment model. stick-slip. bit-bounce. bit-rock

inter:

ction, lincar quadratic regulator. torsion spring-damper.
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NOTE ON THE UNITS OF MEASUREMENTS

Throughout this thesis. S.I. and imperial units of measurements are used. Where
appropriate and possible however. the S.1. metric equivalent of imperial units have been

imperial units is justified by the following:

provided. The reason for adoptin;

1. This work is oriented towards technical advances in the drilling industry.
However, the drilling industry worldwide commonly in the United States where

imperial units uses.

e

Most drilling equipment conforms to API standards which recently are generally
in non-S.1. units. Issues like thread size. pipe dimensions, pressure gauges ete. will

likely continue to be based on traditional units since it is too entrenched in the

industry. As well. the traditional units are a mixture of imperial (weight. length)
and American (1 usg = 3.785 L and 1 short ton = 2000 Ibs).

3. The majority of previous publications relating to the thesis rescarch were in

imperial units.

On this basis, it was decided to maintain imperial units for all subsequent data
presentation and calculations. The following page provides a Table of Conversion for

imperial units to their metric equivalents.



TABLE OF CONVERSION; IMPERIAL TO METRIC

Imperial Multiplying factor Metric

feet 0.3048 m

in 254 mm

[ e 0.3048 m/hr
psi 0.0069 MPa

Ib_mass 0.4536 kg
rev/min (rpm) 0.1047 rad/s
fi-Ib 1.36 N.m

viii
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CHAPTER 1

NTRODUCTION

Oil and natural gas are non-renewable natural resources vital to the maintenance of our
day-to-day life. as well as being essential to industry. The production of these
hydrocarbons depends mainly on the drilling process. Efficient, reliable rotary drilling has

acquired greater cconomic significance o the drilling industry in the development of oil

and gas resources due to increased exploration in less familiar territories and to greater

depth. Drilling operation costs represent imatcly 40% of all jon and

production costs: therefore, it is a challenge for oil companies to minimize the costs of
drilling process [1]. Field observations have revealed that severe vibration occurs during

drilling operations which severely affects the overall drilling performance. Oilwell

ilure

drillstrings play an integral role in drilling operations. drillstrings can

significantly add to the total cost of the extraction proc Vibrations in oilwell

drillstrings may minimize the life of the pipe by accelerating the process of fatigue. Also

excessive vibrations can cause downhole equipment failure. wash-outs and decrease in

the penetration rate. In 2003, when a company was drilling in Longhupao of Daging. the

drilling system reached to a depth of 2390-3042m. and the drillstring was broken 7 times.
The cost was so high that some wells could not be drilled continually. The treatment of

these accidents had consumed great manpower and material resources. At the same time it
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affe

cted drilling speed badly. Exces

ive vibration was the main reason for fatigue failure
of the drill tool [2].

Stic

lip vibration has received considerable attention in recent years. with

increasi

2 use of polyerystalline diamond compact (PDC) bits in harder formations. and

has motivated extensive research on this type of drillstring vibration. Stick-slip vibration
may also excite severe axial and lateral vibrations in the bottom hole assembly (BHA).
causing damage (o the drillstrings and downhole equipment. Controlling these vibrations
is essential to improving the efficiency and minimizing the cost of drilling. In this thesis.
the focus s on stick-slip vibration, and the coupling between stick-slip and bit-bounce
vibrations of an oilwell drillsiring.

Usually. the more that is known about a system, the beter it can be controlled and
optimized. Such knowledge can come from dircet state measurement or from estimates of
state. using some facsimile of the assemblage, or both. For a complicated system such as
rotary rock drilling in which measurements are limited, a model is required not only to
supplement the available measurements but to provide a basis for useful interpretation of

the data. Such a model must meet certain criteria including

adequate description of the
system under most operating conditions. Where these conditions are highly variable or
little known. the model should be of such a nature that it can be used adaptively. The
model must be such that it can be utilized simply and quickly to achieve desired
objectives [3]. This present work represents a bond graph dynamic model of a whole
drillstring including both drill pipes and drill collars. In addition to the axial vibration,

torsional vibration. and axial-torsional coupling due to bit-rock interaction. the developed



model accounts for the self weight effect, the associated tension and compression fields,
viscous damping, hydrodynamic damping, and hydraulic forces due to drilling mud
within the drillstring and it incorporates an empirical treatment of rock-bit interaction,
and top drive motor dynamics. The main contribution of this work is a model suitable for
parametric study of the effect of table rotary speed, mud parameters, drillstring length and
pipe weight, and weight on bit on stick-slip vibration and the coupling between stick-slip

and bit-bounce vibrations.

1.1 Overview of an Oilwell Drilling System

An oil well is a general term for any boring through the surface of the Earth that is
designed to find and acquire petroleum. Usually, some natural gas is produced along with
the oil. A well that is designed to produce mainly or only gas may be termed a gas well.

The earliest oil wells in modern times were drilled percussively, by hammering a
cable tool into the earth. Soon after, cable tools were replaced with rotary drilling, which
could drill boreholes to much greater depths and in less time. The record-depth Kola
Borehole used non-rotary mud motor drilling to achieve a depth of over 12,000 m (39,000
ft) [4]. Until the 1970s, most oil wells were vertical, although lithological and mechanical
imperfection cause most wells to deviate at least slightly from true vertical. However,
modern directional drilling technologies allow for strongly deviated wells which can,
given sufficient depth and with the proper tools, actually become horizontal [4].

A rotary drilling system creates a borehole by means of a rock-cutting tool (drill
bit). The torque driving the bit is generated at the surface by a motor, through a

mechanical transmission box, to the rotary table via the kelly (a square, hexagonal or

131



octagonal shaped tubing that is inserted through and is an integral part of the rotary table
that moves vertically while the rotary table turns it). The medium to transport the energy

from the surface to the bit is a drill-string, mainly consisting of drill pipes. The drillstri

can be up to 8 km long. The lowest part of the drillstring is the BHA consi

sting of drill
collars and bit. The BHA can be several hundred meters long. A sketch illustrating the

oilwell drilling system is depicted in Figure I.1.

The rotary drilling process consists of two major steps: (a) penetrating into the
rocks: and (b) removing the rock chips. The first step generally involves crushing or
shearing actions, which produce rock chips. The crushing and shearing is performed by
means of special cutters installed on the drill bit which are pushed downward while
drilling. To proceed in the drilling process. the generated rock chips must be etracted 1o
the surface.

The drill rig is a machine used to drill boreholes in the ground. This machine
accommodates the vertical and rotational motion of the drillstring and circulates the
drilling fluid. The main parts of the drill rig are the derrick. rotary table. drillstring. and
drill bit. The derrick is a structure which is used to support the drillstring. The rotary table
provides the required torque to turn the drillstring. The drill bit and the drillstring are the

main tools which perform the drilling and penetrating steps. The oilwell drilling rigs can

be classified broadly as onshore and offshore rigs. The photos in Figures 1.2 and 1.3 show

onshore and offshore drilling rigs. respectively.
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Figure L.1: Oilwell drilling system (adopted from [6])
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Figure 1.3: Offshore drilling rig
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is more ing than land-based i ions due to

Offshore oil and

the remote and harsher environment. Much of the innovation in the offshore petroleum

sector concerns overcoming these challenges, including the need to provide very large

production facilities. Notable offshore fields today are found in the North Sea, the Gulf of’
Mexico (mostly offshore Texas and Louisiana, but also Mississippi and Alabama).
California (in the Santa Barbara basin). the Caspian Sea (notably some major ficlds
offshore  Azerbaijan) the Campos and Santos Basins off the coasts of Brazil,
Newfoundland and Nova Scotia (Atlantic Canada), several ficlds off West Africa most

notably west of Nigeria and Angola, as well as offshore fields in South East Asia and

Sakhalin. Russia. Also major offshore oil fields are located in the Persian Gulf such as

Safaniya, Manifa, and Marjan which belong to Saudi Arabia and are developed by Saudi
Arameo [3].

The drill bit, which crushes the rock and penetrates into the formation, is mostly
comprised of drilling cutters installed on a rotating element that are capable of crushing or

shearing rock. The drill bit is attached to the bottom end of the drillstring and receives the

rotary motion and downward force transmitted by the drillstring. A drilling fluid

consisting of special liquids is cjected from nozzles in the bit to the borehole to extract the

cutting chips to the surface through the annulus between the borehole wall and the
drillstring. The two main types of drill bits used are the rotary cone (RC) bits and the

PDC bi

An RC bit consists of three cones which are mounted on assigned arms. The arms
arc welded together forming the body of the bit. The outside area of the cones is covered

171



by different rows of hard-material inserts, which are used for crushing the rocks. A sketch

illustrating the RC bit is depicted in Figure 1.4

2 or shearing action and do not

PDC bits. as shown in Figure 1.5, use a dragg
have any rotating clements. The cutters are installed on the body of the bit and shear the
rock and generate rock chips. This type of bit is generally used in soft and medium-hard

re more desirable for hard formations.

cone bits

formations; the rota

(a) (b)

Figure 1.4: (a) RC bit (Baker Hughes), (b) PDC bit (Baker Hughes) [66]
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1.1.1. Surface Rotaj

System
There are two types of surface rotary systems in use: (i) rotary table. and (ii) top
drives. Almost all rigs today have a rotary table, either as primary or backup system for

rotating the drillstring. Top drive technology. which allows continuous rotation of the

drillstring. has replaced the rotary table in certain operations. A few rigs are being built
today with top drive systems only, and lack the traditional kelly system [S1]

A rotary table is the revolving or spinning section of the drill floor that provides
power to turn the drillstring in a clockwise direction (as viewed from above). The rotary
motion and power are transmitted through the kelly bushing and the Kelly to the

drillstring. When the drillstring is rotating. the drilling crew commonly describes the

r. “rotating on the

operation as simply, “rotating to the right”. “turning to the right”. o

bottom™[31]. Figure 1.5 shows the photos of rotary tables.

Rotary tables (adopted from [52] & [53])
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T'he top drive is a device that turns the drillstring. It is an alternative to the rotary
table. It consists of one or more motors (electric or hydraulic) connected with appropriate
caring (o a short section of pipe called a quill, which in turn may be screwed into a saver

sub or the drillstring itself. The top drive is suspended from the hook. so the rotary
mechanism is free to travel up and down the derrick. This is radically different from the
more conventional rotary table and kelly method of trning the drillstring because it
enables drilling to be done with three joint stands instead of single joints of pipe. It also
enables the driller to quickly engage the pumps or the rotary while tripping pipe. which

cannot be done casily with the kelly system. Figure 1.6 shows the photos of top drive

system.
Components of NOV's
TDX-1250 Top Drive
§ 1 Dual Ball IBOP
- 2 Dual Load Bail System
3 Dual Lube Pumps
4 Flex Fit Link Adaptors
. 5 Gear Box
5 6 Guide Dolly
3 7 Heavy Duty Link Tift
s 8 Motor Disconnects
9 Molors
10 NOV Washpipe
4 17 Quick Lock
7 12 Removable Mainshaft

13 Rotating Head

14 Swing Clear IBOP System
15 Upper Shaft Seal

16 X-Clamp

Figure 1.6: Top drive system (adopted from [55])
(1o



While not a panacea, modern top drives are a major improvement to drilling rig

technology and are a large contributor to the ability to drill more difficult extended-reach

wellbores. In addition. the top drive enables drillers to minimize both frequency and cost

per incident of stuck pipe.

1.1.2. Mud Motor

There are two major types of downhole motors powered by mud flow: (a) the

turbine. which is basically a centrifugal or axial pump, and (b) the positive displacement
mud motor (PDM). The principles of operation are shown in Figure 1.7 and the designs of

the tool are totally different. Turbines were in wide use a number of y

cars ago and are
secing some increased use lately but the PDM is the main workhorse for directional
drilling [57].

Flow

Rotation
!Flm\‘ K

@ )

Figure 1.7: (a) Turbine motor and (b) Positive displacement motor |57|
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T'he Mud Motor uses different rotor and stator configurations to provide optimum
performance for the desired drilling operation. typically increasing the number of lobes

and length of power assembly for greater | . In certain applications. comp

air. or other gas. can be used for Mud Motor input power. Normal rotation of the bit while
using a Mud Motor can be from 60 rpm. to over 100 rpm [36].

This motor can be used in directional and horizontal wells. hard formation
drilling. and PDC bit drilling operations [37]. Figure 1.8 shows a sketch of the motor

section in a BHA.

- =
= E E

] g
E = o z
g S g -
g T 2 & L =
& 72 S35 o0 £
= S E T E £ =
g 2% £% £ T
5 52 T3 g a
= oA aA =

[

Figure 1.8: Sketch of motor section in BHA |57]

1.1.3 Shock-sub

The shock-sub impact and vibration reduction sub is a drillstring component that
absorbs and dampens the variable axial dynamic loads produced by the drill bit during
routine drilling and milling operations. The tool is most beneficial when drilling in hard

rock, broken formations, and intermittent hard and soft streaks. Reducing the impact

loads helps to inerease ROP: improve borehole quality: and extend the life of the cutiing




structure, bearings, and surface —all ing to a lower cost of
drilling per foot [38].

A shock-sub will be positioned close behind the bit where hard formations cause
the bit to bounce on the bottom of the hole. They are designed to absorb the impact from

this bouncing in order to prevent damaging the remaining part of the drillstring. This may

be done by way of springs or rubber packing [21]. Figure 1.9 shows the photos of ST

shock tool at just behind the bit.

