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Abstract

Directional drilling is a technique used to construct boreholes with complex geometries. This
is needed to reach unconventional oil and gas reservoirs or to rescue uncontrollable wells.
Drilling is done with the use of a long drill string to which a bottom hole assembly (BHA) is
attached. This BHA contains the bit which is steered by a downhole rotary steerable system
(RSS). Using this setup for drilling often results in borehole spiraling which has negative
consequences for the drilling process and the borehole quality.

To show the existence and predict the onset of borehole spiraling, an analytical three-
dimensional borehole propagation model (BPM) is derived. This model predicts the evo-
lution of the borehole based on the RSS actuation. The evolution is modelled based on three
components, namely (i) the bit-rock interaction (ii) a kinematic model which relates the mo-
tion of the bit to geometric variables describing the borehole and the position of the BHA,
and (iii) a static model of the BHA.

The BHA consists of several stabilizers which center the drillstring in the borehole. An
ideal stabilizer always contacts the borehole wall which implies that the drillstring is per-
fectly centered within the borehole at those stabilizers. In practice, however, the stabilizers
are smaller than the borehole wall, making them so-called non-ideal stabilizers. This implies
that the stabilizer either contacts the borehole wall on an arbitrary point or it floats free
from the wall. This behavior has influence on the contact force. If the stabilizer floats, the
contact force is zero. If there is contact, there should be a contact force. This contact force
is calculated using a nonlinear complementarity approach. The BPM model which has been
derived, incorporates any number of non-ideal stabilizer where each stabilizer is within a
circular borehole. The BPM can be classified as a nonlinear delay complementarity system

where the delay stems from the delayed influence of the borehole geometry on the deforma-
tion of the BHA.

The derived model is validated by comparison to simulations performed in literature. The
simulations which are considered are responses of the borehole evolution to a step in actua-
tion force. This is a useful analysis since such an open-loop control technique is also used in
practice to steer the BHA towards its target. After a step in actuation force, the borehole
evolves with a constant curvature, if the length scale is sufficiently long. These simulations
also showed the onset of oscillations, which are related to borehole spiraling, after a step
in actuation force. Depending on a key dimensionless parametric group, these oscillations
damp out or grow unbounded since the bit-tilt is not saturated. This group includes, the
active weight on the bit, properties of the BHA, bit properties including bluntness and steer-
ing resistances. Further numerical analysis showed that the inclusion of non-ideal stabilizers
affects the response of the BPM significantly.

The borehole propagation model extends existing models by the inclusion of non-ideal sta-



bilizers via the framework of nonlinear complementarity problems. Moreover, it has been
shown that the modeling of non-ideal stabilizers significantly affects the borehole evolution
and are, therefore, crucial for the understanding of the directional drilling processes. In this
model, the model is used to predict the onset of oscillations which could lead towards bore-
hole spiraling. The prediction of the onset could serve as a basis for the design of the drilling
system and also for its controls. One of the potential usages of this model is to predict
the RSS force required to realize a certain borehole trajectory. Another usage could be to
serve for model-based feedback controller design with the aim to accurately track borehole
trajectory.
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1 Introduction

Directional drilling is a technique developed to construct boreholes that generate complex
trajectories. Directional drilling happens on a large scale meaning that it drills holes reaching
several kilometers in length. One can imagine that this is a time-consuming and expensive
process. In this chapter, the application area of directional drilling is given. Then, the
setup which is used for directional drilling is described. Next, the importance of modelling
for directional drilling is discussed followed by a survey of the existing models. Finally, the
research objectives of this project and the outline of this thesis are discussed.

1.1 Application of Directional Drilling

The application area in which directional drilling is used is relatively wide. [Figure 1.1.1|shows
six different application areas that all are related to the extraction of oil, gas, and mineral
resources at hard-to-reach wells. The first application, depicted in shows that
directional drilling allows reaching wells which are located underneath obstacles such as cities
and forests. The second application, visualized in [Figure 1.1.1D] is to drill multiple wells from
the same rig. This is beneficial because the rig only needs to be set up once which saves
time and reduces costs. Thirdly, shows that directional drilling can be used to
increase the pay zone of the reservoir. This is mainly used in the exploitation of shale gas
because this requires a horizontal borehole due to the horizontal nature of these reservoirs.
In [Figure 1.1.1d] it is shown that directional drilling can be used to improve the drainage in
fractured reservoirs. This is mainly done by drilling perpendicular to the fractures. Often
these fractures are commonly aligned which implies that a maximum number of fractions is
penetrated. shows that directional drilling can be used in hazardous situations
to drill relief wells. One of the most famous examples of this application is the disaster that
happened at the Deepwater Horizon platform in the Gulf of Mexico in 2010 [10]. After the
platform called Deepwater Horizon exploded, BP drilled a relief well at 5500m below sea
level using directional drilling. The objective of this relief well was to seal the troubled well
that was leaking oil. In [Figure T.1.1f] it is shown that directional drilling can be used to
install underground facilities when excavation is not an option. The installation of water,
gas, and electricity supply needs the installation of pipes. To this end, directional drilling
is an enabling technique. Another application of directional drilling is avoiding geological
fractures in the earth mass since this could create damage on the well due to the earth’s
tectonic movement [27]. Besides these, directional drilling can also be used to drill around
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Figure 1.1.1: Various applications of directional drilling. Figures reprinted from .
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hard rock formations in order to prevent the drill bit from wearing fast, which saves money
and time due to the expensive process of replacing the drill bit. Lastly, directional drilling is
used in the geothermal and mining industries [23].

1.2 Directional Drilling Setup

The directional drilling setup consists of several components, as described next.
shows the setup, which consists of a rig, drillstring and bottom hole assembly (BHA). The
drillstring is a hollow slender tube typically of order of 1-10km in length. This string is
suspended at the rig which is located at the earth’s surface area. The rig imposes the rotary
speed and axial force (hook-load) on the drillstring. Due to its own weight, most of the
drillstring is in tension. Only the bottom part of the drillstring is under compression due to
the weight of the drillstring and its own weight and it is called the bottom hole assembly
(BHA). The BHA is typically a couple hundred metres long. It is important that this part
is under compression in order to apply a high enough pressure onto the drill bit. There
are several components in the BHA which play an important role in the borehole evolution.
Firstly, the stabilizer’s function is to centre the BHA in the middle of the borehole. Usually
a BHA is equipped with three to five stabilizers. A stabilizer is a short element with a
larger diameter, as depicted in [Figure 1.2.1dl The second important element is the Rotary
Steering System (RSS), which is a semi-automated tool that is able to steer the BHA while
rotating. There are two main types of RSS. The first is a push-the-bit system which only
applies a lateral force, pushing against the borehole via extensible pads. The other system
is a point-the-bit system where the bit is tilted into a certain orientation such that the
desired trajectory is achieved. In a push-the-bit RSS system is depicted. In
[Figure 1.2.1d the push-the-bit RSS is depicted, axially. This tool is placed between the bit
and the first stabilizer. At the end of the BHA, a polycrystalline diamond compact (PDC)
drill bit, visualized in is located to drill into the rock formation. This type of
bit is favorable for directional drilling for its ability to drill large curvature boreholes.

1.3 Borehole Propagation Modelling for Directional Drilling

Directional drilling is a time-consuming and expensive process. To optimize the drilling pro-
cedure in terms of reducing time and costs and enhancing accuracy the drill bit should go to
the desired location in a fast and accurate manner. A borehole propagation model contributes
positively to optimize the drilling process. A borehole propagation model predicts the evo-
lution of the borehole into the earth based on known forces and actuation forces. Using such
a model, the root cause of observed behavior in practice can be analyzed. Potentially, if the
root cause is understood, the BHA design or control can be improved such that undesired
phenomena do not occur anymore or their occurrence is reduced.
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Figure 1.2.1: Overview of a directional drilling system. Subfigure (a) shows the complete
drilling system, subfigure (b) shows the push-the-bit Rotary Steering System
(RSS) used for steering, subfigure (c) shows an axial view of the RSS, subfigure
(d) shows a stabilizer equipped on the BHA and subfigure(e) shows the poly-
crystalline diamond compact (PDC) bit used for cutting into rock formations.

Figures reprinted from and .
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An interesting undesired behavior observed in measured field data is self-excited, instability-
induced borehole oscillations, called borehole spiraling, visualized in [Figure 1.3.1] This figure
shows that the borehole has a corkscrew-like shape in three dimensions (3D). The 2D projec-
tion of this 3D phenomenon is called borehole rippling, which consists of oscillations in the
zz-plane as visualized in [Figure 1.3.Ta] The borehole spiraling phenomenon measured from

field data, is shown in [Figure 1.3.1b|

Borehole spiraling is undesired because it has a lot of negative consequences. The first
consequence is that the corkscrew-shaped borehole makes it more difficult to insert a casing.
This casing is important to make sure the borehole does not collapse. A second consequence
is increased drag forces which leads to a low rate-of-penetration which makes the process
more time consuming. This low rate-of-penetration does accelerate the bit wear which de-
creases efficiency and thus results in larger costs. Also changing the bit because it has worn
too much is a time consuming and costly process. Thirdly, the accuracy of reaching the
desired target position is reduced.

A second phenomenon different from spiraling is that the trajectory is sometimes coun-
terintuitive where the borehole tends to steer opposite to what is intended by the RSS [23].
This could be a negative phenomenon, but can also be exploited if understood. As aforemen-
tioned, the root cause of these phenomena could be analyzed in a model. If this root cause
is known, the BHA design or BHA control could be improved such that these phenomena
disappear or decrease in intensity.

Another use of a borehole propagation model is to design feedback controllers that track
a certain borehole trajectory as done by [7,/19,27,30]. One way to regulate the borehole
orientation in an open-loop manner by an operator [19], is via command messages to the
RSS based on the downhole measurements. These messages contain a desired inclination
and azimuth angle. Then, the command messages are converted into a constant RSS force
which is subsequently applied. A constant RSS actuation leads to a borehole with constant
curvature if the length scale is sufficiently long. This way of controlling has the consequence
that deviations from the target location can occur which have to be corrected by the operator.
This also implies that the experience of drill-operators is highly important. A model could
be used to develop a model-based controllers, for example, robust controllers [27] or model
predictive control [30]. If the borehole evolution can be controlled in this way, the costs could
be reduced because the system becomes more autonomous [7]. The performance of model-
based controllers depends on the accuracy of the borehole propagation model. Therefore,
it is important to develop models that capture, or at least predict, the occurrence of the
aforementioned phenomena.
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(a) (b)

Figure 1.3.1: Illustration of borehole spiraling. In (a) borehole spiraling is shown in three
dimensions (z,y, z), and also the two-dimensional (zz-plane) equivalent called
rippling is depicted. In (b), a reconstruction of borehole spiraling from measured
data is shown. Figure (a) reprinted from and (b) from [26].

1.4 Literature Survey

The literature survey gives an overview of the different type of models which already exist.
There are two main types of borehole propagation models derived in the past, namely nu-
merical and analytical. The numerical models make use of finite-element methods to predict
the trajectory of the borehole ,,|§|,,,. These models do not provide essential
insights into relevant parameters of directional drilling and, therefore, give limited insight
into the physics of borehole propagation, caused by the parameters not having a physical
meaning. Consequently, such models lack transparency in terms of the effect of model pa-
rameters and RSS actuation on the borehole propagation.

The models which do give more insight into the essential underlying physics of the bore-
hole propagation are the analytical models. The first step towards these analytic models
is made by Lubinski and Woods . They derived an analytical model for the interaction
between the bit and the rock and the interaction between the BHA and its surroundings.
Later on, Neubert and Heisig derived the equations governing the borehole evolution
in directional drilling for cases where a point-the-bit RSS actuation is used. For the BHA
model, they used an Euler-Bernoulli beam model instead of a finite-element model that were
used in the numerical models. This model was altered by Downton and Ignova . They
derived a model that is restricted to small rotations with respect to the borehole evolution.

