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ABSTRACT

A physical model of a single PDC (Polycrystalline Diamond Compact) cutter interacting
with rock surface is developed, and its most important characteristic is the ability of
inputting different force on cuter profiles and outputting cutter penetration. The model is
developed in 2 dimensions simplifying the three dimensional cutter movement by a 2
dimensional plane. The model is simulated using the Distinct Element Method and
simulation results for the single cutter are interpreted. Simple theories are then proposed
10 extend the results o a full PDC.

Model inputs encompass parameters such as force profile and horizontal velocity
profile on the cutter and also pressure on the rock specimen and the model outputs
include dynamic parameters such as cut depth and penetration profile and energy
consumed by the cutter.

Relating different types of model inputs and outputs (o drilling operational
parameters s explained. Approaches to tackle a certain drilling problem relating 10 the

efficiency of particular down-the-hole t0ols exerting dynamic force profiles on the bit

using this model are also explained in det

Results show that adding force oscilltion generally improves the drilling

performance; however, i he pr
Also, regandless of the force oscillations, the rate of penetration decreases linearly with

logarithm of the bottomhole pressure.
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"Life - for those who drill »

Alexis Carrel

The urge and desire 1o exploit and take control of the universe has been humanity’s

instinct for centuries. The invention of aircraft is an impressive attempt of man

empowered by this instinct. Man has understood since his existence that in order to
survive he has to think beyond the limits of what can be seen by the naked eye and act
accordingly. This ability and instinct of humans made them superior to the rest of the
creatures on Earth and put them in a position to develop a kingdom on the earth and
exploit nature.

“This instinct did not just make us explore space and upper levels; it also made us
‘wonder that if we can get 10 the places under our feet. The attempts of a child to dig down
into the ground in the house garden probably initiates from that very inherent desire.
Long story short, humans sarted to mine and explot the minerals and water and then they
found out that the deeper it goes the more exciting and richer the mother earth becomes.
‘The Chinese used very basic digging tools mounted on a basic derrick; they dropped a
weight on a certain spot on the ground and removed the crushed rock resultant of the

impact and repeated the process over and over again to dig holes tens and later hundred
1



meters deep. Those very basic drilling systems were developed and advanced over
centuries and now, at the time of authorship of this thesis,this industry is one of the most
prolific and advanced industries to which the petroleum industry is  inextricably
dependent.

Nowadays, we are able to have photos and movies from inside wells of several

thousand meters in depth. We can lead a bit down the ground, make complicated well

‘geometries, and hit predefined spots several kilometres down with accuracy comparable
1o a professional golfer. We inject extra gas down the earth into the permeable formations
and produce it later when needed. We made the earth not only a place to extract things,
but also a place to store things. We tamed our (relatively) new slave and prevented her
from blowing out and showing her anger from trespassing her long lasted virgin territory.
Never successful in suppressing our other powerful instinct, greed, we get defeated by
this anger and that results in disasters such as the one in the Gulf of Mexico in 2010,
which destroys our very first home, the Earth's surface.

Not being able to even think about compromising the benefits gained from the
black fluid produced from deep within the Earth, we try o advance our technology to
address environmental concens while continually developing our drilling techniques to

 exploit harsher, hard

“This industry gained power by impressive improvements in drilling methods and

the introduction of advanced dril

bits and mud circulation systems. Consequently, it
became feasible to reach targets that were considered completely impractical not long

ago.



All these improvements, especially those related to drll bits, regardless of all the
progressions in the industry, were ot based on a structured and firm theoretical basis
Intition, imagination, and experimentation were three primary and powerful tools used
by those who made these advancements happen. The invention of PDC (Polyerystalline

Diamond Compact) bits and their rapidly growing acceptabiliy in this industry is a good

example. Not much s known about the real mechanism by which the rock fails under the
cutting action of these bits, but surprisingly, every day we see more advanced and
efficiently designed PDCs introduced to the industry.

“This makes us wonder how efficiency could be improved if we knew the real
‘mechanism of action of the PDC bits in the ground. A smallest insight in the mechanism
explains an exceedingly large number of why's even though we have answered a lot of
how's without the need to answer those why's. Knowing the ‘why', has made us who we
are. As Diane Ravitch stated, The person who knows how' will always have a job. The
person who knows ‘why’ will always be his own boss.

Obviously, the complexity of the problem is the very first hindrance in the
commencement of such a study. Imagining a real PDC bit rotating down the hole might
be casy, but even imagining it in contact with the rock and the consequential rock cutting
action gives some clues about how complex the problem can get. The nature of the
contact between the individual cutter and the rock, and the interaction of all these entities

with cach other is a requirement.

Simplifying the problem can be a first step to tackle the bigger mystery. One

approach to the simplification could be looking at an individual PDC cutter action. In



three dimensions, even this simplified problem is very complicated and cumbersome to
reproduce either experimentally or numerically.

‘The simplified case of the action of the PDC cutter with rock surface in two

answer. time,
and drew lots of useful conclusions from their results that both answered a lot of
questions and raised new ones. Not very long ago, researchers attempted to reproduce the
problem numerically and this has been advancing ever since. Thanks to the introduction
of very sophisticated and specialized numerical simulation methods, these simulations
were developed with greater ease, realism, and power in representing the real physics and
nature of the problem.

“This thesis reports on a very small atempt made to simulate this interaction. It is
inspired by and builds on the aforementioned works, and the author hopes that this

answers some of the questions that are currently unanswered. However small and britle,

it represents one brick in the process of building this palace of knowledge.
Previously done work are described in Section 2 which include rock fuilure
models and then cutting models and then numerical simulations. In Section 3 the

I simulation method over the other

justification for the choice of a certain numeri
‘methods is given. In the next section the model is physically described and the numerical
interpretation of that is given and then i Section § the input parameters to the model are
described and their physical interpretations are discussed and the outputs are the topic of

the next secti

 where their physical interpretations are discussed and also extension of

their results to full PDC bits are proposed. In Section 7 the simulation results are



discussed and finally some recommendations for the work following up this are given in
Section 8. The logical sequence of the current work, from model description and solution
options to the solution interpretation methods and results, coincide with the chronological

order of the work and chapters.

L1 Contribution of the Thesis
Answering the basic question of the effect of different loading regimes on the bit on
drilling eficiency and, in particular, rate of penetration requires a cutter-rock interaction
model capable of solving the stated problem.

“The question arose as an attempt to justify the efficiency (F any) of a hypothetical

force in the drilseing
the bit and superimposes on the constant force on the bit (called Vibration Assisted

Rotary Driling tool). The design of this tool is highly dependent on the answers to the

question that if this mechanism is effective, what is the best force profile that results i

the highest drilling efficiency? Knowing the answer 1o this question, the tool design

d be given for the ized driling performance.



2 A Review of Rock and Cutting Models and Simulations

As an essential part of the work, a thorough review of related literature was done. The

Togical sequence of this literaure is to first fght into rock constitutive models and
failure modes and mechanisms, without which a review of rock cutting models is hard to
understand. Finally, a review of simulation of some proposed models willbe the final part
ofa review into the literature of rock cutting modeling and simulation.

“The chronological order of the actual literature review was also coincident on the

logical order and was done during the first year of the program.

21 Rock Failure Models

Rock

e is the phenomenon of breakage under certain loading conditions. Failure

riteria define and describe the loading conditions under which the rock starts to fuil. The

importance of fuilure eriteria in drilling penetration mechanisms investigation s obvious;
0 penetration occurs as long as no rock failure occurs. An understanding of what really

happens to the rock under load and how that causes the rock failur is the most helpful

tool i the assessment of drilling penetration mechanisms, since it enables the researcher

0 visualize the real situat hole drilling takes pl
Rock failure behavior is an extremely complicated phenomenon if it has o be

described completely. This is because of the non-homogeneous rock nature and its



‘granular structure. Other solids such as metals do not have such granular structures and

pic behavior is, . indicative of their microscopic behavior.

In add

to the failure criteria itself, the post failure behavior of the rock is of

great importance when it comes investigating penetration mechanisms. The fact that how

the cutting is d and how different ht affect the post failure

behavior of the failed portion of rock influences the mechanisms involved in penetration.

Different proposed rock falure criteia are described in the first part of this subsection,

describes post failure

211 Failure Criteria

Mohes eriteria [1] is the most famous and

idely used one among all the others. The

eriteria in its very preliminary form needs three parameters to be fully defined. Friction

angle, cohesion and tensile strength are the parameters which can define a linear Mohr-

Coulomb fail ‘The physical i criteria was that
the larger the hydrostatic component of the stress, the larger the stress required (o cause
the rock failure. The amount of this sensitivity of failure load to hydrostaic load is
indicated by the friction angle.

“The criteria are usually defined in shear-normal stress space; however, it also has
representations in principal stress space [2]. Also, it has simpler altematives such as
Tresca's criterion, for example, which is the same as Mohr-Coulomb except that it

assumes no friction angle [3]. On the other hand, more sophisticated versions of Mohr-

Coulomb i i ith ic equation. Such an envelope

requires three parameters and does not need a separate value for tensile strength as the
7



intersect of the envelope with the horizontal axis should be the tensile strength [4]. Figure
2.1 shows the three versions of the criteria in Shear-Normal stress space.

Figure 2.1: Different fuilure nvelopes from Moh's theory.

The parabolic envelope practicality has proven to be much better than even the

linear one, especially for the studies of rock indentation and penetration mechanisms. A
much better match with experimental data was obtained using the parabolic failure
envelope [5).

“The aforementioned failure criteria are independent of the intermediate principal
stress. They just rely on the major and minor principal stresses and not on the value of
intermediate principal stress. This is true to some extent, but the intermediate stress also.
plays a role in failure and the failure is not completely independent of it

‘There are failure criteria which are dependent on the intermediate principal stress.

The simplest one is Von Mises criteria [6] which is often used to describe metal failure.

“The representation of this criteria is a cylinder centered around the hydrostat line i the 3-

D principal stress space. This critera is in one aspect similar to Tresca, in both cases the
failure stress does not depend on hydrostati pressure. A hydrostatic pressure dependent

8



criterion is that of Drucker Prager [7] which its representation in the principal sress space
is a cone centered around the hydrostat, The cone shape means that the failure stress

might differ depending on the amount of hydrostatic stress. Obviously, the base of the

cone faces toward the low hydrostatic pressures (and in fict, the so-called hydrostatic

tension).

Figure 2.2 shows the two criteia in principal stress space.

- a=a=a;

Figure 2.1 Drucker Prager and Von Mises crieria (sfer Fjser tal. 9.

Characterization of materials and determination of their falure parameters is
typically done by certain types of tests smong which the Triaxial test is the most useful
one [8]. The test device exerts axially increasing load on the rock core sample and the
sample is being confined hydrostaticaly from the sides. Stress-strain curves are extracted
from the strain gauges measurements and the yicld point and maximum bearable load on

the rock are monitored.



Several Mohr's circles at fuilure plotted in the shear-normal stress space can

determine a failure envelope which is the common tangent t0 all of the Mohr's circles at

filure.

212 Post Failure Behavior

As mentioned before, the post failure behavior of the rock is the part that really describes
the rock behavior at failure point and after that. Plasticity and related strains are the
factors that determine how the rock is going (o behave afer meeting the falure crieria

Thethoost s . iz .

“The main point in all the plasticiy theories is the addition of plastic strains to the elastic
formulation of stress and strain.
P
y = e+ o @n

In which e refers to elastic strains and p refers 1o plastic strains. The major

ifference between these two types of stresses is that when the stress is relieved the
elastic strains wil be recovered while the plastic strains stll remain unrecovered and
permanent [9].

‘The plastic strain can be determined using the theories developed and called as

flow rule. The basic equation for flow rule is given as [9-1

defy = dAhy (o) @2
T which dA i a scalar and h; is  function of stresses. The important point about
this equation is that plastic strain increment does not depend on stress increment but

depends on the stress itself.

10



Drucker [11] suggested a function called flow potential, in which partial

derivat

n of this function with respect to each stress component gives the corresponding

h function. If this function s the same as the yield surface in the stress space (failure

envelope) then the flow rule is called associated; otherwise, it s called non-associated.
As an example of how assaciated flow rule works, the Mohr failure envelope can
be considered. By plotting the envelope in a 2-D principal stress space, and also

visualizing the axes to be also the corresponding principal plastic strain increments, an

armow perpendicular to the failure envelope line represents the plastic flow i terms of its

two principal value increments. (Figure 2.3)

Figure 2.3: i (atier

Fiaeretal 9.