Figure 1.9: Cougar STS steel spring shock tool [59]

3]



114 Packed Assembly or Holding Assembly

A BHA consisting of stabilizers and large-diameter drill collars arranged in a
particular configuration to maintain drift angle and direction of a hole is called a packed
assembly

The holding or packed assembly uses packed hole stabilization principles to
maintain the inclination and direction, Once the inclination has been built to the required
angle. the tangential section of the well is drilled using a holding assembly or packed
assembly. The object here is to reduce the tendency of the BHA to build or drop angle

[60]

1.2 Thesis Background

This work will focus on the computer simulation of drillstring vibrations. Since
stick-slip vibration is the prominent mode of vibration when drilling with drag bits
(especially with PDC bits) and may excite severe axial and lateral vibrations in the BHA,

it is. therefore the. main concentration of this work. Due to time constraints, this thesis

will consider only the coupling between axial and torsional vibrations due to bit-rock
interaction. In practice. the only means of controlling vibration with current monitoring
technology is to change cither the rotary speed or the weight on bit, which is why the
emphasis is on investigating an active controller for mitigating stick-slip and bit-bounce
vibrations without affecting drilling performance or worsening other modes of vibration.
As stated carlier. this thesis concentrates on stick-slip vibration and coupling

between axial and torsional vibrations due to bit-rock interaction without paying attention

[14]



o the effects of lateral vibration. At the end of this work, a lincar quadratic regulator
(LQR) controller will be discussed together with its advantages, compared to a spring-

lip and bit-bounce mitigation in an oilwell drillstring.

damper isolator. for stic

1.3 Objective
The main objective of this work is to develop a dynamic model of an oilwell
drillstring that predicts axial vibration, torsional vibration and coupling between axial and

torsional vibration due to bit-rock interaction. The results obtained from the simulation

are then analyzed with the qualitative trends from field observations regarding stick-slip

oscillations and their relationship to rotary speed. weight on bit. and bit-bounce. Finally a
linear quadratic regulator controller is implemented in the model which controls stick-slip

and eliminates bit-bounce and the results obtained are compared with a torsion spring-

damper isolator near the top drive system.

fast predictions, using a desktop PC. of coupled axial and

This model giv
torsional vibrations in multiple modes. instead of the just the first mode. The current
model can be parameterized to maich field drillstrings for studying field vibration data.
Finally. the feedback controller (LQR) that is discussed earlier can be applied to
petroleum engineering particularly in drilling operations to increase the range of speeds

for which stick-slip will not occur.



15 Scope
“The study is limited to axial vibration, torsional vibration, and coupling between
axial and torsional vibration due to bit-rock interaction. The LQR controller can suppress

e beyond the scope

ick-s

lip and bit-bounce vibration but its effects on lateral vibration a

of this thesis. Finally. the study is limited to vertical drilling systems.

1.6 Methodology

Bond graph method using 20-sim (software for modeling dynamic systems) is
applicd throughout the modeling and simulation. The simulation time is very fast
compared to high order finite-and discrete-element models, making the model suitable as

itivity analysis. Mathematical methods for the derivation of

a tool for design and ser
viscous damping, hydrodynamic damping and linear quadratic regulator controller ete. are

also applied in this thesis.

s thesis work and

“This chapter has provided a bricf introductory description of th
overview of rotary drilling process in oil and gas well drilling operation. It has also
provided an overview and background of this rescarch work as well as its objective.

scope. significance and methodology. In the next chapter, general vibration will be

discussed including the various modes of vibration and their specific subsets or

consequences

[1e]



CHAPTER 2

DRILLSTRING VIBRATION REVIEW

Field experience manifests that drillstring vibration is one of the major causes of
deteriorated drilling performance. Vibration detection has revealed that vibrations are
always present to some degree. but can be especially bad in difficult drilling

environments (e.g. hard formations, steep angle wells). Vibration can affect WOB. rate of

penetration (ROP). and drilling direction and can also cause severe damage to drill

tools. such as BHA. measuring while drilling (MWD) tools. cutters. and bearin;

Initially. Finnie & Bailey conducted the first analytical and experimental study of
drillstring vibration in the 1960°s [17-18]. and showed that the various modes of

vibrations produce rather similar effects. which are namely decreasing ROP and

premature failure of downhole equipment. Whether observable or not, these unwanted
vibrations significantly increase the cost of drilling an oilwell. Although the exact figure
is still being assessed. large costs—an estimated 2% to 10% of well costs—can arise from
vibration-related problems, such as lost time while pulling out of hole and fishing.
reduced ROP. poor quality wellbore and increased service cost because of the need for
ruggedized equipment [19].

The downhole dynamics of drilling tools are complex. It involves a combination

of simultaneous vibrational phenomena which render the analysis of drillstring vibrations
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extremely challenging. Drillstring vibrations can be divided into three types, or modes:

axial, torsional, and lateral (Figure 2.1).

Bit hounce stick/slip Bending

Lateral

Axial

Figure 2.1: Modes of vibration in drillstring (adopted from [20])

2.1 Axial Vibration
Axial vibrations of a drillstring involve motions of its components along its
longitudinal axis (Figure 2.1). Axial vibration appears during the drilling operation in two

forms: (a) vertical vibration while the bit is still in contact with the formation: and (b) bit

bounce when contact is repeatedly lost as the bit bounces on and off the bottom
Axial vibrations are present during all phases of the drilling operation. The axial
vibration phase in the drillstring is produced by the initial impact of the bit with the

formation on bottom. This vibration is more common when drilling with RC bits. The

[18]



multi-lobes pattern (Figure 2.2) generated specifically by tricone bits (3 roller RC bits) at
the botiom of the well is a major source of axial excitations of vertical or near vertical

wells. limiting drillstring-borchole interactions and reducing effective damping. In the

case of shallow vertical wells the vibration can be noticed at the surface with variations in
the hook load and bouncing of the kelly or top drive. At greater depths and/or directional
wells the vibration may be damped and a vibration detection system is needed to identify

the problem at the surf: Ithough the damage in the bit and BHA will still be the same

[16.20].

Ji

M

ure 2.2: Multi-lobed surface of a formation [69]

2,11 Bit-bounce

The bit-bounce pattern is likely to develop when drilling with RC bits. As the
multi-lobes pattern (Figure 2.2) develops at the bottom of the well, it results in erratic
interaction of the bit with the bottom of the well, which makes the bit lose contact with
the rock formation. Consequently, the severe axial stress wave induced by lift-off of the

bit constitutes a primary source of excitation to the entire drilling assembly. The surface
(9]



indicators may be top drive or kelly shaking axially and fluctuating WOB on the weigl
indicator. This mechanism can result in premature bit and BHA component failure and

reduced ROP. Potential cures include reducing WOB and increasing RPM.

2.1.2 Problems
The main problems include: (a) broken or rapidly womn bits, BHA failures
(breaking cutters and bearings and leading to fatigue failurc): (b) reduced ROP: and (c)

impact inducing other vibration modes [20-21]

2.1.3 Sources
Axial vibrations are most common in hard drilling regions. in vertical wells

tion of enery

(where the prop: . along the string, is easier and in deviated holes axial

vibration is dampened through contact with the string)., and when drilting with tri cone

bits (RC bits induce axial vibration by their mode of action and penetration) [21. 68].

2.1.4 Remedial Action

Once axial vibration has been identified, the potential cures are to change WOB
(increase for bit-bounce vibration) and adjust RPM. Other solutions for mitigating axial
vibration are to use PDC bit and shock-sub [21. 68].

In a soft formation such as sandstone, increasing the WOB even slightly will
increase the amplitude and frequency of axial vibration. Increasing RPM will have the

effect of reducing the severity of any torsional vibration, which may be present
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coneurrently with the axial. This would be effective as it is often torsional behavior that
induces axial vibration in the first place, notably in harder lithologies [21]
The use of PDC bits reduces axial excitement when compared with tri-cone bits.

behind the

but is not as effective as the use of a shock sub which should be installed ju

bit (and motor if present) [21].

2.2 Torsional Vibration

Torsional vibration occurs when the rotation of the drill string is slowed down (or
stopped) at the bottom and released when the torque overcomes the static friction
resisting string rotation. This vibration of the drillstring is not seen uphole due to the fact
that the rotary system in the surface acts as a clamp and attenuates most of the vibrations
(Figure 2.1). Measurement While Drilling (MWD) devices have assisted researchers in

obtaining a better understanding of this type of drillstring vibrations and its effect on

downhole tools and drilling performance. Downhole measurements show that applying a
constant rotary speed at the surface does not necessarily translate into a steady rotational

motion of the bit. In fact, the downhole torsional speed typically exhibits large amplitude

ant fi

fluctuations during a sign ction of the drilling time. This non-uniform rotational

speed of the bit is due primarily to the large torsional flexibility of the drilling

cmbly

[16.20].

Some degree of torsional vibration is unavoidable as it begins as soon as the string
begins to rotate. During lowering of the assembly to bottom, the rotary system generates a

torsional wave that propagates to the bit. Depending on the time for the bit to impact on

bottom. the torsional disturbance reflects (ofien more than once) from the bit, which is
21]



steady fon. These fons cause propagation torque pulses along

the string. Once bit contact is made with bottom. the bit RPM decelerates and a much

more severe torque pulse travels to the top, where an RPM decrease can be observed [21].

2.2.1 Stick-slip

The most common torsional vibration is called stick-slip. lip can result in

ring. Although the drill-string is continuously

harmful rotational vibrations in the drill-

rotating at surface during the drilling operation, friction on the bit. BHA and/or drill-

" down-hole. As rotation at the surface continues

sticl

string itself can cause it to

torque in the drill-string builds up. this *stick friction is suddenly overcome causing a

sudden inerease in speed ("slip”) as the drill-string ‘unwinds'itself. When fully developed.

stick-slip can cause the bit and BHA rotation to completely stop and accelerate up to 5-6

times the surface rpm [22

the main source of

he use of

a mud motor may help to address sick-slip

citation is from the bit. but the presence of a motor does not prevent stick-slip. The

drillstring and BHA above the motor can enter into stick-slip motion even when the motor
is turning the bit at a steady rate [20].

tions in

There are two clear stick-slip indicators for the driller: (a) larg
surface torque: and (b) large variations in downhole RPM. The torque variations can be

companied by “groaning™ noise coming from the top drive. Characteristic of the stick-

slip behaviour is the saw-tooth behaviour of the torque. which can result in 50% torque

fation [2.

122]



Stick-slip vibration decreases the rate of penetration (ROP) by typically 25% due
to the nonlinear relationship between the drilling rate and the bit rotational speed [71].
2.2.2 Problems

Torsional vibration creates many problems for drillstring and bits. The main

problems include the following [21-22]: (a) damage to. or fatigue failure of bit cutting

elements through variable rpm and cutter load: (b) reduced ROP: (¢) connection fatigue

and premature failure of drillstring, BHA and downhole tools (c.g. rotary steerable system

(RSS). MWD devices ete.): (d) washouts, twis

-off; (¢) fishing trips and replacements: (1)

casily generated torsional vibrations with PDC bit:

nd finally. (g) increased costs.

2.2.3 Sources

Torsional vibrations are often present, to some degree. but are considerably worse

in hard drilling regions. hard and abrasive lithologies. high angle and deviated wells
(higher hole angle provides more pronounced oscillations), and with PDC bits (it

generates high levels of friction to initiate the “stick™ phase) [21. 68].

2.2.4 Remedial Action

Once torsional vibration has been identified through high frequency surfa

¢ torque
analysis. or through downhole tools. the potential cures are o increase RPM. cither at

surface or downhole (motor or turbine). I the condition has been

crementally. un

eradicated and reduce WOB [21. 68]. Torsional vibrations can also be minimized by



v will reduce friction, reducing the tendency of

increasing mud lubricity (greater lubri

the drillstring to -aggressive bit [68].

ick™). improving hole cleaning and using le

2.3 Lateral Vibration

Lateral vibration is the most destructive type of vibration and can create large

shocks as the BHA impacts the wellbore wall (Figure 2.1). This vibration occurs when the

izer rotates with a center of rotation that is not coincident with the center

bit or the stal
of the well, which will cause hole enlargement. This rotation may not be noticed at
surface and can cause. due to high frequency cyclic tensions in the string. reduction in

BHA life [16, 20].

2.3.1 Whirl
“The most recognizable manifestation of lateral vibrations is the whirling behavior

of the BHA and bi

position between the bit and the rotary

Depending on the relativ
table, lateral vibration can be called forward whirl or backward whirl (Figure 2.3).
Bit whirl is defined as an eccentric rotation of the bit. Instead of rotating around

its geometric center. the bit rotates eccentrically as a result of its interaction with the

ble but the bit will have noticeable

wellbore. nearly impo:

characteristics at the end of a run such as being out of gauge or out of round. Downhole
detection is easier due to the presence of high downhole lateral shocks consistent with this
mechanism. The high shocks induced by bit whirl can lead to premature BHA component

failure. bit failure. and reduced ROP [72].

24



BHA Whirl is defined as the eccentric rotation of the BHA around the wellbore.

This motion can be

ither in the same direction as the pipe rotation. in reverse. or chaotic

(Figure 2.3). The BHA “walks™ around the wellbore due to “gearing™ of the stabilizers

and tool joints when hitting the borehole walls. Surface detection can be indirectly

achieved when this mechanism induces bit bouncing or on drill string components after

ns of BHA whirl. A

the run. One-sided wear on stabilizers and tool joints are typical s

combination of high downhole lateral and torsional shocks is evident on multi-axis

detection devices. These high shocks can easily result in bit and BHA component failure.
Drillstring components are flattened on one side and subjected to extreme fatigue. It has

been ¢l

carly demonstrated in a multitude of tests and publications that BHA resonance in

a whirl state is a major contributor to the failure of BHA components. This presentation

and its case histories graphically display multiple amplified by resonant
behavior [72].

