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Executive Summary

Many industries, including the oil and gas sector, are shifting towards digital solutions and
automated processes searching to improve e ciency and safety. The Society of Petroleum
Engineers (SPE) and Drilling System Automation Technical Section (DSATS) promotes
the development of drilling automation in the sector and have organized the university
level Drillbotics® competition. Students will be challenged to think outside the box
in order to design a fully autonomous miniature drilling rig that is capable of drilling
a directional well through a rock sample, hitting di erent targets. This competition is
divided into two phases. Phase | is set for the analysis, planning and selection of the
design for the competition. In phase Il the design will be implemented and the drilling
competition will take place. This report will focus on phase | of the project.

Norwegian University of Science and Technology (NTNU) has been an active participant
in this competition since 2017, and the teams have built on each others experience over the
years. At an early stage of the project, this year’s team explored the idea of introducing
a rotary steerable system or an adjustable bent sub to increase the directional control of
the system. A Bluetooth connection with a corresponding new Bottom Hole Assembly
(BHA) design was also investigated for downhole wireless communication. However, due
to the downhole space limitations and unsuccessful communication attempts, the team
decided to put these ideas aside. Finally, the team aimed to further improve and optimize
last year’s drilling concept by introducing modi cations to the rig and control system.

The mechanical design consists of several systems working closely together. The hoisting
system provides the weight on bit which is transferred from the hoisting motor through the
aluminium drill pipe. The drilling system consists of a titanium rod which rotates freely
inside the drill pipe and transfers torque from the top drive motor to the drill bit. The
azimuth system orients the BHA in the horizontal plane, enabling the required azimuth
change. A xed bent sub part of the BHA enables the drill bit to build inclination.
Finally, the circulation system provides su cient hole cleaning by circulating the drilling
uid through the hydraulic swivel, through the drill string and back up the annulus.

A new diverter has been designed and added to the circulation system to avoid cuttings
accumulating on top of the rock sample and on the laboratory oor. The semi closed sys-
tem will increase the control of the returns, thus removing the potential hazard of handling
toxic chemicals. The team also aims to nd the optimal drill bit design through literature
study, experience while drilling from previous years, as well as continuous discussions with
Lyng Drilling.

The control system is divided into two systems: high and low level control system. The
low level controls the manual steering of the rig and the autonomous operation. The high
level estimates the position and orientation of the drill bit and calculates the optimal well
path. The main challenges for the control system is the position and orientation of the
drill bit. Therefore, this year a new improved high level control system will be designed
and implemented. This will lead to a more precise and accurate autonomous operation.



A new focus area of this year’s competition is the inclusion of human factors in the design
of the autonomous drilling rig. The objective is to increase the situational awareness of
the operator by implementing emerging noti cations of the drilling stages, cameras to
monitor the systems on the rig and a remotely monitored graphical user interface (GUI).

The nal preparations for the competition will be completed in phase Il during the spring
semester of 2022. This includes the implementation of the mechanical system and the
control system. In addition, extensive testing and ne tuning of the design limits will
be performed, as well as determining a relationship between the azimuth and inclination
while drilling.
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1 Introduction

The oil and gas industry is constantly searching to develop key elements such as Health,
Safety and Environment (HSE), e ciency and management of carbon emissions. Auto-
mating processes has proven to be a solution to ful | these requirements as an innovative,
easy to apply and low-cost proposal.

Applying automation in drilling operations allows companies to reduce the man-work
hours on repetitive tasks. As a result, workers can focus on more complex operations.
Another bene t of removing personnel from routine procedures is that it reduces the
time spent in high risk areas, such as the drill oor or in between the mud pumps in
the circulation system. Additionally, a higher e ciency and accuracy can be obtained
through automation.

To accelerate drilling automation in the oil and gas industry, the Society of Petroleum
Engineers (SPE) created the Drilling System Automation Technical Section (DSATS) in
2008. This section pursues to support the development, research and implementation of
new technologies and procedures of drilling automation. It also aims to be the focal point
for the people and companies interested in this topic to share knowledge and disseminate
the bene ts of automated drilling systems.