Analytical models that derive the equations governing the evolution of the directional drilling
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have been derived later on. An overview of these models is given in [Figure 1.4.1] The first
model, derived by [22], describes the borehole evolution in two dimensions. This model is
indicated with A in the figure. In this propagation model, the evolution of the borehole is
described by a set of delay differential equations where the states are chosen to be the incli-
nation and the azimuth of the borehole. An extension to this model is done by [23] to the
three-dimensional case, indicated by B. The models A and B can predict instability-induced
oscillatory behavior, that can be related to the onset of the borehole rippling and spiraling.
These oscillations, however, grow unbounded in models A and B because the bit tilt can not
saturate. These models, however, do not incorporate bit tilt saturation which is shown to
be observed in practice according to [15]. Bit tilt is the orientation difference between the
bit and the borehole at the bit as visualized in [Figure 1.4.2] Therefore, the inclusion of bit
tilt saturation in borehole propagation models is done in both two and three dimensions by
respectively [22] and |15 leading to models A* and B*. Due to the inclusion of the bit tilt
saturation in models A* and B*, these models are able to predict steady-state oscillations
that are related to borehole rippling and spiraling. This prediction is made based on a linear
stability analysis performed in [16].

The models A* and B* consider the case with idealized stabilizers, which always make contact
with the borehole walls. In practice, however, the stabilizers are smaller than the borehole
wall. This is due to undergauged stabilizer by design, hole enlargement by erosion of the
mud and whirling of the BHA. Therefore, non-ideal stabilizers need to be incorporated in
the model. A non-ideal stabilizer is a stabilizer that either touches the borehole wall or not
at all as visualized in [Figure 1.4.2] A model that includes non-ideal stabilizers instead of
ideal ones is derived by [26], indicated with C' in the figure. In that work, a two-dimensional
model with the inclusion of bit tilt saturation and an arbitrary number of non-ideal stabilizers
model is derived. In addition to capturing the steady-state oscillations related to borehole
rippling, model C' shows significantly different behavior, including the counter-intuitive be-
havior discussed earlier, when the non-ideal stabilizer either touches or stays clear from the
borehole. Furthermore, due to the inclusion of non-ideal stabilizers, this model also shows
that under application of a constant RSS force, there exist different attractive steady-state
solutions. In [26], the model for the BHA is presented completely analytically in the form of
a so-called linear complementarity system [3|. Independently, non-ideal stabilizers are also
modeled in the three-dimensional case by [29]. In that work, the authors also use the linear
complementarity problem framework to model non-ideal stabilizers. Their method, however,
approximates the intersection of the drilled borehole to be square, rather than a circle or
ellipsoid which would be closer to reality.

1.5 Research Objectives

As aforementioned, modeling directional drilling serves multiple purposes such as understand-
ing behavior which is observed in practice and the design of model-based feedback controllers.
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Figure 1.4.1: An overview of analytic borehole propagation models.
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Figure 1.4.2: Overview of the geometry of the BHA showing the non-ideal stabilizers, the
definition of bit tilt, and the bit tilt saturation.
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The current model labeled with C' in describes the borehole propagation of di-
rectional drilling with the inclusion of non-ideal stabilizers and bit tilt saturation in a 2D
plane. As aforementioned, model C' is modeled with the use of linear complementarity prob-
lem which has an advantage that it provides, for any number of stabilizers, a closed-form
expression for the dynamics governing the borehole evolution.

In reality, however, the drilling process happens in three dimensions. Therefore, it is re-
quired to extend the model C' from the planar case to the three-dimensional case into model
D. This extension is partly done by [29]. That model, however, considers the stabilizers to
be in a square borehole, which is not realistic, instead of a circular or ellipsoidal borehole. It
is important that the non-ideal stabilizers are modelled in the circular borehole. The insight
gained from such a model can then be used to improve the design of the BHA and for con-
troller design.

The objectives of this thesis are as follows:

e Model the borehole evolution in three dimensions, including any number of non-ideal
stabilizers, where the stabilizers are located in a circular/ellipsoidal borehole. This is
model D in |[Figure 1.4.1{

e Perform a numerical study to validate the derived borehole propagation model with
existing models in literature.

e Perform a numerical study to predict the onset of oscillations in a 3D scenario, related
to borehole spiraling.

The inclusion of the bit tilt saturation is out of the scope of this thesis and is a left for future
work.

1.6 Outline

The equations governing the borehole evolution are described in Chapter [2] This is based on
a BHA containing an arbitrary number of non-ideal stabilizers, to obtain model D. Then, in
Chapter [3] a numerical validation of the model is done by comparison to the two-dimensional
model from [26]. Furthermore, this chapter also discusses the influence of the non-ideal stabi-
lizers on the borehole evolution. Lastly, this chapter also discusses what the potential usage of
the model is. In Chapter [4] the conclusions of the research is given and also recommendations
for future work.




2 Borehole Propagation Model

This chapter presents the derivation of the borehole propagation model. Firstly, the modeling
assumptions are mentioned in This is followed by [Section 2.2] which describes
the geometry of the borehole and the BHA. Subsequently, describes the forces
and moments which act on the BHA. Then, elaborates on the different model
components and the relation between those components. This section also gives a detailed
explanation of each component. Fifthly, Section 2.5 describes the derivation of the BHA
model. Lastly, describes the borehole propagation model model.

2.1 Modeling Asssumptions

To model the borehole propagation, assumptions and hypotheses are needed. An overview,
mainly taken from [23], of these assumptions is given in this section. These assumptions are
commonly used in borehole propagation models [15],26].

The first hypothesis adopted is that the propagation of the drilling process can be aver-
aged over several revolutions. This is justified by the time scale at which the propagation
process takes place. The bit penetration per revolution is of order O(1 mm/revolution). The
model resolution is of order O(10~! m) which corresponds with the dimension of the bit.
Due to this large difference in order magnitude, it is justified that the process is averaged
over several revolutions. This also implies that the axial angular position of the bit is not
important. Another consequence of this hypothesis is that dynamical processes at a time
scale smaller than a revolution of the bit can be disregarded. They either do not influence
the drilling direction or they can be lumped into parameters of the model. Stick-slip oscil-
lations of the bit and whirling of the bit are examples of such dynamical processes that are
neglected [26].

The second hypothesis adopted is that the propagation direction is rate independent for
a range of bit angular velocity of order O (10 ~ 100 revolutions/min). This is justified by
the rate-independent nature of the bit/rock interface laws [22]. In these laws, the dominant
variable is the amount of rock removed per revolution. An important consequence of this
hypothesis is that time is not a suitable variable to track the evolution of the borehole. In-
stead, the borehole length is used to track the evolution hole shape.

10
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Lastly, to model borehole propagation in directional drilling, it is sufficient to consider only
the BHA. The effect of the drillstring is lumped into contact forces at the upper boundary of
the BHA, corresponding to the position of the last stabilizer. In practice, it is seen that the
lateral forces and moments at the bit influence the drilling direction predominantly. These
forces and moments at the bit are mainly affected by the first three or four stabilizers.

Alongside these hypotheses, a set of assumptions is adopted to idealize the model:

The bit-rock interface laws pertain to homogeneous and isotropic rock formations. This
means that the properties of the rock formation do not change over the borehole length
and the drilling direction.

The BHA has a uniform distributed weight and uniform flexural rigidity. The BHA is
modeled from the bit to the last stabilizer.

All stabilizers are (potentially) non-ideal, except for the last one, which means that each
stabilizer either touches the borehole wall or not at all. These contacts are modeled
as contact points and thus do not transmit any moment between the BHA and the
borehole wall.

The internal moment at the last stabilizer is assumed to be zero.

The stabilizers, RSS, and the bit are the only contact points between the borehole wall
and the BHA. It is assumed that there is no additional contact between the BHA and
the borehole wall. This assumption is valid as long as the deformation of the BHA is
sufficiently small to avoid additional contact points.

The RSS is a push-the-bit system which implies that it applies a lateral force on the
BHA. This assumption is valid as long as the pads of the RSS are not fully extended.
If all the pads would be fully extended, the RSS would form a displacement constraint.
The RSS is located between the bit and the first stabilizer.

A second set of assumptions is adopted to simplify and linearize the mathematical formula-

tion:

The radius of curvature of the borehole is large compared to the length of the BHA.
Only the first 20 ~ 30(~ 100ft) meters significantly influence the drilling tendency.
In industry, the borehole curvature is measured by a so-called built-rate, which is the
increase of inclination over a length of +30 meter of the borehole. For a push-the-bit
RSS, the maximum built rate is 6°/100ft ~ (6°/30m) which corresponds to a curvature
radius of 280 m. Therefore, the contact forces can be assumed to be orthogonal to the
undeformed reference configuration of the BHA, which simplifies the BHA modeling.
Furthermore, the direction of gravity (relative to the BHA axis) can be taken constant
over the entire BHA.

The BHA axis is a small perturbation of the borehole axis at the length scale of the
BHA. This assumption is justified by the small clearance of order O(1 c¢cm) between

11
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the BHA and the borehole walls compared to the length of the BHA. This observation
combined with the previous assumptions implies that the geometrical nonlinearity in the
BHA is negligibly small. As a consequence, the Euler-Bernoulli theory for the bending
of a beam is adopted to model the deformation of the BHA inside the borehole.

e The axial force and torque on the BHA are at least an order of magnitude smaller than
the loads that would induce buckling of the BHA. The typical axial strains of the BHA
are of order O(10~%) which allows assuming that the BHA is not extensible.

2.2 Geometry

An overview of the geometry description is given in [Figure 2.2.1] At the rig, an earth-
fixed frame € is defined such that €, points in the direction of gravity. The vectors €, and
€, span a square on the surface area. The borehole is a cylindrical object defined by its
central axis B and its varying cross section. The central axis B is parameterized by the
curvilinear coordinate S. For S, it holds that S = 0 is located at the rig and 0 < S < L,
where L is the increasing length of the borehole and also the evolution variable of the BPM.
The central axis B is formally defined as the trajectory of the reference point at the bit,
which is incorporated in the vectorial function ﬁ(S ). This function is continuous in S but
only piecewise continuously differentiable as sudden changes in orientation can occur. The
tangent to the borehole

. dR
I = —

' ds
uniquely defines the inclination ©(S) € [0, 7| and the azimuth ®(S) € [0, 27). The inclination
is measured with respect to €, and the azimuth with respect to €, in a clockwise direction as
can be seen in [Figure 2.2.1] The local reference frame [, attached to the borehole, is defined

according to a rotation matrix A;(®,©) which relates I = A,& This matrix is given as

(2.2.1)

ce Se O 1 0 0 1 0 0 C*%ﬂ' 0 _S*%W
A (®,0)=|—-se co 0| |0 cp sa| |0 C_lp S_lp 0 1 0
0 0 1110 —s¢ co| [0 —s_1, c_ 1. | [s_1, O c_1_
2 2 2 2 (2.2.2)

CpSe SeSe Co
= |CsCo SpCo —Se|,
—So Cop 0

where respectively s and ¢ represent the sin and cos function with the argument as in the
subscript. Initially, the frame f needs a permutation with respect to €, such that 171 is coaxial
with €, I, with €., and I; with €y. This permutation accounts for the two constant ma-
trices in ([2.2.2). Then, two elementary rotations are performed that are characterized by
the rotation matrix A;. The first elementary rotation is a rotation of azimuth ® around e,

12
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followed by a second elementary rotation of inclination © around €3. Wlth this deﬁn1t1on for
I 11 is tangent to the borehole, Ig is in the same vertical plane as [1 and for 13 holds that
13 = 131 X 12

The BHA axis, D, is a small perturbation of the borehole axis B. For a certain borehole
length L, D is parameterized by the curvilinear coordinate s with the origin at the bit. It
is described by the vectorial function 7(s,L). The function 7 is continuously differentiable
with respect to s, but only piecewise contlnuously differentiable with respect to L. At the
bit, where s = 0, a local reference frame i is attached. The unit vector i1 is tangent to the
BHA axis D and in itself a small perturbation of I 1. This tangent vector 21 has an inclination
of A(s,L) € [0,n] and azimuth ¢(s,L) € [0,27). Furthermore, the frame 7 is also defined
by a rotation matrix A,(¢, ), characterizing a rotation of i with respect to the earth-fixed
frame € at the position of the rig. This rotation matrix is the same as -, however,
evaluated at # and ¢ rather than © and ®, respectively. For i it also holds that i1 is the blt
axis tangent to the BHA axis, 22 is in the same vertical plane as @1 and 7 23 is given by i3 = 21 ><22

Finally, a third reference frame is defined I with respect to the BHA. The forces and moments

acting on the bit are expressed in this frame. In this frame, I is aligned with chord C, which
is the link between the center of the borehole at the bit 7(0, L) and at first stabilizer 7(s, L).