Forward BHA whirl (Figure 2.3) describes off-centre BHA rotation. with its

centerline rotating in the same direction as the drillstring rotation. i.c. clockwise.

Backward BHA w

ion causes the

3) occurs where the borehole wall fric

centre line rotation to become anti-clockwise. opposite to the rofation of the drillstring.

Backward whirl is the most severe form of vibration, creating high-frequency large-

m

itude bending moment fluctuations that result in high rates of component and

connection fatigue. Imbalance in an assembly will cause centrifugally induced bowing of

the drillstring. which may produce forward whirl and result in one-side wear of

components [16. 20].




Forward synchronous.

Backward

Figure 2.3: BHA whirl phenomena (adopted from [20])

2.3.2 Problems

The main problems include: (a) reduced ROP: (b) premature bit wear: (¢) uneven
string/stabilizer wear — abrading away the metal of the tools due to impact against the
wellbore or casing: (d) BHA washouts and twist offs: (¢) Bore hole enlargement, hole

instability. casing damage: and (1) lateral impacts inducing other vibrations [20-21].

2.3.3 Sources
Bit whirl generally occurs in near vertical wells, in interbedded soft and hard

formations, and with PDC bits with aggressive side cutters (PDC bits will more casily

e whirl) [72].

move-off-centre to initis
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BHA whirl generally occurs in near vertical wells. washed out boreholes.
unstabilized BHA scctions, pendulum assemblics, and when mud lubricity is not

appropriate [72].

2.3.4 Remedial Action
Once bit whirl has been identified the potential cures are to increase WOB and
decrease RPM. Other solutions are to use “anti — whirl” bits that have been modified for
both enhanced stability and direction, and full-gauge new balance (NB) stabilizer [21.
68].
The potential treatments for BHA whirl are to increase WOB and decrease RPM.

Other solutions for eliminating BHA whirl are to use a stiffer BHA. roller reamers and

packed assemblies: and increase mud lubricity [68. 72].

2.4 Vibration Coupling

Vibrations of all three types (axial, torsional. and lateral) may oceur during rotary

drilling and are coupled. Bit whirl can be triggered by high bit speeds generated duri

stick-slip motion. Stick-slip can generate lateral vibration of the BHA as the bit

accelerates during the slip phase. Large lateral vibration of the BHA into the well bore
can cause bit-bounce. Induced axial vibrations at the bit can lead to lateral vibrations in
the BHA. and axial and torsional vibrations observed at the rig floor may actually be
related to severe lateral vibrations down hole near the bit. Bit whirl can induce BHA whirl
and vice-versa. Bit torsional vibration can induce BHA torsional vibration and vice-versa
[20. 70].

27]



2.5 Shock and Vibration Failures

During rotary drilling, shock (which is an excitation over a relatively short
duration) and vibration (which is an excitation over a relatively long duration) failures
oceur in the drillstring and drillbits. Figures 2.4 and 2.5 show the sketehes of obvious and

more extreme shock and vibration failures in drilling.

cracked drillpipe fractured drillpipe

Figure 2.4: Sketches of obvious shock and vibration fail

res [61]
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damaged thread

: Sketches of more extreme shock and vibration damage

Figure 2, s 161]

This chapter has provided a brief description of drilling vibration together with

various modes of vibration and their specific subsets or consequences. and the importance
of rescarch on these vibrations. It has also provided brief information about problems,
sources and contributing factors, and remedial action of all modes of vibration. In the next

chapter. a brief review of drilling model literature will be discussed together with

limitation. significance. methodology and results of prior work.
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CHAPTER 3

DRILLING MODELS LITERATURE REVIEW

A lot of work has been done in providing descriptions of. and explanations of various

aspects of oilwell drilling by a rotary bit. Several dynamic formulations have been

reported for investigating specific aspects of drillstring vibrational behavior but few of
them have tackled stick-slip. One of the major difficulties in modeling stick-slip stems

from the inaccurate descrip!

n of some parameters and downhole boundary conditions.

Leine ef al. [6] presented a stick-slip whirl model which consists of a submodel
for the whirling motion and a submodel for the stick-slip motion. The stick-slip whirl

model was a simplification of drilling confined in a borehole with drilling mud. Their

model was a low-dimensional model and it aimed at explaining the ba

dynamic phenomena observed in downhole experiments. The model system was analyzed

with the discontinuous bifurcations method which indicates physical phenomena such as
dry friction, impact and backlash in mechanical systems or diode elements in electrical
circuits which are often studied by means of mathematical models with some kind of
discontinuity. The disappearance of stick-slip vibration when whirl vibration appears was

explained by bifurcation theory. Stick slip was prevalent at low angular velocity and

ckward whirl was prevalent for high angular velocity. consistent with the
measurements. They did not consider the effect of axial vibration and rock-bit interaction

in the model.
1301



Christoforou and Yigit [24-27] used a simple dynamic model to simulate the

effects of varying operating conditions on stick-slip and bit bounce interactions. F

ire

3.1 was considered as a necessary geometry for modeling the

stem. The equations of

motion of such a system were developed by using a simplified lumped parameter model
with only one compliance. One assumption in their model was that the rotary table is
driven by an armature controlled DC motor through a gearbox (Figure 3.1). This model

did not account for the effect of

her modes. the flow inside and outside the drillpipe
and collars, or complicated cutting and friction conditions at the bit/formation interface.

[
Hoisting System
Rotary tble Gearbox.

( ]

DC Motor

L drillpipe
stabilizers
drillcollars

i
drilTbit

Figure 3.1: Christoforou and Yigit model schematic [24]

Richard e al. [28-30] studied the self-excited stick-slip oscillations of a rotary

drilling system with a drag bit, using a discrete model which takes into consideration the

ial and torsional vibration modes of the bit. Coupling between these two vibration

modes took place through a bit-rock interaction law which accounted for both frictional

311



contact and cutting processes at the bit-rock interface. Figure 3.2 shows their simplified

model of a drilling system, where Qg, Q. /. C. M. 1. Tand W are the steady-state angular

velocity. bit angular velocity, hook load. torsional stiffiess of the drillpipe, mass of BHA.

n the

moment of inertia of BHA. TOB. and WOB. The cutting process introduced a delay

equations of motion which was ultimately responsible for the existence of self-excited

vibrations. exhi

stick-slip oscillations under certain conditions. One of the
limitations of their model is that the simulation stops when the bit lifis off. Furthermore.
their model reduced the drillstring to a two degree of freedom system and they were

working to capture more modes of vibration.

o,

Figure 3. plified model of a d

em from Richard et al. [30]
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. Hoisting and turning mechanisms

Surface

Drill Pipes

Duill Pipes

! —
7|3

| Seabilizers St mia
| o
@ (b)

Figure 3.3: K al drillstring

of ¢f al.: (a) Drillpipe under tension [31]. (b) A typi
configuration 32|

Khulief ef al. [31-33] formulated a dynamic finite element model of the drillstring
including the drill pipes and drill collars. A typical drillstring configuration (Figure
3.3(b)) was used in their model. Drill pipe under tension was applied in their model
(Figure 3.3 ()). The model accounted for the torsional-bending inertia coupling and the
axial-bending geometric nonlincar coupling. In addition the model accounted for the
gyroscopic effect. the effect of the gravitational force field, and stick-slip interaction
forces. Complex modal transformations were applied and reduced-order models were

obtained. The finite element formulation was then integrated into a computational scheme
1331



for calculating the natural frequencies of the whole drillstring. The computational scheme
was extended further to integrate the equations of motion, either in the full-order or the

. MATLAB was used as a simulation

reduced-order form, to obtain the dynamic respons
tol. They did not consider hydrodynamic damping. due to drilling fluid circulation in the

drill pipe and the annular space. Stick-slip interaction produced a coupling between aial

and torsional vibration. but [27] did not include any discussion of the complex effect of
bit rotary speed and threshold force on torque on bit (TOB).

Bailey and Finnie [17] discussed longitudinal and torsional vibrations in a
drillstring consisting of drill pipe and collars, and the boundary conditions at the ends of
the string. For longitudinal motion. a spring-mass system at the top of the string was
taken as a boundary condition (Figure 3.4) and for torsional motion, the top boundary
condition was taken as a fixed end. At the bottom of the string. a fixed boundary
condition was taken for longitudinal motion and free boundary condition was taken for
torsional motion. Only longitudinal and torsional vibrations of the string were considered
in their analysis. Lateral motions of the string (due to bending. buckling. whirling.

and

whipping. and so on) were neglected, and it was assumed that the torsional

motions were i In their analysis. they did not discuss

onal vibration modes. Also. the

a bit-rock model or coupling between axial and tors
derived differential equations were based on a simplified lumped model, and they ignored
hydrodynamic damping due to drilling mud flow into the drillstring and viscous damping

in their analysis. Their analysis was limited to finding natural frequencics and the



influence of various parameters on the natural frequencies. They did not discuss stick-slip

and bit-bounce

Figure 3.4: Bailey and Finnie: Idealized model of equipment at top end of string: (A)

ing representing derrick and drilling lines; (B) Mass representing trav

block, swivel, and hook; and (C) Rod representing drillstring [17].

Kyllingstad and Halsey [12] presented a mather

ical model of stick-slip motion.

d

Their model included parameters describing downhole friction effects and a simpl,
description of the drillstring. The limitation of their model is that it does not predict
whether stick-slip motion will or will not occur under a given set of conditions. Their

model does not give any information about a rock-bit interaction model. Also it does not

have coupling between axia

d torsional vibration, or hydrodynamic damping duc to
drilling mud flow into the drillstring.

Ch

llamel er al. [34] discussed bit stick-slip motion by using rock mechanics
considerations coupled with field bottom hole data. They collected data for an

instrumented PDC bit. The;

analytical equations for TOB (¢) depends on ROP and bit
3]



rotation speed data. They considered the drilling structure as a beam in torsion and

represented the BHA as a lumped inertia for simplification. The rotary speed (at the top of

the drillstring) was fixed at a constant value. The other extremity (at the bottom of the
drillstring). which symbolizes the bit, was subjected to a torque. depending on bit speed

(and eventually position). re 3.5 shows the torsional model of the drillstring structure

that was taken in to consideration for the model in [34]. where @. L. L. € and 7 indicate
TOB. length of drillpipe. length of BHA. rotary speed and time respectively. Their
drillstring model is limited to torsional modes. They included the instantancous ROP and
bit rotation data in their TOB equation. which was the input at the bottom of drillstring
for torsional model. but they did not clearly discuss the ROP equation: and the effect of
WOB and bit rotation on ROP prediction. Their model does not have the effect of
hydrodynamic damping due to drilling mud. Finally, in a real case. WOB fluctuates

duris

o drilling. It has an effect on TOB which was not accounted for in [34].

Figure 3.5: Challamel et al.: Torsional model of the drillstring structure [34]
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Aarrestad and Kyllingstad [35] studied a mechanism that couples longitudinal and
torsional drillstring vibrations at the bit (RC bit). They discussed bit-formation
interaction. and compared the model results with full scale experimental results. In their

slip and bit-bounce phenomena. Also  their

results. they did not show the sticl

mathematical model was simplified. Finally they did not consider hydrodynamic damping

due to drilling mud and viscous damping in their model.

@ (b)

Figure 3.6: Tucker and Wang: (a) Motion of a drill-string segment. (b) Frictional
behavior curve in a typical field operation [36]

Tucker and Wang [36] developed an integrated model for drillstring dynamics.
Their model had a coupling between axial. torsional and lateral modes. They have

considered six continuous independent degrees of freedom in the model (Figure 3.6 (a)).
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Three located the position of the centroid of the drillstring in space and three permitted
the dynamical state of the drillstring to be expressed in terms of flexural. torsional and

shear strain. together with dilation and stretch. Their model provides axial motion along

and transverse or lateral

the length of the drillstring. torsional or rotational mot

motion. They have discussed appropriate boundary conditions for an active drillstring and

BHA stabilizer including an account of frictional simulations at the rock-interface. cutter

simulations for different types of drill bit and interactions between the bore cavity and the

drillstring. The profile in Figure 3.6, simulating the friction torque experienced in a
typical field operation, was applied in their model. They ignored drilling mud circulation

stick-s

effect in their model. Also. in their simulation result: p and

they did not discu:

bit-bounce vibration.
Darcing and Livesay [37] developed computer programs based on the theory for
analyzing longitudinal and angular drillstring vibration. Forces act at the top of the

drillstring and were. therefore, considered part of the drillstring boundary conditions.

le spring and mas

for the kelly. swivel and traveling block were assumed at the top

of the drillstring. The source that excites the drillstring was assumed to act at the bit. A
three cone RC bit was used in the study. The motion of the bit was assumed to be

sinusoidal and the influence of the rock in contact with the bit was ignored. The

schematic of the drillstring used in their model is shown in Figure 3.7. For the sake of

simplicity. the effect of different types of friction such as fluid. rubbing and material.

which act along the string. was approximated by viscous fri ally in their

simulation results they did not show any stick-slip and bit-bounce vibrations.
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Figure 3.7: Dareing and Livesay schematic of drillstring [37]

Eronini ¢f al. [3] developed a rock drilling model as a set of ordinary differential

equations describing discrete segments of the drilling rig. including the bt and the rock.
The end segment of their model consists of a description of the bit as a nonlinear
transformer and a characterization of the rock behavior. Figure 3.8 shows the lumped

model of the surface segment. This model includes the effect on rock drilling of bottom

hole cleaning. drill string-borehole interaction. and tooth wear. The specialty of their
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model was that it predicted the expected relationships between drilling rate and the
quantities WOB, differential mud pressure, and rotary speed. Hydrodynamic damping
was taken in their longitudinal vibration model instead of taking viscous damping.