‘The angle a is directly proportional to the friction angle. Interpretation of the
associated flow in shear-normal stress space is also available. For the case of Mohr-
‘Coulomb, dilatant behavior will be observed in the flow  which means that the rock
tends to dilate, expand in volume, under shear stress — ifthe frction angle is positive. For

n



negative friction angle contractant behavior of the plastic flow is observed (opposite to
dilatant) and for friction angle of 0, which is the Tresca criterion assumption,
incompressible flow is observed.

Non-associated plastic flow is the case when the flow potential function is not
determined using the yield surface. Several authors developed and proposed different

models for non-associated flow rules which are out of the scope of this review [12].

22 Rock Cutting Models

Rock cutting models attempting to simulate the response of rock interacting with the drill
bt have been developed by several authors. The common aspect of almost all of these:

models is that they considered a single cutter interacting wi

the rock surface for the case

ofa PDC b

A constant depth of cut is considered and the cutter moves with constant
horizontal velocity, representing the rotary motion of the single cutter on the PDC bit.
Some models emphasize the geometrical aspects of the cutte, such as back rake angle,
chamfer, etc., while others focused on the role of rock failure mode in various situations

Alternatively, there are models focusing on the type of rock and its imp

ton drilling
process.

asingle cutter i ble as the behavior

of the full PDC bit could be an average of the

jidual cutters” actions. There is no

interaction between the  performance of individual cutters as they are parts of an

approximately rigid body (compared to rock).



Zeutch and Finger [13] made a series of experiments in an attempt 10 correlate the

response of the rock with the cutter movement, and generation of crack and chip. They
found that mechanism of chip generation s different depending on the cutter geometry
and rock propertes and other parameters. The common point s that the fractures in the
rock that cause the chip formation mostly nucleate from the cuter tip, and these fractures
grow 10 the rock surface (Figure 2.4). A zone of crushed rock material is also formed in
front of the cutter. The crushing mechanism and chipping mechanism are different; this is

one of primary concepts and will be discussed in more detais late.

CRUSHED
MATERIAL

CARBIDE

Harcland and Rampersad [14] developed a model predicting the behavior of drag
bt based on operational conditions as well as bit geometrical specifications and design,

and also rock constitutive law. The model predicts rate of penetration and bit wear rate.
3



based on the input parameters. The model was developed on the basis of a single cutter

nd and field
In a similar study, Jogi et al. [15] made a completely analytical model

investigating the response of a single PDC cutter cutting rock with constant depth of cut.

He used a Mohr-Coulomb failure criteria in the model development (refer to section
2.11) to characterize the shear plane formed as a result of cutting process. The same
shear planes were observed in the experimental work of Zeutch and Fingerr [13]. They

derived expressions relating

rate of penetration, specific energy, and cutter wear

ign, dril conditions, and also rock consttutive law. Figure
2.5 shows a schematic of the model and its boundary conditions. Bottomhole pressure is

also one of the factors considered in he model; it can easily be seen as the uniform

pressure exerted on the rock surface. Some authors [23, 24] suggested that in these single

cutter-rock interaction models the assumption of linear elastcity is a_reasonable

approximation in case of hard rocks

Poor performance of PDC bits in shale was a big concern in the carly days of this

technology development. A lot of theor

and attempts were made to improve the

efficiency of PDC bits, especially in drilling shale formations. Knowhon [16] proposed a

‘modified design of PDC cutter with positive rake angle which overcame the difficulties

encountered in drilling shale formations. As explained in the paper, the main reason of
poor performance s due to shale swelling due to contact with the water phase of the

drilling mud.




A maore sophisticated model was proposed for cutter rock interaction by Gerbaud
et al. [25] adding more complexiies to cutter geometry and incorporating the chamfer
‘made on some PDC cutters for better drilling efficiencies. They claimed in addition 1o
forces acting on the cutter in the front face, there are forces acting on the cutter back,
which has been demonstrated [26, cited in 25] using an elasto-plastic rock behavior

model. Figure par




Figure 2.6: Thrce different categories of forces introduced on the single PDC cuttr, cuttng f

imfer; back cutter forces (afer Gerbaud etal. [25]).

Not all the cutter-rock interaction models are developed in 2-D. For cxample,
Bl ctal. [17] developed a 3-D drlling model which was inspired from a 2-D modeling
approach and incorporated the geometrical considerations into a 3-D model. Warren [20]
also incorporated results of 2-D rock cuting models o four different spatialy designed
PDC bits and investigated their relative performance.

A phenomenological model was also proposed for the performance of drag bits
[28). The beginning hypothesis of their work builds on a suggestion made carlier in the
literature review [29] that bit-rock interaction s characterized by the coexistence of two
processes: cutting of the rock and fricticnal contact undemeath the cutter. The torque on
the bit (TOB) and weight on the bit (WOB) can thus naturaly be decomposed into two
components, one associated with the cutting action and the other with the frictional
contact. Their model does not constitute a complete drilling response. but it does provide
a constraint between drilling parameters including WOB and TOB. They concluded that

16



any model that aims to predict the response of a full PDC bt has to take the forces acting

on a single cutter into ac

unt.
As mentioned previously, in addition to theoretical models, experimental models
were developed for single PDC cutter interacting with rock. These experimental set ups

were employed to gain ins . One of

ht into the real mechanisms of PDC bit penetra

the early works of this type was done by Zisling et al. [18] in which a single PDC cutter

cut the rock under simulated bottomhole pressure. Their main focus was in the cutting of

shale formations and they made use of two different types of shale. Figure 2.7 shows a
drawing of their single cutter tester apparatus in which the cutter is attached to a vertical

rotating shaft.

Other experimental investigations were performed for the specific purpose of
investigating the effect of back rake angle on the cutting process [21]. Back rake angle is
defined as the angle between the cutter face normal veetor and the cutter velocity vector
projected in a vertical plane, which includes the cutter velocity vector. The side rake

17



angle i defined s the same angle projected in a horizontal plane [27). Hareland et al.

[22] aso developed a single PDC rock cutting analytical model investigating the effect of
cutter rake angle on the single cutter efficiency. They proposed a new parameter
representing cutting efficiency called specific volume, which is the ratio of the volume
removed by the cutter in a major chip to the maximum force required to remove that
much volume. Other researchers [27] have also investigated the effect of back and side

rake angles in cutting efficiency and force on the cutter. They made a series of

experiments with sharp PDC cutters without chamer, and by changing side and back rake
angles. They found out that the effect of side rake angle is negligible in the resultant force:
acting on the cutter and therefore the friction factor between the cutter and the rock. They

concluded that prope of back and side rake angl

and also bit steerability. Figure 2.8 shows the back and side rake angles illustrated on a

single PDC cutter.




BACK RAKE ANGLE
(negative )

SIDE RAKE ANGLE

|/

Models developed on the basic of experimental single cutter tests are also

available. Glowka [19] made use of experimental single PDC cutter tests and analyzed the

19



data to propose a model for forces on the cutter correlated with the depth of cut and cutter

angle and rock physical properties. He also investigated the effect of nozzle flid velosity

‘and incorporated that into the model, since the experiments were carried on with a nozzle:

jet which was mounted in the set-up mainly for cutting removal purposes. Rafatian ct al
[30] also conducted an experimental study with their pressurized single cutter testing
apparatus. Their set-up s very similar to setups in other studies that performed single
cutter testing. An important feature of their experimental set-up is that it is capable of
simulating bottomhole pressures as high as 950 psi (6.5 MPa). The cutter is mounted on a

shaft whi

rotates and scratches the rock underneath in the circular path that it travels.

Force transducers measure vertical and horizontal force components during the
tests, which are used later in determining drlling mechanical specific energy (MSE).
MSE is a concept introduced and used for the frst time by Simon [31] and later by Teale

[32], which claims 10 be a preferabl i penetration wh d

measuring the drilling efficiency. The exact definition of this quantity is the enery
consumed to remove  unit volume of rock. Rafatian et al. [30] found out that the specific

energy increases dramati

lly when the bottomhole pressure increases even by a small

amount from the atmospheric pressure. The reason is suggested 1o be a fundamental

change in failure mode from britte to ductile and therefore a decrease in the efficiency of
cutting. I the ductle mode, no chip forms and cultings take the shape of a ribbon stuck
1o the cutter wall pushed to the wall by the bottomhole fluid pressure.

In addition 1o studies based purely on mechanical aspects of cutter-ock

interaction, Detournay and Atkinson [33] investigated the effect of pore and bottomhole
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pressures and incorporated them in a simple mechanical cutter model, introduced earlier

by Merchant [34], for the cutting of metals. They coupled an analytical mass balance and
diffusion with the failure model and used the equation for specific energy developed by
Merchant [35]. The equation stated that the MSE is neither merely a function of
bottomhole pressure or differential pressure (the difference between the pore pressure and
bottomhole mud pressure), but s a function of the difference between the bottomhole
‘mud pressure and the pore pressure in the plane of shear falure. They identified differcnt
drilling regimes, and in one called High Speed Regime, the pore pressure in the shear
plane is essentially zero due to lack of time for the flid in this plane to equilibrate with
the formation fluid and the expansion of the pore fluid in the shear plane due 10 shear

dilatant behavior of the rock [36]. This regime is expected in high RPM drilling and also

low permeability rocks such as tight shale. In the other extreme, low speed regime, the
pore pressure in the shear plane equilibrates with formation pressure and the MSE
becomes a function of the differential pressure. Figure 2.9 shows the cutting model they

used and the shear failure plane.



Figure 29: Cuting model used and the locaton of the plane of shear falure (afer Detournay and

Atkinson [33]).

Peltier and Atkinson [37] made another analytical study looking into the effect of
filtation rate of mud into the formation and also rate of penetration and the consequential
pore pressure changes undemeath the bit. The importance of these studies in the
investigation of penetration mechanisms is due to the fact that rock pore pressure affects
the ease of rock breakage. The higher the pore pressure the casier the rock to fail all the
other conditions remaining constant. The reason was discussed by Terzaghi (38]

I observations. The rock

introducing the concept of effective stress based on em
effective stress is defined as the stress state identified by the two principal stresses
subiracted from the pore pressure [39]. This shifts the Mohe's circle discussed in section

2.1.1 to the left and makes the rock more likely to break.



23 Rock Cutting Numerical Simulations

Recently, by development of mechanical simulation software utilizing different
algorithms such as finite element or discrete element method to model solids and fluids

and their mechanical response due 1o loading (mechanical, thermal, etc.), it is much more.

enient i ical equivalent.

In the previous se

. several analytical approaches to solve the cutter-rock interaction

problems were introduced and their methods and their applicability were discussed. In

this section, a brief review of the attempts made to numerically

westigate this problem
will be presented. This part of the lterature review will be presented in a chronological
‘manner as the numerical simulation methods are relatively new conceps.

“The carliest work done in numerical simulation of cutting action of drag bits dates
back to 1984 when Victor and Kleinosky [40] studicd chip formation in rock under a line
load and in front of a drag bit cutter. The analysis was accomplished using a special
purpose interactive graphics finite element code, SICRAP, written for the simulation of

‘mixed mode crack propagation under linear elastic fracture mechanics assumptions. The

first study provided some interesting qualitative results, and in the second study,

comelation with experimental tests on chip formation by drag bit cutter in Berea

sandstone was found to be factory. . the elastic anal

coupled with fracture mechanics, is capable of modeling rock cuting. Figure 2.10 shows

the model
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In 1994, Picry ct al. [41] used fisite clement method to simulate cutting action of

a single PDC i pressure. They i planes of

fuilure based on two different strain localization criteria and found that breaking occurs

by strai ing in a this . Figure 2.11 sh

localization patterns observed by them based on different criteria they used. Bifurcation
crierion is based on the Rice analysis [42] (top left part in Figure 2.11 is an instance),
scalar indicator criterion based on von Mises strain fiekd (two parts on the right), and

2



finally the Drucker-Prager constitutive law (top right part of the Figure). For all the cases,
the existence of a plane of localized strain (called plane of shear fiilure) is apparent. One

year later in 1995, the same author and Wang et al. [43] confirmed these results in a

similar study with finer meshes and more precise constitutive laws.

NN
Figwe 4 Figures

Figure 211 fer Pierry e al 41]).

In 1999, Huang et al. [44] performed the preliminary attempt to simulate rock

cutting process

g the Discrete Element Method (DEM). Their focus was in

reproduction of two different falure modes, brittle and ductile, observed in low and high

2



pressure drilling environments respectively (refer to section 2.2) [30]. Their simulations

successfully yielded the results observed experimentally by assessing the cuttings
morphology. In 2005, Gong et a. [45] performed a series of numerical simulations using
the DEM to explore the effect of joint orientation on rock fragmentation process by a
tunnel boring machine (TBM). They observed crack initiation patterns and drew

conclusions on changes in stress field and tool performance with respect to joint

orientation.

