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2 Introduction

As petroleum resources of the world are depleted, remaining oil and gas reservoirs become more and
more difficult to produce. Most of the giant fields have been discovered and developed long ago. On
the Norwegian shelf, only one new discovery made in the last 20 years is rated amongst the 30 largest
fields measured in oil reserves [1]. The remaining resources are more complex in structure and located
in remote, harsh environments under extreme conditions. These fields require new engineering and in-
novative solutions to be economically feasible. Wells must be longer, more precise and more complex in
structure while maintaining high requirements to safety.

The petroleum industry is constantly searching for new solutions to be more efficient and cost effec-
tive. The Norwegian Petroleum Directorate reports that out of all expenses in the petroleum industry
in Norway in 2016, 25% is spent on development of new wells [2]. These expenses may be reduced by
shortening the development time and reduce dependency of personnel when drilling. An increase in level
of automation in the drilling industry will reduce costs and remove personnel away from the rig floor
and harsh environments, making drilling a safer profession.

This report will describe NTNU’s contribution to Phase I of Drillbotics 2018. This is NTNU’s second
successive year of competing. Thus, the work described in this report is based on a foundation that
was established last year. The report will briefly describe last year’s construction. Several problems
were identified with the previous design. Primarily, these are related to vibrations due to alignment and
stiffening issues, long set-up time for drilling and poor repeatability of tests.

To solve these issues and optimize the drilling process, this year’s team has made and planned for several
changes to mechanical features of the rig and to the control system. Namely, a new connection for drill
pipes has been engineered, the rig structure has been stiffened, stabilizing elements along the pipe have
been properly aligned, new limitations to the system have been found both due to changes in guidelines
as well as updated calculations and rock samples for testing have been standardized. Additionally, a
detailed plan for Phase II is proposed. The plan includes a new load cell configuration for more accurate
measurement of weight on bit (WOB), solutions for a down hole sensor package in the bottom hole
assembly (BHA), incorporation of pressure measurements in the control system, a system for analysis
of cuttings in the return flow and a complete redesign of the control system and state flow using new
software.

The report discusses mechanical aspects and physical limits of the system in section 4. Potential drilling
dysfunctions and hydraulics of the system is presented in section 5 and 6.These sections aim to justify the
design and all decision made regarding the control system. The control system, as well as instrumentation
used on the rig, is presented in section 7. Section 9 highlights future work planned for Phase II. The
estimated power consumption is given in appendix D.



3 Safety

On any project where potential hazards are present, safety of all personnel should be a number on pri-
ority. Roxana et al. (2015) states that the oil and gas extraction industry has an occupational fatality
rate seven times higher than general industry [3]. In the past, most progress in reducing injury rates
were made by using new equipment that made the work place safer, then safety management systems
came along and further lowered the injury rates [4]. In the oilfield service industry, close to 70% of all
injuries are related to stepping, handling and lifting [4], while the US Bureau of Labor Statistics reports
that the majority of injuries and illnesses with days off are caused by incorrect handling of equipment
or being struck by an object [5].

One of the major advantages and motivations for implementing automated drilling systems is to remove
the need for manual intervention during operations, thereby reducing the risk of injuries and fatalities.
Nevertheless, in the Drillbotics competition, manual labor will not be completely removed. People are
physically involved with heavy objects and machinery during the construction of the rig, handling of
rock samples, setup of electronics and during operations if the BHA needs to be reconnected or the
guide base needs adjustments. The team was early introduced to the safety regulations and hazards of
working in the lab. All team members passed a lab safety course prior to working on the rig and a set
of safety guidelines were written. In addition, hazards and their risks were identified early on during a
risk assessment. The risk assessment is found in appendix B. A description of the hazards are outlined
below.

3.1 Safety Hazards During Rig Construction

Safety hazards related to rig construction are mainly related to mechanical risks. They include cuts,
pinching injuries, debris, heavy lifting and operating of machinery. Most of the rig construction was
completed last year, so the risks are low for injuries during construction. Also, construction of the rig is
only to be done by qualified personnel. Should the Drillbotics team members help with the construction,
they must wear protective equipment such as gloves, glasses, helmets, boots and lab coats.

In accordance with NTNU safety regulations, all high voltage setup on the rig must be performed
by qualified personnel. Potential incidents with electrical equipment include shocks and damage to
equipment. Risk reducing measures include keeping water away from electrical sources and making sure
power is cut off while connecting wires and components. In addition, all wiring shall be insulated.

3.2 Safety Hazards During Operations

As the team has spent quite a lot of time testing the rig and drilling rock samples, the safety hazards
during operation of the rig were important to identify and mitigate. Most of the hazards are linked to
handling the rock samples, moving parts on the rig, high internal pressure and buckling of drill pipe.
Risk reducing measures are mainly the use of proper personal protective equipment (PPE) and overall
awareness.

Last year, the rock samples were nonuniform and strapped in place in a wooden cage. No wheels were
placed on the cage for easy handling of the rock. Last year’s team justified this by having casters on the
rig itself, stating that it would allow for easy positioning above the rock sample. In practice, this was a
poor solution as there is limited space for the rig in the lab. Therefore, to correctly place the rock sample
under the rig several people were required to push and pull it in place. Potential incidents when moving
heavy rock samples include back injury, muscle strain, cuts and crushing of fingers or toes. It is therefore
important to wear gloves and shoes when moving the rock sample. A new solution for rock samples to be
drilled has been designed and constructed. It is essentially a wooden box with casters that can be filled
with cement and other desired rock types and allows for easy handling and placement of the rock sample.

Applying weight on bit through the drill pipe is imperative for any success in Drillbotics. Applying too
much weight can lead to buckling of the pipe with risk of injury to personnel from debris. Mitigation
of the risks include following drilling procedures, testing buckling limits and including maximum WOB
limits in the control system, including design factors and verifying control system safety values prior to
starting up. High internal pressures are expected during operation of the rig. It must be ensured that
the pipe will not burst by applying sufficient safety factors when calculating burst limits. An additional



safety feature is a pressure relieve valve in the circulation system. It will be activated at 110 bar, far
bellow the burst pressure of the pipe, including a safety factor of 2. This is implemented due to the
risk of particles getting lodged in the internal parts of the BHA. If the pressure relieve valve wasn’t
implemented, the pump would pressurize the system to its maximum, risking burst.

According to the US Bureau of Labor Statistics, roughly 20% of injuries in the oil and gas industry
are caused by being caught in object, equipment or material [5]. The rig contains several moving and
rotating parts. Serious injury might occur if someone is caught. Loose clothing is therefore prohibited
in the vicinity of the rig. In addition, it is important that all power is shut off before connecting or
reconnecting the drill pipe or BHA.

A major hazard when operating electrical equipment such as motors is the possibility of fire due to
improper electrical wiring or overheating of motors. All personnel have familiarized themselves with the
emergency exits and procedures in case of a fire. Only qualified personnel are allowed to modify the
electrical equipment. Other general hazards include tripping, damage to hearing and falling objects. It
is important to maintain a clean working environment, ensure good housekeeping and use proper PPE.