Vector jg is in the same vertical plane as fl and fg = fl X fg. The inclination and azimuth
of chord C) are respectively (©1) and (®;).

In total, three frames are introduced, namely f, i and I. Reference frame Z is introduced
to track the borehole geometry. This frame is defined by the inclination and azimuth angles
O and ®. On the one hand, angle ® measures the angle between €, and fl, on the other
hand, angle ® measures the angle between €, and the projection of I, in the (€, €,) plane.
Bit frame 7 is used to express the forces and moments acting on the bit. Besides that, it
also defines the orientation of the bit within the borehole. This frame is defined by the
inclination and azimuth angles # and ¢, respectively. On the one hand, angle # measures
the angle between €, and ;1, on the other hand, angle ¢ measures the angle between €, and

the projection of i; in the (€, €y) plane. The BHA frame 1 is used to express the forces and
moments acting on the BHA. This frame is defined by the inclination and azimuth angles
(©) and (®), respectively. On the one hand, angle (©) measures the angle between €, and
chord Cy), on the other hand, angle (®) measures the angle between &, and chord C(y in
the (€, €,) plane.

2.3 Loading on BHA

The BHA is considered as a slender elastic object subject to external forces and moments.
The stabilizers are numbered from 1 until n starting with the stabilizer closest to the bit.
A schematic overview of a n-stabilizer BHA in both the (I3, Iy) and (I3, I3) plane, including

13
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Figure 2.2.1: The geometry description of the BHA.

these forces and moments is given in [Figure 2.3.1, The distance between the bit and the first
stabilizer is defined as £(;). Subsequently, the distance between the (i — 1) —th and the i —th
stabilizer is defined as ;) for ¢ = 2,...,n. Since the BHA is inextensible, the curvilinear

coordinate s remains the arc length and thus the position of the i-th stabilizer is always given
by

si=» Llgy for i=12.. n (2.3.1)
k=1

A chord Cy) is defined as the straight line segment between the bit and the center of the bore-
hole at the first stabilizer. Subsequently, chords C;, for i = 2,3,...,n, define the straight
line segment between the borehole centers at s;_; and s;. Each chord has its own inclination
(©) ;) and azimuth (@), which is the average inclination and azimuth, respectively, of the
borehole over the BHA segment between s;_; and s;. The inclination and azimuth alter over
the evolution variable, which is the borehole length denoted with L. The average inclinations
and azimuths can be calculated by

(©) (L) = % / Oo(L — s)ds, (2.3.2)

14
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Figure 2.3.1: Schematic overview of a n-stabilizer BHA in both the (I1,15) plane and the

(I1,13). The forces and moments are included as well as some distances and
inclinations.

15
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1
((ID)(Z.) (L) := P Oy (L — s)ds. (2.3.3)
(1)82.71
For the modeling of the BHA, an undeformed reference configuration is assumed, which im-
plies that the chords C(;), for i = 2,3,...,n, are aligned with the chord C(;). This is valid

as long as the angle difference (0) ) — (©) ;) and (®) ) — (®); is small. Consequently, all

the lateral forces on the BHA are orthogonal to I 1, respectively. The axial forces are in line
with the chord C(y), which is in the I 1 direction.

The RSS actuator is located at a distance Af() from the bit where A € (0,1). The ac-
tuator force is defined as

— = - T =
Frss = [Frssy  Frsse Frsss)l = (Ef-zss> L (2.34)

It is assumed that the actuator force is perpendicular to I, which implies that Frgs; = 0.

As aforementioned, the last stabilizer is modeled as an ideal one which means that the
stabilizer and the borehole have the same diameter and thus their centers must coincide. As
a consequence, there is a wall contact force ﬁn In reality, the diameter of the stabilizer is
smaller than the diameter of the borehole because of bit over-gauging and BHA whirling. This
also implies that the stabilizers can move arbitrarily within the boundaries of the borehole.
The stabilizers can either touch the wall at one point or not touch the wall at all. At each
point s, the BHA has a certain deflection with respect to chord ;). This deflection is a
function of s along the BHA and of the borehole length L, which is denoted by FL(S,L).
The variable L is also the evolution variable. At the stabilizer positions, this deflection

- = AT 2
is evaluated at s = s; which is denoted as h; = [hi1 hia his)l = (ﬁf) I. Since the

position of the stabilizer along the curvilinear coordinate s does not change during borehole
propagation, one can state that h;; = 0. A schematic representation of this scenario is given

in [Figure 2.3.2, At each stabilizer a lateral contact force F’Z is defined as
- Tz

Fi=[Fy Fo Fall=(F) L (2.3.5)

which is also represented in [Figure 2.3.2 The axial component F; ;, fori =1,2,...,n — 1,
is zero at each non-ideal stabilizer. At the ideal stabilizer at the end of the BHA, i.e., at

© = n, the axial component represents the effect of the upper part of the drillstring on the

. g S\ 1 ®
BHA. Lastly, the force at the bit, Fy = [—-Fp1  Foo Fosll = (Fé) I, and the moment
- g N
at the bit, My = [Mo1 Mys Mys]l = (Mé) I are defined. For the BHA model, the

forces are expressed in I , which should be taken into account when combining different com-
ponents. The last force which is introduced is gravity acting on the BHA. This force acts
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Undeformed Configuration Non-Ideal Stabilizer
Deformed Configuration Non-Ideal Stabilizer

Figure 2.3.2: Schematic overview of the deformed BHA compared to an undeformed BHA at
s = s;. The difference in center points is represented by the vector h, whilst ry
is the radius of the stabilizer.

in the €, direction of the earth-fixed frame, which means that the total weight is defined as

- n N

W =w 3 lilcos((©) ;) —sin((©)qy) 0] = (EI> I where w is the distributed weight
k=1

of the BHA. The angles () ) and (®),, can be used since it is assumed that the BHA is
aligned with chord Cy).

The BHA is split into n + 1 segments starting from the bit. The different segments cor-
respond to shear force discontinuities and are indicated with S, for 7 = 0,1,...,n, are
defined as

{s e [0,Aly]} fori=0,
Suy = {se |Alyy,s;]} fori=1, (2.3.6)
{s € [si—1, 8]} fori=2,3,...,n.

Variables which have brackets around their index, for example the segment variable S,
indicate that the variable corresponds to the segment instead of a separate point. Without
those brackets, the variable refers to a specific stabilizer.

2.4 Model Components

The model to predict the propagation of the borehole consists of three interrelated compo-
nents, as visualized in [Figure 2.4.1} The complete model combines a BHA model, the bit-rock
interface laws, and the bit kinematics. The bit kinematics relate the movement of the bit
through the rock formation to the local geometry of the borehole. The bit-rock interface laws,
relate this movement to the forces and moments which act on the bit. Then, the BHA model
relates the forces and moments at the bit, as well as other external forces, to the deflection
of the BHA. This deflection determines the bit orientation.
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Figure 2.4.1: The interaction between the three model components of the borehole propaga-
tion model.

2.4.1 Kinematics

The kinematics of the bit are defined by its instantaneous velocity ¢ and spin &. The
rotation of the bit around the 4; axis is characterized by angular velocity vector 2 = €.
The penetration vector d and angular penetration ¢ are defined as

- 2mU 21
d=—— and ¢Jg=—. 24.1
Q 7= (2.4.1)
These vectors can be decomposed in the reference frame 7 into axial penetration d;, lateral
penetrations dy and ds and angular penetrations ¢, and @3 when projected on the system
axes 71. The penetration vector d defines the drilling direction at the bit, thus d = dI; where

d = /& +di+d3 ie., d is in the direction along which the borehole evolves. Angular

penetration ¢ defines the instantaneous change of orientation of the bit. Both d and g are
velocities that measure bit propagation per revolution of the bit.

The bit tilt angles are defined by the relative orientation of I, with respect to the bit axis
i1 Since d is aligned with _fl, the bit tilt angles can be expressed in terms of d. The bit tilt
angles correspond to the relative inclinations of the projection of d in the planes (51, ;2) and
(272, ;3) The angles are measured from the projection of d to iy around, respectively, -3 and

—

ip. Calculating the inclination angle of the projection leads to the bit tilt angles

d d d d
19 = — arctan (—2) ~——2, and 3= —arctan (—3> N~ (2.4.2)

di di’ di)
where the small angle approximation arctan(a) &~ « is used. This is valid since d; > dy
and dy > ds as bits are designed to drill dominantly in the axial direction. By using
d=|dy dy ds]i~dl and the expression I = A, (P, ¢, 0,0)i, where
$0S9Cs—o 1+ CoCo  CoSeCh—o — SgCo  —SOSH—o
A (®,0,0,0) = A (0,0)A4,(4,0)" = |cosscs_a — oS0 CoCoChpo + 5950 —CoSp_a |

SS¢p—d CoSp—a Cop—d

(2.4.3)
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the bit tilt angles can be expressed in terms of 7 as

by~ dy  CpSeCs-o — SeCo _ So-o _ 0_ 0
2 ~ T T o~ T ~~ ~~ - 9
dl S050Cyp—a + CpCo Co—e (2 A 4)
dg —S50S¢p—d S0S¢p—d
¢3z—d—z ~ ~ sg(p — D),
1 80S¢Ce—a + CoCo Co—0

where the facts | — ©| < 1 and |¢ — ®| < 1 have been applied to do the approximations,
stemming from the fact that the bit axis D is a small perturbation of the borehole axis B. In
conclusion, (2.4.4) relates the penetration variables and the bit tilt in terms of the bit and
borehole inclination and azimuth. The change of inclination and azimuth at the bit can be
computed by using and the definition of the spin vector & = [0 —% sin 0 ‘fiﬂ ¢ such
that

irid 27T - 27'('
0 @2 ws]i= O [0 Z‘f sing 9] i = I [O C‘;E ddlt‘ sin 0 jﬁ %] (2.4.5)
which, by using 7 dL = ||7]], leads to
P2 do w3 dbf
T ——sing,  and A 2.4.6
o Tt e g N (2.4.6)

where there is used that d; is the time derivative of the borehole length, i.e., d; = %.

2.4.2 Bit/rock Interface Laws

The interface laws are represented with respect to one reference point on the bit. This
reference point is located at the lower boundary of the BHA model along i1. The bit /rock
interaction forces are reduced to generalized forces averaged over a bit revolution, namely
a force acting on the bit and moment acting at the reference point on the bit and being

orthogonal to the bit axis ;1. The force at the bit is defined as Fg = [_FOJ FOQ F073:| Z:
AN T S = A ~ A -
<F5> ¢ and the moment at the bit location is defined as My = [MOJ My o M073}@' =

A . T — —
(Mg) i. The forces and moments acting on the bit are related to the penetration vector d

and angular penetration vector @ by the bit/rock interface laws [23], which can be expressed
as follows:

Foa Gy H 0 0 0 0 dy
Fis 0 0 Hy Hy 0 0 dy

§ Fogs =—< 0 — 0 —Hy Hy 0 0 ds o . (2.4.7)
MO,Q 0 0 0 0 H4 H5 902

\ M0’3 ) 0 0 0 0 —H5 H4 @3
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Figure 2.4.2: Visualisation of the bit walk angle, adopted from [15].