In 2006, Han and Bruno [46] attempted to simulate the mechanism of rock
breakage in hammer drilling. Hammer drilling uses percussive impacts with a specally
designed percussive bit and is known to be an efficient drilling method in hard rock
drilling [47). They used a Mohr-Coulomb material with strain softening in an explicit
finite clement model. They also defined fatigue criteria to account for the failure occurred
due to cyclic loading of the percussive impacts. Their numerical simulations generated
three outputs: a plot of failure advancement, a history of rock failure, and a history of
rock ftigue/damage. Another important and distinetive feature of their model was that
they applied lateral confining stresses to the model lateral boundaries instead of constant
displacement and this simulates the real world underground stress much more accurately
[48]. Refer to Figure 2.12 for model configurations and detals. A few months later, the
same authors [49] calibrated laboratory and full scale mud hammer at depth and

simulated borehole and in situ conditions. Their studies have significantly advanced the
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Figure 2.12: Finite clement mesh for rock cutting and it boundary conditions (after Man and Bruno
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In 2008, Tulu et al. [50] developed an explicit finite element model simulating a
single rigid cutter cutting a cylindrical rock specimen in a circular path on its surface.
Their carly simulation results measuring vertical and tangential load during the course of

in 2009, the

simulation seem to be working and giving realistic results. One year lat
same authors in another paper [51] published the results of their numerical simulations
calibrated with single cutter experimental test data which was published before by

Glowka [19] (refer to section 2.2). Their model, after moifying several key parameters



such as tensile strength, matched the experimental tests results (force profiles acting on
the cutter). In their conclusion, they suggested that strain loc
dependent and dity of thi

1n 2009, Block and Jin[52] conducted a very interesting study on the failure mode.

tion appears to be mesh-

of rock and botiomhole pressure using the Distinet Element Method. This study was
inspired by the aforementioned work done in 1999 by Huang et al. [44]. They confirmed
the previous results of ductile and brittle failure modes [44, 30] in high and low bore hole.

ficantl that

level forces were spatialy averaged to determine the rate of energy dissipation within the
rock volume during the entire cutting process. Their results show that there is a direct and

dilling effi

a i 3
and a transition from chip-like (britle failure) 1o ribbon-like (ductile failure) cuttings

morphologies. Figure 2,13 shows how these falure modes look like. Creation of a chip

cutting is obvious in the lef side where the failure is in britle mode.

Britle failure in O MPa bottomhole pressure  Ductle falure In 30 MPa bottomhole pressure

]



Figure 213:

Jin 52

In 2010, two very impressive single cutter-rock interaction simulations works
were published. Jaime et al. [53] compared various approaches in explicit finite element
‘modeling from Eulerian and ALE formulation to Lagrange formulation and found out that
the last one is suitable for their study. The results of a Lagrangian FEM in modeling rock

cutting gave them excellent matches to experimental single cutter tests as it can also be

seen in Figure 2.14.



Figure 2.14: Laboratory rock cutting test (rght side) compared (o mumericaly simalated ersion

ide), .6 depth ofcut, countours show damage values (afer Jaime et al. [53))

In another study [54] particle crushing effects were incorporated into discrete

elements. Adding the effect of particle erushing in the model made the model to match

nificant role

the laboratory experiments better. Particle crushing was found to play a si



when a rock had a relatively high strength or high stiffness. However, from the cutting
force perspective, crushing of particles does not seem to significantly affect the resulting
force

Having a general picture of previously done work in the area of PDC cutter-rock
interaction, the numerical attempts described in section 2.3 will be evaluated in the next

chaper.



3 Evaluation of Numerical Simulation Methods

“This chapter is devoted to summarizing the early attempts that were made to evaluate
possible rock cutting numerical simulation methods. This process included a literature

review, basic simulati . and obs of their rds simulating

the desired scenario. Three conceptually different numerical methods were investigated

);the finite difference

during this process: the fiite element method (implicit formulat
‘method (explicit formulation), and, the distinct clement method (explicit formulation).
“This presented order also coincides with their chronological order of investigation and.

interestingly, ther effectiveness.

31 Finite Element Method (Implicit Formulation)

301 Overview

of solids were based on the finite

The very first numerical methods for the anal
element method with an implicit formulation

In the finite element method, the solid is discretized into finite clements using an

appropriate meshing scheme. Each individual element is the smallest unit in the finite
element model and unit stresses and displacements will be defined for cach clement. A
finite element solution will be a new stress field and displacement field after application

of a loading on the body. For the purposes of this investigation, the finite element




method, a matrix known as global stiffness mat

formed which is an assembly of all the individual stiffness matrices of each single

element. The term “stiffiess matrix” means a matrix whose product with the stresses
acting on the elements will result in consequent strains on that element. Therefore, a
given stress field gives rise 10 a resultant strain field which determines the deformed

shape of the material. The stiffness matrix i a function of the mechanical constitutive law

by which the material is defined.
“The implicit method means that this method does not give a solution by dircetly

solving the equations of motion, but rather by solving the equation of stiffness matrix

using iteration techniques. The higher the number of elements, the bigger the

trix and the big

Interested readers are referred to the textbook given in the Reference [55] for a thorough
discussion and introduction to the basics of this method.
312 Features of the method

‘The main feature of the implicit methods is that the time step required o solve a given

loading condition can be arbitrarily large, but cven so, the method will still give

problem. This is the main ad F this method

compared to explicit methods, as will be explained later, in which a maximum allowable

»
Another feature is that numerical damping of energy is inherently within the

Solution and is dependent on the time step; resultantly, it wil give unconditionally stable



solutions despite other methods in which no significant damping algorithm is available
fora dynamic solution.

“The issues addressed above are the main advantages of the implicit finite element
‘method when compared to other methods. There are a few more minor advantages which

are out of the scope of this investigation’s objectives.

313 Limitations of the Method
The major disadvantage of this method, however, is that time steps could be arbitrarily
large, but a large amount of computation effort s required for each individual time step.

The reason for this, as mentioned in section 3.1.1, s due to the iterative solution scheme

that might require a large number of iterations to converge the final solution.

“The other issue regards nonlinear constitutive laws defined for materials. A the
complexity and nonlincarity of the material constitutive law increases (which is always
the case for rock), extra iterative. procedures are required to_ follow the nonlinear
constitutive law.

Among the disadvaniages, there is the problem of stability of path-sensitive
problems. For these problems the stability of the solution should be demonstrated and it
should be proved that the material has followed a physically stable path. (Path-sensitivity
includes materials with a hysteresis behavior, where almost al rocks demonstrate a strong
Version of this behavior ) (56].

Another disadvantage is that an additional computing effort required for analysis
of lrge displacement and large strain problems (all the rock cutting models involve very

large srains due to failure and flow of the rock) [35].
3



314 Conclusion

Considering all the information discussed above regarding the nature of the method and

its pros and cons, the following conclusion regarding its applicability was drawn. Rock
cutting numerical simulations have two major characteristics which render them unique
from other physical phenomena being used in implicit simulations (such as metal
deformation). First, the constitutive laws governing the rock behavior are extremely
nonlincar and also demonstrate strong hysteresis behavior (refer to sections 2.1.1 and
2.1.2). Second, the rock cutting process is a large strain problem, large deformations take
place in the shear plane of failure (refer o sections 2.2 and 2.3).

Taking a look at section 3.1

is obvious that these two main distinctive
characteristics of rock cutting process fal exactly into two main weak spots of implicit

methods. As

be explained later, these two are, in contrast, the main strengths of
explicit methods.
As a conclusion, the wtlization of implicit FEM has proved (o be extremely

inefficient and probably ineffective for our purposes.

32 Finite Element Method (Explicit)

321 Overview

“The explicit solution of the finite element method (som
method) is still based on discretization of the solid body with a finite element mesh.
However, for the explicit solution no global stiffness matrix forms as it was the case for
the implicit formulation [57]. The explicit method solves the dynamic equation of motion
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over cach time step, and then the new velocities and displacements give the new strain
field. In tum, the new strain field is converted to the new stress feld using the constitutive:
equations, and these give new forces acting on elements that will again be inserted into
the dynamic equation of motion. This cycle continues for as many time steps as required.

Figure 3.1 illustrates this cycle.

Velocities and stresses.
displacements orforces

(Consttutive Equation)

\ulation sequence i an explicit FEM method.

Figure 3.1

There is one important consideration regarding the validity of the solutions given

by expli

it methods. Looking into the caleulation cycle, when the stress field changes, the

strains should change accordingly; bul they do not. This suggests that the explict
simulations might not be realistic; however,if the time step chosen for calculation cycles
is sufficiently low that the information physically does not have the time 10 pass from one

element 10 the other, the simulation results would be valid. This minimum time step is

speed of
‘wave propagation inside the material being modeled.
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322 Features of the method
The main feature s that however small the critical time step (refer to section 3.2.1) might
need to be, the computational effort per each cycle is much less than the implicit method.
The reason is that there is no maitix to be solved, and therefore, no itration is needed.
Also, despite the implicit method, any constitutive law with any degree of nonlinearity
and complexity can be incorporated into an explicit formulation without adding up to
computational effort since allthe constitutive equations are directly applied to the already
Known strains and give the new stresses (refer (o section 3.2.1). As mentioned, rocks’
constitutive laws are among those nonlinear ones.

Another advantage is that, provided that the time step is smaller than the critical
value, the material would follow a valid physical path for any type of consttutive law.
Finally, since no stiffness matrixes are formed, large strain problems can be

‘accommodated without any additional computing effort.
323 Limitations of the method

As mentioned in the fundamentals of the method, a small critical time step is required in

order for the solution to be physically valid. This time step decreases as the clement sizes

decrease and also as the speed of mechanical wave propagation in the materi

“This might require numerous time step trials to get o the desired time.
Besides the time step, there i the problem of damping. Since the method solves

the dynamic equation of mation, if a stable solution s desired, a damping algorithm

should be introduced so that the solution stabilizes after a reasonable time. However, no.



significant damping algorithm which can be applied in every situation and also be
realistic is introduced.

Finally, being a common issue for both implicit and explicit methods, the
constitutive laws available for the rocks are very complicated and their parameters are
difficult to obtain. The post-failure behavior (plastiity) is a very complicated field of

study with a lot of uncertainties and questions yet to be answered 58, 59].

324 Conclusions
Compared to the implicit finite clement methods and keeping the last two sections in
mind, it is obvious that rock cuting simulations are much more suited to be performed

using explicit FEM methods. They are much more efficient in the analysis of very

nonlinear and large-strain problems, among which cutter-rock interaction is of specific

interest here.

However, the last limitation which was pointed out regarding the complexity and

antly questions the appll

non- availability of constitutive laws, signil ity and
efficiency of these methods. Not only should the rock constitutive law be the best
representative of its behavior, but the contact constitutive law should also be realistic
since all the interaction between the rock and the cutter is transferred through their
contact, Therefore, even with the best rock constitutive law implemented, if the contact
modeling is not precise, the simulation could be totally unrealistic.

With the advent of the Distinct Element Method (DEM), as explained in the

st i have ber




33 Distinct Element Method

331 Overview
Since being first introduced by Cundall [60] in 1971, DEM has progressed and developed
ever since. The major difference between DEM and FEM is the fact that DEM treats the

material as a discontinuous medium, meaning the materi

is composed of distinct and
discrete units. One can think of a material represented in a DEM model as an assemblage
of discrete particles.

In a DEM, forces arise when particles overlap which are called contact forces and
the magnitude of the forces is determined by the contact constitutive law. Contact forces
are decomposed into two components of normal and shear forces. Usually DEM
constitutive laws include normal and shear stiffness as the coeflicients relating contact

t DEM

stiffness and also might prevent them from separation until a determined tensile stress is
developed.

Because the DEM calculation method is also explicit, it means that a critcal time
step according 10 the characteristcs of the system (minimum time required for stress
wave 10 pass from one particle o the next) is determined and dynamic equations of
‘motion are solved for each partcle and then the new contact forces are updated based on
the displacements [61],

It should be mentioned that extemal contacts with a DEM material can also be
modeled and they are sometimes called “wall” in the literature [62], These enities could

be representative of any extemal boundary or contact in the real world.
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Friction i ified on icles should

undergo shear displacement or sliding.

332 Features of the Method
All the features mentioned in Section 3.2.2 for explicit FEM apply for DEM: however,
for our purposes DEM has additional advantages.

The new approach of DEM, which considers the material as a discontinuous

medium, eliminates the need for sophisticated constitutive laws developed for inherently

ntinuous materials (such as rock) in FEM models. Materials represented by the
basic, even lincar and elastic, contact constitutive laws of DEM match the real behavior
of most of the rock types far better than any FEM, even considering its highly
complicated constitutive law [63].