3.2.1 Emergency Stop Button

It is crucial to have in mind that even though the goal is to have the rig operate fully autonomously with
implemented safety features, unexpected incidents might occur that require external termination of all
operations. The emergency stop button from last year remains an integral part of the design. Pressing
the emergency stop button ceases rotation of the hoisting motor and top drive motor, enabling the crew
to secure the rig.



4 Mechanical Design

4.1 Rig Construction and Design

The miniature drilling rig that will be entered for the Drillbotics competition for 2017-2018 is based
on a foundation that was built for last year’s competition. The rig is built in accordance to Drillbotics
guidelines, replicating the functionality of a full scale drilling rig in the petroleum industry. The rig
framework is unchanged, however several mechanical adjustments have been designed and implemented.
The original design focuses on features such as safety, mobility, functionality and high-precision drilling
performance. In order to identify areas of potential improvement, the original rig and its components have
been tested and analysed. This section will briefly describe features of the original rig construction. It
will elaborate on new designs, the reasoning behind new designs and their benefit to drilling performance.

The framework of the rig is made of 5 cm by 5 cm hollow steel beams, totalling 100 kg. It is dimensioned
to accommodate rock samples of up to 70 cm in height and 60 cm in width and length. In order to
satisfy criteria of mobility, the rig may be folded up (when drilling) and down (when transported). All
components considered, the rig stretches 285 cm above the floor when folded up and is 70 cm wide by
253 cm long when folded down. Caster wheels are welded onto each leg, allowing for transport when
desired. Dimensions of the original rig framework in its upright and folded positions are shown in Fig.
1 and 2.

To be able to replicate a complete drilling operation, motors, pumps and other mechanical equipment are
needed. Due to the size of the rock samples that are drilled and the length of the drill string, procedures
such as making connections and running and cementing casing are not required. Below is an overview
of all key components included in the rig design.

Hoisting motor

Contrary to what is the norm for traditional hoisting systems, the miniature drilling rig applies weight
on bit by pushing on the drill string. This is a necessity due to the low combined weight of the drill
string and BHA. Weight on bit is applied by a 24 V DC servo motor that acts through a ball screw. Ball
screw drive is selected due to its high precision, step resolution and efficiency [6]. The motor, which will
be referred to as a hoisting motor, transfers rotational energy in the ball screw to linear, vertical motion
in the drill string.
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Figure 1: Front and side view illustration of the rig framework in its upright position. Dimensions in
mim.
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Figure 2: The rig framework with derrick folded down. Dimensions in mm.

Roller guides and guide frame

Linear roller guides and a guide frame are attached to the vertical beams of the rig framework. They
allow rotation in the ball screw to be transferred to vertical motion in the drill string. A ball screw nut
with nut bracket sits around the ball screw and is connected to the guide frame by a steel beam. When
the ball screw is rotated, the ball screw nut, nut bracket, steel beam and guide frame move up and down
with linear motion. The roller guides allow the guide frame to move freely in the vertical direction, while
keeping it horizontally fixed.

Top drive motor

A top drive motor, which is a 24 V DC-engine, is attached to the exterior of the guide frame. It sits
centered on top of the drill pipe and acts as the rotary system of the rig, providing torque and rotation
to the drill string and bit.

Pump and swivel

A hydraulic system consisting of a triplex pump, swivel and hoses allows for circulation of drilling fluids.
Tap water is supplied to the rig at 7.4 bar from outlets in the lab, and is pumped through the swivel,
down the drill string, through the BHA and bit and out of hole through the annulus. Amongst others,
the circulation is beneficial with regards to transport of cuttings out of hole, cooling of drill bit and
stiffening of drill pipe by internal pressure [7].

Stabilizing elements

Two stabilizers are mounted along the drill string. The function of these is to mitigate lateral vibrations
and reduce risk of buckling by limiting the maximum length of free pipe. A roller bearing of inner
diameter (ID) 9.52 mm, equivalent to the outer diameter (OD) of the drill pipes that are used, is located
at the drill floor, 29.50 cm above a rock sample of height 60 cm. From here and forward, the drill floor
is sometimes referred to as the rotary kelly bushing (RKB). A second roller bearing is mounted on the
rock sample inside a guide base. The stabilizers are separated at a certain distance to allow for handling
of pipe and BHA during operation.

Safety considerations
When drilling, the rock sample is separated from its surrounding environment by acrylic glass. The
acrylic prevents drilling fluid and other fragments from getting in contact with working personnel, elec-
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Figure 3: Original rig construction and all its components.

trical components and other parts of the rig. The acrylic is mounted around the rock sample, at and
below the drill floor. The front acrylic glass plate is made with hinges to allow for insertion and with-
drawal of rock samples. All electronic equipment, such as controllers and drives for the motors and pump,
are stored in an electric cabinet opposite of the drilling area on the rig. An emergency stop button that
disables all electronics when triggered is mounted on the exterior of the cabinet.

Figure 3 is an illustration of all mechanical components included in the original rig construction. Tech-
nical drawings and specifications for all motors, pump and other equipment can be found in appendix

G.

Several potential design improvements regarding rig construction and mechanical parts have been identi-
fied. Some of the proposals have ultimately been rejected, while others have or will be implemented. Fig.
13 and Fig. 14 at the end of section 4.1 show the final rig design including all proposed adjustments.
These proposed adjustments are presented in the following sections, and regard the following mechanical
aspects of the rig:

e Alignment
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4.1.1 Alignment

Vibrations in the drill string when drilling are considered one of the main causes of poor drilling per-
formance. From a mechanical point of few, the team suspects that most of the vibrations, particularly
lateral vibrations, may be mitigated by properly aligning the drill string and all rotating equipment.

An issue that the team has experienced when drilling is that drill pipes attached to the top drive are
misaligned with the roller bearing at RKB. A picture of this is shown in Fig. 4a. Lateral force must be
manually applied to the pipe when it is lowered past RKB for it to fit inside the stabilizer. As a result,
there is tension in the pipe prior to drilling. When rotated, friction and wear are generated on the drill
string inside the roller bearing, as is evident by the marks generated on the exterior of used drill pipes.
Such marks are shown in Fig. 4b.

The team has observed that the pipe vibrates laterally both above and below the fixed point at RKB.
Due to this, holes that are drilled are out of gauge compared to the OD of the bit. There is room for
the pipe to laterally move and vibrate inside the hole. Consequently, the risk of drilling dysfunctions
such as twist off and bit whirl is increased [8], [9]. Energy that would otherwise contribute to drilling
performance dissipates as friction in the roller bearing and as vibrational energy. To troubleshoot the
misalignment issue, the rotating system, which comprises all rotating parts above the drill bit as well
ass stabilizing elements surrounding the drill pipe, must be understood. The rotating system is shown
in Fig. 5. The team has analysed all involved equipment and expected consequences should they be
misaligned, and addresses issues that may be mitigated by redesigning components on the rig. The
complete analysis is found in appendix C.1.