The term G is a measure for the bluntness of the bit and is always positive. The coefficients
H; fori=1,2,...,5, depend on the bit geometry, the rock strength and parameters of the bit
itself. The parameters H;, for i =1,2,...,5, could be interpreted as damping coefficients. A
walk angle w is defined as the difference in angle between the lateral penetration ds and ds
and the lateral force F5 and F3 and is defined as follows

Hj
w := arctan T (2.4.8)
If w = 0, the lateral forces and penetrations are aligned, which causes the bit to have a
neutral walk tendency. If @ > 0 the bit has a right walk-tendency, whilst @ < 0 implies
the bit has a left-walk-tendency. For PDC bits, walk angles of £10° are not uncommon [15].
The bit walk is visualized in The bit walk angle is the angle between the lateral
penetration, defined as d; := dais + d3i3, and the lateral forces, defined as F} := Fy 219 + F( 313
pointing in the direction of i1. Besides the bit walk, also bit flip ¢ is defined. This ¢, analog to
the bit walk, is the difference in orientation between the moments at the bit ]\7[b = M2172+M3z73

and the change of bit orientation @, = ¢ais + ¢sis. In terms of Hy and Hj, the bit flip is
defined as

Hsy
= arctan —. 2.4.9
¢ := arctan 7, ( )

The active weight on the bit W can be derived from the first equation of (2.4.7) and is
W = H1d1 - —Gl - FO,l-

Next, the bit/rock interface laws (2.4.7)), the definition of the active weight W and the
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kinematic relations (2.4.4)), (2.4.6) are combined to derive

Foa) _ g [ H2 Hi v {Z— %} ]

) =W ; , 2.4.10
{Fw] 1{—113 Hz] [% A (2.4.10)
Mo 2] { H, —Hﬂ %Sin(&) [ % _%} dﬁ sin(6)

Toa) ~ ’ =W | . (2.4.11)
] L ] | il | i

2.4.3 Scaling of Variables

To generalize the modeling and analysis of the borehole propagation model, scaling of the
variables is introduced. Both the forces and moments, as well as the lengths are scaled.
To scale the length, the reference length /(1) is used. Using this scale, a couple of different
dimensionless parameters are introduced. The first is A;), for : = 1,2, ..., n, which is defined
as A\ := {(y/{1y. This parameters indicates the distance between two consecutive stabilizers.
This deﬁnition implies that A(;) = 1. The dimensionless total length of the BHA is defined

as A 1= Z A(k)- Secondly, the dimensionless total borehole length £ is defined as § := gi‘)
Thirdly, the arc length along the BHA startlng from the bit is defined as § := > on which

— 7
(1)
the stabilizer positions are defined as §; := z( :

of the BHA can be written as

) {5 €]0,A]} for i =0,
S(Z') = {§ S [A, 1]} for i =1, (2.4.12)
{§€ [gifl,gi]} forz':2,3,...,n

|+

The deflection of the stabilizers, denoted by Hi, is scaled to be h; = = [hi1 7%',2 hi 3] 1=

A\ =
(i) I

To scale the forces and moments, the characteristic force F* :=

~

(1)

3EI
th
ET is the flexural stiffness. With this characteristic force, several dimensionless forces

are defined. The first scaled force is the force at the bit, which is scaled to be Fy =

is defined, where

— T — -
= [—Fo,l F’OQ ]50,3} I = <E1> I. Similarly, the contact forces are defined as Fj, =

g

F* = F*

— T T - = —
B — [Fd sz Fkﬁ] I = (Ei) 1. The actuator force is scaled to be Frgg = £ESs —

— 2 T —
[FRSS’I FRSS,Q FRSS 3} I = (E255> I. Lastly, the distributed weight of the BHA is

(1)

scaled to be w = w7 . To scale the moment at the bit, the characteristic moment M* =

_,

ANT .
~ ]

[MOI MO’Q Mg;;] = (MO) z These definitions

F*{(1) is defined leading to MO
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can be applied to obtain the scaled version of (2.4.10)

I Fo,z
|:F~10,2 — F*
F Fo.3
0,3 T

Hj

W \/H; + H} \/HI;QIng /HE+H? |:w2:| _ [ cos(w) sin(w)} [%
== T Hs i, =

F* H, T HH [ V3 —sin(w@) cos(w)| s

(2.4.13)

where the scaled active weight on the bit is defined as Il := FE and the lateral steering
2 2

resistance 7 := HéjH‘?’ is introduced. This steering resistance 7 is a positive number which

indicates the difficulty of lateral penetration in comparison to axial penetration. Scaling can
also be applied to the equation of the moments in (2.4.11)) leading to

"~ y Hy _ Hs .
Moo) _ || _ WVHI+ I | i e | | 4f sin(®)
Mos| | Mos Hy
b M*

= — VS ) sin
F ng(l) \/sz-Hg \/H2+H52 dL

_ —cos(s) sin(s) Z—? sin(#)

- { sin(c) Cos(q)} [ le_g : (2.4.14)

2 2
In this equation, the angular steering resistance y := % is introduced. This steering
1

resistance is a positive number which measures the relative difficulty of imposing an angular
penetration.

2.5 BHA Model Derivation

The BHA model relates the deflection of the BHA to the forces and moments which act on
it, given that the bit and borehole orientations are known. The BHA can be modeled as a
static beam which is supported at the bit and submitted to contact forces at the stabilizers
and RSS actuator. Therefore, the static equilibrium equations

Zﬁ:ﬁ,Zﬁ:ﬁ (2.5.1)

must hold. The forces and moments, however, are statically indeterminate; i.e., the defor-
mation of the BHA should be considered to determine the forces and moments acting on the

BHA.

For an n-stabilizer BHA, the equilibrium equations ([2.5.1]) are derived based on [Figure 2.3.1
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and are given as follows:

N N n—1 . . 5
S F= (Eé+E;ss+ZE£+Ei+w1>l

—Fy1 + Fy + ) cos (©)a) (25.2)

_ Foa+ Fresa+ Y Fra — ®Asin (©)n) =0
k=1 = ’

~ ~ n ~
Fos+ Frsss+ Y. Fis
k=1
) N N _AT_’ ) _SkT_, N _%T_' )
= o ~f = Py = L] = 2T
S™ Muppois = Mol — ML+ | 0| I x (FrssD)™ + Z Ix(EDT+ | 0| IxWi)
0 0
~n,1 + M0,1
_ My + AFgsss + Y. 5uFhs i
= k=1 L =U.
Mo’g — AFRSS’Q — Z ngk,Z -+ %’LI))\Q sin <9>(1)
k=1
(2.5.3)
The deflection at stabilizers i = 1,2,...,n — 1, earlier defined as h;, is the distance between

the chord C(;y and the BHA at the position of stabilizer . This deflection corresponds to
an angle, the angle between chord C(;) and the tangent to the BHA axis at s = s, defined
as H;(5,L), for j € [2,3]. Angle Hg(s L) corresponds to the angle between chord C(;y and

the tangent to the BHA in the (Il,[z) plane and angle Hs (5, L) corresponds to the angle

between chord C(;) and the tangent to the BHA in the (f 1, fg) plane. The deflection and its
corresponding angle can be used to solve the scaled Euler-Bernoulli equation

. dhs(3, L) dHs(3, L) - d®hy(5,L)  dHs(3,L)
3M, = — I = — E , 3M; = B = PR (2.5.4)
where the relations
N dhs(3,L) _ . dha(3,L)
HQ(S, L) 43 s Hg(S, L) = T, (255)

are applied.

The relative inclinations and azimuths, H,(5, L) and H3(s, L), are determined by integrat-
ing the Euler-Bernoulli equations. The first step in solving the equation is to obtain an
expression for the internal moment in the BHA, which is obtained by the method of intersec-

I
N

tions [11]. The internal moment is defined as M(i)(s) = [M(i),l M(im ]\;[(i)73] I = M1,
for: =0,1,...,n. First, the moment equilibrium is defined for section S(,), followed by the
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moment equilibrium for section S(,_y). This process continues up to S, leading to

( — - —

* *

A?(HL?) + (A = 3) —FRs&g for i = 0,

[ M(iv1,3)] | Frssp

NN F

M(l)(g) = M(i+1,2) + (gz - §) 13 for ¢ = 17 2’ e, n — 1, (256)
[ Mit1,3) ] | Fis
* *
(A=3) | =Fis| — 0 for i = n.
\ Fy 3W(A = 3)%sin (©)

The internal moments in the direction of I 1 are indicated with a x because these are irrelevant
for the deflection of the BHA in the I 9 and I 3 direction. Usmg the relation (2.5.4)), the relatlve

inclination H;)(5) = [* Hiz) Hag } ] and the deflection h ) (8) = [* h (i,2) h(z, )] I with
respect to the chord C; can be found per segment (i) by integration:

S
Hi(5) =3[ My(r )dr +H,; for 5¢€ Sy,
50 (2.5.7)
h(i)(g) f T)dT + h; for s€ Sy,
0
for i = 0,1,...,n, and with the integration constants H, and h;, which leads to
* * * ]
Hao | (5)+3(A5—F) |:FRSS3 + | Ho2) for i =0,
:H(IB) Frss 7'[(0.,3):
* * *
H(5) = Hiit12)| (5) +3 (552 - %) {Es + 7':1(1',2) fori=1,2,...,n—1,
_H(i+1,3) Fio H(z‘,s)
* * *
3(As — %) {anl — { 0 + 7:[(n_2) for i = n,
Foo 5w (N5 = A&% + 35%) sin((©) ;) Hns)
(2.5.8)

for the relative inclination H;3(5) and azimuth H;z2(5). From this, an expression for the
relative deflection can be computed by integration:

* * * *
[@(1,2)] (3)+ (3482 - 5) [FRSSQ + | Hos | 5+ [B(o,z)] for i = 0,
ha13) Frss3 H0,2) h,3)
* * * *
71(1)(5) = il(i+1,2)] (3) + (2525 %) [Ez + 72(233) s+ f:l(m) fori=1,2,...,n—1,
hit1,3) Fis Hi2) hi3)
* * * *
3(As% — %’) E‘*Q - 2w <A2252 _ %5 + %) sin((©) ) | + 7':1(”,3) 5+ [@(n,g)] for i = n.
Fos 0 H(n,?) h(n,3)

(2.5.9)
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One should be aware that these deflections and relative inclinations are only valid when
evaluated in the corresponding segment, thus s € S;). The number of unknowns in this

N T 2
problem is 8n + 9. These unknowns consists of three forces (E é) I, as well as three mo-

N T =
ments (M é) I, at the bit. These unknowns can be obtained from the static equilibrium

equations, which were derived earlier in equations (2.5.2)) and (2.5.3)) under the assumptions
that the moments and axial force at the last stabilizer are known. The next three unknowns

are the contact forces at the last ideal stabilizer <E i) i , which follow from the deflection at

the last stabilizer. For the n — 1 non-ideal stabilizers, a nonlinear complementarity problem,
which is treated later on, is formulated to solve for these 4(n — 1) unknowns. The remaining
4(n + 1) unknowns are the integration constants H; and h; for i = 1,2,...,n, which can
be found by imposing continuity of the beam, bit centering, and the relation between the
average angles <@>(1) and <<I>>(1) and the relative angles formulated in (2.5.8). The aim of
imposing these constraints is to find an expression in closed form for the deflection of the
BHA at its segments.