Searching to promote these advantages among the students in the oil and gas industry,
the Drillbotics® competition was established by DSATS in 2015. Young minds from
all around the world are invited to bring new ideas and are challenged to design and
implement a fully automated miniature rig to drill a directional well through a rock
sample.

Norwegian University of Science and Technology (NTNU) has participated in the Drill-
botics competition for six years in a row, obtaining outstanding results back in 2017 and
2018. After a couple of years with technical issues, the team won the competition for the
2021 physical rig category and was the only team that was able to drill successfully. The
2022 team wishes to build on this success by evaluating the current rig design along with
its advantages and limitations to optimize the system.

This report will include a mechanical and technical evaluation of the current rig, as well as
proposals for improvements and di erent alternatives reviewed by the team during phase
l.



2 Organization

The 2022 Drillbotics competition guidelines propose that this project should be performed

in a multidisciplinary group of students with di erent backgrounds, in order to provide

a more diverse environment for innovative ideas and solutions. This years NTNU team
gathered students from petroleum engineering and cybernetics to take on the complex
tasks of this competition. Preliminary goals were set, a working plan was proposed and
roles and responsibilities were assigned based on the skills and interests of each member.
In the following chapter, the organizational structure of this team will be presented.

2.1 Team

The team consists of four students and will represent NTNU in the Group B physical
rig Drillbotics competition. Three of the members are pursuing a master in petroleum
engineering at the Department of Geoscience and Petroleum (IGP) and are specializing
in drilling. The last student is studying for a master's degree in robotics and cybernetics
at the Department of Engineering Cybernetics (ITK). The four members are presented
in the following gure:

Figure 2.1: NTNU Dirillbotics team members.



Five supervisors are part of the support team in the technical discussions and design
proposals, where four belong to the IGP department and one comes from the ITK depart-
ment. Practical support in the lab is provided by two lab engineers. Both the supervisor
team and the lab crew have supported the team for multiple years. They provide the
team with valuable lessons learned and feedback from previous years experiences in the
competition. This helps the new team in the development of a more e cient drilling rig.
The organization of the main team, supervisor team and lab support are presented in
Figure 2.2.

Figure 2.2: NTNU Drillbotics physical rig team structure.

2.2 Roles and Responsibilities

At the beginning of the semester, the members of the team gathered in several meetings
to review previous years experiences, design proposals and nal outcomes with lessons
learned, looking to create a route for the 2022 competition. Once this was achieved, the
preliminary proposal was discussed with the supervisors team and a plan was prepared
for the fall semester, or phase | of the competition. Within this strategy, an initial plan
was structured within the team, including a set of objectives, schedule and budget.

Taking into consideration the di erent goals that the team set to be achieved for the
competition, a discussion of the individual capabilities and areas of expertise was held
between the members, as well as their willingness to investigate in more depth within
each of the di erent subjects discussed. As an outcome, roles and responsibilities were
agreed and assigned to each member.

The main objective of this distribution was to designate specic duties to each student,
achieving the progression of multiple tasks in parallel, improving e ciency and developing
special insight into the areas of interests for the project. It is important to highlight that,

even tough the tasks were performed individually, the team worked in synergy the entire
semester. Open conversations between the team, supervisors and lab engineers, created a



collaborative work environment where ideas and suggestions were exchanged. The roles
assigned to each team member can be seen in Figure 2.3.

Figure 2.3: Drillbotics team roles.

2.3 Project Management

Continuing with the initial plan that was set by the team, a project management scheme
was proposed and implemented. The team chose to use Microsoft Teams as the o cial
information repository and center of discussion for the project. A function called "Tasks"
in Microsoft Teams makes it possible to assign and monitor tasks given to each team mem-
ber. The application also allows to set deadlines and provides the user with reminders.
The way of organizing the tasks in this project can be seen in Figure 2.4.