Preliminary experiments suggest that the misalignment issues are mainly a result of misalignment in
the lower roller bearing. A solution has been designed to replace the riser. This design is presented in

10
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Figure 5: Illustration of rig components with potential to contribute to misalignment of drill pipe.
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Figure 6: An illustration of the old riser when mounted on a rock sample. This picture is taken during
last year’s Drillbotics competition [10].

section 4.1.2. The riser, however, does not explain the misalignment above RKB (as was shown in Fig.
4). This issue may be due to either all rotating parts mounted on the guide frame, the upper connection,
the roller bearing at RKB or irregularities in drill pipes. A thorough investigation of the issue is planned
for Phase II of the project.

4.1.2 Dynamic Guide Base

A steel cylinder, housing a roller bearing, mounted between RKB and rock samples has previously been
used to centralize and stabilize the drill string. Due to its visual resemblance to a riser in the industry,
the steel cylinder has been referred to as such in previous reports. Fig. 6 is an illustration of the riser
mounted on a rock sample. Several problems and limitations have been identified with this design. The
riser had to be mounted on a rock sample, fully separated from the rig. The rig sits in a lab with a
floor that is slightly inclined and uneven. Consequently, precision, patience and time are required when
aligning the drill string with the roller bearing and riser. The following issues have been identified by
evaluation of the initial design:

e Misalignment often causes the ball bearing to sit atop the riser, outside of its housing, particularly
during initial drilling of pilot holes. As a consequence, the intended stabilizing effect of the ball
bearing is eliminated. Instead, there is additional wear on the drill pipe, as rapid movements and
vibrations cause the free drill string pound violently against the guide base. Misalignment during
initial drilling of pilot holes results in drilling of over-gauge holes, causing additional lateral vibra-
tions downhole, increasing the risk of twist off.

e When assembling all mechanical parts prior to drilling, a lot of time goes into mounting the riser

on the rock sample. Excessive time is spent mounting and dismounting the riser, aligning it to the
drill pipe and ensuring that their inclinations match.

12
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Figure 7: An illustration of the dynamic guide base.

e The required precision when mounting the riser causes inconsistent alignment from experiment to
experiment. As a result, repeatability is low making it difficult to compare results of different tests.

e Occasionally, excess return flow of drilling fluid and cuttings push the roller bearing out of its
housing, eliminating the stabilizing effect.

e An envisioned feature for the redesigned rig is transport and analysis of cuttings in the return flow.
The old riser does not allow for control of drilling fluids.

There is little concern that the concept behind the riser leads to improved drilling performance. A sta-
bilizing element below RKB adds an additional laterally fixed point along the drill pipe, which assists
in minimizing vibrations and vulnerability to buckling. However, the problems presented above needed
to be addressed. The team quickly decided that a new riser should be connected to and permanently
aligned with the rig. Problems related to positioning, alignment and differences in inclination would then
be mitigated, testing would produce comparable results and set-up time for drilling would be radically
reduced. From now on, the new riser design will be referred to as a dynamic guide base (DGB) due to
the manner in which it is guiding the drill string at the base of a rock sample.

Drilling tests are performed on rocks of varying dimensions. To enable drilling of samples of different
heights, the guide base can not be vertically fixed to the rig. In collaboration with the support team, a
design has been proposed and constructed. The previous riser will be attached to a hoisting system that
allows vertical movement by a manually operated handle. It has advantages in that it can be heightened
and lowered with continuous motion, and may be hoisted up and down when the drill pipe and BHA
are installed in the top drive, allowing for quick and efficient assembly and intervention. The DGB is
illustrated in Fig. 7, along with the associated hoisting system. The DGB may travel from RKB and
downwards a total of 630 mm, allowing for compatibility with rock samples of varying height. Technical
drawings of the DGB, including all dimensions, are found in appendix G.1.

Preliminary experiments have revealed that screws in the hoisting system are shaken loose when subject

to excessive vibrations. A proposed solution to this is to use thread-locking fluid when assembling the
hoisting system. A complete analysis of the new DGB will be conducted during Phase II of the project.

13
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Figure 8: An illustration of the support beams. Dimensions in mm.

4.1.3 Support Beams

Support beams for mitigation of lateral movement during operation have been mounted on the rig. The
rig framework is 2.46 m tall in total, and the drilling derrick stretches 1.51 m from RKB. A total mass
of 56 kg, consisting of the top drive motor, guide frame and other equipment, rests singularly on the
two vertical beams and the ball screw. The joints between the rig base and vertical support beams were
quickly identified as weak points and potential sources of vibrations when drilling. Support beams for
lateral stability have been designed and mounted on the rig to improve drilling performance.

The miniature rig has been analysed in order to identify sources of vibrations in the system [11]. This
analysis includes a finite element analysis (FEM) of the vertical steel beams. The FEM models the steel
beams as a cantilever beam fixed to the rig at the bottom, and free to move on top. Force is applied to
the beams from three sources: the top drive motor, the ball screw and the drill string. The force from
the top drive motor is a result of mass imbalance in the motor or swivel below it, causing a periodic
force scaling with its rotational speed. The force from the ball screw is a result of bending, which scales
with the rotational speed of the hoisting motor. Lastly, the drill string applies force through moment in
the derrick as weight on bit is applied.

When modelled without support beams, the natural frequency range of the derrick is found to vary
between 8 Hz and 19 Hz. This corresponds to rotational speeds in the top drive motor from 480 RPM
to 1140 RPM. The simulation with support beams results in a natural frequency range between 28 Hz
(1680 RPM) and 47 Hz (2820 RPM). The drilling rig usually operates with rotational speeds between
300 and 1800 RPM. This means that with support beams, the derrick is only excited at the high end of
the operating window of RPMs in the top drive. The FEM also concludes that the natural frequency
range is completely outside the operating window after drilling a couple of centimetres.

The support beams are based 520 mm from the vertical beams and are attached 520 mm above RKB,
making a 45 degree angle with the horizontal for optimal force transfer to the rest of the set-up. The
support beams are connected by two screws that may easily be detached to allow the rig to fold down
for transport. The support beams are illustrated in Fig. 8.

14
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4.1.4 Protective Glass

The original rig design incorporates acrylic glass to separate water and potential fragments generated by
drilling from surrounding electronics, personnel and other equipment. There are six pieces of acrylic in-
cluded in the initial design: five pieces surrounding the compartment for rock samples, and one mounted
between the two vertical steel beams to separate the drill string and all electrical components above RKB.

On occasion, personnel is needed on all sides of the rig to monitor drilling. If the hydraulic seal in
the top connection is broken, or in the unlikely event of a burst pipe, high-pressure drilling fluid or
possibly drill string fragments can be a hazard to working personnel or spill to the lab. As a measure of
precaution, acrylic glass will be added to completely surround the drill string above RKB. The acrylic
glass is designed to be pulled aside to allow for easy and convenient handling of drill pipes. The added
protective acrylic glass is illustrated Fig. 9.

4.1.5 Load Cell

Measurement and control of the applied weight on bit is crucial for efficient and safe drilling. The rig is
equipped with a load cell that provides real time measurement of weight on bit to the control system.
Drilling with a high weight on bit up to a certain point is beneficial for drilling efficiency, performance
and speed. However, it is limited by the buckling limit of the aluminium pipe, as is discussed in section
4.4.3. In order to maximize drilling efficiency without buckling, a precise and responsive control system
is required. This, in turn, is dependent on precise measurement and frequent sampling of WOB, and the
speed in which the rig can mechanically react to signals.