An extemal contact, such as a cutter, in a DEM is dealt with the same way that the

internal contacts (contacts between the particles) are being treated. No extra modeling

effort and constitutive laws are required to model the contact, since the contact s an

indispensable part of a DEM.

333 Limitations of the Method

Obviously, a material which is not inherently textured or does not have a granular

structure cannot be represented by a DEM model. The major portion of the materials of
i ina DEM model.

ing a y i implement a DEM
algorithm in a computer, and few available codes. Because these codes are also very
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young and basic, limited literature is available about DEM constitutive parameters and
calibrations with real materials.
334 Conclusions

Being compatible and coincident for rock behavior in terms of constitutive laws, great

case and flexibility in implementing extemal contacts (such as cutter) along with all the

FEM methods in Section 3.2.2 and the successful

other advantages listed for expli

works published in the literature [44, 45, 52, 54], the final conclusion was drawn that
utilization of DEM would be method of choice to model cutter-rock interaction.
“This chapter offered an overview that leads us to the next chapter, which is the

description of the physical model and its DEM representation.



4 DEM Model

In this chapter the conceptual physical problem will be discussed and then the system will
be implemented in the DEM model, with the details of the implementation explained in

Appendix A. DEM genesis of the rock material used in the model will also be described.

41 Physical Model
“The physical model is very similar to the single cutter rock interaction experimental or
numerical models which were discussed before (Sections 22 and 23). However, the
conditions prescribed on the cutter have a fundamental difference with the previous
‘models. In the first subsection, the previous model will be briefly introduced, and in the
second subsection, the motivations for tis change will be discussed. Finally, in the last

subsection, the physical model itself will be described.

411 Constant Depth of Cut Models
“The majority of these models consist of a single PDC cutter which starts cutting the rock
at a constant depth (the vertcal position of the cutter is constant all over the course of
simulation) while the cutier moves with a constant horizontal speed with the rock
specimen held in place. Figure 4.1 illutrates a typical scenario of this model before the
cutter actually starts o cut the rock. For convenience, these types of models will be

termed “constant depth of cut” models.



As mentioned before, for the lateral boundaries of the model the assumption of
constant stress is more realistic than the no displacement boundary (refer to Section 2.3

and also [48]). However, if the model dimensions are sufficiently large, the no

displacement boundary will not affect the mechanism under investigation (rock-cutter

interaction). This is why most of the models simply assume no displacement boundary
conditions as the lateral boundaries.

The upper bounds of the rock (i.., the rock surface) in most of the models are
under constant hydrostati pressure. The term “hydrostatic pressure” reflects the notion
that the force vector will always be normal to the current rock surface. Therefore, if the
rock surface deforms due 10 the action of the cutter, the force vector also changes

direction so that it wil sill be perpendicular to the current surface geometry. This force:
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simulates the mud hydrostatic pressure exerted on the bottom of the hole during the

drilling process. The effect of mud in the rock breakage is not imited to this aspect. As
mentioned in Section 2.2 and [33, 37], the filtrate of mud into the rock pore space and
also pore pressure changes could also affect the failure mechanism; nevertheless, due to

numerical simulation I

tions, these effects have never been incorporated in the

mechanical cutter-rock interaction models (to the author's knowledge).

412 Motivation for Changing the Boundary Conditions on the Cutter

In field drilling practices; normally, the Weight On the Bit (WOB) is controlled (or
prescribed) [64] and the Rate OF Penetration (or cutter vertical displacement) is an output
of the system. In the constant cutter depth simulations, in contrast, the cutter vertical
displacement is fixed and the reaction forces on the cutter (an indication of WOB) are the
output. The authors who made these models, back calculate the average vertical force on
the cutter from the force profle resulting from the simulation output and relate that force
on cutter (proportional to WOB) to the cutting depth (proportional to ROP) [44, 52, 53,
sa).

“This presented approach — to back calculate WOB from the output and then
comrelate that to ROP — works well, demonstrates good results for multiple purposes, and
also matches well with experimental observations. However, for some purposes, one
might be interested in evaluating and comparing the drilling response of different WOBs
versus time profiles.

‘As an example of these situations, lt us consider the case in which an oscllatory

force source imposes a sinusoidal force profile in the drill string which travels down in
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the drill string to the bit and that sinusoidal force profile superimposes on the static WOB.
Figure 4.2 illustrates such a scenario when a hypothetical sinusoidal force source

is mounted in the drill string.

‘The constant cutting depth models are unable to simulate these conditions. If one
aims to compare the cutting action of a conventional constant WOB drilling case to one

of these scenarios, or even further, compare different frequencies and amplitudes and

depth models fail to apply.

The Advanced Drilling Group (ADG) of Memorial University of Newfoundland

has been working on design and development of such a tool (known as the “Vibration
Assisted Rotary Drilling” or VARD tool)at the time of authorship. The author, as a full

time graduate student working i

the sroup, was assigned the task of developing a
numerical single PDC cutter model which is capable of predicting the performance of the
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VARD tool under different tool design parameters (mainly force amplitude and
frequency). This was the main motivation to change the model configuration in order to
investigate the desired phenomenon,

Also, the capability of such a model o predict the motion of the cutter under

various loading conditions provides a valuable opportunity to investigate possible bit

vibration and bit bounce.

413 New Model Physieal Description
In the new model, the vertical force is applied on the cuter while the cutter is on top of
the rock specimen. The cutter has no rotational displacement acting on it just as in the
case of constant cut depth models in which the cutter has no rotational displacement. A
single cutter on a PDC bit while drilling has both horizontal and vertical motions, but
there is no rotation in the movement of the single cutter. After application of the vertical
Toad on the cutter, the cutter penetrates the rock, but the real cutting process takes place
when the constant horizontal veloeity is prescribed on the cuter. This is when the cutter
starts to slowly penetrate into the rock while a prescribed force profile is being applied on

it. Figure 4.3 illustrates the described model.



Cutter
Rotations
Displacement

Displacement

Rock spuciman

Fixed Displacement on the Bottom of the Specimen

Figure 4.3 Schematic of the cutting model.

Other model parameters such as applied hydrostatc pressure and rock boundary

it

iy the same as the models which plained in
Section 4.1.1.
From here, the next section describes the DEM representation of the physical

model described above.

42 DEM Model

In this section the DEM model is discussed.

the genesis of the rock specimen is
explained and the rock's physical behavior will be demonstrated. Then the cutter will be

added to the model and the boundary conditions will be applied.
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Before proceeding. it should be pointed out that the entire modeling was based on

‘which all the circular DEM particles have a 3-D interpretation of an

a2:D approach

extruded circle which is a cylinder. All the forces and constants are per unit thickness of

these hypothetical cylinders.

421 Material Genesis
Generating a material specimen in a distinct element model is a process that should be
done before any simulation attempt is made. Generation of specimens and all the

‘modeli

DEM code PFC-2D [65].

A subroutine developed in PFC-2D (6] assists in generation of a rectangular
shaped rock specimen consisting of distinct particles with the DEM constitutive
parameters given. The material generated and used for the purposes of this work is
Carthage limestone whose DEM properties have been derived by Emam and Potyondy

[73]. The results of a DEM numerical simulation of Uniaxial Compressive Stress (UCS

test on this material s calibrated with experimental test data performed on Carthage
limestone [73].

The DEM material properties proposed for Carthage limestone and a.brief

description of heir p

42,11 Description of Carthage Limestone DEM Properties

Density of the particles is the most important parameter as it affects the entire dynamics

of the rock. The value given for the bulk density is 2620 kg/m’. As mes



density of the rock bulk and not the part ity. The material genesis subroutine is

capable of generating a rock specimen of a given density.

The next two DEM parameters deal with the stiffness of the contacts between the
partcles. There are two parameters associated with. this. Contact normal stffness
(sometimes called contact elastic constant) is given as 83 GN/m and contact shear
stiffness s 21.8 GN/m. As mentioned before, norma stiffness is the normal contact force

developed per unit particle overlap distance and the shear stiffness is the incremental

shear force developed at the contact per unit increment of shear contact displacement.

These two parameters are tightly related to the rock elastic and shear moduli
respectively.

“The friction coefficient between the particles is set as 0.5. The fiiction coefficient
determines the maximum allowable shear contact force that can be developed based on
the normal contact force.

Fomax = #Fy @n

‘Whee Fnae s the maximum allowable contact shear force and  is the friction
coefficient and F s the normal contact force. The friction coefficient is tightly related to

the friction angle, for example in Mohr-Coulomb failure criteria (see Section 2.1)

o simulate the effect of cement bonding material grains together, additional normal and
shear stiffness values are defined in the model and they act in parallel to the contact
stiffess values. (Therefore, they simply add (o the stiffess values of contacts). In the
DEM, these are called parallel bonds and the values given for them are the same as the

values of contact stiffncss (i.c., 83 GN/m for normal and 21.8 GN/m for shear stiffess).
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‘The parallel bonds, simulating the effect of cement between the material grains,
break if one of the following two criteria is met: i) Shear contact force exceeds the
parallel bond shear strength, or, ii) normal contact force exceeds the parallel bond tensile
strength. Once a parallel bond s broken, their stiffess is no longer effective in the
contact behavior. Parallel bonds allow tensile forces to develop between partcles as long

as they exist, exactly like the real cement holding the mater

1 grains.

“The values of contact bond shear and tensile strengths are not constant for all the
particles in the proposed material model. They follow a normal distribution over all
particles. The mean values for both parallel bond shear and tensile sirength are given as
91,0 MN and the standard deviation is given as 20.0 MN for both. The material tensile
strength s a strong function of is parallel bond tensil strength.

“The particle sizes follow a normal distribution with the ratio of 1.6 of maximum
particle size to the minimum partcle size. Tn order to have a fully defined particle size
distribution DEM model of the rock, in addition (o the maximum to minimum particle
size ratio, the minimum (or maximum) paricle size should also be determined; however,
this parameter is not strictly determined. Different types of Carthage limestone might be
comprised different grain sizes; although, demonsirating the same behavior in terms of
the rest of their DEM parameters.

Figure 4.4 shows that for a specimen generated with minimum partcle size of |

mm, the specimen size is 100 x 50 mm.



Figure 4.4: Generated specimen, normally dhtribued particles from the minimom size of 1 (0
masimum of 166 o, Specimen dimensions are 50 mm wide and 100 mm tall (generated wsing

materal geness module).

4212 Carthage Limestone DEM Medel Testing and Verification
PFC/2-D provides a ool to simulate a UCS test on a gencrated specimen and monitor

stresses and sirains on the specimen. This makes calibration and verification of the

As mentioned in the last sectior, there is onc DEM parameter in the Canthage

limestone model which is not determined stricly and is optional. In fact. in the

s1




sedimentation and lithification process of limestone, depending on the type of the

Sedimentary basin in which the limestone is formed, the average grain size and their

ibution might vary.

A series of simulated UCS tests were performed (o obtain values of Young's

modulus and Poisson's ratio and UCS values for a material represented by the

in Section 4.2.1.1 and

‘Samples with 50x100 mm dimensions with minimum partcle sizes ranging from 0.2 mm
10 1.4 mm were subjected t0 simulated UCS tests. Figures 4.5 and 4.6 show the obtained

b arioitober amid P

parti pectively.
406410 1 Young's Modulus
ss0ci0 (Pa

raoteo e S

the material genesis module).



Particle Size

Figure 4.6: Oblained UCS value versus minimum particle size (data poiats are generated using

terial genesis module).

Table 4.1 shows the values obtained for Young's modulus and Poisson's ratio and

uCs and given for Carthage fi

Min  Part. | Youngs Paisson's
Rad. Modulus, Gpa. | Ratio UCS, Mpa
02 ] 029 T7.00
03 52 029 T19.00
05 3 037 97.00




08 77.1 03 107.00
T 778 030 11500
2 7.1 028 10800
] 78 029 103.00
Experimental | 76 029 100
is found in the rock macro-

properties are complicated functions of rock micro-properties (DEM  parameters).
Nevertheless, as a rule of thumb, it can be stated that the finer the rock particles are, the
higher their compliance and their strengih most likely to be, all the other micro-properties
Kept the same.

The closest match between the experimental data given for Carthage limestone
[67) and DEM models s the rock with minimum particle size of 1.4 mm. This does not
mean that the others do not describe a Carthage limestone, but for that specific rock
sample a minimum particle radius size of 1.4 mim is considered to be the most appropriate

one (his is a relatively high partcle size for sedimentary rocks).