Pulsation in the mud flow was taken in the model making. Finally. their rock-bit model is

applicable only for RC bits. In their results, they did not mention sticl

bounce vibrations.

[ (f11.P14), (5

Swievel. Traveling Block & my. ds,. . )y Gy
Kelly
Cables. Derrick & Kelly Ky.dsg. Jy. Gy

JP2a) (8

t

DRILL COLUMN

Figure 3.8: Lumped model of surface segment (3]

[(f

None of the above models describes a complete stick-slip and  bit-bounce

phenomenon in their results. From a review of the available literature. it can be assumed

that the analysis of the stick-

p is numerically ging, because the

static and Kinetic friction mechanisms normally result in discontinuities in the dynamic

model. Yigit and Christoforou [24-27] discussed a reasonable rock-bit model for a single

[40]



cutter PDC bit. A modified form of this rock-bit model will be discussed in the next

chapter.

ngle degree of freedom

ring stick-slip were based on a s

A few models of drill
torsional pendulum [24-30], wherein a rigid body with constant mass and moment of
inertia was used to model BHA and a linear spring to model the drillstring. Although. the

30] provided some insight into stick-slip and bit-bounce

n

simple models

phenomenon, they ignored the continuum nature of the drillstring. Khulief er al. [31-
introduced high order finite element dynamic model and this model does not have any
discussion about the complex effect of bit rotary speed and threshold force on TOB. In
the next chapter a lumped-segment approach [34-35] will be discussed for making axial

and torsional models with multiple modes. Previous works shows the importance of

developing a coupling multi-mode model instead of a single mode model. Coupling

between axial and torsional vibrations will also be discussed in the next chapter.
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CHAPTER 4

OILWELL DRILLSTRING DYNAMIC MODEL

The system being modeled consists of drill pipes. the drill coll;

assembly (made up of
heavier collar pipes). the drill bit at the end of the collar assembly and the rock
(formation). Drilling fluid is circulated in the drill pipe and the annular space between the

drill pipe and the well bore. The drilling fluid is ized by the flow rate developed

by the mud pumps. The top of the drillstring is subject to a tension force. applied through

the surface cables. Rotary motion is applied by an armature-controlled motor. through a

arbox. o the rotary table via the kelly (a square, hexagonal or octagonal shaped tubing

that is inserted through and is an integral part of the rotary table that moves freely
vertically while the rotary table turns it). In this study. a DC motor with winding
inductance and resistance is assumed. The essential components of the oilwell drilling
system and the necessary geometry used for the model are shown in Figure 1.1. A
lumped-segment approach [39-40] is used in the axial and torsional dynamic models. In
the lumped segment approach. the system is divided into a number of clements,
interconnected with springs. This method is a more cumbersome bond graph
representation and the accuracy of the model depends on the number of elements

considered. however, analytic mode shapes and natural frequencies need not be

determined. A physical schematic of the lumped-segment models is shown in Figure 4.1.
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o

(b)

al schematic of (a) axial segments and (b) torsional segments

4.1 Bond Graph Overview

Bond graphs are an explicit graphical tool for capturing the common energy

stem behavior. In the vector

structure of systems and can increase one’s insight into

form. they give concise description of complex systems. Morcover, the nofation of
causality provides a tool not only for formulation of system equations. but also for
intuition — based discussion of system behavior, viz. controllability. observability. fault
diagnosis. etc. [63]

Bond graphs were introduced by Henry M. Paynter, professor at MIT & UT

Austin, who, with introduction of the junctions in April 1959, concluded a period of about
a decade in which most of the underlying concepts were formed and put together into a

| (v k and ponding notation. In the 1960°s the notation. e.g. the

further

ntation and insightful node le

half arrow 1o represent positive ori eling.
claborated by his students, in particular Dean C. Karnopp. later professor at UC Davis.
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and Ronald C. Rosenberg. later professor at Michigan State University who also designed

the first computer tool (ENPORT) that supported simulation of bond graph models. In the

carly seventies Jan J. van Dixhoorn. professor at the University of Twente. NI and Jean

U. Thoma (1975) professor at the University of Waterloo, Ont. were the first to introduce
bond graphs in Europe [62]

These pioncers in the field and their students have been spreading these ideas
worldwide. Jan van Dixhoorn realized that an carly prototype of the block-diagram-based
software TUTSIM could be used to input simple casual bond graphs. which, about a

decade late

sulting in a PC-based tool. This laid the basis for the development of the

truly port-based computer tool 20-sim at the University of Twente [38]. He also initiated

al systems. in particular thermofluid systems.

research in modeling more complex phys

In the last three decades bond graphs cither have been a topic of rescarch or are

being used in rescarch at many universities worldwide and are part of (engincering)
curricula at a growing number of universitics. In the last two decade industrial use has

become more and more important [62].

4.1.1 Power Variables of Bond Graphs

The language of bond graphs expresses a general class of physical systems
through power interactions. The factors of power i.c., effort and flow. have different
interpretations in different physical domains. Yet, power can always be used as a
generalized quantity to model coupled systems residing in several energy domains. For

example, an electrical motor driving a hydraulic pump, or a thermal engine connected

with a muffler; in both systems the form of energy varies within the system. Power
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variables of'a bond graph may not be always realizable (viz. in bond graphs for economic

system): such factual power is encountered mostly in non-ph:

ssical domains and pseudo

bond graphs [63. 39]. In the following table 4.1, effort and flow variables in some

physical domains are listed.

flow, effort, i and

s with cor

able 4.1: Dom:

generalized momentum [62]

f 3 -
flow effort "’j'
generalzed dsplacement
Elctromaget v q=fit fudr
current voltage <
; charge magnetic flux linkage:
mecharical F " "
x =t Fd
foe ] i
displacement momentum
i 0 T 0= foct e
anqular velocity torque: N
anguir displacement anguiar momentur
o/ preumate ¢ P
ychauic preumal F Vefat it
— I I
volume momentum of a flow tuoe
Thermal T 5 s=[fex
s oyt
entropy
Chemical 0 N [f

chemical potential

molar flow

numoer of moles

4.1.2 Bond Graph Standard Elements

In bond graphs, one needs o recognize only four groups of basic symbols. i.c..

three basic one port passive clements, two b

[45]

c active elements and two basic junctions.



T'he basic variables are effort (). flow (f), time integral of effort (P) and the time integral

of flow (Q).

4.1.2.1 Basic I-port elements

A 1-port clement is addressed through a single power port. and at the port a single

pair of effort and flow variables exists. Ports are classified as passive ports and active
ports. The basic ports are idealized elements because they contain no sources of power.

“The inertia or inductor. compliance or capacitor, and resistor or dashpot are classified as

passive clements [39]
R-clements
The I-port resistor s an clement in which the effort and flow variables at the

single port are related by a static function. Usually, resistors dissipate energy. This must

be true for simple electrical resistors, mechanical dampers or dashpots, porous plugs in

sive elements

[he bond graph symbol for the

fluid lines. and other analogous pa

clement is shown in Figure 4.2.
— € ~R

Figure 4.2: Bond graph s e clement

The half arrow pointing towards R means that the power i.e.. product of Fand ¥ (or ¢ * /)
i positive and flowing into R, where e, represents effort or force, and £: represents flow or

velocity. The constitutive relationship between e. fand R is given a

e=R*f M
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Power=¢ *f=R*f* 2
C-clements

Consider a 1-port device in which a static constitutive relation exists between an
effort and a displacement. Such a device stores and gives up energy without loss. In bond
graph terminology. an element that relates effort to the generalized displacement (or time
integral of flow) is called a one port capacitor. In physical terms. a capacitor is an

idealization of devices like springs. torsion bars. electrical capacitors, gravity tanks. and

accumulators, ete

lement is shown

he bond graphic symbol. defining constitutive for €

in Figure 4.3.

Figure 4.3: Bond graph symbol for capacitive clement
In a spring. the deformation (Q) and the effort (¢) at any moment is given by.

Q= [, fdt. ©)

e=kf' fdt @)

Here. flow is the

use and deformation (and hence effort) is the consequence.

lements
A second energy storing |-port arises i’ the momentum, p. is related by a static

constitutive law to the flow. £ Such an element is called an inertial element in bond graph

terminology. The inertial element is used to model inductance effects in electrical systems

1471



and mass or inertia effects in mechanical or fluid systems. The bond graph symbol for an

inertial element is depicted in Figure 4.4.

S .
T I

Figure 4.4: Bond graph symbol for inertial element

If the mechanics of a point mass are examined by considering the impulse-momemtum

equation, then it can be written as

P= [ ed. )
f=m [ edt ©)
Here effort is the cause and velocity (and hence momentum) is the consequenc
4.1.2.2 Effort and flow sources

The active ports are those which give reaction to the source. For example. if we

step on a rigid body. our feet react with a force or source. For this reason, sources are

and the surface of a rigid body

called active ports. Force is considered as an effort sour

gives a velocity source. They are represented as a half arrow pointing away from the

source symbol. The effort and flow source can be represented as.

SE ~. Loading

System

Bond graph symbol for effort source

Figure 4.
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SF—— [~

System

ure 4.6: Bond graph symbol for flow source

4.1.2.3 Basic 2-port clements

There arc only two kinds of two port elements. namely “Transformer™ and

Gyrator™. The bond graph s

symbols for these elements are TF and GY. respectivel

v As

the name suggs two bonds are attached to these elements.

The Transformer
The bond graphic transformer can represent an ideal electrical transformer, a

mass-less lever, ete. The transformer does not create, store or destroy energ

It conserves

power and transmits the

factor of power with proper scaling as defined by the transformer

modulus. Bond graph representation for a transformer is s

Figure 4.7: Bond graph representation for transformer [63]

The r above the transformer denotes the modulus of the transformer. which may be
constant or any expression. The small arrow represents the sense in which this modulus is

10 be used.
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=rs«f . ande = )

Thus the following expression establishes the conservation of power.

efi = efi (8)

The Gyrator

A transformer relates flow-to-flow and effort-to-effort. A gyrator establishes

between flort and effort-to-fl e the power on

the ports. The simplest gyrator is a mechanical gyroscope. The bond graph representation

for a gyrator is shown in Figure 4.8.

Figure 4.8: Bond graph representation for gyrator [63]

The  above the gyrator denotes the gyrator modulus. This modulus does not have a

direction sense associated wi This modulus is always defined from flow to effort.

g =uefi e =psf. ©

Thus the following expression establishes conservation of power.

efi = ¢f; (10)

4.1.2.3 The 3-port junction elements
T'he name 3-port used for junctions is a misnomer. In fact. junctions can connect

two or more bonds. There are only two kinds of junctions. the 1 and the 0 junction. They
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conserve power and are reversible. They simply represent system topology and hence the
underlying layer of junctions and two-port elements in a complete model (also termed the

junetion structure) is power conserving.

I-junction
The flows on the bonds attached to a I-junction (Figure 4.9) are equal and the

n the algebraic sum are determined by the

algebraic sum of the efforts is zero. The si

half-arrow directions in a bond graph.

Figure 4.9: Example for 1-junction [63]

According to rules it can be written as:

fi=h=fi=fiand ey + e +es+e; =0 (n

O-junction
The efforts on the bonds attached to a O<junction (Figure 4.10) arc cqual and the

in the algebraic sum are determined by the

The sit

algebraic sum of the flows is zero. g

half-arrow directions in a bond graph.
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Figure 4.10: Example for 0-junction [63]

According o rules it can be written as:

a=e=e=¢ad fi+fr+fi+fi=0 (12)

4.1.3 Power Directions on the Bonds

for example. a single mass and

In the analysis of a simple problem of mechan;

spring system as shown in the Figure 4.1, one initially fixes a co-ordinate system. A

positive displacement, x, may be defined towards right and all its time derivatives are

then taken positive towards the right. The force acting on the mass may also be defined
positive towards the right. The system. however. in the course of motion may attain such

a state that when it is displaced towards the right, the force on the mass happens 1o be

towards the left [63. 39].

e Force

em [63]

Figure 4.11: Single mass spring

s




Bond graphs are drawn for general systems. One has (o create a view point which

i general and any particular system interpretation should be casily derivable. This is done

by assigning the bonds with power directions. For example, a bond graph considers where

the power is directed as shown in Figure 4.12: J. E. and half arrow are the junction.

clement. and direction of power. This assignment means. such variables are chosen for

effort and flow. so that whenever the products of these variables is positive. then the

power goes from J 1o E [63. 39].