The original rig design comprises a load cell mounted between the guide frame and a steel beam that
connects the ball nut on the ball screw to the guide frame. Rotational movement in the ball screw is
transferred to translational motion in the ball nut, steel beam, guide frame and, consequently, to the
drill string as weight on bit. The transferred weight is measured by the load cell.

Mounting the load cell in this position has proven to cause several drilling related issues. Primarily, the
joint consisting of the load cell and steel beam is flexible due to lack of stiffening in the joint between the
load cell and guide frame, absence of vertical support and flexing in the ball screw. As a result, there is
a mechanical delay in movement between the hoisting motor and drill bit. The control system becomes
unresponsive, slow and unreliable. Fig. 10 illustrates how the system reacts mechanically when signals

15



are sent to apply weight on bit, and how it reacts to subsequent signals of reducing weight on bit. The
process is described below.

(a) At time ¢t = 0, the system is stationary. Drilling operation is initiated, as the control system sends
signals to the hoisting motor to begin tripping down to apply weight on bit. The system is in its
neutral position, as in Fig. 10a.

(b) Immediately afterwards, at time ¢t = 1, the hoisting motor has received the signals to begin tripping,
and it starts rotating the ball screw. The ball nut, together with the horizontal steel beams and
load cell, begin to move down. However, in response to the movement, the joint flexes downwards
at an angle 6 to the horizontal, increasing with time. This is illustrated in Fig. 10b. The guide
frame, drill string and bit remain stationary.

(c) At time t = 2, the joint is flexed at a final angle 6y from the horizontal, see Fig. 10c. The guide
frame and drill bit finally start moving downwards to apply WOB that is measured by the load
cell and sent back to the control loop.

(d) Equivalently, there is mechanical delay when hoisting upwards to reduce weight on bit. The time
is reset, and at t = 0 the system decides it must reduce weight on bit from WOBy to WOBs, e.g.
if the load cell measures weights that are higher than the control system set point. Signals are sent
to the hoisting motor to begin pulling off bottom, see Fig. 10d.

(e) Immediately afterwards, at time ¢ = 1, the ball screw begins rotating to move the ball nut and
load cell joint upwards. However, all movement in the ball screw nut contributes to flexing the
joint from an initial angle 6, to a change in angle of 6, see Fig. 10e. Since the top drive remains
stationary, weight on bit remains the same as when the initial signal to pull off bottom was sent.

(f) Eventually, at t = 2, the joint stops flexing and begins moving the guide frame and drill bit upwards.
Weight on bit is decreased to the desired weigh WOB;, see Fig. 10f.

Essentially, the consequence of this is that rotation in the hoisting motor does not transfer directly to
WOB. There is always some initial mechanical delay when attempting to apply or reduce WOB. This
has severe consequences for drilling performance. The system is slow to react to excessively high weights,
which may cause buckling of pipe. The system is slow to adapt to higher set points in the control system,
resulting in slow and inefficient drilling.

The new rig design has emphasis on stiffening this flexible joint. The load cell will be removed from
its current location and the steel beams will be welded directly onto the guide frame. However, WOB
measurements are still required. Several solutions have been proposed on how to include WOB mea-
surements with a new load cell configuration, most of which have been rejected. Rejected proposals are
described in appendix C.2. The final design proposal is to replace the flexible joint with a single steel
beam welded directly onto the guide frame. A cylindrical load cell positioned between the ball screw nut
and horizontal steel beam will provide accurate weight on bit measurements. A slanted beam from the
horizontal steel beam to the guide frame is included to improve stability and suppress flexing. Beyond
the fact that this design will reduce mechanical delay and provide reliable readings of weight on bit , it
is chosen due to its simplicity. The design is illustrated in Fig. 11.

4.1.6 Other Components

In addition to the main design adjustments that have been discussed, minor changes will be made
regarding the following equipment:

1. Ball screw: The ball screw has a tendency to flex laterally when high loads are applied to the
bit. To mitigate this flexing, the ball screw will be upgraded to one with a larger outer diameter.
The current one has a nominal size of 16 mm, and both the ball screw and ball screw nut will be
up-scaled.

2. Hoisting motor: The hoisting motor that is currently used on the rig is borrowed from another
project at the university, and needs to be replaced. The new hoisting motor will be selected based
on requirements of the current system, such as power output and precision.

16



a) i Wﬂ\ b)
|
,_'
Hoisting
motor \_\_H

Top drive
motor

J Load
cell

.
S

Figure 10: Illustration of mechanical delay between hoisting motor rotation and weight on bit. a. Rig
is stationary in its neutral position. b. Steel beam is flexed downwards in response to an attempt to
increase WOB. c¢. Downwards movement of top drive and drill pipe. Weight on bit is applied. d. Rig
is applying initial weight on bit. e. Steel beam is flexed upwards in response to an attempt to decrease
WOB. f. Upwards movement of top drive and drill pipe. Weight on bit is decreased.
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Figure 11: Proposed rig design with cylindrical load cell.

The team has considered the possibility of changing hoisting system to a more traditional drawworks
system. An advantage of such a system is centralization of weight and equipment above the drill
string. It was decided to continue using ball screw drive due to its high precision and quick response
time.

3. Swivel: Higher internal pressure may be applied when drilling than what has previously been used.
It is believed that the drill pipe tolerates pressures up to 110 bar, including a safety factor of 2 (see
section 4.4.2). If drilling will operate at these high pressure levels, vulnerable equipment involved in
the hydraulic system must be designed to tolerate higher pressures. The swivel is manufactured by
supporting personnel on the laboratory, and it must be made sure that it can handle the intended
internal pressure.

The swivel consists of three chambers. The middle chamber transmits drilling fluid from the
pump and down the rotating drill string. The top and bottom chambers apply backpressure. The
backpressure is applied by stationary oil in tubes, which also lubricates the swivel. The pressure
in the upper and middle chamber is 7.4 bar, applied by water through outlets in the laboratory.
Pressure is transferred from the water in the outlets to oil in the swivel via a piston.

4. Bell nipple: An intended feature of the redesigned rig is transport and analysis of cuttings in
the return flow. A flow diverter, which will be referred to as a bell nipple, placed on top of
rock samples underneath the DGB will be used to divert return flow away from the annulus in a
controlled manner. The bell nipple is a 50 mm tall steel cylinder with OD 45 mm and ID 40 mm,
mounted on a 70 by 70 mm steel plate of thickness 5 mm. The diverter outlet, which diverts return
flow in the annulus to the transport system, has an ID of 8 mm and is mounted on the side of the
cylinder 15 mm above the base of the bell nipple. The ID and distance above rock sample surface
is selected based on an intended flow rate of 7.74 1/min. The bell nipple design is illustrated in
Fig. 12.

Fig. 13 shows the final rig design with all envisioned mechanical adjustments that have been discussed in

this section. Fig. 14 shows the final rig as it appears when drilling a rock sample, including a computer
used for control and monitoring.
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Figure 12: Illustration of the bell nipple design. To the right is an illustration of the bell nipple mounted
on a rock sample.