Figure 2.4: Microsoft Teams used for project management.
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With this tool, the team could also perform weekly evaluations on the project status and
progression, as well as rede ne assignments or dates, according to the current needs and
actions resulting from the internal meetings or from external advice from the supervisors.

The team made sure to be in close contact with each other by having a shared o ce
near the rig. In this o ce, all the internal meetings and discussions were held, and this
place became the center of planning and operations for the team throughout the semester.
Searching for an e cient system to write the project report, the team chose Overleaf as
an online writing tool, where it is possible to work on di erent parts of the document
simultaneously. This tool proved to be useful because of its online support and versatility
in the management of documents and images. It also allows the team members to give
feedback and comments to the respective authors.



3 Competition Objectives

The Drillbotics competition has been arranged by DSATS since 2015. Every year, each
participating team has been challenged to drill through a rock sample given by DSATS
on the competition day. In 2015, the main objective was to drill vertically through the
rock sample as fast as possible. This challenge was rst achieved in 2018 by the NTNU
team. As soon as a team reaches the goal, the guidelines for the competition are updated
with new challenges. In 2019, directional drilling was introduced, which required only a
change in inclination from the vertical. In 2020 and 2021 the challenge required a change
in both inclination and azimuth while drilling, and this will also be the main challenge
for the competition this year.

In short version, the main objectives according to the guidelines in the 2022 Group B
competition are as follows [97]:

" Hit one or more targets at one or more vertical depth(s) and X/Y coordinates.

" No wellbore inclinations in excess of 30from vertical, 15° change in azimuth, or
10" displacement.

As previous years, the competition has di erent requirements related to automation of
the drilling system [97]:

" Drilling mode/survey mode switching must be automated.
" Steering requirements must be calculated autonomously.
" Directional surveying process must be entirely autonomous.

" Dogleg severity required to hit target(s), distance/direction to plan must be autonom-
ously calculated at each survey station on the rig oor display.

There are also several other mechanical requirements given by the guidelines. For the
drill bit, a 1.5" bit will be provided by DSATS, but the team can also decide to design
their own bit. The drill pipe that should be used in the competition is an aluminum or
stainless steel pipe with an OD of 0.375" and length of 36". The rock sample provided
by DSATS is a homogeneous sandstone with dimensions of 12"W x 24"L x 24"H. The
uniaxial compressive strength of the sample will be provided by DSATS in the spring of
2022 [97].



4 Health, Safety and Environment (HSE)

The Health, Safety and Environment (HSE) culture in the oil and gas industry is of ut-
most importance. It is implemented to address and reduce the risks related to accidents,
fatalities, occupational health, environmental exposure and losses of both time and prop-
erty [100]. Since the miniature drilling rig used in the Drillbotics competition is scaled
down compared to the industry standard (1:115), the risks and consequences will ulti-
mately be smaller as well. The team, however, recognizes that safety hazards still exist
and is determined to maintain and prioritize the industry HSE culture and regulations.
All elements related to the project will therefore be planned, designed and implemented
with HSE as its primary focus.

It is essential for all team members to take responsibility, be acquainted with and follow
the HSE regulations correctly, in order to have a safe and secure work environment. This
includes nding out what can go wrong and implementing good and protective measures
such as using the appropriate Personal Protective Equipment (PPE) at all times. In order
to gain access to the workshop, every team member has to complete the mandatory HSE
training provided by the Faculty of Engineering at NTNU, which consists of both an e-
learning course and a safety walk-through in the workshop with trained personnel. This
ensures that the team members have the necessary knowledge about the roles in HSE,
probable hazards, risk assessments, PPE, rst aid and the handling of environmental
waste [95].

A key aspect to safety is to identify all the potential hazards before starting any kind of
work. This is done so that the risks involved can be identi ed and analysed, to determine
whether the project can be carried out in compliance with the HSE requirements. Risk
is de ned as [95]:

Risk = Probability Consequence 4.1)

Such a risk assessment will be completed for every rig component in phase Il and will be
presented in a risk matrix as illustrated in Figure 4.1.