Figure 4.7 shows the state of the specimen with minimum particle radius of 0.3
mim at the end of the simulated UCS test. Both red and blue lines indicate broken parallel

bonds between the particles, red lines mean that parallel bond is broken due to tensile

failure and blue lines means that the parallel bond is broken due to shear failure (see

section 42.1.1),



Figare 47 ves
curve (generated using the material genesis medule).

Usually, in experimental UCS test, one or two major cracks develop which
propagate from one end of the specimen 10 the other. Here,in this simulated test, it can

also be observed that a major crack (accumlation of broken parallel bonds) is formed

specimen top cck
is initiated and propagated down 10 the other side of the specimen. Therefore, the two

onichi

propagating 5 As
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if the specimen was long enough, it would probably propagate in the same path to the
other side without reflecting back from the boundary. This cracking pattem which
produces coniclly shaped samples after failure has been observed in experimental UCS
tests numerously.

A lusion, the materi by the DEM described in section

4211, dal whose i with

very good accuracy.

422 Cutter in DEM model
“The cuter is a rigid body that consists of extremely small DEM particles. In PFC/2-D
these sets of partcles which do not move relative to each other are called “clumps’” [68)].
“The purpose of clumps is mainly to create DEM particles of arbitrary shapes and to
simulate materials whose partcles are shaped far from even an approximation of a circle.
As mentioned, the clump particles do not move relative (o each other and
therefore no contact forces develop between them. This clump logic was wtilized to
construct a rigid cutter in these simulations.
“The main physical properties of the cutter in terms of its DEM parameters are described

in this sect

As illustrated in Figure 4.3, the cutter initally sits on top of the rock specimen.
One of the main properties of the cutter i its rake angle. The face of the cutter is not
necessarily perpendicular to the rock specimen surface. Sometimes called “cuter back

rake angle”

property is proved to be very influential

drilling performance (see.

Sections 2.2 and 2.3 and [16, 21, 27]). Refer to Section 2.2 for the definition and more
56



detailed terminology related to rake angle from a bit point of view. From a cutter point of
view, rake angle is simply the angle of deviation of the cutter front face from the vertical
line.
‘The cutter angle is also another parameter to be set. Most of the PDC cutters have
an angle very close to 90 degrees. In Figure 4.3, the cutter angle is also 90 degrees.
I these types of models, the cutter friction coefficient is the most influential physical
parameter of the cuter. In a DEM model, as explained in Section 4.2.1.1, the friction
coefficient is the factor that controls maximum allowable shear contact force developed
between two DEM elements. In the same loading on the cutter regime, a cutter with a
higher friction coefficient is more likely to experience higher horizontal force values.
Values for fiction coefficient for the bit are reported by Kuru [69], and range
from 007 to 0.15 depending on the rock type. The DEM value of cuter friction could be

higher than these values since all were based the

cutter has already met the maximum shear (see Section 4.2.1.1).

The cutter is a rigid body in this model, therefore there is no compliance or clastic
‘modulus is required for it. The assumption of rigid body is completely reasonable since

the elastic modulus and also UCS values of PDC are several orders of magnitude higher

than those of rock.
‘The model is described and all the main parameters are explained in this chapter.
The mutual dependence of DEM model parameters and their physical meanings are

explained.



‘This introduces us 1o the next chapter which is a detailed discussion of input

i pl ign




5 Model Input Parameters

“This chapter deals with those input parameters of the model, in which the sensitvity of
the driling operations to them are of primary interest. Interpretation of the meaning of

— e

par i of

5.1 Prescribed Vertieal Force on Cutter

As described in the physical model in Section 4.1.3, a verical force is appl

(prescribed) on the cutter and this

is the major difference of this model compared to
others in which displacement on the cutter is prescribed. In Section 4.1.2, it was clearly
explained why this scenario of loading is more realisic and also how it can simulate

certain

“The question arises that the force on the cutter corresponds to what parameter in
real field drilling? The answer is Weight on Bit (WOB), the famous driling parameter
which is always given to the diller by the drilling designer or engineer to maintain a
certain WOB.

‘Weight on the bit is provided by the drilling hoisting system [64], which consists
of the drilling strings (including drill collar and drill pipe) in the upper end of the rig that
are connected to a hook. The hook applies an adjustable amount of upward force (o the

drill string, which counteracts the downward force resulting from the weight of drill

srings, and the resultant force (afle accounting for buoyancy effect due to drilling fluid
density) is applied on the bit and is called WOB.

59



Changing the hook load causes equivalent changes in WOB, and the driller at any
time is able to change the hook load to supply the desired WOB.

Calculation of forces applied on each individual cutter for typical PDC cutters is
possible, but is complicated and needs solid design software coupled with finite element

‘methods. Typical PDC cutters have complicated 3-D spatially distributed cutters. Despi

these complications, for the goals and motivations of our research (see Section 4.1.2),

which is mainly a comparative study of the performance of a tool which

a dynamic

force source, it is quite a force pr is
applied to the bit will also be transmitted to the cutter. For example, consider 4 situation
in which a 10 KN force is applied on the bit and | KN of this force is on a certain cutter.

‘Then a hypothetical oscilating force on the bit is added, with an amplitude of 2
KN and a frequency of 100 Hz. In the exact same way that 10% of 10 kN force on the
cutter was applied to the cutter, 10% of this force will be applied on the cutter as well,
which s force oscillation with 0.2 kN amplitude and 100 Hz frequency. Therefore, the
superimposed force oscillation on the whole bit with an amplitude of 20% of the constant
force is transmilted to an oscilltory force profile on the cutter with the same fatio of
amplitude to constant force on the cutter.

A simple instance of the forces on a single cutter for a very simple and small
designed PDC bit shown in Figure 5.1 is discussed below. The bit is the property of

Advanced Drilling Group of Memorial University of Newfoundland.



ffrent angles (figure in the et i op view). Bi dis

Total Length 60 mon.

The PDC cutters are clearly visible from the figures. This simply designed PDC

bit with two cutters, which despite its smplicty is very cfficient, has a diameter of S0

< the

mm. The picture in the middle shows the rake angle of one of the PDC cutters. Si

cutiers are symmetric and their tips sre on the same horizontal plane, under ideal

e is half of the full WOB exerted on the bit

aditions the vertical force on ¢

However, this is not always the case for typical PDC bits in which cutiers are positioned
noa-symmetrically cither from a side visw or top view. Complicated force and moment

ometries with even a small number of PDC

balance cquations might be needed to solve

cutters. Figure 5.2 shows another simple PDC bit with § cutters. Even if all the cutters

had a tip lying on the same horizontal plane, the arrangement of the cutters from the top

static case of loading.

view is not symmetric and the moment balance cquation (even fo

without bt rotation) will result i s on individual cutiers.

'




Figure $2: A more complicated PDC bit configuration (slso a property of the Advanced Drilling

Group). Bt dimensions: vgth 125 man.
An applied weight on the cutter of 10 kN in reality will translate to almost 1000
KN/m (= 10 KN/em) of force for a 2-D DEM model, since the model assumes a unit

thickness of the cutter (1 m) for the forces to be applied. while the PDC cutter as viewed

in the 2-D model is extruded from the 2-D plane with almost 1 cm. (The typical thickness

of the PDC cutters are in this order of magnitude.)

52 Prescribed horizontal velocity on Cutter
The horizontal velocity applied to the cutter simulates the rotary action of the bit. As the

s around its axis, the cutters travel a circular path as viewed from the top. The

reason why horizontal velocity is being applied and not the horizontal force is because the

6



rather than torque, is prescei ill s y the
bit). In 2-D, the circular path being traveled by the cutter is simplified into a straight path

.

For a PDC cuter with  distance of r from the bit center and a rotary speed of N
RPM, the lincar velocity 10 be used in the 2-D single cutter model is determined using
Equation .

/3 Nor [Ex)
‘Where Vy s in meters per second and r s in meters.

Depending on the position of the cutter on the bit, the horizontal velocity will be
different for different cutters on the same bit, The bigger the radial distance of the cuter,
the more accurate the approximation of 1 crcular travel path with a linear path (because

the curvature of  circle is the inverse of s radius).

6



A question that might arise is, how does this model simulate the performance of a
cutter which is positioned exactly on the bit center? Secondly, will the horizontal speed
be zero? The answer is that, to the author’s knowledge, no PDC bit has a cutter placed
exactly on the center and all of the cuters on a PDC bit have an offset distance from
center (however small). For example, consider the two simple PDC bits shown in section
5.1 Nevertheless, et us consider a hypothetical PDC bit which has a cutter exactly on the
center, with the thickness of the cutter represented by tand the vertical force on the cutter

identified by

“The author's proposed approach to model this cuter is to approximate its

action by two separate cutters as shown in Figure 5.4,

Cutter
Thickness: t

Equivalent )
: I

Rotational Speed :

Rotational
spee

Figure S.4: Approsimating behavior of a hypothetical cutter located in the bit center with two

separate cuters.

“The cutter behavior is approximated by two cuters traveling with a horizontal
speed of /20 N.t and with an applied vertical force of /2 on each cutter. However,
6



in a 2-D model since the vertical force is expressed per unit thickness, the magnitude of
the force will stll remain the same (assuming the vertical force is distributed

‘symmetrically on the cutter).

53 Hydrostatic Pressure on the Rock Surface
As mentioned for the physical model (Section 4.7), a force with hydrostatic nature is
applicd on the rock specimen’s upper surface. The hydrostati force means that the force
is always perpendicular to the current surface of the rock; therefore, if the rock deforms,
the diection of the force will change accordingly to account for the modified geometry.

A detailed description of the algorithm used in identification of the rock surface

and application of the pressure on it is described in the manual of PFC/2-D [66]. Note,
however, that the use of the clump logic in these simulations slightly changes the
algorithm of finding the rock surfuce. A brief description of this change can be found in
Appendix A

There is mud column hydrostati pressure, which is exerted on the rock surface in
the bottom of the hole, where cutters are in contact with the rock. The amount of this
pressure depends on the True Vertical Depth (TVD) [64] of the well being drilled and
also the density of the drilling mud being used. TVD refers to the vertical component of

the well depth, which is essentially the same as well depth for the case of vertical wells.

Equation 5.2 shows the relationship between mud hydrostatic pressure and these drlling

parameters.

= (Mud Density) itati ion) + (TVD)

52)



Therefore, this DEM model parameter corresponds to the drilling depth and also

the drilling mud density.
54 Lateral Specimen Boundaries

‘The boundaries of the model, as explained in the physical model description (section

4.1.3), are no displ boundaries, which could be considered a misleading term in a

DEM model. To be more precise, the lateral and bottom boundary of the specimen are
made by mounting stationary “walls,” which are another DEM entity besides particles
and clumps. Partices in contact with the wall are able to move towards the wall and a
contact force between the particles and the wall forms due to this motion. Walls have a
specified stiffness, which is usually defined as several orders of magnitude higher than
those of particles, and therefore, very small motions of the particles take place at the
proximity of the walls. Resulantly, the term “no displacement boundary” is a good
description of such boundaries.

As mentioned in the physical model description, a more realistic assumption for
the lateral boundary conditions of the rock specimen is to apply constant lateral stresses
‘on the boundary. This will be more representative of the real stress state of the geological
formations encountered at depth [48]. At the time of writing of this thesis, this boundary
condition was not implemented in the model; however, the implementation is casy and is

field

planned to be done in future model modifics

plans. This represents the fa

that develop in the geological time scale and are functions of depth and

rock density and tectonic history[48].



put Parameters and their Physical

I this chapter, the outputs of the model are discussed, the method of their calculation s

explained, and their significance in terms of driling operational parameters is presented.

6.1 Cutter Tip Penetration

In this section, the single cutter interpretations extracted from cutter tip penetration
profiles are provided, and then a simple full PDC bit model developed on the basis of the

parameters introduced for a single cutter scenario.

611 Single Cutter Interpretations
As mentioned before, the main difference between this model and the previous cutter rock
interaction models is that it takes the force on the cutter as its input and outputs the
resultant cutter penetration into the formation.

“The interpretation of the penetration profile from the simulation is a big topic of

not, as it was believed

discussion tself. I tialy, just the measurement of the rate of

cutter tip penetration inside the rock.

To have a sense of what a typical penetration profile looks like, Figure 6.1 shows

cutting 0.1



Figures. ™ posi . The cutter tip

vertical posiion is measured from the middleof the specimen.

In this specific simulation, the minimum particle size is 1 mm, and the cutter is
moving with a horizontal speed of 2 m/s. The vertical force on the cutter is set at 1 MN,
which means that 1 MN of force s applied per 1 meter thickness of the cutter, (For a
cutter thickness of | em, this translates into 10 kN vertical force on the cutter.) No
pressure is applied on the rock surface.