The first constraint is to impose that the relative inclination and azimuth are continuous
along the BHA. At the RSS locations § = A and at each stabilizer positions s = §, it holds
that

H H

{%22] (A) = Mﬂii] (A), (2.5.10a)
Hir2)| 2y _ [Hao | = - B
|:H(i+1 3)} (8;) = |:H(@'73) (8;) fori=1,2,...,n—1. (2.5.10b)

Constraint ([2.5.10al) leads to

H 2)} 3 2 [FRSS 3}
t2)| _ 22 |IRSS3| 2.5.11
[H(lﬁ) 2 Frsso ( )

and for i =1,2,...,n — 1, the constraint (2.5.10b]) leads to

H 2)] 3 {Fi 3}
liy)| _ 3 Lis| 9.5.12
[H(i,s.) 2" |Fia ( )

A similar continuity constraint can be imposed on the deflection, which is expressed as follows:

[%(1,2)} (A) = {%(0,2)} (A), (2.5.13a)
(1,3) (0,3)
{h(im)} (5) = {f}@z)} () fori=1,2,....,n— 1. (2.5.13b)
h(i+1,3) h(i,B)
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Constraint (2.5.13a)) leads to

ha 2)} I {FRSS 2}
N2 2 S A | RSS2 2.5.14
{h(l,i’») 2 Frss;s ( )
and for i = 1,2,...,n — 1, the constraint (2.5.13b|) leads to
h 2)} s [Fz 2]
U = =g [ T 2.5.15
{h(i,?)) 2" |Fis 80

The next constraint which is considered is the fact that the bit is centered in the borehole
and thus the deflection should be zero, i.e,

o=
[h(o,g) o= (25.16)
which results in o
[}-‘(’“”] = H : (2.5.17)
k=0 i 3) 0

from which can be deduced that

— ~ n_l ~

hn 2)] L[ s |:FRSS 2} -3 [Fk 2}

n, = [ A3 || 1 o e . 2.5.18

[h(n,:a) 2 Frss3 ; M| Fra ( )
The next constraints are related to the bit orientation. From the definition, it follows that the
inclination and azimuth at the bit are given by the angles 6 and ¢. The relative inclination

is defined as the inclination difference between the inclination (©),, of chord C(;) and the
inclination 6y of the bit leading to

7‘[(0,3)(0) = <@>(1) — bo. (2.5.19)

Analog to the inclination, the relative azimuth at the bit is defined by the azimuth (®) ) of
chord Uy and the azimuth ¢ of the bit. However, since the angles (@)(1) and ¢q are defined
in the (€, €3) plane, an additional term is needed, which projects the BHA and the bit onto
the plane (€7, €3). This leads to the relation

Hi02)(0) = (@), = o) sin (€) (2.5.20)

By using (2.5.19)) and (2.5.20)), one can state that

|:H(0,2):| (0) = zn: {’H(m)} _ ((‘I))(U - ¢o> sin <@>(1)
Hoa) (8) 1) — bo
from which another integration constant can be solved leading to

_ ~ n—1 ~
Hn 2)] 3 \2 |:FRSS 3] 2 {Fk 3} <<‘I’> - ¢0) sin ()
Tn2)| _ 2 [ A2 [LRSS3| L N2 1 TR3] ) S 1. 2.5.22
[H(n,s) 2 Frss2 ; Ry (©) 1) — bo ( )
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Now, all integration constants are found and expressed in (2.5.11)), (2.5.12)), (2.5.14]), (2.5.15]),
(2.5.18) and (2.5.22) The deflection of the BHA at the n — th stabilizer with respect to chord
C() can be expressed as

» [ ®hy— ()
o] [(<<1>>(1) i) s e

Aky- (2.5.23)

k=2

In this expression, the small angle approximation is used. This expression can be equated to
the expression which follows from (2.5.9)), which leads to

B(n 2)} 3 [ n, 2} FU?)\ZL sin((O) )} [H(n 3)] i_l(n 2)
SN = A — |8 R I M D Pt
|:h(n,3) )= Fos 0 Hn2) hn,3)
E (©) 1) — o 85\ sin((0),))
s[5
Fos <<q>>(1) - 9250) sin (©) ;) 0 (2:5.24)

o (2t [ o8 (2w [2]))

From this, the contact force at the last ideal stabilizer can be determined to be
[ } _ Z - <@>(k> - ?o . Fm sin((©) (1))}

n—1 ~
1 Frss, 2] ( {F k 21 )
+-—= AQA—SA[ T :
23 ( ( Frss;s P Frs
It remains to find expressions for the contact forces at the non-ideal stabilizers. The inte-
gration constants which are found are similar to the those listed in [26]. The next section

describes the derivation of the nonlinear complementary problem to find the contact forces
at the non-ideal stabilizers.

(2.5.25)

2.5.1 Modelling of Non-Ideal Stabilizers

The contact forces at the non-ideal stabilizers depend on the deflection of the BHA at each
stabilizer with respect to the borehole center. In order to find such an expression, first an
expression for the last BHA segment is needed because the other segments depend on this

expression recursively, as observed in (2.5.9).

To find this expression, the contact forces F,j for k = 2,3, found in (2.5.25) and the inte-
gration constants h, ) and H,x) for k = 2,3, from (2.5.18) and (2.5.22) are substituted in
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the expression in ([2.5.9)) for ¢ = n. This procedure leads to the concise formulation

Bn,? o <6> 1) — fo N - - <@> 1) 0o = - Fkg
|:il£n3;:| (%) = (<<I>>(1) - gz(ﬁo)> sin((©) ) o ; (8 [(<‘D>(k) - d()o)> sin((©) ) ’ ; ernl3) |:Fk J

+ CQn(g) [?RSS,2:| + C2n+1(§) |:SIH(<0@>(1)):|
RSS,3
(2.5.26)
with the functions (;(8), for i = 1,2,...,2n + 1, defined as
~2 . )\
Go(3) = %)\(k for k=1,2,...n, (2.5.27a)
Corn(3) = 4‘9;3 (23N — 3) (5x — 3\) + 203 (35— &) for k=1,2,...,n—1, (2.5.27b)
AQ
Con(3) := 3 —(F2(BA = 3)(A = 3)\) +2)3(35 — A)), (2.5.27c)
1
Coni1(8) := Ew?( 3\ + 23)(\ — 3). (2.5.27d)

Then, the deflection at stabilizer ¢ for i = 1,2,...,n — 1, can be derived by evaluating (2.5.9))

at § = §;, resulting in

i) -l
(©)) b ~ _
) [(<q>>(1)_;so)) “Z@ g (@) = én) sn(t0) )

+Con (51) {I?RSSQ} + Con+1 (51) {Sm } T Z <<k+n 5 {ZZ;D (2.5.28)

Frsss —

+ 5 (amten [2]).

k=i+1

One should notice that this expression makes use of the following equality [26]:
1
Cem (51) + 5 (5% — 5)° = Cign (Br),  for k> (2.5.29)

The deflection of the stabilizer with respect to the borehole center is defined as (i =[0 d2 63 f =
(67 )T I. The components of 61 can be computed as

sl =[] ‘Z [(<<1>>(1)<(:)><(3>;><)®s>ifé<@>(k)>

S (o [])+ E (s [F])+ [l esw

k=i+1
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_a—TIdeal Stabilizer

Non-Ideal Stabilizer Locations

Cl2)
Cay
1))

Figure 2.5.1: The last stabilizer is centered in the borehole, which defines a deflection for
the last stabilizer as visualized. The drillsting, the non-ideal stabilizers and the
RSS actuator are left out in this figure, which has been taken from [25].

(2.5.31)

3

= ) " k=1 (Ck (%) [((‘I))(k) - Cbo) sin((©) )
+ Can (1) {ERSS’Q} + Cont1 (54) {Sin“@)(l))} .

Frss;s 0

o] < (©) o — 0o (©) o — 0o
lgﬂs} - 1 (A(k) [((‘I’)(k) - CZ(:))> Sin(<@>(1)) X

The term which is subtracted in the first line of represents the borehole center with
respect to the reference configuration of the BHA at stabilizer 4, visualized by
By subtracting this term, the deflection with respect to the borehole center can be computed.
This expression can be written concisely as

[ 51,2 ] F1,2 i q1,2 |
On—12 -1 Fn—lQ Gn—1,2
=K e 1, 2.5.32
013 Fis 41,3 ( )
[ 0n—1,3] Fn_Lg L4n—1,3]
T N o SN—
3 F, q

where K ! is given by the inverse of (2.5.39).

All stabilizers have to comply with Signorini’s contact law, which is an ideal unilateral
contact law [13]. This law prevents the stabilizers from penetrating the borehole wall by
imposing complementarity relations between the contact force and the contact distance. If
the magnitude of the gap between a stabilizer and the borehole wall is denoted with M, and
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Figure 2.5.2: Visual representation of the gap variable at stabilizer 7.

the magnitude of the contact force with Mg, then Signorini’s contact law, which should hold
for each individual stabilizer, states that

My, >0, Mp>0 and M,Mp=0. (2.5.33)

The magnitudes of the contact forces are contained in a column A € R™"!. The direction of
the contact force is determined by the gap variable g;, for i = 1,2,...,n — 1, which indicates
the closest distance between the borehole wall and the stabilizer ¢ as visualized in
In the case of a circular borehole, the gap variable g;(9) is a function of the deflection §;,
which was defined in and is defined as

9i(0;) = (R—1r) = /0y + 073 for i=1,2,...,n—1, (2.5.34)

in which R is the borehole radius, r the stabilizer radius and the difference between the two
is the maximal clearance. The directional information of the contact forces is contained in a
matrix W, which is defined as

W= (a%—(;)) T : (2.5.35)

where g(d) is a column containing all the gap variables g;. The magnitudes of the contact

forces are contained in a column A = [A; ... An_l]T. By combining the directional information
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and the magnitudes, the contact forces can be written as

01,2

S
]

By rewriting ([2.5.32)) and the relation ', = WA, the deflection can be written as

S NI B 0
/01507 5
0 _2 ~ 67L71,22 Al
5 V 5'n,71,2—’—5n71,3 :
T 0 :
2V 5%,2"‘5%,3 An—l
0 _ n—1,3
L V 6'I2L—1,2+6?L—1,3_

=94

K6 = Q+ WA,
with
[ 012 ] [ @12
K 0,—1x 1} On—1.2 [ K On—ixn—1]| [Gn—12
n n 9 — n n 9 _I_WA’
anlxnfl K 61,3 anlxnfl K 41,3 T
K : :
_5n—1,3_ Ldn—1,3
—_—— P
5 Q
where
_ - ~ - —1
Cn+1(1) gn—i-l(si) Cn+1(5n—1)
K = CnJrl (§1> CnJri (§z> CnJri (gnfl)
_gn—i-l(gn—l) Cn—&-i(gn—l) C2n—1(§n—1)_

(2.5.36)

(2.5.37)

(2.5.38)

(2.5.39)

The contact forces cannot be calculated by solving a LCP, as done in [26] and [29]. For
an LCP formulation, two relations are needed, namely; (i) a linear equation expressing the
gap’s magnitude M, as a function of the contact forces” magnitude A and the external forces’
magnitude and; (ii) a complementarity relation as defined in . A necessity is that
both the linear equation and the complementarity relation are written in terms of the mag-
nitude of the gap and forces. The main obstacle to arrive to an LCP formulation is to write
(2.5.37)) in terms of the magnitudes, whilst preserving linearity between the magnitude vari-
ables. In [29], the author did derive such a linear equation on magnitude level. In that work,
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however, a square borehole was considered rather than a circular one.

To compute the contact forces for a circular borehole a different approach is used. For a
circular borehole, the relation between the magnitude of the contact forces and the mag-
nitude of the gap is nonlinear. Hence, a nonlinear complementarity problem is considered.
This nonlinear complementarity problem is solved via a proximal point approach which allows
solving with efficient numerical methods. With the proximal point approach, the formulation
of the unilateral contact law is converted into a proximal point formulation [1,28]. In the
following intermezzo, the concept of a proximal point is explained.

Intermezzo: Proximal Point

Consider a set C' which contains all the possible values for a certain variable, which for this
problem are all the non-negative reals: C' = R*. Then, the proximal point z = prozg+(z) of a
point z is the closest point from x to the set C, which is formulated as follows:

e if a point z is located in C, then the proximal point z is the point itself, i.e., z = x.

e if a point x is located outside of the set C', then the proximal point z is on the boundary
of C'. Then, two cases can be distinguished

— if z is located on a smooth part of the boundary, then z is the proximal point for a
outward ray to the set C' starting in z.