4.2 Bottom Hole Assembly

The bottom hole assembly, or BHA, is the collection of all down hole tools needed to facilitate drilling,
connected to the lower end of the drill pipe. In the industry, a BHA usually contains an array of stabiliz-
ers, measurement tools to detect formations and fluids while drilling, and orientation tools to determine
spatial parameters such as well azimuth and inclination. The BHA designed by last year’s team includes
a connection between the drill pipe and BHA, a stabilizer and the bit itself. The total length is 14.2 cm
of which 60 mm is considered a stabilizer.

4.2.1 Components

Stabilizer

Drilling experiments in Phase I have used the BHA from last year. The stabilizer in the BHA consists
of a single component with a total length of 8 cm and an outer diameter of 2.85 cm. The stabilizer is
designed with helically shaped grooves, allowing the OD of the unit to be almost as large as the borehole,
while still allowing return flow and cuttings to pass in the annulus. If the stabilizer was designed without
grooves, the OD would have to be decreased. This would have a negative impact on its stabilizing effect,
decreasing borehole quality. The current stabilizer is shown in Fig. 15a.

Sensor housing

The second purpose of the BHA is to house down hole sensors. As the largest OD in the BHA is in
the stabilizer, this is the most convenient location to house the sensors. By decreasing the wall thick-
ness there is more room for sensors. However, if the wall is too small the strength of the structure is
compromised. For full-scale BHAs used in the industry, several stabilizers are placed spaced a distance
apart to increase the stabilizing effect. The team has discussed this as an option for the small scale BHA
design. A concern is that each stabilizing element would be too small to house the entire down hole
sensor package. Separating the sensors into multiple stabilizers spread across the drill string would cause
other complications, as each sensor package would require housing for hydraulic integrity and connection
to the surface, increasing the overall size and potential for failure. Consequently, the design will continue
to use one continuous part for sensor housing and stabilizing as shown in Fig. 15b.

Dynamic stabilizer
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Figure 13: Illustration of the final rig design including all new mechanical features.
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Figure 14: Illustration of the final rig design as it appears when drilling, including a rock sample and
computer for monitoring.

al b)
Drill pipe B ~ Drill pipe
connection
. O-ring
Down hole N
sensor plate
Sensor housing .. Vi
- BHA-nozzle

.- Stabilizer

Figure 15: a. The stabilizer sub used for test drilling in Phase I. The stabilizer consists of one part. The
total length is 80 mm, of which 60 mm has an outer diameter of 28.5 mm and is considered a stabilizer.
b. Cross section of proposed BHA with hydraulically sealed sensor housing.
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Figure 16: Original ball bearing. Dynamic stabilizer is created by removing the cage constraining the
balls.

In order to mitigate lateral vibrations in the drill string, the team plans to evaluate the option of in-
stalling a dynamic stabilizer in the BHA. The working principle revolves around having a mass free to
move in a constrained circular path that is perpendicular to the direction of drilling.

If the center of mass is shifted away from the axis of rotation, the system will start to oscillate. By using
a dynamic stabilizer, the principle is that potential mass imbalance will be shifted towards the center of
rotation by the freely moving mass. The working principle is well established in general industry, such as
in washing machines [12]. The team will investigate two different engineering solutions for the dynamic
stabilizer.

The first solution uses the mechanical principle of a ball bearing. Consider a ball consisting of seven
balls constrained in a cage, situated between an inner and outer ring. Such a ball bearing is shown in
Fig. 16. By disassembling the bearing, the cage constraining the balls can be removed. By doing this,
the seven balls may spin individually and independently between the inner and outer ring. The two rings
are easily connected by a disc. This configuration may be considered a dynamic stabilizer. By using a
retaining compound, the dynamic stabilizer may be fixed to a drill pipe.

A second dynamic stabilizer configuration uses heavy liquid instead as the mass in motion. This is more
similar to the design used in washing machines [12]. The team has yet to perform quantitative evaluation
the two proposals. Their designs will be assessed further in Phase II. The principle will be evaluated by
dynamic stabilizers that are separate from the current BHA. This way, the principle may be evaluated
without redesigning the BHA and committing excessive resources. If tests indicate a reduction in lateral
vibrations, it is desired to incorporate the dynamic stabilizer as an integral part of the BHA. By moving
it closer to the mass that causes the original mass misalignment, the effect of a dynamic stabilizer may be
amplified. If the principle is found to be promising, the team plans for testing with various parameters
of the dynamic stabilizer, such as the amount of rotating balls and density of heavy liquid, to optimize
the design.
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Cross-over

A cross-over section is located between the stabilizer and bit. The cross-over allows for use of bits with
different thread specifications. The current threads are custom made to fit the currently employed bit.
For new bits, other threads may be desired.

Damper

A hydraulic damper may be included in the BHA to account for WOB spikes and lateral vibrations
encountered during drilling. A damper absorbs vibrations and sudden spikes, making a system more sta-
ble and reducing wear of the system. The damping effect is achieved by transferring oil under pressure
through valves that restrict flow. Consequently, loads are applied over a longer period of time, decreasing
their magnitude. Phase II will include both design and testing of the damper sub. By placing it inside
the BHA, vibrations are countered before traveling through the weak pipe. It will be placed below the
down hole sensor package to mitigate data noise. When designing the damper, natural frequency of the
damper itself will the primary consideration to prevent amplifying oscillations.

4.3 Connection

A crucial part of the drill string design is the connection between BHA and drill pipe. During the initial
brainstorming, the current solution of last year’s team was quickly identified as poor. During the com-
petition, any time spent on a twist off or buckle is added to the total drilling time, therefore, a goal of
3 minutes was set for any of the team members to disconnect and reconnect the drill pipe to the BHA.
This would also make testing much more comfortable.

Initially, the guidelines state that only a 0.035” thick pipe was allowed for the competition. The team
discussed three different solutions for connecting the pipe.

1. Keeping the old solution
2. Glued connection

3. Mechanical solution

Old solution

The old solution was a hydraulic connection. The issue with this solution is that the metal fitting at-
tached to the drill pip would bite into the aluminum and deform the tube at high torques. This would
severely weaken the pipe resulting in twist offs at lower than necessary torques. An attempt to solve
this issue was also made last year by inserting a metal sleeve at the end of the drill pipe for extra strength.

Glued connection

The glued connection is in essence a longer outer metal sleeve that the drill pipe is run into. Loctite 648
Retaining Compound was used to secure the tube to the connection. The main motivation for this solu-
tion was an increase in the maximum torque applicable at the connection. A torque test was conducted
on the glued connection. The drill pipe was connected to a lathe and a torque wrench was used to apply
torque. It was concluded that the connection withstood at least 10 Nm. At 10 Nm, the pipe started to
slip in the lathe and deform. An immediate drawback of such a solution is the time frame. The Loctite
required 24 hours to set. The use of a glued connection would therefore constitute several back up pipes
that were already glued to a connection.