Taking a look at the graph of penctration of the tip into the rock (Figure 6.1), &

id high speed penetration of ip insi s noticeabl i

speed penetration takes 15 milliseconds, and after that the cutter continues advancing.

without any more penetration, and it starts 10 oscillate around a mean depth. The initial
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penetraion rate (rapid penetration zone) is 0.7 ms; such a penetration speed is several

orders of magnitude higher than typical penetration speeds measured in field (<0.001

m/s). This parameter obviously does not represent the ROP achieved by the cuter.
Looking at the illustrtion of the system and the graph, it can be seen that the

cutter starts to maintain a certain mean cut depth ater its initial rapid penetration.

‘Therefore, such a loading regime, despite the initial hypothesis of the author, does not

penetrai P rock It maks intain a

certain (average) depth of cut after an initial rapid penetration. A slightly upward trend of

the cutter tip penetration might be noticed, but the author speculates that this slight

due to the effect of

decrease in the overall cuttr tip deptl particles piled up in
front of the cutter. In reality a constant depth of cut is maintained.
Several types of treatments can be made on the outcome of the cuter penetration

profile. One s to simply average the penetration values over time, This function, as given

in Equation 6.1, s the integrati pe values over time per unit of time.

Ty = o ©n

In this equation, CE(¢) i the instantaneous penetration at time t, . cutter vertical

tip position from the specimen upper boundary at time t. TE(t) is the function describing
the average cut depth a time t

Figure 6.2 shows the graph of average cut depth with time for the same system

illustrated in the beginning of this scction.



Figure 6.2: Average cut depth versusfime.

As it can be seen from the figure, the average cut depth increascs to a maximum

7 mm) and then

asymplotic 1o a ceriain final average cut depth (spproximately 5.7 mm). This final volue

is the most important i of behavior and it will be called

this thesis. It i T, .
Changing the rock cutting enviroament operational parameters definitely changes
the value of final cut depth; however, the general trend and behavior of the cuter

penetration remains the same, which is a rapid penetration of the cutter inside the rock

the process.

For. the final cut depth is a function of vertical

force, horizontal velocity, in Equation 6.2.




Tty (F, Vy, BHP) 62)
Where F is the force on the cutter (expressed per unit thickness of the model), Vi
is the horizontal velocity and BHP is the pressure on the rock specimen surface.

Another parameter which might ke interesting and physi

lly meaningful is called
the “material removal rate” or MRR. Equation 6.3 shows MRR as a function of time in
terms of average cut depth:

MRR(t) = TE(t). Vy . Thickness (63)

Having the units of volume per time, this quantity shows the average rate of rock
Volume cut at any time during the cuting process. By defining the average material
removal rate on the basis of final cut depih, Equation 6.4 is proposed:

MRR; = Tt .Vy . Thickness ©4)

Where MRRis the average material removal rate. The exact same functionalty of
Equation 6.2 is valid for MRR as well.

“The author proposes that measurement and comparison of relative performance of
different loading scenarios should be done by comparing either the final cut depth or the
average MRR together.

In the next subscction, the paraneters defined here will be used in conjunction

a simple full PDC bit model to demonstrate one proposed method of predicting field

ROP values using single PDC cutter tests

612 PDC Bit Design and Single Cutier Test Results

As was previously mentioned, the typical PDC bits being used in the industry are very

complicated in the design, as well as the geometric and spat ribution of the cutters.
7



However, based on some simplified bit design parameters, this section is an attempt to

relate the results of single cutte tests o the PDC bit performance, and particularly ROP.
‘The material discussed in this subsection, to author's knowledge, has not been

referenced before and is based on a completely theoretical PDC bit model in an attempt to

relate results of single cutter test o actual field drilling ROP based on the bit design. The

i might not d be a real PDC
bt design parameter that is used by bit manufacturer companies since they do not reveal
their design eriteria and parameters. The whole intention of this discussion is o be a

starting point for such studies (if any)

Figure 6.3 A single PDC cuter as viewed from {op on a PDC it
Certanly, there is not just one PDC cutter on the bit fice. Let us assume that each
PDC cutter on the face of the bit has a unique identification number starting from 1 to M

n



where M represents the total number of cutters on the bit. The numbering does not

necessarily any orderas Il the bred.
Figure 6.3 shows the top view of a PDC bit with one single cutter shown for

According to

illustration purposes. Let us assume that the 1D number for this cutter i
definition in some literature [e.g. 27, side rake angle is defined as the angle between
PDC cuter and the line perpendicular to the PDC cutter motion direction (i.., radius). In
one rotation of the bit, the cutter removes a ring shaped portion of the rock (as viewed
from top) with small radius of r, and big radius of R.. The relationship between , and R, is

given in Equation 6.5;

i+ Tycos(d) ©3)

Where T, isthe diameter of the PDC disc and 4 isthe side rake angle.

For the purpose of bit design assessment, assume a hypathetical thin ring-shaped
area with small diameter of # and a thickness of d7. The parameter O, is defined as the
‘amount of overlap that the hypothetical ring makes with the ring made by the circular
motion of cutte. If o portion of these two rings overlaps, then O, is simply zero.

“The horizontal lincar speed (in order to be input into the single cutter model) for the
cutters lying in the ring can be calculated as N. . (7 + ) /30.

If the forces on the individual cuters, based on the total force on the bit (WOB),
are given so that F; relates 1o the force on PDC cuter i, considering the functionality
described inthe single PDC analysis for MR, we can derive an expression relating total

rate for the ic ring-shaped

MRR = £, [0t (2 N (7 +5)/30,8HP) « 0+ N (#+%)/30] ©6)
7



The function Ct s the output of single cutter simulations as explained in the last

section and Equation 6.2, The subseript ¥ for each variable refers to that parameters
associated with the ring with ID number i
An expression for ROP can be derived at ths point since the rate of penetration is

the rate of material removal divided by the area under which the material s removed. In

this case (assuming a relatively thin ring) this area is Pd7. Therefore, Equation 6.7 s

derived for ROP:

RoP = i, [t, (% Nu (7 + 5)/30.81P) 0, N (#+5)/GoraR)]  67)
This equation relates the depths of cuts which are outputs of a single cuter

simulation 1o the ROP. Note that this ROP value is derived on the basis of the

performance of the cutters |

2 on the hypothetical ing arca described before.
However, a properly designed bit should have a cutter arangement designed in such
way that the ROP values derived for each ring are equal. Otherwise, the bit will bounce
and become unstable until a new stable force distribution is reached by the cutter. For
clarity, a stable force distribution means equal resultant ROP values were calculated for
different rings.

Figure 6.4 shows the hypothetical ring superimposed on an image of a typical
PDC bit. The PDC cutters that lie on the ring cither full or partally are indicated by a

crossmark.



Figre 6.4

I should be noted that, for simplicity's sake, the PDC cutter faces arc assumed to

be rectangular in these calculations; however, in reality th ircular. Also, if the

intention is just to calculate the ROP, there is no need to necessarily consider a ring for

the

the calculations. It would probably be casier 10 take the whole cutters and calculs

the ROP. But if the

cutters” MRR and then divide it by

objective is 1o investigate bit stability and validate the appropriateness of the bt design.

the ring approach should be considered




62 Energy Related Variables

62.1 Single Cutter Energy Variables
As pointed out in the lterature review in Sections 2.2 and 23, the parameter called
driling Mechanical Specific Energy is an even more important criterion than ROP to

predict the drilling performance. Drilling Mechanical Specif

Energy is defined as the

energy consumed by the drilling system to remove a unit volume of rock. This parameter
can be defined in several ways for the case of single cutter testing and each definition has
its own interpretation.

The total energy transmitted by the cuter to the rock at any time 1, referring to
elapsed time since the start of a cutting process, is given by Equation 6.8:

ME@®) = [j(RY + BW) de (©.8)

Where F is the force applied on the bit and V is bit velocity in the x and y
directions, which are horizontal and vertical directions respectively. ME(t) is the
‘mechanical energy or the total energy transmitted by the drilling system. The calculation
of this factor is a simple numerical integration done by a function that inputs the forces
and velocities of the cutter every few cycles of simulation and adds the new summation
over this time step to the previous value of ME.

The typical behavior of this quantity is an approximately linear increase with
respect to drilling time. The reason for the linear increase is probably due to the constant
horizontal speed of the cutter, while the horizontal force oscillates around a nearly

constant mean.
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Considering the two terms in Equation 6., it is obvious that the total energy could

be decomposed to its two components: the energy delivered by the horizontal movement
of the cutter, and the energy delivered by the vertical force applied o the cutter. The
relationship between these terms is not immediately obvious; however, the author
assumes that the ratio of these two terms should be equal for both single cuter testing and
field drilling.

Another parameter defined is the specific energy per current penetration, which is
simply the ratio of ME() to the current cutter penetration (time 0. Rather than being a

reliable parameter of drilling efficiency, this is more of a measure of rock strength and

compliance. It shows how much energy is consumed o attain the current amount of
penetration, and does not take the removal of material into account. The author does not
recommend uilization of this parameter inany interpretation.

A more reliable specific enerey parameter s defined as ratio of ME(®) t0 average
material removal rate at time t multiplied by

wE®
g€

MSE(E ©9)

“This parameter will give the amount of energy consumed to remove a unit volume
of material by the cuter, also known as Mechanical Specific Energy (MSE). Figure 6.5
shows mechanical specific energy per unit penetration and total mechanical specific

energy versus time.



“The Mechanical Specific Energy increases and then stabilizes around a certain

value afer the cut depth is stabilized. The initial ow values of MSE are due to casy initia
penctration of the cutter and low horizontal force exerted on the cuter during the period
of rapid penetration. (Note that the graph i the figure is not the MSE, although its graph

looks

la). The horizontal force profile with respect to time for the same system is

shown in Figure 6.6.



Figure 6.6: Horizontal force on cuter versus tme.

net negative horizontal force is acting on 10 millseconds.
“The reason is that the cuter is being pushed forward by the mostly intact rock surface,
which is in contact with the back of the cuter, since the cutter has not advanced
significantly forward and o part of rock s in direct contact ahead of the cutter. The
cutter during this small period of time (es explained i the interpretation of single cutter

tip penetration in Section 6.1.1) is mostly trying to attain the stabilized depth of cut. After

in the graph, the
horizontal force oscillates around a constant value. The reason for the high amplitude

fluctuations in the profile, as believed by the author, is due to relatively large grain size.



which causes sudden application or release of horizontal load o the cutte front face

upon the bond failure.

622 Full Bit Energy Variables

‘The model developed for the full PDC bit in Section 6.1.2 can be used for energy

considerations as well. In order to apply the same type of model for the whole specific
energy response of the bit, we need to define another parameter. As shown in Figure 6.
the horizontal force on the cutter stabilizes around a specified mean value for cach rock

cutting scenario. The same functionality of depth of cut, as suggested in Equation 6.2, is

walid for this par: “Therefore, i be written:
P = Ty (F.Vy, BHP) (©.10)
Where Fy is the average horizontal force value attained afier cutter depth
stabilization. The functionality parameters were previously defined in Equation 6.2.
To write the expression for energy consumed by each individual cutter in terms of the
newly introduced term, average horizontal force, we can safely neglect the vertical force

component of the energy term. The reason is that there is just a small portion of time in

which the cutter is actually having a considerable vertical velocity (the rapid penetration

zon€) but towards the rest of the simulation, the cutters maintain an approximately
constant depth, which means that the vertical component of the force accounts for a very

small and almost negligible portion of the total energy. Therefore the following equation

can be written for the energy of an individual cutter iz

ME(®) = Fy (&N (1 + 292) 130, BHP) o vy * /T, ©1n

i

80



“The division by T, is made to convert the force given by the model (per unit
thickness) to the real horizontal force acting on the cutter since its thickness is known.
‘Summation of all these energy values for all the PDC cutters on the bit wil give
us the total energy consumed.
"

MEpuuse(® = ST (2,8 (r+ %) 730, BHP) « w4/, ©12)

Using the expression derived for ROP in section 6.2.2 and also taking the bit

radius to be Ry the followis will gy
MEp©)
i
MSEpune(®) = 55 Sore (6.13)

It is appropriate to conclude dhis section by noting that this full bit model
development is in an carly stage, and contains many simplifying assumptions.
Realistically, the MSE represented by Equation 6.13 is the maximum MSE since cach
single cutte is assumed to be cutting a completely fresh rock and does ot account for the
damage caused by adjacent cutters. Therefore, any utilization of this method should be

done with caution.

63 Crack History
As discussed in Section 4.2.1.1 for the DEM material properties of Carthage limestone,
parallel bonds exist between the partices in the material. These bonds add to the contact
stiffness and also allow tensile stresses to develop between grains. This simulates the
behavior of cement in real granular materials.