Figure 4.1: Risk matrix [95].

A safety decision hierarchy as shown in Figure 4.2 will be used to establish the preventative
actions needed to take in order to eliminate the unacceptable hazards or mitigate the
risks involved [36]. Higher levels in the hierarchy represent more protective and e ective
control methods. These should therefore be prioritized and exhausted before lower levels
are considered. The nal step will be to implement the protective measure, examine the
e ects and reanalyse the safety of the system [82].

Figure 4.2: Safety decision hierarchy used to establish preventive measures [36].

Following such a systematic approach will ensure that a safe system with mitigated risk
is implemented, complying with the HSE regulations.

4.1 Potential Safety Hazards

There are numerous safety hazards related to this project. Before starting any kind of
work, the team must identify all the potential hazards which may be present during the
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operation and perform risk assessments of each one. An approach like this ensures a good
HSE standard at all times. The team members will be able to take the necessary preventive
measures and make sure the workplace is secure before, during and after the operation.
Ergonomic, mechanical, electrical and chemical safety hazards are all associated with this
project.

Ergonomic hazards are related to activities which can cause wear and tear on the body.
These include manual handling such as lifting, pushing and pulling of heavy equipment, as
well as poor posture and repetitive work. If individuals do not perform the tasks carefully,
it can lead to injuries such as muscle strains and lower back pains [27].

Mechanical hazards are related to the equipment and moving components on the
drilling rig that can cause harm. The direction of the moving components on the rig
are presented in Figure 4.3. These include the movements of the top assembly, drill
string, rod and drill bit, as well as the lifting of the protective glass and adjustments to
the framework. If these operations are not handled properly and with care, it can lead to
injuries related to friction, pinching, crushing and impact from ejected parts [42].

Figure 4.3: Direction of moving components on the drill rig.

Electrical hazards are related to working with electrical components. These hazards
can occur during operations, while performing workovers on electrical systems or by being
exposed to faulty electrical equipment which is not designed, installed or maintained
properly. If these components are not handled properly, it can lead to short circuits, res
and equipment damage, as well as injuries such as electrical shocks, burns and lacerations
[109].

Chemical hazards are related to substances that cause harm to a person's health. In



this project, this is associated with the mixing of cement and handling of the rock cuttings.
Inhalation or contact with the cement and cuttings can cause skin irritation, respiratory
problems or serious eye damage [49].

4.2 Protective Measures and Mitigation of Safety Hazards

The team will take the necessary protective measures to eliminate or mitigate the potential
hazards present in the project. This creates safe and secure workplace for the personnel,
equipment and environment, and to maintain a high HSE standard. Most importantly,

all personnel will have a stop work authority. This entails that all the work is to be
stopped immediately if an individual perceives a situation to be unsafe, and work is not
to continue until the situation is under control and the hazard has been eliminated or
mitigated properly [95].

The essential PPE, such as safety glasses in the workshop, is to be worn by team members
at all times. Dust masks and disposable gloves should be used when handling cement,
and safety shoes and protective impact gloves are to be worn when moving the heavy
rock samples used for test drilling. Additional required PPE, such as helmets, will be
clearly displayed on the PPE board in the workshop if there are other operations ongoing
simultaneously. Long hair will be tied back, and loose clothes are not permitted in
the working area, as these can lead to injuries associated with being caught by moving
components on the rig [95].

To mitigate ergonomic safety hazards, hydraulic jack trolleys will be used to transport the
heavy rock samples. However, sometimes there will be need to handle the rock samples
manually without using jack trolleys. In such situations, each team member has to ensure
that the right lifting technique and posture is used. If this is not the case, there should
be a low threshold for the rest of the team to correct this manner. This will also be the
case for lifting the heavy acrylic protective glass.