Mechanical connection

The final proposal for a connection was a mechanical connection that tightens around the drill pipe at a
larger contact area than the hydraulic type. This will be the connection used for the competition as it
is superior in performance. Connecting the drill pipe can be done in less than 60 seconds. It withstands
high torques, does not damage the pipe while connecting and is tested to be hydraulically sealed during
drilling at 30 bar. Fig. 18 shows the setup of the mechanical connection.

Fig. 17 shows all three connections that have been considered during the design phase. The guidelines

were updated in the beginning of November, enabling the use of a wall thickness of 0.049”. With an
increase in wall thickness, DSATS enables the possibility of threaded connections. However, a threaded
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Figure 17: From left to right: Hydraulic connection, mechanical, and glued. All connections are screwed
into the stabilizer.

connection might weaken the pipe. In addition, back up pipes that are pre-threaded must be available
during the competition and during testing to reduce down time.

4.4 Mechanical Calculations
4.4.1 Maximum Torque

One of the major limitations to the design is the amount of torque that can safely be applied to the bit
(and drill pipe) without twisting off the BHA. The maximum torque that can be applied to the drill
string is governed by von-Mises failure criterion given by equation 1.

1
0'55 =3 [(0‘11 - 0‘22)2 + (092 — 033)2 + (o33 — 011)2 + 6(0’%2 + 053 + 0'%1)] (1)

011,092,033 (Pa) are the three normal components off the stress acting on the drill pipe, and 012, 023, 031
(Pa) are the shear stresses. Fig. 19 depicts the forces and stresses working on the pipe. Setting a=r;
(inner radius, (m)) and b=r, (outer radius, (m)) results in the following stresses in the pipe (for thick
walled pipe, t/r < 0.10) [13].

o(ry= B &), @)
1-(%)

UG(R):(% +a(%2) “Di (3)
#)

Where o,.,09 and o, (Pa) are radial stress, hoop stress and axial stress respectively. Evaluated at the
inner diameter (R=a) and simplifying yields the following equations:
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Figure 18: The setup of the mechanical connection.

Cl2
U§:<bg_a2>'pi (8)

The stresses in the von-Mises criteria (1) are identified as:

011 =04, 022 =09, 033=0p, 012 = Tmaz (9)
WOB - W

R (10)

A=nm(v*—a?) (11)

Here o? is the axial tension applied from circulating fluid through the inner restriction in the BHA, and
WOB is weight on bit resulting in an upward force (compression). W is the buoyed weight of the drill
string. For practical purposes the buoyed weight can be neglected as it is order of magnitude smaller
than the WOB. Since the pressure losses in the system are small, and gravitational head loss is negligible,
the pressure loss across the nozzle is approximately the same as the internal pressure of the pipe and
pumping pressure. Pressure loss is explained in detail in appendix E.0.2

Determining the maximum torque that can be applied to the drill string is done by evaluating the von
Mises failure criteria.

20y, = (0= = 00)" + (00 = 02)" + (07 = 7)" + 67imas (12)
— Tmaz = \/2028 — [(Uz — 09)2 + ((go - Ur)2 + (Ur - 0'2)2] (13)
(14)

Here Tpq. is the maximum shear stress (Pa) that can be applied before failure. The maximum torque
that can be applied is given by equation 15 [14]. Fig. 20 shows the maximum amount of torque that
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Figure 19: Stress components on the drill pipe induced by WOB and drill string torque.

Table 1: Max Applicable Torque (Nm) for 4 scenarios

Yield Strength - 276 Mpa | Fatigue Strength - 96.5 Mpa
t = 0.035” 16.4 £ 0.2 544+ 04

t = 0.049” 21.2 + 0.1 7.1 +£0.3

can be applied at the top of the drill string for different combinations of WOB and internal pressure.

TDP,mam = Tnuzzg(b2 - a2)(b + a) (15)

The results for the pipe with thickness 0.035” indicates that the drill pipe allows for 16 Nm applied
torque and that the internal pressure and WOB has a minimal effect on maximum torque. In reality,
several other factors will affect and restrict the amount of torque that can be applied to the drill string,
such as vibrations, misalignment and fatigue. It is therefore important to add sufficient design factors to
the control system such that the possibility of twist off is mitigated. Fig. 21 shows how the maximum
applicable torque varies with pipe wall thickness and strength. All scenarios are calculated with a WOB
varying from 0 to 50 kg and pressure from 0-10 Mpa (0-100 bar). The results are also summarized in
table 1.

As stated, these limits on applicable torque assume no stress cycling, vibrations or misalignment of forces,
as well as 023,031 = 0. Initial drilling tests in cement resulted in repetitive twist offs at 6-7 Nm. It is
believed that excessive vibrations during drilling results in fatigue of the aluminum tubing. Note that
the twist off in a simplified case for the 0.035” thick pipe was expected to occur at a maximum torque
limit close to 16.5 Nm when using the yield strength, and close to 5.4 Nm when using the fatigue strength.

When drilling into a granite block, the drill pipe twisted off at lower than expected values. Twist off
would always occur at the transition from BHA connection to drill pipe. This results in a slightly shorter
drill pipe. Due to the limited amount of pipe available, the pipe would be reconnected to the BHA and
drilling would commence. Twist off close to 3 Nm occurred several times using the same pipe, again
indicating a weakened pipe. Drilling was performed using the new guide base solution for the first time.
Vibrations of the guide base were easily identified visually. In addition, low frequent forward bit wirl
was evident in the granite, suggesting that the guide base was misaligned. It is theorized that the mis-
alignment and excessive vibrations caused bending moments in the drill string when drilling leading to
fatigue and subsequent failure of the pipe. This shows the importance of mitigating any misalignment
and decreasing the amplitude and frequency of any vibrations in the system. For phase II of the project,
the team wishes to utilize the down hole sensors to predict fatigue based on the stress cycles. Incorpo-
rating this into the State Machine could increase drilling efficiency as it would be possible to adjust the
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Figure 20: Max applicable torque for 3/8” pipe with 0.035” wall thickness and a yield strength of 276
MPa
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Figure 21: Maximum applicable torque (Nm) for 4 scenarios: 0.035” and 0.049” wall thickness and using
yield strength and fatigue strength.
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Figure 22: Static twist off test for 0.035” thick pipe. 17 Nm was applied without twisting off the pipe.

maximum torque limit with time.

Static twist off test

A static twist off test was conducted on the 0.035” pipe. 6061-T6 Aluminum has a shear strength of
207 MPa which for a 0.035” and 0.049” thick pipe yields a max static torque of 21.6 Nm and 27.8 Nm
respectively. Fig. 22 shows how the static test was conducted. With the new mechanical connection,
the pipe was attached to a lathe and torque was applied with a torque wrench. Unfortunately, the pipe
started to slip in the connection at 17 Nm, prior to any pipe failure. It does however show the impor-
tance of mitigating any misalignment and vibration as they lead to fatigue and twist off at far less torque.

4.4.2 Burst Pressure

When the flow increases in the pipe, the pressure will build up due to the small diameter of the nozzle
outlet. The upper limiting factor for flow rate is restricted by the burst pressure of the aluminium pipe.
The burst pressure is determined using Barlow’s equation for thin walled pipes[15]
20,5t
Py = 0.875-2v5" (16)
do

where p; is the burst pressure of the pipe [Pal, o, is yield strength of aluminum [Pa], t is the wall
thickness [m] and d, is the outer diameter of the pipe [m]. Barlow’s equation use 87.5% of the yield
strength of the pipe.