Failure or breakage of a parallel bond between the grains creates a crack or a
broken bond. Once the bonds between two particles are broken, the additional contact
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siffness on the rock is no longer effective. This additional contact stiffness works in
parallel with the contact stiffness and sometimes is called parallel bond. stiffness.
Although, it is noteworthy tht the particles can still develop normal and shear stresses
between themselves.

“The number of broken parallel bonds and their mode of falure (shear or tensilc)
over the course of the simulation is ancther output parameter of interest. Although it is
not as directly evident and measurable as other parameters, such as depth of cut and
‘mechanical energy. it does provide potentially useful output from  this simulation

regarding the mode of failure and location of macroscopic cracks and morphology of the

cuttings generated by Aninstance of

below.

Figure 67:

Figure 6.7 shows the states of two simulations: one without the presence of

pr the other with 20 MPa pr the rock surface. Red marks
denote locations of parallel bond failed in tension and blue marks are those of shear bond

fuilure. An analysis of these two figures reveals the mode and nature of rock breakage in



high and low bottomhole pressures. For example, a very clear continuation of parallel
bond failure up to the surfice of the rock specimen in the figure on the left (no pressure)

shows that a macroscoy

ly visible crack forms at that region which separates a chip of
the rock from the main body of the rock. The parallel bonds inside the chip are not

broken; therefore, the failure takes place by chipping and is also called a britte failure.

“This failure type is considered to be the most effective and efficient type of failure. Note
that even though the cracks forming the chip are tensile in a mictoscopic and granular

point of view, the macro erack is considered to be a shear crack in a full scale study

which agrees with of he i i i ceurs. The

mode of inter-granular bond failure and the developed macroscopic crack do not
necessarily have 10 be the same.

On the other side of the figure, the high pressure environment, a pile up of
particles whose contacts have been broken is formed which s pushed towards the cutter
by the high hydrostatic pressure applied on s surface. Because there is no apparent crack
and no chip formed, it seems that the cutter has to overcome and break every single
parallel bond between the particles in order to move forward. This contrasts the low.
pressure case, where the cutter easily advances without the need to break all the parallel
bonds. This the high pressure falure mode is similar to what s sometimes called ductile
filure.

A zone of crushed rock (groups of rocks with broken contact bonds) is formed

undemeath the cutter for both cases. If this zone of rock forms in reality, it is definitely



easier for the next cutter o drill than a fresh virgin rock surface and even this zone s a
litle bigger in the case of low pressure than the other (the figures have the same scale).
Aside from the geometric patier of the developed cracks, the history of the number of

eracks formed versus the time of simulation could also be another output of interest.




As an example, graphs of horizontal force on the cuter and total cracks formed
are shown in Figure 6.8, Orange lines connect the times when the horizontal stress
reaches its local peak, and at the same time it can be seen that the total number of cracks
tarts o inerease suddenly. Those are the times that the horizontal movement of the cutter
requires a cluster of parallel bonds to break altogether. The author believes that (as
explained in Section 6.2.1) the high amplitude Muctuations in horizontal force and also
sudden jumps in crack formation s due to size of the rock particles; and the finer the
particles, the smoother the process.

“This subscction introduced the main outputs of the model and their physical and
practical significance. In the next chapter, some simulation results are presented. At the
time of preparation of this thesis, simulation results were limited. However, a few
simulations were done previously and the results were published by the author of this

thesis elsewhere [70]. These are presented in the next chapter.



7 Some Preliminary Simulation Results

“The following two subsections are taken dircctly from the paper authored by the author of
this thesis and his thesis supervisors [70]. Please note that the output parameters
introduced and proposed in Sections 6.1 and 6.2 were not investigated at the time of

authorship of this paper (which also coincides the time of preparation of this thesis). The

cutter dynamics and ROP are not introduced by the parameters proposed in Section 6.1

“The inital speed of penetration (denoted as the “rapid penetration period” in

ection 6.1) was the topic of analysis, and the term ROP in this section refers to this
factor and not the one defined in Section 6.1. The focus of the simulations is to assess the
performance of VARD style drilling as described in Section 4.1.2 as the main motivation

of this new cutter-rock interaction model.

1 Results for VARD drilling with no Bottomhole Pressure

A st of four simulations on a rock sample with dimensions of 100 em by 100 cm were
conducted. No hydrostatic pressure was applied to the rock surface. One simulation was
performed with constant weight on cutter WOB,uq and the other three were with variable
weight on cutter around a mean value equal to WOB but with superimposed variable
forces of an amplitude of 0.2*WOB,e and frequencies of 300, 600, and 1000 Hz
respectively. All the other cutting parameters were kept constant, Therefore the general
force profile i as follows:

WOB(t) = WOBscaric(1 + Psin(2nft)) an



Where P is the amplitude of oscliation divided by WOB.x and f is oscillation

fregquency.

o

| T
Figure 7.1: Cutter p penetration.

Figure 7.1 shows the cutter tip position for four different drilling scenarios, in
which the highest amount of penetration has aken place in the case of 300 Hz oscillation
and the lowest i for the case of conventional drilling simulation. There is about an §%

increase in rate of penctration by adding force oscillations with & frequency of 300 Hz.

therefore, i ich would result in
the maximum penctration rae for this particular oscillation amplitude. A comprehensive
study 1o clarify ROP behavior with oscillation frequency and inclusion of rock visco-

elastic parameters and resonating hehavior is underway.




Another monitored factor s the number of tensile and shear cracks for each case.

‘The number of shear and tensile cracks formed at the end of § ms of simulation s shown

in Table 7.1.

Shear | Tensile | Toul
Cracks | Cracks | Cracks

= 3200 15900 18100
2300 9000 [21300
2000 16300 18300

P02,

f-1000Hz | 2250 18600 20850

Again, for the 4 cases tested, the number of cracks formed are maximun for the

case of 300 Hz oscillation and minimum for the case of conventional rock cutting. They

can be correlated 10 the number of particles which are fiee o be removed since the
contact bond is removed. It might not immediately affct the rate of cutter tip penetration
inside the rock but the authors believe that it will affect the drilling efficiency and

‘penetration rate i the long run.

Another important factor reflects the instabilities and vibrations induced by the

cutting process. Vibrations imposed on a drillstring as a result of rock-bit interaction has
8



been identified ‘major areas of concern in drilling safety. Inte with certain

rocks might cause huge bit bounces and drll string vibrations. Force oscllation
superposition on the cutter does not necessarily mean an increase in the amount of
vibrations in drill string.

A thorough investigation of these vibrations is being carried out. A Fourier
analysis will be made on instantancous ROP vs. time data to extract vibration
characteristic of different cutting scenarios, and identify and delineate hazardous drilling
conditions for different rock types.

One preliminary result s that the larger the rock average grain size, the larger the

amplitude of vibrations regardless of loads

n. Also, there is a certain optimum
frequency in which the vibrations minimize (and in fact, diminish) even compared to
conventional drilling for each rock type.

For the case of the described four scenarios, without performing a Fourier analysis
it can be stated that all the cases have a smooth penetration without any significant
vibration observed. However, in the case of 1000 Hz force oscillations small vibrations
with a frequency of about 1000 Hz but an amplitude of less that 0.01mm can be observed
by studying the plot of Figure 7.2. This does not suggest any specific trend in the induced
vibrations with WOB and is just an example of how different a rock response could be
depending on loading condition (Figure 7.4).

Figure 7.2 shows the stae of cutting at t=1.1 ms. In the case of 300 Hz oscillations

we can see that two major and relatively large sized ct

ings are about to form. The

crushed zone is being referred 1o the zone close 1o cutter which has a red color. Rock
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rains in these zones are crushed and detached from cach other. The smallest cutting

e -

Figure 7.2: Cutter penetration history for p=02, (=100 Hz.




In addition to the cutting size, the damage propagation is much decper and larger

for the case of 300 Hz oscillation (the zone of crushed rock). The volume of rock

pr it iency is the total
volume of cuttings and rocks in crushed zone.
72 Results for VARD drilling in Presence of Bottomhole Pressure
In order to make a preliminary investigation on the influence of bottomhole pressure in

rock cutting process, another factor was added to the model. This factor i a hydrostatic

pressure applied o the rock upper surface to simulate the effect of mud hydrostatic

pressure in deep drilling environments. However, in real drilling conditions the mud

exerts a drag force on the bottomhole as it exits nozzle jets which is not accounted for
the applied hydrostaic force.

Two sets of simulations run for the case of no force oscillation and 300 Hz
oscillation, each with four different bottomhole pressures. Two important results were
produced.

“The first result is thatthe rae of penetration decreases linearly as the logarithm of
bottomhole pressure increases. The best fitting equation to the data obtained from the no.
force oscillation simulation is shown below.

ROP = 0.1 log(BHP) + 7.12 a2

Al the unit

are 1 and BHP is the acronym for bottomhole pressure. Please refer

10 the notes of the start of this section for some clarific

n regarding the term ROP in

this context, since it is completely different with the ROP defined previously defined. It
9l




should be taken into consideration that the weight on cutter does not change as the
bottomhole pressure changes, while in reality as the well becomes decper usually weight

on the bt increases. A similar equation is extracted for the case of 300Hz oscillations.

01

RO

~0.11 log(BHP) + +712 a3

The new term introduced into Equation 7.3 shows that the effect of force.

oscillaion diminishes as the botiomhele pressure increases. As in this case, an §
increase for the case of no bottomhole pressure decreases to almost 2% increase with a
botiomhole pressure of 2 MPa. Figure 7.4 shows these results with 10 data points at 5
different pressures.

“The results of these simulations were also observed experimentally by DRI [71].

75 |ROP.
4
72
= Constant WOB.
7
—- 300H:20%W08
o8 Osclaton

.
ol S S
.

e 1 2 3 & s

Figure 74: Effect of bottomhole pressure on rate of penetration.



“The exact reason of this phenomenon is not yet completely understood; however,

the oscillating ey into the.
System which is the same for both the cases of with and without pressure. Therefore, that
same amount of energy will produce much less damage to the rock as the bottomhole

pressure increases.
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8§ Future Work

“The work described in this thesis is a continuation of a series of interconnected previous
works and builds upon the framework of that literature. Expansion and further

verification of this ongoing investigation is necessary and this chapter briefly proposes

the modifications and additions that can be done for this work.

8.1 Adding Cleaning Efficiency Factor

One limitation is that the model does not account for the cleaning efficiency of the cutting

action whatsoever. All the simulations are done with no bottomhole cleaning efficiency.

In a comparative study in which the bottomhole cleaning cfficiency of the
hydraulic system is not the factor under study, these simulations give the desired results
since the cleaning efficiency s the same for al the cutting states. However,if the interest
i specifically on the effect of bottomhole cleaning or it impact and interaction with other
driling parameters,this should be added to the model.

One possible scenario is to simply delete a certain percentage of the particles
which all their parallel are failed and calling this percentage the cleaning efficiency
percentage. This is the simplest way to implement a cleaning efficiency logic to this
simulation.

Other options are also envisioned; for example computational fluid dynamics

system with i id exiting the



nozzles of the PDC bit will give some indications of the efficiency of the hydraulic

system in cutting removal.
82 Pore Pressure Considerations

As mentioned in section 2.2 and [33, 36] the formation virgin pore pressure could
sometimes be as important as the bottomhole pressure itself especally in low RPM

drilling and high permeability rocks. This effect is not included in the model and the code

3 wiitten in pore p

effcct, however basic in its calculations, in simulation cycles could resolve many

ambiguities
83 Wear Measurement Using Coupled Thermal Analysis
Cutter wear rate is a key factor i the evaluation of drilling performance and determines

the drilling overall cost when considered in parallel with rate of penetration [64],

It has been hypothesized that the PDC cutter wears out in accordance with cither a
‘mechanical or themmal failure criterion. Coupled thermal analysis in a DEM model is
possible using basic heat transfer laws and friction loss-thermal coupled analysis. The
results of the analysis in series with the mechanical and thermal failure criteria wil give

‘measures of the cutter wear rate.




8.4 More Advanced Scenarios
Full bit rock interaction analysis using the results of the single cutter, and cventually

making a 3-D DEM model and making a direct full bit simulation, could be a realistic

plan in the near future plan to add sophistication to these studies.

Coupled analysis of the response of the rock on the bit and the interaction of drill
bit-drll string using FEM analysis methods wil give insight into the performance of the
drilling system on a much larger scale, and may reveal the possible interactions between

the rock characteristics and drill string dynamics.