Figure 4.12: Example of power direction [63]

4.1.4 Caus

ity

The causal stroke. a small stroke normal to one end of a bond. determines the

input-output structure of the mathematical equations of the connected elements. A causal

stroke adjacent to an element means that the effort variable of the power bond is the input
to the constitutive law of that element. The effort input is then manipulated by the

element to produce flow as an output. Ifa causal stroke is not adjacent to an element. then

its constitutive faw s to be arranged such that flow is an input, and effort is the output.

igure 4.13 shows two generalized clements with constitutive laws expressed in a manner

consistent with the causal stroke location.



e e
A—/ —B A———B
é=d7‘\(|“) I‘=':I:'u(e) f—d)\"(e) c_¢|,7l(t')
Figure 4.13: Implications of causal stroke for element constitutive laws

Multi-port_elements such as T

. GY. and I- and O-junctions have c;

ity

restrictions. For example, if a transformer law multiplies port / effort by a modulus to

create port 2 effort. then it must also take porr 2 flow and multiply it to create port 1 flow.
Figure 4.14 shows two allowable TF element causalities along with associated

constitutive laws.
'; TF'%

e, =(1/n)e,
f, =(1/n)f,

Figure 4.14: Example of causality restriction for TF element

The I-junction, since all flows are equal, must have its flow defined by only one
conneeted element. Thus, there can be only one bond at a I-junction with no adjacent

causal stroke. For a O-junction. only one connected element can define the effort, meaning

that only one bond

an have a causal stroke adjacent to the junction.  Figure 4.15 shows

I- and O-junctions with constitutive laws consistent with the placement of the causal

strokes.
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Figure 4.15: Junction constitutive laws consistent with causal strokes

This

section has provided a brief history of bond graph method. It has also

provided a brief d

iption of bond graph standard clements, power directions on the

bonds. and causality. In the next sections. the formulation of a dynamic model of an

oilwell drillstring by using the bond graphs method will be discussed.

4.2 Modeling of Axial Dynam

The main elements in a conventional vertical drillstring that are considered in this

model are shown in Figure 4.16. From the figure. five Kinds of elements are

ished: the top rotary system: kelly (Figure 4.17). drill pipes and collars (Figure

4.19) modeled as lincar spi of longitudinal stiffne: and

and longitudinal damping
the bit. Figure 4.16 (a) shows the drilling mud flow in the drilling system: the mud flow
inside the drillstring is downward and for the annulus the flow is upward. The terms V»

and ¥, in Figure 4.16 (a) indicate drilling mud velocity inside the drill pipe and the

annulus, respectively. For the drill collar modeling the values of 1y and 1, will be

different, because they depend on the drill pipe/collar and wellbore geometry. The
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calculations of these velocities are shown in Appendix E. Figure 420 shows the
schematic of a drill pipe/collar axial segment model and the FBD of a drill pipe/collar
axial segment.

A total of 21 segments are used in the dynamic model to capture the first cight
axial natural frequencies of the whole drillstring and the selection of the number of

ed for the relatively short

s u

segments will be discussed in a later section. One segment

10

Kelly. and the kelly model is shown in Figure 4.18. For both drill pipe and collar.
segments are used in the model. and a drill pipefcollar bond graph model segment is

are included at the top of the drill collar and

shown in Figure 4.21. Hydraulic force:
bottom of the drillstring (o capture the effect of drilling mud density. The calculations of

As discussed in the next section, the

these hydraulic forces are shown in Appendix

hydrodynamic damping due to drilling fluid circulation in the drill pipe and the annular

space is considered in the drill pipe and collar model instead of viscous damping [3].



Drilling mud—

Drill pipes

Hockload F),

(a)

Rotary table ().,

used in rotary drilling modeling and simulation.

4.2.1 Fluid Drag Force/Damping for Axial Model

ceeigees
& Cable and Derrick
B8
L Swivel and
| | Traveling Block
Kelly

Drill Pipe

Drill Collar

(~ Drill Bit
)

igure 4.16: (a) A conventional vertical drillstring [1]. (b) Schematic of drillstring

flow fc

1571

are used in fon of fluid drag
force/damping for the axial model. These result in simple expressions which may also
approximate laminar flow conditions provided appropriate values of the pertinent

variables are used. Figure 4.16 (a) shows the drilling mud flow in a conventional vertical



drillstring. Ignoring any eccentric location of the drill string in the wellbore, the pressure
drop in the annulus between the borchole and a stationary drill pipe can be written as [3]

@a Pm 02 dx By
AP =z (e —10) (7% —1)* (13

where @, =

Veisbach friction factor: outside drill pipe or collar

Py = drilling mud de

y

Q = volume rate of flow of drilling mud

dx = drill pipe or collar

nent length

wellbore radius
ry = external radius of drillpipe or collar
The resulting longitudinal force. F; (positive down) exerted on the drillstring segment

which is moving with velocity ¥, can be written as below [3]

| {Il" ('faw.

[l
And the drag force on the drillstring due to flow in the drillpipe is given by [3]

_ (@ pmridx
k= { 4 }

_ _[apmm Gutr)dx )]
Fa= p i1|E

+V

+V,',} (4

(15)

Where. @, = Weisbach friction factor:

side drill pipe or collar
1, = internal radius of drillpipe or collar

Equations (14) and (15) are applied to the axial model (F

4.17) for adding the effect of
drilling fluid (mud) on drillstring dynamic response. From Figure 4.20. when segment i

moves with a velocity ¥, downward then the inertia force M,V; will be upward. the drag
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forces Fy and Fy (, = ) will be upward and downward respectively. and the weight M,

2 will be always downward.

sVH

M,
! v Kelly axial
Material i segment. {
damping
R
—
;
iR Viet

Figure 4.17: Schematic of kelly axial segment

AN

Vi —Viey)

RR

Se:Miyg

Figure 4.18: Bond graph axial model segment of kelly

1591



Drilling.
Fluid. ).,
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pipe/collar
rill pipe/collar outer radius
ellbore radius

'.<<J

Figure 4.19: Schematic of drill pipe/collar lumped segment model showing drilling

fluid (mud) flow.

Fopring.i-1 Faampi-t

Drill pipe collar
axial segment F

Fp
Vp>vi]

Material

spring.t Faamp.

FBD of axial segment

Figure 4.20: Schematic of drill pipe/collar axial segment model.
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Figure 4.21: Bond graph axial model segment of drill pipe/collar

4.3 Modeling of

sional Dynamics

Similarly, a total of 21

ments are used in the dynamic model to capture the first

cight torsional natural frequencies of the whole drillstring. The number of segments for

res 4.23 and

the kelly. drill pipe and drill collar is the same as in the torsional model. Fi

4. The

5 depict torsional dynamic submodels for kelly and drill pipe/collar segmet

res 4.22 and

schematic of kelly and drill pipe/collar torsional segment are shown in F

4.24. respectively. The drill pipe and drill collar dynamic models consider viscous

urfaces and drilli

damping which results from the contact between drillstring

luid [3].
With the exception of the details of fluid friction, the torsional model and bond graphs are
rotational analog of the axial models.
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4.3.1 Fluid Friction Resistance/

ous Damping to Rotation

The schematic of rotational fluid friction resistance/viscous damping is shown in

Figure 4.24. Again, ignoring any nonconcentric drillpipe location in the borchole, a

simple expression for the fluid torque is given by [3. 25-27]

T, = (Ryiscous IJn Xy @y (16)
where. Ryecoys indicates viscous damping per unit length of drillpipe/collar and it can be
written as [2. 20-22].

2nperd
Rviscous = T2 an

where, g, = equivalent viscosity for fluid resistance to rotation.

Figure 4.22: Schematic of kelly torsional segment
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Figure 4.23: Bond graph torsional model segment of kelly

Fluid resistance J
to rotation criaggsi-1

Torsion &
Ci-y spring §

Material
£ damping Ri-1

Fluid resistance
to rotation Dril "
Ryiscous R Loy
) torsional segment
. Torsion 2
i spring € [ damping

Fluid resistance
to rotation

w,

Ryiscous

Figure 4.25: Bond graph torsional model segment of drill pipe/collar
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4.4 Selection of Number of Segments in Modeling
In this study, a lumped segment approach is used in the axial and dynamic models
and the accuracy of the model depends on the number of segments. 1f a system model is
divided in 0 a large number of elements (segments) then the accuracy of the results will
be very high compared to a low number of segments model. However, increasing the
number of segment leads to larger simulation times. One must be an optimum number of
segments o capture the appropriate system dynamics within suitable simulation times.
Tables 4.2 and 4.3 show the axial and torsional natural frequencies comparison

results for different models. From the tables. it is clear that model-1. which has a total of

21 segments, produces comparable results o model-2 (55 segments). and model-3 (103
segments) for the first cight system natural frequencies.

‘Table 4.2: Natural frequency comparison table for axial model

Natural iies of Axial Model
Free B.C. at bit (off-bottom) | Fixed B.C. at bit (on-bottom)
1+410+10 | 5+30+20 | 5+50+50 | 1+10+10 | 5+30+20 | 5+50+50
Model-1 | Model-2 | Model-3 | Model-1 | Model-2 | Model-3

23 23 31 77 7.765 7.765
8.7 8.69 8.68 15.1 15.21 15.23
15.7 15.77 16.79 20.5 20.68 20.76
20.9 20.98 21.07 25.1 2533 25.43
25.7 25.86 25.97 31.8 32.07 12

327 3303 | 332 379 | 3805 | 3827
400 | 4063 | 4094 | 421 | 4257 | 4291
47.3 4825 | 4876 | 480 | 49.02 | 49.57
4822 | 5577 | 5656 | 50.47 | 56.28 | 57.12
5129 | 6313 | 64.27 | 5338 | 6359 | 64.82
5417 | 7025 | 7178 | 5819 | 7081 | 7253

1+10+10 = 1 means number of kelly segment, 10 means number |

of drill pipe segment, 10 means number of drill collar segment.
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Table 4.3: Natural frequency comparison table for torsional model

Natural frequencies of Torsional Model
Free B.C.at bit
1410410 | 5+30+20 | 5+50+50
Model-1 | Model-2 | Model-3
12 | 1154 1152
53 5.301 5.302
101 1014 10.15
149 15.04 15.08
19.8 19.93 2002
24 2.77 24.95
289 2955 29.86
333 3424 34.73
36.34 38.83 39.54
40.1 327 44.25
44.69 47.41 48.39

Up to eight correct natural frequencies are sufficient in this study. so model-1 is
used. This model provides results that are comparable with field results, and also the
simulation time is very fast compared with model-2 and model-3. Table 4.4 shows the

simulation time comparison results for the models for a 50 seconds event.

Table 4.4: Simulation time comparison results for models
[ Models | simulation time
Model-1 72 Sec
Model-2 204 Sec
Model-3 509 Sec




4.5 Coupling Between Axial and Torsional Dynamics

The bit-rock interaction provides coupling between axial and torsional drillstring

used instead of a

jcs. In this present work a quasi-static rock-bit model

y intensive and difficult-to-pa ize complete dynamic representation.

Yigit and Christoforou [ 26] have shown a static rock-bit interaction model in a

al and

nce for both axi

drillstring represented using only two inertias and one comp

torsional vibration. Their model is modified as described below. The original model in

assumed both fri

ion and cutting torque regardless of whether or not the dynamic

weight on the bit was sufficient to create penetration and cuttings. Depth of cut was a

function of average rather than instantancous rotation speed. along with rate of
penetration. Rate of penetration was a function of average rotation speed and a constant

applied weight on bit (WOB), rather than dynamic weight on bit. The current model

incorporates threshold force and the effect of instantancous WOB and bit rotation speed
on cutting torque on bit (TOB). Below a threshold foree Wy, the drill tool does not
penetrate into the rock. leaving only friction as a source of TOB. The model equations are

presented in two parts. First, the dynamic WOB. which is the axial force applied at the bit

under dynamic conditions is given as [25]

_(ke(x—3) ifx>s
RS {n ifx<s {15y

where & and s indicate formation contact stifficss and bottom-hole surface profile.
Surface profile is given as [25]

50 f(0) (19
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1(0)= sin(h0).

The formation elevation function f{@) is chosen to be sinusoidal as in |
where b indicates bit factor which depends on the bit type. The term @ indicates rotational
displacement of the bit. The total torque on bit (TOBY) is related to frictional and cutting
conditions. and dynamic WOB. When bit rotary speed is in the positive direction then
TOB can be written as

_ (TOB; +TOB;  WOB > W,

TOB =108, WOB < W, @0}

In the case of zero bit rotary speed.

on {TOBL WOB > W, o
0 WoB < W,

Finally for negative bit rotary specd.

TOB = TOB @)

where TOB, and TOB. represent frictional and cutting torque on bit and both are

calculated as below.

TOB; = (WOB)r,u(®) (23)
TOB, = (wOB)r,,é‘]: (24)
The term @ indicates instantancous bit rotary speed. and the function (@) characterizes

at the bit and it is given as [25]
vo)

where py. a. fi. y. and v are the experimentally-determined parameters of the frictional

the friction proces:

)
o

n(0) =po (mnhv) +

model. Figure 4.26 shows the sketch of onal behavior between the bit and the
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formation. In equation (24) the terms 7, and & indicate bit radius and depth of cut per
revolution, the latter given as

5 = % (26)

The instantancous rate of penetration (ROP) is a function of dynamic WOB.

instantaneous bit speed @. and rock/bit characteristics. The modified ROP equation from

can be written as

ROP = C,WOBV0 + C, 27

where & €; and €, characterize the ction at the bit and depend on the type of the

bit and formation.

>

Torque (kNm)
2

=30 -20 30

10 o 10
Angular velocity (rad/s)

Figure 4.26: Frictional behavior between the bit and the formation (adopted from

125))
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45.1 Rock Stiffness and Damping Cocfficient

An approximate value of stiffiiess (k) and damping coeflicient (h) estimation has

been discussed in [64]. The equations of stiffness and damping coefficient can be written
as [64]:
N
=6r——7 28
k=G T (28)
- L2
b=—6p == 29
o VP 7z 29

where, @y is dimensionless frequency, f; and f are the Reissner’s displacement

us of effective

y of rock, and r is the ra

functions, G is the shear modulus, p is the dens
contact arca [64]. Physical parameters of rocks. which can be used in simulation, are

shown in table 4.4. In this present work Berea Sandstone is taken for simulation.