— if the point z lies on a non-smooth part of the boundary, then z is the proximal point
for a whole cone of points constructed by the tangents to point z, starting at z.

In the remainder of this section, points z and x have no further meaning, but the concept of
the proximal point formulation is used.

Signorini’s contact law can be written in a proximal point formulation by the expression [2§]:
A; = prozg+ (A; —rg;)  with r > 0. (2.5.40)

By evaluating this expression, one can conclude that this proximal point formulation is the
same as the complementarity relation, namely

e if there is a contact force, the contact force is in the set RT which means that the
proximal point A; equals the argument of the proximal point function. For this to be
the case, the term rg; should be zero. This can only be the case if the gap variable is
zero since r > 0 implying A; > 0 — A; € interior(RT) — A; = proxe, (A;) — ¢ =
0 since r >0,

e if there is no contact force, the proximal point function should map to zero which is
the case for all points —rg; < 0. Since r > 0, this should imply that g; > 0. A;, =0 —
0 =proxcy(—rg;),r >0—0=prorg+(—rg;),r >0—g; >0 since 7 > 0.

Thus, the contact forces in this nonlinear complementarity problem can be computed using
the proximal point formulation. In this formulation, the contact forces are calculated using
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the proximal point function (2.5.40]), for ¢ = 1,2,...,n — 1, where the input arguments
depends on the gap function defined in (2.5.34) which contains the nonlinearity. The gap
function is subject to the equation for the deflection defined in ([2.5.37)).

2.6 Borehole Propagation Model

The differential equation governing the propagation of the borehole can be obtained by
combining the model components. From the force equilibrium, defined in ([2.5.2)) and -
an expression can be found for the forces and moments at the bit after substltutlon of the
contact forces at the last stabilizer, in . This procedure leads to the expressions

2 —Fpssz — Y Fiz + wAsin (©)a)
{ FO’Z} = Fe (2.6.1)
0.3 —Fprsss — Y. Fks
k=1

~ n—1
1 F 1 Fo
- 2/\3 A3 /\AQ ~RSS,Z . 2)\3 3 )\
2)\3 ( + 3 ) { 2\3 Z +5—3 Fk 3

Frsss
(©) ) — o ) . Fmsm«@w}
0 )

<<(I)>(k) - ¢0) sin <@>(1)

- —Afpsss— 30 &k

|:MO 2] B RSS,3 k; kLk,3

MD3 AFRSS,Q + Z (§ka72 — %121)\2 sin <@>(1)
k=1

Frss2

- (Z A [‘ (@ - ¢°> sin <9><1>

<®>(k) — o

The equations for the forces and moments at the bit are expressed in frame Z The expression
obtained from the bit/rock interface is expressed in 7. Since the difference between the angles
related to I and 7 is small, the transformation matrix A (®, ¢, 0, 6), given in ([2.4.3), is close
to identity. Therefore the equations expressed and are substituted directly

into (2.6.3) and ([2.6.11]), without any transformation.

The equation obtained for the moment at the bit M, is substituted into (2.4.14)), leading
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to the differential equation

o] 1 (oo O[] g

The inverse of the matrix in (2.6.3) is always defined since the determinant is equal to 1
irrespective of ¢. Hence, from ([2.6.3) can be deduced that % sin(f) is determined to be

Z—? sin(f) = zn:ak (cg <<(I)>(k) - ¢o> sin (©) () + s <(®>(k) — 90>> (2.6.4)

n—1
+ Z b <8ng,2 + Cng,3> +c <5gFRSS,2 + CcFRss,3> + sceasin (0) 4,
=1

in which the abbreviations ¢, = cos¢ and s, = sin¢ are used, and the term 4 dg is determined
to be

n

do |
i ; g (Cg <<@>(k) - Qo) — 5 <<(I>>(k,) - ¢0> sin (@)(1)> (2.6.5)
n—1 ~ . } .
+ Z by <Cng,2 - Sng,3> + (CgFRSS,Q - SgFRss,3> + ¢oeasin (0)
k=1
where,
Ak)
= o (2.6.6)
I P
A
o 2A-A)(A—A 2.6.
4= oy T A=A, (2.6.8)
L
= QT 2.6.
C2 SHXwA , (2.6.9)

where the contact forces F = WA are found by solving the system of equations in (2.5.40)

and (2.5.34)), subject to the linear relations (2.5.37)). The coefficients in (2.6.6) - (2.6.9) are

similar to [25] when it is assumed that € = g

The derivative of the average borehole inclinations (@)l(i) and azimuths ((ID)/(Z.) fori=1,2,....,n
is given by
d(©), . — O, d{®), O, — b,
( >()(f) _ O;-1 @,, ( >()(§) _ % i (2.6.10)
d¢ AGa) d¢ AGa)
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which are the &-derivatives of (2.3.2)) and ({2.3.3)).

Expressions for the inclination ©g and azimuth ®; of the borehole at the bit can be found
by substituting (2.4.4) in (2.4.13)) and rewriting these expressions to

mj - niH {—CZTIEZE)) SE;EZ%] h {?ﬁj - (2.6.11)

In this equation, the inverse of the matrix is always defined since the determinant is equal
to 1. Using this expression, one can derive ©¢ to be

Cwﬁo,z - Swﬁo,s
nll

By + i ar (e (O = 00) = 5= (@) = 60) sin (©),))

+ by, <Cka,2 — Swﬁk,3) + (CwFRSSQ — SWFRSS,3> + CaCg SIn <@>(1)
1

O =0y — (2.6.12)

3
—

i

and sin((©) )Py to be

SwFO,Q + CwF0,3
nll

sin((0) (;))Po =sin((O) ;)¢ — (2.6.13)
sin(() ;)0 + i i <sw (<@> o - 90) Yo (<<1>> o — ¢0) sin (O) (1))

n—1
+ Z b <5wﬁk,2 + Cka,:B) +a <5wﬁRSS,2 + CwﬁRss,:a) + G285 8in (0) (g
k=1

with coefficients

a = — % (2.6.14)
by :27%11 (2X\° + 8} — 3)57) (2.6.15)
@ :27%11 (2% + A% — 3)A?) | (2.6.16)
Gy =— ;}”—S (2.6.17)

These coefficients are the same as in [25].

To concisely formulate the borehole propagation model, a summary of the leading equations
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is given. The borehole propagation model is given by the set of delay differential equations
namely

n

d¢ .
(o) = ; ar (e (@ = 00 ) sin (B) ) + 5c ((E)y — 60)) (2.6.18)
n—1 ~ ~ ~ ~
+ Z bk (SngQ + Cthg) + (SgFRSS,Q + CgFRSS,3> + S¢C2 sin <@>(1)
k=1
A~ ,
= Z; ar (e (10 = 00) — s (@) ) — o) sin () ) (2.6.19)
n—1 ~ ~ ~ ~
+ Z by, (C§Fk,2 - Sng,3> + (CcFRSS,z - 5<FRSS,3) + c.c28In <@>(1) )
k=1
d(©) (§) _ O, — 06 d(®); (§) _ b, 1 — D (2.6.20)
d& A ’ d& AG) ) o

with coefficients, ax, k = 1,...n in (2.6.6)), b,k = 1,...,n — 1 in (2.6.7)), ¢; in (2.6.8)), and
¢y in (2.6.9). The output equations of the system, being the inclination and azimuth at the
bit, are derived to be

Oy = b + iak <cw <<@>(k) - 90) sy <<<I>>(k) - ¢0) sin <@><1>) (2.6.21)

n—1
+ Z by, (Cme - Ska,:f,) +c (CwFRSS,2 - SwFRSS,3) + CaCe SIN (O) 4y
k=1

$in((0) 1)) B0 = sin(©) ) + 3 (52 () ) + e (@) — ) sin 0) )
. (2.6.22)

n—1

+ Z b, <3ka,2 + CkaB) +c <3wFRSS,2 + CwFRSS,?)) + C285sin (0) -

with coefficients, ak,k = 1,...n in , b,k =1,...,n—1in (2.6.15), ¢ in (2.6.16),
and & in (2.6.17)). In both the differential equations (2.6.18)) - (2.6.20) as well as the output
equations and the contact forces are calculated based on the NCP which is
written as in a proximal point formulation. The proximal point formulation solves simulta-
neously the following set of equations:

A; = proxg+ (A; —rg;))  with 7> 0, (2.6.23)
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9i(0;) == (R—1) = /07y + 675 for i=1,2,...,n—1, (2.6.24)

K*§ = Q + WA. (2.6.25)

with K™ and Qdefined in .

The model which is obtained is a so-called delay differential equations subject to set-valued
force laws for the unilateral contact of non-ideal stabilizers. The delay nature stems from the
fact that the deflection of the BHA depends on the historical values of its orientation. The
unilateral contact law stems from the fact that the stabilizers in the borehole have to comply
with Signorini’s contact law.
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3 Analysis of Borehole Propagation
Model

This chapter presents the analyses of the borehole propagation model that has been devel-
oped in Chapter 2. The first analysis is a verification of the derived model by comparison
with the results in [26] as described in [Section 3.1} Recall that [26] is a two-dimensional
model. Subsequently, the effect and validation of the extension to three dimensions is made.
Also the onset of oscillations which potentially could lead to borehole spiraling are discussed
in this section. Then in the effect of the inclusion of the non-ideal stabilizers is
shown by altering the diameter of the borehole. Lastly, in [Section 3.3 a potential use case
of the model is presented by considering a certain actuation path.

In these analyses, a so-called benchmark model is considered, taken from [25]. This model
is a two-stabilizer model, which implies that the BHA has one ideal stabilizer at the end (at
the interface with the drill-string) and one non-ideal stabilizer. The length of the segments is
L3 = 3.66m, for ¢ = 1,2. The RSS actuator is located 0.6m behind the bit. The parameters
which characterize the behavior of the BHA are the distributed weight w = 1.08 - 103 % and
the flexural stiffness EI = 7.2-10°Nm?. The active weight on the bit is chosen in the interval
W € [20,45]kN. The RSS actuator has actuation limits of £16kN. The maximum distance
between the stabilizer and the overgaged borehole, referred to as the clearance R*, is the
radius of the borehole R minus the radius of the stabilizer r. The clearance is within the
interval R* € [0.1,1]- 10~2m. In practice, this clearance varies over the borehole length &. In
this analysis, however, a constant clearance over the evolution variable £ is considered.

Scaling these parameters following the scaling described in Section [2.4.3] leads to a BHA
segment length A\; = 1 for 7« = 1,2, where the RSS actuation pads are located on A = %
behind the bit. Scaling of the lengths also implies that the scaled maximum clearance is
R* € [0.27,2.7] - 1073, To reduce complexity, in the analysis, the maximum clearance of
R* = 0.01 for the non-ideal stabilizer. Based on the characteristic force F* = 1.61 - 103%kN,
the distributed weight on the BHA is determined to be w = 2.45 - 1072, The active weight,
characteristic force and the parameter choice for the bit yield to the dimensionless group
nll € [3.7,8.37] - 107!, The RSS actuation limits scale to be +1072. Furthermore, the di-
mensionless parameter € is defined to be € = % which is measure of the relative difficulty

to impose an angular penetration to the bit with respect to a lateral penetration. This pa-
rameter is chosen to be e = 0.1. An overview of all the (scaled) variables is shown in{Table 3.1
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Table 3.1: The variables and their scaled counterparts used in the analyses.

Description Variable | Value [unit] %cal?d Value
quivalent

Segment Length iy 3.66 [m] ) 1

Position RSS actuation - 0.6 [m] A z

Distributed weight w 1.08 - 10[] w 2.45-107°

Flexural stiffness EI 7.2 - 10°[Nm?| - -

Active weight on bit W [20,45] [kN] nll 3.7,8.37] - 107!