The protective measures implemented on the drilling rig are mainly focused to mitigate
the mechanical hazards. These include the acrylic protective glass and the emergency
stop button, which are clearly illustrated in Figure 4.4. The protective glass surrounds
the rock sample below the drill oor, as well as the drill string and top assembly above the
drill oor. It acts as a safety barrier between the rig and personnel, and thereby prevents
the team members from direct exposure to the potential safety hazards associated with
the moving components, drilling uid and rock cuttings. The emergency stop button is
positioned in an accessible location outside of the electrical cabinet. One team member
shall always be in close proximity to it and there will be a low threshold to press the button

if an unsafe situation arises during operations. Pushing the button will immediately
terminate all operations by breaking the electrical circuit to the rig components.
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Figure 4.4: Protective measures implemented on the drill rig.

The team must also ensure that the drilling rig is run within its operational limits, in order

to drill safely and further mitigate the mechanical hazards. Internal drill pipe pressures
must not exceed burst limits, and the vibrations and pipe stresses need to be controlled
and kept at a minimum in order to prevent buckling and twist-o s.

The drilling rig is composed of numerous electrical components which all pose as poten-
tial electrical re hazards. To mitigate the risks involved, installations, modi cations and
maintenance of the complex electrical system will only be performed by quali ed person-
nel. If a re were to arise, the team members are aware of the appropriate procedures and
know where the di erent types of re extinguishers and re hoses are located and how
to use them. Another protective measure implemented is the separation of the electrical
components from the drilling uid by placing them on the opposite side of the rig.

Lastly, as mentioned above, to mitigate the chemical hazards involved when working
with cement, the correct PPE such as dust masks and disposable gloves are mandatory.
Cleaning and washing the workshop of the rock cuttings accumulated during the drilling
operation is a further protective measure implemented to prevent an unsafe working space.
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5 Theoretical Background

The theory that will be presented in this chapter will focus on the objectives set in the
Drillbotics guidelines. These principles will be used as the research and starting point for
the development of this year's rig design and implementation.

Disclaimer: Since the objectives for this year are fairly similar to those proposed last year,
part of the following discussion will be similar to the previous year's section [11].

5.1 Directional Drilling

Following this year's competition guidelines, the team must prepare a drilling machine
that can hit multiple downhole targets with changes in both inclination and azimuth
between them [97]. To achieve this, directional drilling must be incorporated into the
system.

Directional drilling is a useful strategy that has been applied in the drilling industry for
decades in order to overcome situations where a vertical well is not suitable. It is used in
several applications, such as [22]:

" Drilling to connect multiple targets using the same well.
Drilling away / around problematic zone like salt domes.
Geo-steering.

Drilling multiple wells from a single location o shore.
Drilling single wells to inaccessible areas.

Perform corrections to unwanted deviations in wells.
Drill multiple wells from the same main wellbore.

" Side drilling.

Drilling of relief wells.
5.1.1 Types of Directional Wells
The type of a directional well will a ect several aspects during drilling, such as hole

cleaning, the selection and design of the Bottom Hole Assembly (BHA) and the type of
rig used. Some examples of directional wells are listed below [22].

~ Conventional directional wells.
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" High inclination wells (6@ - 85°).
" Horizontal wells (8% - 115).

" Extended Reach Drilling, ERD (horizontal section is 2 times or more the vertical
section.)

5.1.2 Wellpath Geometry

The geometry of wellpath depends on the parameters mentioned before. In Figure 5.1,
the most common geometries are depicted:

Figure 5.1: Types of well paths [22].

The team will focus on designing the drilling rig and automation algorithms to drill a
type Il wellpath design. However, since the drilling targets will be unknown until the

competition day, the system should be versatile enough to manage all the di erent types
of wells.

5.1.3 Well Prole Terminology

The wellpath of a deviated well is in uenced by several parameters. These are displayed
in Figure 5.2.

13



Figure 5.2: Deviated well terminology [22].

The parameters found in Figure 5.2 are de ned as [22]:

TVD: True Vertical Depth. The distance from the reference point to the bit only in
the vertical axis.

MD: Measured Depth. Real distance from the reference point to the bit.