Table 4.5: Physical parameters of rocks

Rock Type k N.m b, N.s/im
Hackensack Siltstone | 223x107 | 23310
Berea Sandstone L16x 107 [INNTI)
Picrre Shale | 6.93x 10 INON07

4.6 Derivation of Top Drive Motor Dynamics

In the present work. it is assumed that the rotary system is driven by an armature
controlled de motor through a gearbox. The sketch of this system is shown in Figure 4.27.
The terms 1. L. Ry. K. Ve and ©,, indicate armature current, inductance. resistance.

motor constant, input voltage to the motor and motor speed. repectively. The bond graph
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model of top drive motor dynamics is shown in Figure 4.2

Rm L
Gearbox O’" é
l Input

‘ Rotary table K, ) { Jvoltage
0, \ g : Ve
A S S |

Jre

' 0,, =n0,, DC Motor

0, ,=Rotary table speed
0,,, = Motor speed

N =Gear ratio
[ = Motor current

Figure 4.27: Schematic of a DC motor.
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A= TP 1k GY <H1k+Se v
¢ 1

[} t/n o, Ky

rt

Figure 4.28: Bond graph model of a DC motor.

‘igure 4.28 the terms Py and Py indicate magnetic flux and voltage drop (effort) for

inductance (inertia element). At the / current 1-junction summation of effort (¢) are zero

but all flows (f) are equal. Hence:

[70]



Ye=0 and fi=f,=fy=f, = (Motor Current):

(30)

S e —e— ey —ey =
Now, e, = Se = Ve (input voltage), e3 = Py = LI, e = Ry, fo = Ry, I.and ey = K,, f5 =
Kin O = Ky 11 0y

A

in the equation (30) can be written as

> Vo= Ry l— Li—=Kyn®, =0 &)
Finally drive motor dynamic equation can be written as,

> LI+ Ry I +Kyn®, =

4.7 Bond graph model of rotary drilling system

The bond graph model of the rotary drilling system is shown in Figure 4.29. It has
three main parts: axial dynamic model. torsional dynamic model and rock-bit model. The
rock-bit model provides coupling between axial and torsional dynamic model. The input
(flow excitation) of the axial model depends on the bit rotation of the torsional model and
the input (effort excitation) of the torsional model depends on the WOB of the axial
model. Appendix A summarizes all relevant data that is used in the current simulation.

This chapter has provided a brief description of a bond graph method. axial and
torsional modeling of drillstring. and suitable rock-bit model. It has also provided a
derivation of the motor dynamics equation. In the next chapter. the simulation results of
the model will be discussed including the effect of WOB and rotary speed on stick-slip

and bit-bounce vibration.
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Figure 4.29: Bond graph model of rotary drilling system
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CHAPTER 5

SIMULATION RESULTS

T'he main objective of the current simulations is to study stick-slip vibrations and the

effect of this vibration on bit-bounce. During bit-b the drill bit alternately separates

from and impacts the rock surface in the longitudinal direction during drilling. When the

bit is off-bottom the first eight critical frequencies are: 2.3. 8.7, 15.7. 20.9, 25.7. 32.7.

40.0. 47.3 rad/sec for axial resonance: and found to be 1.2,

L 101,149, 19.8. 244

28.9.33

3 rad/sec for torsional resonance. When the bit is in contact with rock (on-bottom
condition) the first eight critical frequencies for axial resonance are found to be 7.7, 15.1.

20.5.25.1.31.8.37.9, 42.1. 48.0 rad/sec; and for torsional resonance are found to be same

as before because a free boundary condition was taken at the bottom of the drillstring for
the torsional model. It was found that for axial vibrations the frequencies 31.8. 37.9 and
42.1 rad/sec gave the greatest increases in dynamic forces at the bit. When the bit rotary
speed reached that critical frequency range then high dynamic forces at the bit or bit

bounce resulted as shown in Figures 5.1-4.

Figure 5.1 shows the simulation results when the desired rotary table speed is 13
rad/sec with 100 kN applied WOB. Table speed is outside the critical frequency range
mentioned above. Though the motor appears to control the rotary table speed as desired.
the bit experiences large fluctuations evolving into a limit cycle and the frequency is 1.08

rad/see which is close to the first natural frequency of the torsional modes. As mentioned
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carlier. this behavior is known as stick-slip oscillation [22-33]. The stick-slip vibration of
the drillstring is characterized by alternating stops (during which the bit sticks to the rock)
and intervals of large angular speed of the bit. When the bit speed fluctuation approaches
the critical speed range mentioned above, bit bounce oceurs as demonstrated in Figure 5.1
where dynamic WOB periodically becomes zero. Reducing the applied WOB (which

reduces static friction and allows less winding of the drillstring during stick) and

increasing rotary table speed (which avoids the static to dynamic transition period) is a

standard technique to help alleviate torsional problems [25].

= Rotar, _Tanie_Rotation (raase

CAAAMAAAAAAAAN AR
| ! /
1]

P EFETATAVAVEVATATEVAVAFARRVAVETAY

 ——

Figure 5.1: High stick-slip vibrations with bit-bounce at 13 rad/sec rotary table

speed and 100 kN applicd WOB
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Figure 5.2: Stick-slip with high bit-bounce at 30 rad/sec rotary table speed and 100
kN applied WOB

Figure 5.2 shows the simulation results when the desired table speed is 30 rad/sec at 100
KN applied WOB. Although stick-slip vibrations appear in the figure the time interval of
stick decreases and the bit speed experiences smaller fluctuation as a proportion of the
mean. The peak speed of the bit is approximately two times the desired speed whercas in
Figure 5.1 it was approximately three times the desired speed. Bit-bounce appears more
predominant than in the previous figure due to bit speed entering the critical speed range
mentioned above. Figure 5.2 shows the FFT frequency spectrum for bit rotation at 30

rad/sec rotary speed and 100 kN applicd WOB. Peak amplitude is found in Figure 5.2

1751



when the frequency is 1.196

torsional model. There is no such peak for higher frequencies in Figure

53

see which is exactly the first natural frequency for the

which

indicates enough damping at the higher natural frequencies so that input frequencies close

10 higher mode natural frequencies do not cause large amplitude vibration

Frequenoy fradiseq]

B

2n

3

o ¢

I pesh =081

1 el

Figure 5.3: FFT frequency spectrum for bit rotation at 30 rad/sec rotary speed and

100 kN applied WOB

Figure 5.4 shows both stick-slip and bit-bounce completely eliminated by increasing

rotary table speed to 75 rad/sec.

A nearly constant steady-state bit rotation speed is

attained. This is due to the positive slope of the friction behavior curve discussed carlier

[76]

5]. At very low speed the transition from static to Kinetic friction coefficient causes a



drop in the frictional torque and the negative slope causes instability in torsional motion.

At high speed the slope of frictional torque is found to be positive and suppresses

torsional instability. Bit-bounce is climinated due to bit rotary speed being out of the
critical speed range mentioned above.

F

oure 5.5 shows the simulation results when the applied WOB is 50 kN at 30

rad/see rotary table speed. Stick-slip vibration reduces due to decreasing the applied

WOB. but it increases the bit-bounce vibrations compared to Figure 5.2.

Figure 5.4: Both stick-slip and bit-bounce climinated by increasing the rotary table

specd to 75 rad/sec at 100 kN applied WOB
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Figure 5.5: Stick-slip vibrations climi but bit-bounce increased, by

applied WOB to 50 kN at 30 rad/sec table speed

From simulation results it s found that by decreasing applied WOB and increasing

desired table rotary speed beyond a threshold it may possible to eliminate stick-slip
vibrations. The results obtained arc in excellent agreement with the actual drilling
optimization workflow in the field [23]. By avoiding critical speed ranges it may possible

0 climinate bit-bounce. However, increasing the rotary speed may cause lateral vibration

problems, such as backward and forward whirling. Decreasing applied WOB may not be
a desirable solution as it will result in reduced rate of penetration (ROP). Active control
will be investigated in the next chapter as a means of climinating stick slip and bit bounce

without affecting drilling performance or worsening other modes of vibration.
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CHAPTER 6

CONTROLLER DESIGN

Using the Lincar Quadratic Regulator (LQR) method an optimal controller can be

designed in which the state feedback gain matrix [K] is selected to eliminate stick-slip
vibration in the drillstring. LQR is a well-known design technique that provides optimal
feedback gains. In order to determine LQR gains. a performance index is required. /
performance index is the integral over time of several factors which are to be minimized.
I'he Riccati equation is solved to calculate optimal linear gains [41-42]. In order to reduce
the dimension of the state vector and to minimize the number of states that must be

physically measured or estimated. a simplified lumped parameter torsional model (Figure

6.1) is used instead of taking 21 segments. The state space equation of the simplified

model in Figure 6.1 is:

X =AX+BV, (33)
where Y. 4. and B are the state veetor, coefficient. and input matrices, respectively and Ve

is optimal control input (rotary table motor voltage).

R ki
Sl ot 0 0
0 0 1 0 0
N T ¥, .
A=, Tt 0 T i G4
0 1 0
0 0 0 &
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[ =34
t
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Jre+ Tk

(6]
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Figure 6.1: (a) Physical schematic of model used for control design. (b) Bond graph

onal model using simplified lumped parameter model
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XT=[10, 0, (0,-0) 0]

B'=[1 0 0 0 0] (36)

1
I

The main goal here is not to place the new closed loop poles

atan exact specified location

at any cost. but to keep vibration state variables within reasonable limits using minimal
control effort. The control problem is to find out the necessary gain vector [K] that will
minimize the following performance index [24]:

c= %f:(ﬂox +rV)de 37
where Qs a weighting matrix chosen o reflect the refative importance of each state and r
is a weighting factor to adjust the control effort. If the desired state vector is ¥ then the
resulting optimal control input (rotary table motor voltage) can be writien as:

Ve =Vyey — K(x—x4) (38)
“The gain matrix. K can be written as

K =1 gTp (39)

where P is the symmetric. positive-definite solution matrix of the algebraic Riceati
equation given by:

ATP + PA—

'PBBTP+Q =0 40

1§V, is a constant reference voliage applied to maintain the desired speed w, at steady

state in the absence of any disturbance then the control voltage necessary to keep the

torsional vibrations zero while maintaining a desired bit and rotary table speed s given by

[24]:



Ve = Viep = Kil = Ky(@ — g+ £) = K30y, — wq) = Ky (0, — 0) = K5(0 = wq)
“n

The feedback gain matrix K is obtained by solving equation (40). Since an analytical

solution to equation (40) is quite difficult. numerical methods are the best option. There
are quite a few numerical methods in Matlab’s Control toolbox [65] which can apply to
obtain approximate solutions.

In the present work. an LQR controller is designed by using the function “care” in

the Matlab control toolbox [65]. The matlab codes for this function are shown in

appendix C. the weighting matrix O and factor r. that are used are:

r =950 “2)
1 0 0 0 0
0 20000 0 0 0

o=lo 0o 1 o0 0 43)
0 0 0 80000 0
0 0 0 0 950000

ng matrix and factor are chosen

It should be noted that the values for the weigl
arbitrarily. According to the performance requirements the values for weighting matrix
and factor are adjusted. The selected weighting matrix and factor result in the following

gain matrix K.

K =[0.0285 4.588 1.809 35165 10.74] “44)
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6.1 Simulation Results Using LQR Controller
The gains from equation (44) are used in the high order model for simulation. The

bond graph model of rotary drilling system with LQR controller is shown in Figure 6.3

Figure 6.2 shows the response of the high order combined axial-torsional model discussed
carlier, when the rotary table controller is active at the simulation time of 40 seconds, for

the case of 100 kN applied WOB and a desired speed of 10 rad/sec. As can be seen, stick-

slip vibration is controlled and a smooth drilling condition is achieved. At the same time

the controller eliminates high dynamic force at the bit compared to Figure 5.1, and there

is no bit bounce.

= Rotar,_Tasle_Rotaton (rad’s

= Bi_Rotation (r3d

Figure 6.2: slip and bit-bounce vibrations eliminated by rotary table control at
13 rad/sec table speed and 100 kN applied WOB (2000 m drillpipe & 200 m drill

collar)
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Figure 6.3: Bond graph model of rotary drilling system with LQR controller
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CHAPTER 7

ADVANTAGES OF LQR CONTROL

his chapter addresses the advantages of a linear quadratic regulator (LQR) controller,

compared o a spring-damper isolator. for stick-slip and bit-bounce mitigation in an

oilwell drillstring.

7.1 Alternative Control Schemes

In the literature, numerous solutions have been presented to control stick-slip
oscillations. such as robust p-synthesis controller [43]. Heo controller [44]. genetic
algorithm optimized controller [45], D-OSKIL controller [46], torque estimator-based
controller [47]. and modeling error compensation based controller [48]. Many such

controllers have practical limitations. However, one system that has achieved real-world

acceptance is the soft torque rofary system (STRS) [22. 49-50]. STRS is a torque

feedback at the top of the drillstring which makes the system behave in a “sofier” way
rather than as a fixed heavy flywheel. so that the torsional waves arriving at the surface
are absorbed, breaking the harmful cycling motion. The STRS increases the system
damping to the extent that rotational speeds will not drop to levels where there is a risk of
the bottom hole assembly (BHA) sticking. Therefore, the feedback system. which acts on
the rotary drive speed input, modifics the speed of the motor such that the vibrational
energy is optimally extracted from the drillstring. The effect of this feedback circuit. in
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practice fully implemented by clectronics. is to emulate a parallel combination of a

torsional spring and damper in serics with an ideal motor as shown in Figure 7.1.