Actuation limits - + 16kN - +1072

Maximum clearance R* 0.1, 1] -107%[m] R* 0.27, 2.7]-1073

The simulations are done with a numerical scheme in Matlab Simulink. This numerical
scheme is built up based on the derived equations as depicted in [Figure 3.0.1 The model
computes the derivatives 6y and sin(©)¢y of the inclination and azimuth using and
@ and integrates these with respect to evolution variable £&. The model output equations
2.6.12) and are calculated to infer ©y and ®,. Then these values are stored and
used to compute their delayed variants required in the computation of the average inclination
(©) ) and average azimuth (®),). The model makes use of a ODE45 solver with variable
step sizes. This step size is chosen such that the relative and absolute tolerance are met
which are both set at 10712,

The contact forces are calculated using the proximal point formulation as described in
Numerically, this is solved using a fixed point iteration. In a fixed point iteration,
the algorithm searches for a solution x such that xp.; = g(xy) where g(z) is a system of
nonlinear equations. Implementation of this numerical method leads to the Algorithm
One should notice that the proximal point function can be seen as max function of the input
argument A; — rg; and zero.

3.1 Validation of the model

Validation of the model can be numerically performed by comparing a 2D-scenario taken
from [25] with the simulation results given by the 3D-model. If the parameters ¢ and w are
chosen such that the off-diagonal terms in (2.6.3) and are zero, then the behavior
in the © direction is independent from the behavior in the ® direction and vice versa. This
scenario can be obtained by choosing ¢ = 0 and w = 0. Then, considering the (x, z)-plane
should yield the output for ©y and the contact forces for Z—g and .

The scenario which is considered is a borehole which initially starts vertically, thus ©y = 0
[rad] and 6y = 0 [rad]. Since only the (z, z)-plane is considered, the azimuths are set to zero,
thus &g = 0 [rad] and ¢y = 0 [rad]. At £ =1, there is a step in actuator force F rss,2 from 0
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Algorithm 1 Fixed-point iteration to solve the nonlinear complementarity problem for the
case of one non-ideal stabilizer.
Assume A =0
Calculate deflection for A = 0 based on ([2.5.37))
Calculate gap based on ([2.5.34))
if g > 0 then
=0
else
Calculate W based on ([2.5.36))
iteration variable j = 0
while A not converged do
j=j+1
Calculate deflection based on @
Calculate gap based on (2.5.341
Calculate Ay = max(A; — 7 - ¢1,0)
error A;(j) — Ni(j — 1)
if error < tolerance then
A; is converged
Fy=WA
else
A1 not converged
end if
end while
end if

. 0o, o
FRrss Eq. (2.6.4)

00, @0
@y, (@) Eq. (2.6.5)
- 5 - ~
Frss Eq. (2.5.40) 7 B » 9. o

Eq. (2.5.34) I

Eq. (2.5.37) L 4,—» ORE
) 9.6.12)|©0, ® O, ’

0o, o Eq. (2.6.12)|90; ®o Delay 0,P Eq. (2.6.10)

Eq. (2.6.13) ©) (@)

FRrgs

(©),(®)

Figure 3.0.1: The setup of the numerical scheme used to compute the response of the borehole
propagation model. In this scheme the columns © := [©,...,0,]" € R*!

and ® = [®g,...,P,]" € R" account for the delayed borehole inclinations
and azimuths. The parameters (0) := [(©) ..., (@>(n)]T € R" and (@) :=
(P)ys- - <®>(n)]T € R” represent the average inclination and azimuths.
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to 2-1072. The simulation is compared for three different scenarios by altering nIl. In
the response of the system is shown for nII = 0.5, nII = 0.2 and nII = 0.05, up to
the borehole length ¢ = 10. In [25], is stated that the short length scale response corresponds
to the first unit length in & after application of the step in RSS force. In the simulation,
the step in actuation force happens at & = 1, which implies that the short length scale is for
1 <& < 2. The delay terms ©; and ®; for : = 1,2, are all constant in the short length scale.
As a consequence, the borehole evolution is then a solution of a non-delay complementarity
system for £ < 1.

The medium length scale, ranging from 2 < &€\ 4 1 starts when the first non-ideal stabilizer
passes through the kink created by the RSS actuation at £ = 1 and runs until all stabilizers
have passed through this initial kink. For each £ = 5; + 1 for ¢« = 1,2,...,n, a stabilizer
passes through the initial kink. The stabilizer induces a new kink in the borehole curvature
at the bit, creating a discontinuity in the inclination (and azimuth). This discontinuity, due
to the geometric feedback, could lead to self-induced oscillations. After all stabilizers have
passed through the kink, its effect diminishes, and the borehole evolves along a borehole with
a constant curvature and asymptotically along a constant inclination [25].

As aforementioned, these simulations are also done in [25] with an identical result which
validates the derived model in this work, at least partially. The simulations and a linear
(local) stability analysis in [25] evidentially show the occurrence of a Hopf-bifurcation de-
pending on the variable nIl. A Hopf-bifurcation happens when the first pair of complex poles
passes through the imaginary axis, leading to oscillations in the borehole trajectory being
amplified or suppressed. For this scenario, it has been numerically determined in [25] that
a Hopf-bifurcation happens for a critical value of nII, namely nll* = 0.147, meaning that at
least one pair of complex poles is in the complex right half plane for nlII < nlI*.

The top plot of [Figure 3.1.1] for nII = 0.5 > nII* shows that the oscillations damp out
fast, since no oscillation is observed in the borehole trajectory. This is because the complex
poles are far into the complex left half plane (CLHP). In this case, the non-ideal stabilizer
only has contact with the upper borehole wall since the contact force is smaller than 0.

The middle plot, for nIl = 0.2 which is closer to the point where Hopf-bifurcation happens,
shows oscillations which do damp out over the increasing borehole length. These oscillations
are present since complex pair of poles are all located fairly close to the imaginary axis, but
are still in the CLHP. Also in this scenario, one can notice that the stabilizer only contacts
the upper wall, also showing an oscillatory contact force.

The bottom plot shows the scenario where nll = 0.05 < nll*. As a consequence, the
response of the system is growing in an oscillatory fashion. Since bit tilt saturation is not
included in the derived model, this oscillations grows unbounded, which is unrealistic. This
oscillation is the consequence of at least one complex pair of poles being in the complex right
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Figure 3.1.1: Response of the model to a step in RSS force for respectively nll = 0.5, nIl = 0.2
and nll = 0.05 and ¢ = 0 and @w = 0.
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half plane. In the plot of the contact forces, one can see that the stabilizer starts bouncing
between the top and bottom borehole wall. During a bounce between the top and the bot-
tom, the contact force is constant at zero which implies that the complementarity relation
imposed, holds. When the contact forces starts to increase or decrease again, the stabilizer
is in contact with the wall. These oscillations could lead to borehole spiraling. In this sim-
ulations this does not happen since the bit-tilt is not saturated, which allows the bit-tilt to
grow unbounded. If the bit-tilt is saturated, the growth of the oscillations is bounded which
could lead to a limit cycle, which is known as borehole spiraling.

Furthermore, on the short length scale, these simulations show the discontinuities induced
by the stabilizer moving through the initial kink, at £ = [2, 3] since the step in RSS actuation
force takes place at { = 1 and A1) = A\(2) = 1. Later on in the response, these discontinuities
vanish if the oscillations also damp out which is the case for nll = 0.5 and nll = 0.2. In the
case where the oscillations start to grow, the discontinuities tend to grow along, which is the
case for nIl = 0.05. It can be seen that for these scenarios the azimuth ® is independent
of the behavior of the inclination ©. Since there is no external loading in all cases, i.e.,
F rss,3 = 0, this results in the azimuth staying constant at zero.

Both the model derived in this thesis as the simulations in [25], have the same output for the
borehole inclination ©q and the contact force F rss,2- Besides that, the model derived in this
thesis is capable of predicting instability correctly based on the parameter group nll, in line
with to the results found in [25]. This is important in order to predict borehole spiraling.
Based on these fact, the model is assumed to be validated, when it concerns the inclination
© without bit walk and bit flip.

The next goal of this section is to validate whether the model outputs the correct azimuths
®, and corresponding contact forces F rss3. The validation is done in a similar fashion, thus
also for Il = 0.5, nIlI = 0.2 and nll = 0.05. It is assumed that the flexural stiffness of
the drillstring in all directions is the same. Furthermore, the same Euler-Bernoulli equation
applies. Besides that, the external loading in both directions is the same, apart from the
loading due to gravity. Lastly, the step in RSS actuation is similar F RSS2 = F RSS3 = 2- 102,
Together, this should imply that the response in both directions should be identical if the
distributed loading due to gravity is assumed to be zero, i.e., w = 0, under the condition that
¢=0and w=0. In it can be seen that it is indeed the case that the behavior
in both directions is identical which implies that the model is validated.

A more involved aspect in the comparison between a 2D model and a 3D model is the
existence of bit walk and bit flip in the 3D model. The bit walk is an imposed angle between
the lateral forces of the bit and the lateral penetration at the bit which implies, for example,
that a contact force FQ contributes to the behavior of both the inclination and azimuth.
The bit flip is a change in orientation between the plane in which the moment on the bit
occurs and the plane in which the bit changes orientation. This implies that the behavior of
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7IL = 0.05,@ = 0, Frgss = 21073, Frggs = 2-1073
w=0,6=0

[rad]
[rad]

Figure 3.1.2: Response of the model to a step in RSS actuation force in both directions, thus
Frssa = Frsss = 21072 where w = 0.

both directions do interfere with each other, resulting in a more complex borehole evolution.
In [Figure 3.1.3 the same experiment as previously described is conducted, this time with
gravity, i.e., w = 2.45 - 1073 to show the effect of the bit walk and bit flip. For this scenario,
both the bit flip and bit walk are chosen to be ¢ = w = —15 deg. This simulation shows that
the response in both directions is again oscillatory, similar to those in [Figure 3.1.1 but now
there forms a phase delay between the variables in the two directions. It would make sense
that this is caused by the bit walk and bit flip since these are the two altered parameters.
A more in depth analysis on the bit walk and bit flip parameters is out of the scope of this
thesis.

3.2 Effect of Non-ldeal Stabilizers

The implementation of the non-ideal stabilizers leads to differences in behavior compared to
borehole propagation models that only contain ideal stabilizers. In the case of an ideal stabi-
lizer, the stabilizer always makes contact with the borehole wall. The inclusion of non-ideal
stabilizers, also introduces different scenarios which each have their different behavior. To
analyze this effect, a simulation is ran of different values for the maximal borehole clearance,
namely R* e {0,1,1.5,2}-1073. The case where R* =0, implies that the non-ideal stabilizer
has no clearance and thus behaves as an ideal stabilizer. The outcome of this simulation is
taken as baseline. The clearance is varied to see the effect of a larger borehole. The simu-
lation is, again, based on a initially vertical borehole, with a step in Frsso = Frgss from
0 to 0.7 - 107 in actuator force at & = 1. In [Figure 3.2.1] the borehole inclination and the
azimuth at the bit, the bit tilt and the contact forces as a function of &, are displayed. By
enlarging the borehole, the BHA tends to bend more. This larger bending is a consequence
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NIl = 0.05, @ = 2.45 - 1073, Frego = 2- 1073, Frggs = 2- 1073
w = —15deg,s = —1bdeg

[rad]
[rad]

Figure 3.1.3: Response of the model to a step in RSS actuation force in both directions, thus
Frssa = Frsss =2-107% Also ¢ = w = —15 deg.

7 = 0.2, Fresa = 0.7- 1073, Fres3 = 0.7-1073
x107%
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Figure 3.2.1: The effect of varying the maximum clearance to see the effect of the inclusion

of the non-ideal stabilizers.