Pipe burst is rare in drilling operations, but may occur in extreme cases where there is complete loss of
circulation in the borehole. In this case the hydrostatic column is so small that a loss can be neglected,
thus the outside pressure can be fixed to atmospheric pressure and the inside pressure a function of flow
rate. Still it is important to take into account that the pipe used for the drilling competition is made of
aluminum and much thinner than pipes used by the industry.

Since last years competition some changes has been made in the guidelines. The wall thickness of the
pipe has been increased by 40% , from 0.035 inch to 0.049 inch. Yield strength of the aluminum pipe is
276.0 MPa. With a safety factor of 3, this gives a new burst strength of 210.4 bar.

As mentioned earlier it has been experienced that twist-offs occur at lower torque values than expected.
A theory is that due to fatigue, the yield strength of the pipe decreases. More testing needs to be done
to distinguish whether this is the case or not. If fatigue is the reason for twist-off, this change in in yield
strength will have a significant impact on the burst pressure. Fatigue strength of aluminium is 96.5 MPa
and gives a burst strength of 73.6 bar including a safety factor of 3. The pump that will be used can
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Figure 23: End conditions for columns. Figure from Budynas & Nisbett (2011) [19]. From left to right:
Rounded-Rounded, fixed-fixed, fixed-free, and fixed-rounded.

provide 140 bar, but has a pressure relief valve that is opened at 110 bar. This corresponds to a safety
factor on burst equal to 2.0 (based on fatigue strength).

4.4.3 Buckling Limits

Pipe failure is a critical state that must be avoided. A typical example of pipe failure is buckling of the
drill string due to excessive axial compressive force. When the load grows beyond a critical value, the
drill pipe will deform into a sinusoidal or helical buckle [16].

The weight of the drill sting is minimal, it is therefore assumed that the axial load due to weight on bit
(WOB) is constant throughout the length of the drill pipe. The simplest case of investigating the onset
of buckling under axial loading is by using Eulur’s equation for critical load [17], [18].
2
e ET
F,o=— 17
= TR ()
The derivation relies on several assumptions such as a perfectly straight pipe and a compressive load
applied at the pipe centroid, that is, no eccentric factor is taken into account. In equation 17, E is the
material’s Young’s modulus (Pa), I is the area moment of inertia (m*), K is the effective length factor,
L is the unsupported length of the pipe (m) and F,, is the critical load (N).

The area moment of inertia for a pipe is given by equation 18 where d, (m) and d; (m) are the outer
and inner diameter of the pipe respectively [19].

T4 4

I= 64 (do dz) (18)
The term KL equals the effective length L. and is determined based on the end conditions of the col-
umn. Another way to represent the critical load is by including a slenderness ratio and an end condition
constant, C, given by equation 19 through 21. Different end conditions and effective length factors are
described in fig. 23 [18].

I=AK* C=1/K? (19)
P.. Cn2EI B CnE

Ter =74 T TAL? (L)?

k
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Figure 24: End conditions and their end condition constants. Figure from Budynas & Nisbett (2011)
[19].

(£)-1,2 o

In equation 19 through 21 o, is the critical load (Pa), L/k is the dimensionless slenderness ratio and k is
the radius of gyration (m?). Euler’s equation (equation 17) yields increasingly higher critical loads when
the length of the column decreases. To account for this J.B. Johson formulated an empirical relation
to the critical stress whenever the slenderness ratio is below the critical slenderness (related to yield
strength) [19]. The parabolic formula has the general form of equation 22.

S ”

Johnson’s parbolic formula relates the constants a and b to the material’s yield strength.

P (23)
_(%ws)? 1
b_<27r> CFE (24)
2
oy L\ 1 L (L
oy — (T2 . o (E 2
Tor = Tys (27r k) CE’ k—<k . (25)

The critical slenderness ratio is defined as the slenderness ratio at which the parabola and Euler’s
equation yields the same critical load. Budinas & Nisbett (2011) [19] report that most designers choose
this interception point such that o, equals /2. Thus, the critical slenderness ratio is given by equation

26:
L [2m2CE
k cr Oys

Since the design features a kelly bushing, the end condition is fixed-fixed. Fig. 25 shows how the
critical load (MPa) decreases with increased slenderness ratio when a yield strength of 276 MPa and
fatigue strength of 96.5 MPa is used for the calculations. This is intuitive, as longer beams are easier
to buckle. With the proposed design, the maximum unsupported length of pipe occurs at the beginning
of drilling when the bit tags the rock sample. It will then have a length of 68 cm. Fig. 25 also shows
the slenderness ratio at this maximum length. At this point, the critical load is defined by the Euler’s
equation for buckling. For the 0.049” thick drill pipe that will be used on the competition day, the
critical load equals 15.5 MPa and 51.6 MPa when using the yield strength. Table 2 shows how the
critical load and maximum WOB varies with drill pipe length and whether or not the yield strength
or fatigue strength is used in the calculations. Maximum WOB is easily calculated from the critical
compression as:

FWOB,maa: = UcrA (27>

Using the theoretical end condition constant of C=4 yields very high buckling limits. Vibrations are
expected to occur during drilling. Therefore, the limit for maximum WOB will be tentatively given by
the recommended value of C=1.2. An extra safety factor can be applied for an even more conservative
estimate of maximum WOB to account for rotation and eccentricity. As drilling commences and progress
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Figure 25: Critical load vs. Slenderness ratio. The left figure uses the yield strength of 276 MPa to
calculate the critical load, while the right figure uses the fatigue strength of 96.5 MPa. Both are plotted

for an unsupported drill pipe length of 68 cm.

Table 2: Critical load before the onset of buckling for the 3/8 inch pipe with 0.049” wall thickness. The
difference in critical load for the same length of pipe is a result of Johnson’s parabola incorporating the

yield strength.

L [m] | Strength (yield or fatigue) [MPa] | C | 0. [MPa] | WOB,,... [kg]
276 1.2 15.5 51.0
0.68 4 51.6 170.2
96.5 1.2 15.5 51.0
4 51.3 169.5
1.2 33.8 111.5
0.46 276 4 112.7 371.8
96.5 1.2 33.8 111.5
4 75.8 250.3
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Figure 26: Maximum WOB (kg) as a function of unsupported drill pipe length and end condition
constant, without an extra safety factor.

Table 3: Material Properties of 3003 H14 Aluminum

0.68 3/8 0.016 3003 H14 70 130 60

is ensured, the effective length of the drill pipe will decrease until the midpoint of the pipe is reached.
After that, the unsupported length increases again. That is, the limit on maximum applicable WOB is
a dynamic variable of length drilled. The NTNU team will incorporate a varying limit on WOB in the
control system for optimized drilling. Fig. 26 shows the maximum WOB as a function of unsupported
drill pipe length and end condition constant.

4.4.4 Buckling Tests

During the testing phase, the team has experienced buckling during dynamic conditions as well as per-
formed static buckling tests. In this section, some of the results will be discussed.