9 Concluding Remarks

Single PDC cutter rock interaction models demonstrate their significant potential in

Solving the ful bit rock interaction problems and to provide insight into the nature of rock

e caused by PDC

action. Experimental and numerical simulations of ths process
have given fairly similar results further confirming the validity of both approaches.
Evaluation of cutting performance of different bits and also different drilling

systems (from a loading viewpoint) is much easi

numerically and could save a lot of
resources before utilization of those systems.

Asa small, but important and complex unit of the whole drilling system, the cutter
rock interaction models can be coupled with other models of the drilling system such as
the drillstring model and fluid circulation system model to result in a unified simulation
of the driling system as a whole.

It is confirmed that the single cutter models relying on constant depth of cut are
not capable of reproducing the effct of down-the-hole tools generating oscillatory force
profiles and therefore, they are not useful for evaluation of the VARD tool performance.

On the other hand the model relying on penetration of the cutter inside the rock is

sensitive to different force on the cutter profiles and can give a good insight of the

performance of VARD (and simil

The simulations show that mean value of the depth

of cut which is a function of the main input parameters. In the same way, they show that
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each cutting simulation gives a mean value for horizontal force on the cutter around

ch the instantaneous value of the horizontal force on the cuter oscillates.

The fist parameter explained above (mean cut depth) s the main variable of all

the functions which tend 1o relate the output to ROP and the second parameter (mean

horizontal force) i the main variable ofallthe functions which tend to relae the output to
MSE.

Another unique feature of the present model compared to the previous constant

depth of cut models is the fact that (as explained above) the two output parameters ROP

and MSE are determined independently and they are associated with two independent

outputs. In the constant depth of cut models, the MSE is being determined by the output

he I force) but the ROP s beir ined by an input of the system (depth

of ).

To be more rigorous, there is another feature for the present model which the
previous models are not capable o produce. The MSE is composed of the energies
consumed by the horizontal and vertical components of the force on the cutter. The
constant depth of cut models do not have the vertical component of cutter movement in
their energy terms since the cutter does not have a velocity in the vertical direction. In the
present model, both terms are included and the MSE is calculated as the addition of both
components. It has been shown that the energy consumed by the vertical component of
the force is much less than the other component ither in reality or in the simulation that

were conducted with the new model.




In terms of VARD style drilling in low pressures, author speculates from the
simulations that were done, the drilling performance generally increases by  the
introduction of a VARD tool in the drill string. There is a certain frequency of force
oscillations for each set of driling input parameters in which the maximum efficiency of

n of the

cutting (in terms of cutting size and ROP) is achieved which might be a func
natural frequency of the rock.
In terms of VARD style drilling in high pressures, the same observations are

valid; however, the intensity of the efficiency of the VARD tool diminishes by inerease in

pressure. The main reason for this s a fundamental change in the failure mode (brittle to

ductile) of rock while going from low pressure to high pressure zones.
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Appendix Az An Overview of Implementing the Model in PFC-2-D

“The model development in PFC-2-D is described in this appendi

“The very fist step to start

is to generate
Below, the input which

is isp . The codes.
shown here are PFC

put files. The description flows in the order in which the code s
written i the actual model inpu file.
set logtile D-spec.log

set log on

aet sate_converaion on
SET disk on ; model unit-thickness cylinders
SET echo off ; load support functions, Loading the functions for
material genesis
call AeLath\fist_new.dvr

call VELatW\2-D_3-D\nd ¢

tup. 1
call D-paran.dat

call Aeiatn\2-0_3-D\nd.f1s

call Mistn2-D\et2.£1s

call Af1at\2-D_3-DNf1E. £l

call M1atW\2-D_3-Dlerk. ths

call VELat¥\2-D\chl. fs

SET acho on
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SET md_run_name~
title 'D-spc’ ; Setting up the parameters required for material
genesis

SET randon 10001

SET ng_Rmin=le-3 ; No=800 (20 x 2 x 20)

SET my_HS0e-3 mv_We300e-3

SET ng_quiet=

ng_satgen

“The first few lines call the necessary functions from the standard PFC function library

(Fishtank), and in the I
ishtank

ified. The very lastline calls the

and the material s generated.

A simple function which returns the maximum ball (<particle) 1D in the system is next.
“This i done in order to know what ball 1D should be the starting ball ID of the clump

‘which is going to represent the cuter.
dof FindAxBallID

bp = ball_head

FindMaxBallin = 0

Loop while bp ¢ null

4€ b_id (bp) >FindMAXBal1ID then
FindMaxBallIb = b_id(bp)
end_te

bp = b_next (bp)

1o



indi imum ID of the balls the cutter a

clump will be made.
def MakeACutterClusp

§ Inputs: RakeAngle, BallRadSize, Cutterlength, StartPoint,
CutterFrictionCoet icient

TipID = FindMaxBallId + 1000

counter = 0

Loop while countercCutterlength/(allRadSize'2) ; Making the right
side of the cutter, Starting ID is 1000 higher than the maximum ball id
in the current system

Xloc = (-StartPoint * mv_W * 0.5 + sin(RakeAngle'3.14/180) * 2 *
BallRadsize * counter)

Yloc = (0.5'my_f + BallRadSizetd + cos(RakeAngle*3.14/180) * 2 *
BallRadsize * counter )

BallD = TipID + counter

command

ball density 2620 rad=gBallRadSize x @Xloc y é¥loc id E8allTD
broperty kn 1622 ks 1e22 fric @CutterFrictionCoetficient range id
esanio

end_command

counter = counter + 1

end_toop

RightCutterTopBalllD = BallId

Startd = TipID + counter
m



counter = 1
FirstCutterleftBallld = Startd + counter

loop while counter<Cutterlength+.5/ (BallRadsize'2) ; Making the left
side of the cutter

BallIp = StartiDicounter

Xioc = (-StartPoint * mv W * 0.5 - cos (RakeAngle®3.14/180)% 2 *
Balifadsize * counter)

Yioc = (0.5%mv_H + BallRadsize'd + sin(RakeAngle®3.14/180) * 2 +
BaliRadsize + counter )

command

ball density 2620 rad @BallRadsize id @BallID x EXioc y E¥ice
property kn 1622 ke 1622 fric ACutterFrictionCoefficient range id
emaiito

end_comnand

counter = counter + 1

end_loop

FinalCutterBallld = BallIp

Clumpstart = mv_t / 2

ClumpEndY = ClumpStartY + mv_H

cormand

Clusp add 14 1 range y eClunpStarty ACluspEndY

end_connand

Laz - - TipI0 ¢

FinalCutte:

1110 - FirstCutterleftBallid + 2
TotalMassOfCutter = Total¥umOfBallsTnCutter * 3.14 * BallRadsize *
BallRadsize + 2620

ond

n



The function MakeTheChains' whose code is presented below, attempts to form a chain

by calling the ‘cha

! function from Fishtank library in a loop of attempts sarting from the
highest ball in the cuter face (the clump is made of bals), and ifthe algorithm fails, the
ball next (o the previous ball is tried. The algorithm is shown to be robust and is able to

ly the pressure on it

available for rock cutting in the Fishtank library is that in that code there is no need to try.

different balls in a loop, the cutter is made of a single entity called wall and one attempt

enough. The main diffe

s that forces cannot he walls in PFC. The

same procedure s followed for the back of the cutter, and a second cf

is made there.

def MakeTheChain
ca_clearnarks

BallID = RightCutterTopballid
ch_num = 1

chew =1

ch_sort = 0

ction

loop while BallID > (TipID - 1)
eh_s0 = Find_ball (Ballin)
eh_al = Find wall(4)

4 cs_spanchain = 0 then
ch_al = find wall(})
end_te

if ca_spanchain = 1 then
n




exit section
end_ie
BallID = Ballmp - 1
end_toop
endsection
4f BallID = (TipID - 1) then
error = *Could not form spanning chain in front of the cutter'

end_te

BallID = FinalCuttersallid
ch_num = 2
eh_sort = 0

chow =1

section
loop while Ballid > (FirstCutterLeftBallio-1)

ch_a0 = find_wall(3)

ch_al = find ball(Ball1d)

end_if
BallID = Ballp - 1

end_loop

BallID = TipID

Loop while BallID < (RightCutterTopBallID + 1)
ch_s0 = find vall(3)

ch_sl = find ball (8all1p)

n



i cs_spanchain = 1 then
extt section
end_te
BallIo = Ballmo + 1
end_loop
endaaction
§£ BallID = (RightCutterTopBallid + 1)
error = 'Could not form spanning chain in back of the cutter'
end_e

end

— i eycles which s given by the

user defined variable pressrate’

dot chatn
7 NeUT: pressrate
Chatn_ent = chain_cnt + 1
it chain_cnt = pressrate then
command
SET update_contacts on 7 ensure contact geom will be okay next
eyele
end_conmand

else

if chain_cnt > pressrate then
MakeThechain
conmand.

SET update_contacta oft

s



end_comnand

chatn_cnt = 0
end_te
end_te

end

“This function itself is defined as a ‘fisheall' which is called every cycle after calculation of

‘motion of particles with the dynamic equation of motion.

Total horizontal foree on the

of the force on the individual cutter balls. The function written for it is shown below.

det TotalTorqueonCutter

NormalForcesun =

ShearForcesun = 0
NormalForcesusV = 0

ShearForcesumy

100p bid (TipID, RightCutterTopaallin)
bp = ind_ball (bid)
cp = bclist (bp)
loop while cp # null
fac = 1.0
if ¢ balil(cp) = bp then
bp_other = ¢ ballz(cp)

cpnext = c_blelist (cp)



tac = 1.0

else
bp_other = ¢ _balll(cp)
cprext = c_bzclist (cp)
end_te

42 b_id(bp_other) <TipID then

- +fac v o :_xun(cp)

NormalForcesusV = NormalForceSusV + fac * c_nforce (cp) *c_yun (cp)

- + fac + s :_xun (cp)

= +fac * o _yun (cp)
end it
©p = cpnext

end_toop

end_loop

loop bid (FirstCutterLeftBalliD, FinalCuttersallin)
bp = find_ball (bid)
©p = b_clist (bp)
Loop while cp # mull
fac = 1.0
1€ c_balll(cp) = bp then
bp_other = _bal12(cp)
cpnext = ¢ biclist (cp)
fac = -1.0

el

bp_other = c_balll(cp)

cpnext = c_b2clist (cp)

n



end_if

Lf b_id(bp_other) <TipID then

= + fac * o ) *c_xun (cp)

NormalforcesusV = NormalForceSusV + fac * c_nforce (cp) *c_yun (cp)

= +fac + o - xun (cp)
= +fac o - yun (cp)
end it
P = cpnext
end_toop
end_toop
|
end
Finall i “eut'is defined whi ing. It sets the
required Fi it, and the
simulation i i MSE
nges in the i P
horizontal veloci i illatory function.

def cut ; inputs: MeanVerticalforce, TotalDisp, Percent, frequency,
Totalsaves




comand
clump property yforce @Meanverticalforce range id 1
set flahcall #5C_CYC_MOT MakeVacuum

end_command

exk_init

FixClumphngular

cormand
SET PLOT AVI size 1024 768
MOVIE AVIOPEN  file D_ct.avi
MOVIE STEP 1000 4 file D_ct.avi
cyele 1000

end_connand

Fixcuttervelocity

inttialioc = el x (clp)

ch_init

connand

t £ishcall #FC_CYC MOT chain
end_connand
Saveo = 1
Initial¥loc = b_y(find_ball(TipId))
Loop while SaveNo < (Totalsaves + 1)

Loop while (c1) <

ForceTopply = Percent * MeanVerticalforce * 0.01 * sin (2 * 3.14 *

troquency * time ) + MeanVerticalforce

- + Prercent * *o.01 ¢
sin (2 * 3.14 * Prrequency * time )

StartTine = tine

g



+ Leercent *

c1_xvel(elp) =
0.01 * sin (2 * 3.14 * Lezequency * time )
command
sat ch_press = PressureTopply
clump property yforce @ForceToApply range id 1
eycle 20
end_conmand
Stopine = tine
= . * elwvel(clp)) *

(stopTine - StartTine)
WoBEnerqy = WoBEnergy + (ForceTohpply * clyvel(clp)) * (Stoprime -
Starerine)
CutterEnergy = TorqueEnergy + WOBEnergy
Penetration = InitialYloc - b_y(find ball(TipID))
MSE = CutterEnergy / Penetration
5 CalcDisp j==> HERE the integration is performed while cycling
end_loop
nd_run_nane = "Modelstate '

md_ta string(SaveNo) + 'from' + string(TotalSaves)

d,

Savelio = SaveNo + 1

end_loop

command.

MOVIE AVI_CLOSE £1le D_ct.avi
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end_conmand

For more information i FPFC please refer to the s

manuals
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