45



3.3. POTENTIAL CHAPTER 3. ANALYSIS OF BPM

Regular borehole

_ Smaller Borehole

Figure 3.2.2: This figure visualizes that the BHA tends to bend more when the borehole
radius is larger, i.e., it takes longer for the stabilizer to hit the borehole wall.

of the stabilizer traveling further before it contacts the borehole wall which is visualized in
[Figure 3.2.2] This is evidenced by the results in [Figure 3.2.1, which show that, for a larger
R*, the non-ideal stabilizers contacts the borehole wall for the first time at a larger distance
¢. Consequently, the bit tilt becomes larger for a larger R*, which, in turn, leads to a larger
growth of ©y and 6,. For R* = 0.0015 and R* = 0.002, the BHA behaves as a one stabilizer
model in the intervals at which the contact force is zero. In conclusion, non-ideal stabiliz-
ers affect the response of directional drilling systems significantly. It can both affect the
constant tendency and also the oscillatory response. Keeping in mind that in practice any
stabilizer exhibits more clearance, embedding these elements is of crucial importance in the
understanding of drilling processes.

3.3 Potential Usage of Derived Borehole Propagation
Model

The way in which directional drilling is currently controlled is by sending command mes-
sages, containing desired inclinations, to the RSS based on downhole measurements [19].
This desired inclination is converted into a constant RSS actuation force which is subse-
quently applied by the RSS actuator. Studies have shown that a constant actuation force
could lead to a borehole that evolves with a constant curvature and, asymptotically, with
a constant inclination, under the condition that the length scale is sufficiently long [25]. In
practice, deviations from the desired trajectory can happen for various reasons including rock
variations, bit wear and actuator imperfections. These deviations have to be corrected man-
ually in an open-loop fashion at the drill rig by an operator. In order to take these deviations
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Figure 3.3.1: The long range response to an actuation path. The dashed lines indicate the
actuation path which is applied. This path is different in the two directions.
For this simulation, @ = 0deg].

into account, the borehole propagation model can be used to predict the trajectory of the
borehole under a constant RSS actuation force. This prediction can be used by an operator
or to compute what actuation force should be applied to correct. By a sequence of different
actuation forces, the borehole can be steered into any desired direction.

An RSS actuation path is designed to see what the long time response is to several ac-
tuation steps. This path consist of several sections at which the actuation in one direction is
constant, respectively 1535572 € {2,1,—1,0} - 1073 and ]535573 €{-3,-1.5,1.5,0}-1073. In
[Figure 3.3.1] the response to this path of actuation is shown. In this plot, also the actuation
path itself is shown. In this analysis, the borehole clearance is chosen as R = 1-1073. At
each instant where there is a step in actuation which is at £ € {0, 400,800, 1200}, the model
shows oscillations which damp out since nll = 0.2 > nII* with nII* the critical value of nll
at which the Hopf-bifurcation occurs. After the oscillations have damped out, the borehole
shows a constant curvature as expected from [25]. This simulation shows that the contact
forces change with a increasing borehole length depending on the inclination and azimuth at
that borehole depth. Furthermore, it can be seen that the contact forces tend to decrease
in magnitude during the period of constant curvature. In the last section, where there is no
actuation force, there is also no contact force, implying that the non-ideal stabilizer does not
contact the borehole wall.

In conclusion, the derived borehole propagation model is a function of BHA parameters,
bit parameters, borehole clearance and the RSS actuation force. The model is capable of
predicting the long term behavior of the borehole evolution. Eventually for the purpose of
reaching a desired location in an open-loop fashion, the ‘inverse’ model could be used, that
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takes a desired path or target as input and outputs the RSS actuator force that realizes the
desired path or target. Examples of such scenario’s can be found in [26]. In addition, the
current model could be used to design model-based feedback controllers with the aim to track
a desired path in an autonomous fashion, as done in [7,19,127].

3.4 Discussion

This chapter described the analysis which was done with the model. The first step was a
validation step by numerical comparison of a step in RSS actuation force to the 2D-model
of [25]. This step showed that the 3D model can be viewed as two 2D models by choosing
the right bit walk and bit flip. It has been shown that the model behaves exactly the same
as in [25] for the considered scenarios, which validates both the inclination and azimuth di-
rections. Furthermore, it has been shown that the model is capable of predicting the onset
of oscillations depending on the key model parameter for nll. Based on the parameter nll,
these oscillations damp out or grow unbounded, potentially leading to borehole spiraling.
The oscillations grow unbounded, if the bit-tilt is not saturated. Subsequently, by altering
the parameter controlling the maximum clearance between the non-ideal stabilizer and the
borehole wall, the borehole evolution altered both in the constant tendency as in the oscil-
latory behavior. Lastly, the analysis showed that it is capable of predicting the long term
behavior under application of a constant RSS force.
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4 Conclusion and Recommendations

This section describes the conclusions which can be drawn from this thesis based on the ob-
jectives formulated in Chapter 1 and also discusses recommendations for further extensions
and analysis of the model.

4.1 Conclusions

The first goal was to derive a three-dimensional model for borehole propagation. This model
should be an extension of the model B with the inclusion of non-ideal stabilizers. The non-
ideal stabilizer account for a realistic scenario because the size of the stabilizers in general
does not match the size of the borehole radius. The second objective was to perform a nu-
merical study in order to validate the model by comparison with results in [25]. Thirdly, the
goal was to perform a numerical study which predict the onset of oscillations in a 3D scenario.

The results of the first research objective is a borehole propagation model that includes
any number of non-ideal stabilizers. This model is in analytical form, and can predict the
azimuth and inclination as response of system as a function of the actuation parameters.
There are three model components which constitute the borehole propagation model. The
first is a bit-rock interface component which relates the forces and moments acting on the bit
to the rock penetration and bit tilt following from this. The second component relates the
kinematics of the bit to the evolution of the borehole geometry. Lastly, a static BHA model
which relates external loading as well as constraints imposed by the stabilizers to the forces
and moments acting on the bit. These components combined form the borehole propagation
model. The derived model falls in the class of nonlinear delay complementarity systems.
The delay comes from the fact that the the deformation of the BHA depends on the current
and delayed borehole inclinations and azimuth, i.e., the shape of the drilled borehole. The
complementarity relations stem from the fact that the non-ideal stabilizers have to comply
with Signorini’s unilateral contact law.

The main contribution of this work is in the modeling of non-ideal stabilizers in the three-
dimensional case. The calculation of contact forces was previously done by [25] for the
two-dimensional case using the framework of linear complementarity systems. In the three-
dimensional case, non-ideal stabilizers were previously modeled by [29]. The authors, how-
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ever, considered the intersection of the borehole to be square which deviates from the cir-
cular /ellipsoidal shape of a borehole in reality. In order to model non-ideal stabilizers, the
more generic framework of nonlinear complementarity problems is considered. This because,
the magnitude of the gap between the non-ideal stabilizer and the borehole wall does not
attain a linear relationship with the magnitude of the forces experienced by the non-ideal
stabilizer. In a nonlinear complementarity problem, the relation between the magnitude of
the gap variable and the magnitude of the contact forces can remain nonlinear and is com-
pleted by complementarity relations following from Signorini’s unilateral contact law.

The second objective was to validate the derived model by comparison with numerical results
from the two-dimensional model in [25], particularly, the borehole inclination and contact
forces for various scenarios. To compare the 2D model with the 3D model from this work, the
inclination and azimuth direction need to be decoupled. This can be done by choosing the
appropriate values for the bit walk and the bit flip. This way, the 3D model becomes a set
of two 2D models. The model derived in this work predicts exactly the same borehole incli-
nation as the model from [25], which implies that the model for the inclination is validated.
Furthermore, the azimuth direction was validated by comparison to the inclination direction.
With the same external loading, which implies excluding gravity, both the inclination and
azimuth direction should yield the same output variables.This was also proven to be correct
and with that, the model is validated.

The last objective was to perform a numerical study which predict the onset of oscillations
that lead to borehole spiraling. In [25] is stated that self-induced oscillations, for example
by an step in actuation force, can possibly lead to borehole spiraling. To show these self-
induced oscillations, the evolution of the borehole after a step in actuation force is simulated
for different values for a key dimensionless group. These simulations showed the occurrence
of a Hopf-bifurcation based on the location of the pair of complex poles. The presence of this
complex pair of poles is the reason the system starts oscillating and stems from the geometric
feedback that the stabilizers receive from the borehole walls. If the key dimensionless group
is larger than a critical value determined in [25], the oscillations damp out, meaning borehole
spiraling does not occur. If the key dimensionless group is smaller than the critical value,
then the oscillations grow unbounded. In [25], is shown that these unbounded oscillations
converge to a limit cycle with the inclusion of the bit-tilt saturation. The bit-tilt saturation
prevents the oscillations from growing unbounded. In conclusion, the model is able to pre-
dict the onset of oscillations, which either damp out or grow unbounded depending on a key
dimensionless group.

Next, the influence of the non-ideal stabilizer was studied by comparing the response of
the borehole propagation model with non-ideal stabilizer to a model with ideal stabilizers.
Simulations showed that the BHA tends to bend more, because the stabilizer travels longer
before hitting the borehole wall. After the step in RSS is made, it takes longer for the stabi-
lizer to reach the borehole wall which means that the contact forces is zero for a longer period
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of time. As a consequence, the bit-tilt increases for a wider borehole, which leads to a larger
growth of inclination and azimuth. Therefore, it is concluded that the borehole evolution is
significantly influenced by the inclusion of the non-ideal stabilizers.

Lastly, the long-range behavior of the borehole propagation model was studied. It is con-
cluded that the model response tends to an inclination and azimuth that increase/decrease
with an almost constant rate if the RSS actuation force is kept constant.

The borehole propagation model extends existing models by the inclusion of non-ideal sta-
bilizers via the framework of nonlinear complementarity problems. In particular, we showed
that the modeling of non-ideal stabilizers significantly affects the borehole evolution and
are, therefore, crucial for the understanding of the directional drilling processes. One of the
usages of this model is to predict the RSS force required to realize a certain borehole tra-
jectory. Another usage is to serve for model-based feedback controller design with the aim
to accurately track borehole trajectory. One of the usages of this model is to predict what
the actuation force needs to be in order to follow a certain trajectory. The other usage is
to design model-based feedback controllers which could lead the BHA to a target faster and
more accurate.

4.2 Recommendations

The first natural recommendation is to include bit-tilt saturation in the model formulation.
As aforementioned, bit-tilt saturation is an important aspect in borehole spiraling as it allows
capturing borehole spiraling, rather than only predicting the onset, as shown in literature.
The numerical studies show that the oscillations in the inclination and azimuth grow unre-
alistically unbounded, which allows to only partially predict the borehole evolution. With
the inclusion of bit-tilt saturation, the model can potentially also capture the evolution of
steady-state oscillation, related to borehole spiraling. Similar to non-ideal stabilizer, the
bit-tilt saturation is also described by set-valued force laws. Therefore, it is expected that a
similar modeling approach based on nonlinear complementarity problems can be utilized to
model bit-tilt saturation.

The second recommendation for future work is to analyze further what the effect of the
bit walk and bit flip is on the evolution of the borehole. As shown in the numerical studies,
these parameters create a delay between the response of the inclination © and the azimuth
®. How this delay relates to these variables should be investigated. Besides the effect of the
walk bit and the bit flip, a qualitative analysis should be done to identify classes of solutions
and their stability. This analyses could be done analytically as done previously in literature.

Thirdly, the model should be used in the design of a model-based controller. If the drilling
of a desired path could be done autonomously, this would reduce costs of directional drilling
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since the operator is not necessary anymore. Also this model-based controller could be used
to make directional drilling faster and to avoid the occurrence of borehole spiraling. Then,
the objective should be to robustly track a pre-specified borehole path, whilst rippling and
spiraling is avoided. To design a controller based on a nonlinear complementarity system is
an open challenge.

Lastly, a comparison should be done with field data to further validate the model. In this
comparison, one could see if the model is representative enough to model reality. An impor-
tant aspect of this is the prediction of borehole spiraling. It is important to check whether or
not the model can predict these oscillations correctly, such that they can possibly prevented
by changing the design or the model-based controller. Such a comparison should be done in
cooperation with the industry.
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