KOP: Kick O Point. Point in the well where there is a build up in its inclination.
Build Section. Section of a well where the wellpath has an increment in inclination.
EOB: End of Build. Last point where the inclination is increased.

Tangent. Section where the inclination is held.

Drop Section. Part where the inclination is reduced.

In directional drilling, it is common to use coordinates in the form of X,Y,Z for demon-
strating the position of the wellpath. The coordinates represent the North component, the
East component, and the vertical component which is also known as TVD, respectively.
With this framework, any position downhole can be represented from a xed reference

point for the entire well, which is the origin 0,0,0. In this way, any other point can be
located within the well by measuring its distance with respect of the reference point [22].
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On the day of the competition, the students will expect to receive several targets with
di erent coordinates that may require a change not only in inclination, but also a turn
which represents a change in azimuth. Inclination and azimuth are de ned as follows and
can be seen in Figure 5.3 [22]:

Inclination : The angle between a tangent of the wellpath and a vertical line through the
reference point [22].

Azimuth: The angle between the well path and the North axis (true or magnetic) measured
in the plane and clockwise from North [22]. This change will only a ect the North and
East component of the position, or the X and Y axis on the system of coordinates.

Figure 5.3: Inclination (I) and azimuth (A) [22].

In order to hit the targets given on the competition day, the drilling rig and algorithm
must be designed in such a way that it is capable of building angle and turning the
direction of the well as smoothly and accurately as possible.

A change in either inclination or azimuth will only a ect the wellpath in the 2D plane.
However, a variation in both of these parameters will transfer the wellpath into a 3D
geometry. A change in the wellpath is expressed as the dogleg angle &nd is therefore
a function of both the inclination and azimuth. This is shown in Figure 5.4. Dogleg
Severity (DLS) [P/m] is the rate of change in direction per curve length and is calculated
using the following equation [22]:

DLS = —— 5.1

Where [°] is the dogleg angle andCL[m] is the course length [22].
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Figure 5.4: Dogleg Angle () [22].

5.1.4 Survey Calculation Methods

Survey calculation methods are used in the drilling industry to predict or project the
position of the wellbore based on a xed reference point at the origin. These methods are
also used to calculate the dogleg angle. The di erent methods developed are presented in
order of increasing accuracy [22]:

Tangential method This method is illustrated in Figure 5.5, and assumes that the well-
path is a straight line along the tangent to the nal survey point. The upper survey point
is not taken into consideration. As a result, this method proves to be the most inaccurate
[22].

Figure 5.5: Tangential method [22].
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Average angle methadThis method assumes a straight line that connects the upper and
lower survey stations as seen in Figure 5.6. It provides reasonable results for low curvature
wellpaths where the survey points are close to each other [22].

Figure 5.6: Average angle method [22].

Radius of curvature method This method uses a curve found on a cylinder to estimate
the wellpath between two points as shown in Figure 5.7 [22].

Figure 5.7: Radius of curvature [22].

The radius of the curvatureRC[m] is calculated using the angle AOB.

oo 18CL 5.2)
( 2 1)

Where 4[°] and ,[°] refer to the inclination at the rst and the second survey point,
respectively. This equation can be rearranged to obtain the course lendgfi[m].

_RC (o, 1)

ct 180

(5.3)
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Balanced tangential method As illustrated in Figure 5.8, this method presumes two
tangents of equal length from the upper and lower survey points to approximate the
wellpath [22].

Figure 5.8: Balanced tangential method [22].

Minimum curvature method The Drillbotics guidelines requires the team to use the
minimum curvature method to calculate the well trajectory, as this is considered to be
the most accurate. It is an improved version of the balanced tangential method, and
it assumes that the wellpath is approximated by a circular arc rather than two straight
line segments of equal length. The ratio factoF is used to apply this correction and
is a function of the dogleg angle. A graphical demonstration of the method is seen in
Figure 5.9.

Figure 5.9: Minimum curvature method [22].

18



The derivation of the the minimum curvature method is presented below [22].