Drwe comphance

1 C i1k |
' I '
LIS, 01
v £ R :Cs
I T - 1
1 p Drive damping
] [l @
| Il
| | N |
| |
| I ‘

Figure 7.1: (a) Conventional or Normal (no STRS) drilling [50], (b) STRS schema

[50], (¢) STRS virtual mechanical clements [50], (d) Bond graph model of the STRS
virtual elements.
The STRS must be tuned by giving values of K, (drive stiffiess in Nm/rad) and C, (drive

dampi

in Nms/rad) |

'he parameters must change as the drillstring length (and thus
compliance and inertia) increase. For a particular €, (700 Nms/rad) value the range of
possible values of K, for which stick slip does not occur has been determined, using the

bond graph system model, for different drilling depths as shown in Figure 7.2. Setting the
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Figure 7.2: Drive spring stiffnes

(Kj) vs. drilling depth curve for a part

damping (C, = 700 Nms/rad)

'he main objective of the current

mulations is o study the theorctical
performance of an LQR controller compared to a torsional spring-damper (or virtual

spring-damper as

in the STRS system) on the mitigation of stick-slip and bit-bounce

vibrations in an oilwell drillstring. 1

he simulation results for a drilling depth 4200 m,
where drill pipe and collar lengths are 4000 m and 200 m. are shown below in Figures
7.3-6. The gains vs. depth curves (Figure D.1) for the LQR controller are shown in

Appendi D.
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Figure 7.3 shows the full model simulation results in the case of conventional drilling

when the desired rotary table speed is 15 rad/see (142 rpm) with 175 kN applicd WOB.

The large fluctuations in bit speed shown in Figure 7.3 indicate stick-slip vibration. which
was discussed in previous chapters. Also. at the same time the torque at surface
experiences large fluctuations consistent with stick-slip [22. 50]. When the input torque
grows sufficiently to overcome static friction and the bit releases. bit speed approaches
the axial vibration critical speed range that is discussed in an carlier chapter. Bit-bounce

then occurs as demonstrated in Figure 7.3 where dynamic WOB periodically becomes

zero.

ure 7.4 shows the response of the model when LQR control is activated at the

simulation time of 40 seconds. for the case of 175 kN applied WOB and a desired speed

of 15 rad/sec (142 rpm). The time interval from 40 to 64 sec is the applied torque storing

period. When the applied torque reaches the resisting torque at the bit then bit starts to

rotate which takes sufficient times because of controller less responses. and then
controller quickly manages the desired bit speed. As can be seen, when LQR controller is

active the stick-slip vibration is controlled and a smooth drilling condition is achieved.

That means the drill bit is rotating with constant desired speed and the torque at the
surface becomes constant. At the same time the controller eliminates high dynamic force

and bit-bounce. as a result of the axial-torsional coupling at the bit-rock interface.
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Figure 7.3: High stick-slip vibrations with bit-bounce at 15 rad/sec (142 rpm) rotary

table speed and 175 kN applied WOB

Figure 7.4: Stick-slip and bit-bounce climinated by LQR control at 15 rad/sec (142

rpm) table speed and 175 kN applied WOB
[89]
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Figure 7.5: Torsional spring-damper system unable to climinate stick-slip and bit-

bounce vibrations at 15 rad/sec (142 rpm) table speed and 175 kN WOB
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Figure 7.6: Stick-slip and bit-bounce vibrations climinated by torsional spring-

damper system at 24 rad/sec (230 rpm) table speed and 175 kN applied WOB
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5 shows the response of the model when a torsional spring-damper s

Figure

used. for the case of 175 kN applied WOB and a desired speed of 15 rad/sec (142 rpm).

The torsional spring-damper system with the assigned parameters should be unable to

climinate stick-slip vibration at the desired speed. By increasing the desired speed to 24

rad/see (230 rpm) in Fig. 7.6, the torsional spring-damper system becomes able to

eliminate stick-slip vibration.
7.3 Advantages of LQR Controller

Stick-slip oceurs at a rotary speed below a certain threshold value.

ick-slip vibrations. The threshold value depends on

shows the threshold phenomena of
system parameters such as design of the drillstring. mud. bit. BHA and weight on bit

(WOB). Figures 7.8 and 7.9 show the threshold rotary speed for different applicd WOB

for conventional drilli

g. drilling with torsional spring-damper system near the rotary
table. and drilling with the LQR controller. Simulation results show that for a particular
applied WOB the LQR controller gives the lowest magnitude of the threshold rotary
speed. At higher WOB the difference in the threshold rotary speed between the LQR

nd it indicates that at higher

controller and torsional spring-damper system increa
WOB. and notwithstanding certain practical implementation issues to be discussed later.

an LQR controller can increase the no stick-slip zone significantly compared to a

torsional spring-damper system.
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Figure 7.7: Threshold speed for stick-slip vibration
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Figure 7.8: Threshold rotary speed vs. applicd WOB curve for different operating
conditions at 2200 m depth.
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Figure 7.9: Threshold rotary speed vs. applied WOB curve for different operating

cond

ions at 4200 m depth.

During drilling. the LQR controller requires: (i) motor current, (ii. iii) rotary table rotary

speed and displacement, (iv-v) bit rotary speed and displacement. Except for the bit specd

and displacement. all other quantities in the controller can be measured. The bit speed

(and fon of bit rotary di through i requires

downhole equipment that is expensive and at this point not typically used in well drilling.
because the information is not needed if a controller is not used. Bit speed measurement is

the biggest challenge p ing LQR and other sophisticated controller i

as discussed also in [6.

‘The virtual spring-damper of the STRS system requires



only measurement of motor current. giving it an economic and implementation advant;

at present. The additional potential benefits of LQR are expected to motivate drillers to

eventually use advanced downhole measurement tools. to enable such control. The

nd fewer

additional cost of instrumentation would be justified by even smoother drilling

tool failures.

[94]



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Achivements

T'his thesis introduced a suitable approach for modeling. simulation and control of

stick-slip and bit-bounce vibration in an oilwell drillstring. The stated objectives were

listed below:

fulfilled by accomplishing several diverse task
1. A bond graph model of a drillsiring using a lumped segment approach was developed.
The proposed dynamic model includes the mutual dependence of axial and torsional

vibrations, and coupling between axial and torsional vibration due to bit-rock

interaction. While the top drive motor dynamics assume a DC motor, the bond graph
formalism allows for casy substitution of an AC or hydraulic motor submodel (all

three types are in common use in the drilling industry).

o

A comprehensive software package (20sim) was used in modeling and simulation.
The implementation of the high-order model in 20sim commercial software that
allows block diagrams to be superimposed on bond graphs greatly facilitated
inclusion of the coupled axial and torsional degrees of freedom due to bit-rock
interaction. along with the controller. The simulation time is very fast compared to
high order finite-and discrete-element models. making the model suitable as a tool for
design and sensitivity analysis. Simulation results from the model show the same
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qualitative trends as field observations regarding stick-slip oscillations and  their

relationship to rotary speed. WOB. and bit bounce. These vibrations are self excited.

and they generally disappear as the rotary speed hold value

increased beyond a thres
and the applied weight on bit decreases. However. increasing rotary speed may cause
lateral problems and decreasing applied weight on bit decreases rate of penetration.

A suitable state feedback controller (LQR control) was investigated as a means of
climinating stick-slip and bit-bounce without affecting drilling performance or
worsening other modes of vibration. It has been shown that the proposed control can

be effective in suppressing stick-slip oscillations once they are initiated.

A top drive system (torsion spring-damper isolator). which is currently used in

industry as a means of eliminating stick-slip. was modeled in 20sim software. From

comparison results between LQR control and a spring-damper isolator. it can be

summarized that self-excited stick-slip oscillations in oilwell drillstrings are better

suppressed by the application of LQR control. Thercfore. it is possible to drill
smoothly at very low speeds which are otherwise not possible without LQR control. It

has been shown that the advantages of using LQR control increase with higher

applied WOB. Use of a different type of motor would require rederiving the LQR
matrices and gains: however, the procedure outlined hercin would still apply. The

performance of LQR control for mitigation of stick-slip decreases with increasing

depth. It nonetheless retains an advantage compared to a system with a spring-damper

his

lator.

should motivate the use of LQR controllers in future when pra
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challenges in measuring required state variables for LQR control are addressed by

advances in downhole measurement technology.

8.2 Primary Rescarch Contribution
Several dynamic models related to drillstring vibration modeling have been

proposed in the past, however, the majority were developed low order drillstring model

s presents a bond graph model of a drillstring that

and simple rock-bit model. This thes

predicts axial vibration, torsional vibration. and coupling between asial and torsion

vibration due to rock-bit interaction. This model accounts for the effect of higher modes.
the flow inside and outside the drillpipe and collars. or complicated cutting and friction

conditions at the bit/formation interface.

Although numerous control systems are offered by some researchers or drilling
cquipment manufacturers: a simple but effective LQR control system has been simulated

by developing a model in 20sim. Simulation results show that self-excited stick-slip

of

ing are more effectively by the ¢

oscillations in oilwell drill

LQR control than by using a real or virtual torsional spring-damper isolator.

8.3 Industry Relevance

Rotary drilling manufacturers have shown increasing interest in the work

presented in this thesis [67). The presented active control may eventually be adopted for
their stick-slip vibration control purpose.

Ihe dynamic model of the drillstring can be used by the drilling manufacturers to
construct their own model on their computing facilities. This would enable them o test or
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predict stick-slip and bit-bounce vibration in drillstrings. They can change the factors
(WOB, rotational speed, rock parameters, bit parameters, and LQR control gains etc.)

according 1o their requirements and they can select the suitable values for eliminating

stick-slip and bit-bounce vibration.

8.4 Recommendations for Future Research
Further research and development in the following areas would be of interest:

1. C ive studies on the ical behavior of rock-bit interaction under

different types of PDC bits are required. Different shape and size bits are available in
drilling. Different bits should have different coefficients related to cutting action and

frictional behavior. With such experimentally determined parameters. different

models can be made for different types of PDC bi

The developed model is currently limited to axial vibration, torsional vibration. and
coupling between axial and torsional vibration due to bit-rock interaction. This model
should be extended to the study of coupled axial, lateral and torsional vibrations for
more accurate results. A fully coupled model for axial. lateral, and torsional vibrations
of a drillstring was presented in [26]. This model includes the mutual dependence of

these vibrations. which arises due to bit/formation and drillstring/borehole wall

interactions as well as other geometric and dynamic non-linearities. This model could
be the starting point for developing the fully coupled model in 20sim commercial

software.

3.

The currently developed model should be parameterized to match a field drillsiring

for studying field vibration data. and to validate the current model. In field data. the
198]
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values of WOB. ROP. TOB and bit speed are available. The main difficulty is to

determine the coefficients related to cutting action and frictional behavior. This thesis

provides the suitable ROP equation (27). frictional torque equation (23). and cutting
torque equation (24). However. these three equations require empirical coefTicients.
The feedback controller (LQR) that is discussed successfully suppresses stick-slip and

sive studies on the effect of LQR controller in lateral

bit-bounce vibration. Compreher

vibration are required. Also this thesis provides a simple LQR control method and it
was working well. but more complicated LQR control methods are available that can
be applied to a drillstring.

ystems. Currently, most of the oilwells

Finally. the study is limited to vertical drilli

al wells). Studies on the modeling of directional

e directional wells (non-ver

drilling systems are required.
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Appendix A

SIMULATION DATA

Table A.1: Drillstring data

Drillstring data

Cable and derrick spring constant 9.3¢+06 N/m

Swivel and derrick mass 7031 kg

Kelly length 15m
Kelly outer diameter 0.379 m
Kelly inner diameter 0.0825 m
2000 m

Drill pipe length

Drill pipe outer diameter 0.101 m (4 in}

Drill pipe inner diameter 0.0848 m (3.34 in)

Drill collar length 200 m

Drill collar outer diameter 0.171 m (6.75 in)

Drill collar inner diameter 0.0571 m (2.25 in)
Drill string material Steel
02m

Wellbore diameter

[109]




Table A.2: Drill bit-rock data

Drill bit-rock data

Bit type

Drill bit diameter

PDC (Single cutter)

02m (7875 in)

Drill bit mass

65 k

Rock stiffness

1.16¢+09 N/m

Rock damping

1.5¢+05 N.see/m

Surface tion amplitude s, 0.001
Bit factor. b I
Cutting coefficient &, Cy. C;

1. 1.35¢-08. -1.9¢-4

Frictional coefficient y.a.f.y& v

0.06.2. 1,1 & 0.01

Threshold foree, W,

10000 N

Equivalent fluid visc

ity for fluid resi

ance (o rotation g,

30e-03 Pa.:

Weisbach friction factor outside drill pipe or collar. e,

0.045

Weisbach friction factor inside drill pipe or collar. a,,

0.035

[110]



Table A.3: Drilling hydraulic data

Hydraulic data
Mud fluid density 1198 kg/m”

Mud flow rate, O Qu + Qqsin(qt)
Mean mud flow rate. Q,, 0.022 m¥/sec
[ Mud flow pulsation amplitude. Q,, 0.002 m¥sec
Freq. of variation in mud flowrate, ¢ 25.13 rad/sec

Table A.4: Motor data

Motor data

L. Ky n. Ryand.J, 0.005 H. 6 V/s, 7.2.0.01 Qand 23 kg-m~

[




Appendix B

FORMULAS FOR LQR CONTROLLER DES|

1. Inertia of the kelly, J;

0 L (rh = 1) “@3)

2. Effective inertia of the drillstring, J
J=3h+ 1 (46)

J=35oL, (- )+ ToL Gt — 1) “n

(48)

C, = ————L 9

v T Ta—do “n
5. Rotary table inertia, J,;

Jy =930 Kg-m® (50)

[12]



Appendix C

MATLAB PROGRAMMING CODES

%Gains Calculation Codes?%

global R AB C D

Parameters

n=7.

Jm ¥

Rm = 0.01;

L = 0.005;

Crt =0,

Jrt = 930,

Jk = 239.54
Km ~ 6.

J = 159.84.

Kt~ 214.99:
= 1.00, /

4 [-Rm/L 0 -n*Km/L 0 0;
00100
W Km/(Jk+Jrtin 2% Im) 0 -Cri/(JkJrtsn™2%Im) -Ko/(Jk v Jrttn2%Im) 0:
0010-I;

000 K -CJhJj:
B-[I/L:

0;

0;

0,

0]:
C[10000;

01000,

00100

00010

[13]



00001

D-[0:
0:
0:
0:
1]

QL=[10000:020000000:00100:000800000:0000950000]:

N = [0

R - 950;

P manipulated variables
E - closed loop cigenvalues

G~ gain matriy

[P.E.G]=care

(AB.OLRS)

[114]



Gan Kt

an K;

Appendix D

LQR CONTROLLER GAINS CURVE
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Figure D.1: Gains depth curves for LQR controller
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Appendix E

20S1M PROGRAMMING CODES

/I Mud Flow Rate 20sim Codes//

parameters
real Qm — 0.022; mean mud flow rate,
real Qa ~ 0.00. mud flow pulsation amplitude,
real q = 25.13 {radls}: // frequency of variations in mud flowrate.

variables
boolean hidden change:
real hidden half
real global Q: // Volume rate of flow of drilling mud'

equations
“calculate at least 2 points per eyele 1o get a triangle”
half = pi/ q:
change = frequencyevent (half. half/ 2):

"calculate the sine wave"
O~ Om + Qa *sin(q *time):

// Mud Fluid Properti

20sim Codes//

parameters
real mud rho ~ 1200; // mud density kg/m3
real Friction factor outer = 0.045; // weisbach friction factor outside drii pipe
or collar
real Friction factotor_inner ~ 0.035; weishach friction factor inside drii

pipe or collar

variables
real global mud density
real global friction factor outer:
real global friction factor inner:

17



equations
mud_density = mud rho:
friction_factor_outer = Friction_factor outer;
friction factor_inner = Friction factotor_inner:

// Load Calculation 20sim Codes//

parameters
real static_applied WOB = 100000; // N
real Swivel mass = 7031; // mass of swivel kg

variables
real global swivel mass:
real global kelly n:
real global kelly_mass;
real global pipe_length:
real global pipe
real global pipe_m
real global pipe_area;
real global collar_length;
real global collar n;
real global collar_mass:
real global collar_area:
real global hook load:
real global bouyancy factor:
real global steel dens
real global mud_densin
real global avg WOB;
real global hydraulic force top:
real global hydralic_force_bottom;

real global Pipe_Collar weight:
real global kelly_swivel weight:
real global total_mat weight;

equations

swivel_mass = Swivel_ma

avg WOB = static_applied WOB:

hydraulic force top = mud density * 9.81 * pipe length * (collar area -
pipe_area):

hydraulic_force_bottom = mud density * 9.81 * (pipe_length + collar length) *
collar_area;

bouvancy factor = I - (mud density/steel_density):

(18]




kelly_swivel weight = (swivel_mass + collar_n * collar_mass)* 9.81:

Pipe_Collar weight = (pipe_n * pipe_mass + collar n * collar mass) *9.81:

total_mat_weight = kelly_swivel weight + Pipe_Collar weight:

hook load = total mat weight - static_applied WOB + hydraulic force top -
hydraulic_force_bottom:

// Axial and Torsional Model Constant Calculation 20sim Codes//

parameters
real E = 211000000000; // modulus of elasticity. N/m2
real G = 80¢9; shear modulus, Pa
real rho = 7860 ; steel density. kg/m3

real kelly L = 15,
real Kelly n
real kelly_ OD = 0.3795:

real kelly ID 0.082.
real kelly Mat_damp = 15000 // material damping, Axial
real kelly Mat_tor_damp = 150; // material damping, torsional

/ length of kelly, m
number of segments for kelly

real pipe_L = 2000; / length of drillpipe. m
real Pipe_n = 10; number of segments for drillpipe
real pipe_OD = 0.1016:

real pipe 1D~ 0.08484:

real pipe_Mat_damp = 15;  // material damping
real pipe_Mat_tor_damp = 0.06: // material damping, iorsional
real Pipe_viscouse_damp factor = 0: / from dareing paper. 38.29 N.s/m
real collar 1 = 200; length of drillcollar. m
real Collar n = 10 number of segments for drillcollar
real collar OD = 0.17145;

real collar 1D = 0.05715:
real collar Mat_damp ./ material damping
real collar Mat_tor damp = 15; // material damping, torsional
real Collar viscouse_damp factor = 0; // from dareing paper.239.40 N.s/m
real torsion viscosity_resis = 30¢-03; // equivalent viscosity for fluid resistance

10 rotation, pa.

(mud vicosity)

variables
real global sieel dens

real global kelly n;
[119]



real global kelly delx:

real global kelly mass_inertia;
real global kelly area_inertia;
real global kelly torsion comp;
real global kelly_area;

real global kelly mass;

real global kelly axial comp;
real global kelly ma_damp:
real global kelly mat_tor damp;

real global pipe length:
real global pipe n,

real global Pipe OD:
real global Pipe 1D;
real global pipe_delx:

real global pipe_mass_inertia,

real global pipe_area_ inertia;

real global pipe_torsion comp:

real global pipe_torsion fluid resis:
real global pipe_area:

real global pipe mass:

real global pipe_axial comp.

real global pipe matdamp:

real global pipe mat_tor damp:

real global pipe_axial viscous damp:

real global collar length;
real global collar n;
real global Collar OD;
real global Collar 1D,
real global collar de
real global collar mass_inertia
real global collar_area_inertia:

real global collar torsion_comp:

real global collar torsion fluid resis;
real global collar_area;

real global collar mass

real global collar axial comp:

real global collar mat_damp,

real global collar mat_ior damp;
real global collar_axial viscous damp,

real global wellbore radius:

[120]



cquations

(kelly

steel_density — rho;

kelly n = Kelly n;
kelly_delx = kelly L
kelly_area -~ 3.1416
kelly_mass_inertia
1D/2)%2);
kelly_area_inertia
kelly torsion comp

kelly_n:
*((kelly_OD/2)"2 - (kelly_1D/2)"2);
0.5 * rho * kelly_area * kelly_delx * ((kellv_OD/2)"2 +

0.5 % 3.1416* ((kelly_OD/2)"4 - (kelly 1D/2)™4)
kelly_delx/(G*kelly_area_inertia):

kelly_mass = rho * kelly_area * kelly delx:

kelly
kelly

kelly mat_tor_damp

wial comp ~ kelly delx/(E * kelly
mat_damp = kelly Mat_damp*kelly

area);

delx;
kelly Mat_tor damp*kelly delx;

pipe_length = pipe L

pipe_n = Pipe_n;

Pipe OD - pipe OL
Pipe ID ~ pipe_ID;
pipe_delx = pipe L/

)

pipe_n:

pipe_area = 3.1416%((pipe_OD/2)"2 - (pipe_1D/2)"2);

pipe_mass_inertia

(pipe_1D/2)"2);

(collar

pipe_area_inertia
pipe_torsion_comp

0.5 % rho * pipe_area * pipe_delx * ((pipe OD/2)"2 +

0.5 * 31416 ((pipe_OD/2)™M - (pipe 1D/2)™),
pipe_delx/(G¥pipe_area_inertia);

pipe_torsion fluid resis ~ (2*3.1416* torsion viscosity_resis * (pipe_OD/2)"3
(wellbore radius - (pipe_OD/2)))* pipe_delx:

pipe_mass = rho * pipe_area * pipe_delx;

pipe_axial comp ~ pipe_delx/(E * pipe_area); // axial model
pipe_mat_damp = pipe_Mat_damp*pipe_delx; /axial model

pipe_ma_tor damp ~

pipe_axial viscous d

pipe Mat_tor damp*pipe_delx;
damp ~ Pipe_viscouse_damp factor * pipe_delx:

collar_length = collar L;

collar_n = Collar_n;
Collar_OD = collar.

OD;

Collar_ID = collar 1D:

collar_delx = collar.

L/ collar n;

collar_area = 3.1416*((collar_OD/2)2 - (collar 1D/2)*2):

collar_mass_inertia
1D/2)%2);
collar_area_inertia
collar_torsion_comp

0.5 * rho * collar_area * collar_delx * ((collar OD/2)"2

0.5 * 3.1416* ((collar OD/2)™ - (collar 1D/2)™4),
collar_delx/(G*collar_area_inertia);
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COSILY resis

collar_torsion_fluid resis (2*3.1416* torsion vi
(collar_OD/2)3 /twellbore_radius - (collar OD/2)))* collar_del:

collar_mass — rho * collar_area * collar_delx;

collar_axial_comp = collar_delx/(E * collar_area); // axial model

collar_mat_damp = collar Mat_damp*collar_delx; axial model

collar_mat_tor damp = collar Mat_tor_damp*collar delx;

collar_axial viscous damp ~ Collar viscouse damp factor * collar delx;

/I Motor Constant 20sim Codes//

parameters
real Jrt — 930; /mass moment of inertia for ratary table
real Crt = 0 // damping in torsional motion
real Jm ~ 23: //mass moment of inertia for motor
real n / gear ratio
real L= 0.005; 7/ Inductance
real Rm — 0.01; // Armature resistance
real Km = 6; motor constant

real Wd = 30; // Rotary table desired speed

variables
real global Table Inertia;
real global Torsional damping,
real global Motor Inertia;
real global gear ratio;
real global Inductance;

real global Resistance:

real global motor constant:
real global Desired table speed:

equations
Table Inertia = Jrt;
Torsional _damping ~ Crt,
Motor_Inertia — Jm;
gear_ratio ~ n;
Inductance ~ L;
Resistance — Rm:
motor_constant — Kim;
Desired table speed = Wd:

S



// Rock-bit Constant 20sim Codes//

parameters
real r = 0.1; bit radius
real zeta =~ 1 parameters
real ¢l ~ 1.35¢-08;  /lparameters
real ¢2 = -1.9¢-04; /jparameters

real alpha = 2://parameters
real beta = 1: parameters

real gama parameters

real munot = 0.06;  //parameters

realmu ~ 0.01:  Jparameters

real Ke = 1.16¢09: / Berea Sandstone rock stiffness N.m

real R = 1.5¢05;
real bit_mass = 65:
real bit_flow_area = 2.3865¢-04;

variables
real global bit_radius:
real global Zeta:
real global C1
real global
real global Alpha;
real global Beta:
real global Gama:
real global Munot:

real global Nu:

real global rock_compliance:
real global rock_damping:
real global Bit Mass
real global Bit_Inertia:
real global bit_no=zle_radius:

equations
bit_radius = r:
Zeta = zeta;

Alpha~ alpha;
Beta = beta:
Gama = gama;
Munot = munot:
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Nu -~ nu:

rock_compliance = 1/Ke:

rock_damping = R:

Bir_Mass = bit_mass:

Bit_Inertia ~ 0.5 * Bit Mass * bit_radius"2;
bit_noz=le_radius = (bit flow_area’3.14159)0.5;

// Wellbore Constant 20sim Codes/

parameters
real r w=0.1; wellbore radius, m

variables
real global wellbore_radius:

equations
wellbore_radius = r w:

// Torque on Bit (TOB) 20sim Codes/

variables
real flow;
real phidot function;
real ROP;
real depth of cut;
real global bit_radius;
real global Zeta:
real global C'1:
real global €2
real global Alpha;
real global Beta:
real global Gama;
real global Munot;:

real global Nu:

real global avg WOB:
real global Desired table speed:

equations
phidot_function
Munot*(tanh(phidot) + Alpha*phidot/(1 + Beta* (phidot)(2*Gama)) + Nu*phidot);

ifwoB 10000 then
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ROP -~ 0;
depth of cut = 0:
if phidot ~= 0.0 then

pee = 0;
else

e~ WOB*bit_radius*phidot_function;
end:

else
if phidot = 0.0 then
ROP

p.e = WOB*bit_radius*phidot_function + 5000;
else
if phidot < 0 then
ROP = 0,

p.e = WOB*bit_radius*phidot_function:
else
ROP = CI*WOB) *phidor™0.5;
de,u/, of cut = (2*3.1415926*ROP)/phido;
WOB*bit_radius*phidot finction
umu/*/m uu/m\‘/uu'nn,un of cut/bit_radius)0.5:
end:
end:
end:

flow = p.f

/I Rock Compliance 20sim Codes//

variables
real global rock compliance:
real global rock_damping:

equations
X = int(p.f):
ifX =0 then
p.e = (I/rock compliance) * X + rock_damping*p.f;
else
pe=0
end:
WOB - pe:
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