The dogleg angle [] is found by:

= arccos|[cos ;cos ,+sin isin ,cos( » 1)] (5.4)

Where 4[°] and ;[7] refer to the inclination at the rst and the second survey point,
respectively. 1[°] and ,[°] refer to the azimuth at the rst and the second survey point,
respectively.

The ratio factor F[ ] is derived and calculated as follows:

F = AB + BC
AC
AB = BC = RC tan(z)
ac= RE_ >
180
F= El—8Otan(§)

Where AB [m] and BC[m] are the distances of the tangent lines, used to construct the
arc length AC[m].

Then, the changes in the North N[m], East E[m] and Vertical V[m] components
are calculated, respectively:

FAC

N = T(sin 1€C0S 1 + Sin ,CO0S ») (5.6)
FAC . . : .
E= T(sm 1Sin 1+ sin ,sin ) (5.7)
FAC
V= T(cos 1+ COS ) (5.8)

5.2 Bottom Hole Assembly (BHA)

The design of the Bottom Hole Assembly (BHA) is of paramount importance, since it
determines whether the drilling system works optimally or not. In this chapter, basic
theory is presented about the BHA, which is the foundation for the nal BHA design for
this project.
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5.2.1 Directional Steering

The BHA design is crucial to successfully drill deviated trajectory. Therefore, it must be
designed in a such way that the operator can easily control the direction of the well.

The following BHAs are available to obtain directional steering [22]:

" Traditional assemblies
~ Steerable motor assemblies

" Rotary Steerable Systems (RSS)

Traditional assemblies have a bent sub combined with a straight motor. The use of
a straight motor means that the drill string cannot rotate while drilling. In addition,
traditional assemblies have a xed bent sub and can only build a constant curvature well
trajectory. These aspects limit the application of traditional assemblies to large hole
sections of a well and they are therefore not commonly used in the industry today [38].

In general, steerable motor assemblies such as the Positive Displacment Motor (PDM),
provide directional control by having a bent sub or bent housing in combination with a
mud motor. Unlike traditional assemblies, steerable motor assemblies are more versatile
because they can kick o, build angle, and drill tangent sections [38]. As a consequence,
the drilling steerability becomes more accurate with these types of assemblies.

The Rotary Steerable System (RSS) was developed as an innovative solution to ful ll the
demand of more challenging well trajectories and is frequently used in the industry today.
It has the advantage of both rotating and steering the drill string while drilling.

5.2.2 Positive Displacement Motor (PDM)

A steerable motor assembly is comprised of two major components; bent housing or bent
sub and a mud motor. The mud motor can either be a Positive Displacment Motor (PDM)
or a Downhole Turbine Motor (DTM) [22]. The PDM is the most frequently used motor

in the industry today. As presented in Figure 5.10, the main components in a PDM are
the power section, adjustable bend and bearing section.

Figure 5.10: PDM with main components [22].
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5.2.2.1 Power Section

PDMs are powered using drilling uid to circulate through the motor section to provide
hydraulic power that translates rotation into the system. The power section consists of a
rotor and stator combination. Both the rotor and stator have a helical design pro le, but
the stator has one more lobe compared to the rotor as illustrated in Figure 5.11. When
the motor is active, it will create cavities in the seal between the rotor and stator. When
the uids are pushed through these cavities, it will cause the rotor to rotate inside the
stator, thus providing rotation to the bit [22].

Figure 5.11: Cross section of power section [22].

As mentioned, the stator always has one more lobe compared to the rotor, but the number
of lobes can vary. This variation will have impact on both RPM and torque. As shown
in Figure 5.12, increasing the number of lobes will increase the provided torque while
decreasing the RPM. Therefore, there will be a trade-o between torque and RPM when
deciding the number of lobes in the power section of a PDM.

Figure 5.12: Di erent lobe con gurations [22].

5.2.2.2 Bent Housing

A bent housing can be used to achieve the bit tilt. There are two ways to achieve this,
either by having a xed or an adjustable angle on the bent housing. One example of a
bent sub made in steel with a xed angle is shown in Figure 5.13.
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