Static buckling test

Initially, two static buckling tests were performed, one with no internal pressure and fluid flow, and
one with 30 bar internal pressure. Due to limitations on available pipes to buckle, the static tests were
performed on 3/8” aluminum tubing with a wall thickness of 0.016 inches (0.41 mm). The alloy is 3003
H14, different from the 0.035” and 0.049” thick tubing which is constructed with 6061 T-6 aluminum.
The properties of the pipe used for static buckling test are given in table 3.

Note that the length of 68 cm is the distance from kelly bushing to upper pipe connection, not the
total pipe length of 91.4 cm. The two tests are performed the same way: the hoisting motor is hoisted
down until the bit is 1 centimeter above the rock sample. Then the controllers are turned off before
ensuring a correct setup of hoisting motor rotational speed. The test is conducted in manual mode with
a constant RPM on the hoisting motor, close to 100 RPM, and no rotation of the drill string. Based on
the theory given above, the critical buckling force for a 0.016” thick aluminum pipe with a recommended
end condition constant, C, of 1.2 for a fixed-fixed system, is 21.8 kg. Last year, the team designed the
system based on the assumption that the internal pressure in the pipe stiffens the pipe allowing for an
extra WOB given by equation 28:

rd?
AWOB = “—p (28)

32



Table 4: Results from buckling test of 0.016” thick pipe.

L [m] | P [bar] | Buckling Force [kg] | C=4 [kg] | C=1.2 [kg] | Fitted C
0.68 0 55 2.7 21.8 3.03
0.68 | 30 58 #ZN/A #N/A | #NJ/A
0.58 0 72 99.9 30 2.88
058 | 20 755 #ZN/A #ZN/A | #NJ/A
0.63 0 66.7 84.7 25.4 3.15
0.68 0 60 72.7 21.8 3.3
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Figure 27: Results from static buckling test of 68 cm long pipe of 0.016” wall thickness.

Where AWOB is the increase in applicable WOB (kg), d; is the internal diameter of the drill pipe
(m), g is the gravitational acceleration (m/s?) and p is the internal pressure (Pa). The induced ten-
sion for 30 bar amounts to 15.63 MPa, or equivalently, 18.2 kg for the 0.016” thick pipe. Pressurizing
the pipe up to 30 bar would therefore result in a 18.2 kg higher critical buckling force, for a total of 40 kg.

Fig. 27 shows the result for both of the tests. The results show that there is a lot to learn from actual
tests. The pipe with no internal pressure buckled at 55 kg, whilst the pipe holding 30 bar internal
pressure buckled at 58 kg. 5 more test were conducted for more reliable results which are summarized
in table 4. Buckling force in kg shows the WOB at which the pipe buckled, while the next two columns
show the calculated buckling force with the theoretical and recommended end condition constant. The
rightmost column shows what end condition coefficient fits the measured data.

4.4.5 Discussion on the Results of Buckling Tests

There are two things that are surprising about the results. One is the high buckling load, the other is
the small difference in critical buckling force for an internally pressurized pipe. This is contrary to the
design proposal of last year’s team, who focused on increasing internal pressure to allow for more WOB.
The high buckling limit for an unpressurized pipe is favorable as it allows for higher WOB. A possible
explanation as to why it allows higher than calculated loads is because of a high safety factor on the end
condition coefficient. Table 24 gives a recommended C value of 1.2, however, the theoretical value is 4.
One could therefore expect the actual C value to be between the extremes. In fact, for a critical load
of 55 kg, solving equation 17 for C yields an end condition coefficient of 3.0. Determining the correct
value for C for the 0.049” pipe can help defining the operational envelope of the control system. Similar
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test will be conducted when the new pipe is acquired. Table 4 shows that all test fit an end condition
coefficient of roughly 3 (average 3.1).

More surprising is the fact that applying 30 bar internal pressure only resulted in an increase in the
critical buckling limit of 3 kg. This is an area that will need more testing during the next phase, as it has
been assumed that increasing pump pressure would result in higher applicable WOB. With regards to
maximum applicable torque and failure, increasing pump pressure does not result in a higher applicable
torque, in fact, it is slightly lowered. This is discussed in section 4.4.1. Buckling tests will also be redone
when the new solution for the load cell is implemented and calibrated. Due to friction in the current
setup, the load cell some times starts at 5 kg instead of 0. This is the case for the static buckling test in
fig. 27. The inaccuracy makes it difficult to determine the actual load at which the pipe buckles.

As previously stated, the design of the rig and control system heavily depends on the expected stresses
on the pipe. It is therefore imperative to investigate the influence of internal pressure on buckling limits.
Palmer & Baldry (1974) [20] showed that a axially constrained pipe could buckle under the influence of
internal pressure even though the pressure induces tension in the pipe. The compression of the liquid is
also accounted for so that the net compression is positive. For a thin walled pipe, they showed that the
pipe would buckle when the pressure exceed the critical pressure given by equation 29.

L 22 Edt
Perit = (1 — 21/)L2

Here E is the Young’s modulus (MPa), d is diameter (m), t is pipe wall thickness (m), v is the Poisson’s
ratio and L is the pipe length (m). They were able to match the theoretical predicted values experimen-
tally [20]. Catinaccio (2009) [21] gives a more in depth explanation of the governing equations. For a
lateral constrained thin walled pipe, the tensile stress on the pipe equals:

(29)

vpd
2t
The induced net compression is the sum of tension in the pipe and compression of the fluid. Following

Euler’s equation (17) for critical load in a thin walled pipe with a second moment of area given by
equation 31, the critical pressure can be found by solving equation 32.

(30)

O, =

T Ed3t
I'= (31)
8
Td*perit  VPerind Td*peri 42 (rEd3t/8)
Ty e e s (32)

Following the same argument for induced net compression for a internally pressurized pipe which is not
axially constrained, would result in a net induced compression of 0 since the induced axial tension in a
thin walled pressure vessel can be approximated to:

_pd
o4
This suggests that the pipe is only in compression due to the WOB, and that there is no affect on
compression due to the internal pressure. The results from the buckling tests (4) seem to fit this theory.

Oz

(33)

Another theory suggesting a higher critical load with internal pressure is that the induced tension in the
pipe itself results in an increase of the flexural rigidity, EI [Nm?], of the pipe. Equation 17 tells us that
an increase in flexural rigidity will results in a higher critical buckling load. It is however difficult to
confirm based on the static buckling test. Including pressure resulted in an increase of 2-3 kg on buckling
limit, but when performing the same test for the 68 cm pipe with no pressure, the critical buckling load
was 60 kg. That is, the increase in critical buckling load with pressure is less then the uncertainty in
load cell measurement and pipe variation. The NTNU team plans on performing thorough testing on
the 0.049” thick drill pipe to determine a safe operational window for WOB, as well as drilling with
optimized parameters.
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5 Drilling Dysfunctions

Seemingly random vibrations might turn out to be periodic of nature, creating long-lasting problems
during drilling that should be addressed. The source of each drilling challenge is different, and they
should be handled independently. Down below is a description of some of the drilling challenges often
faced with large scale drilling equipment, that may also be problematic for the Drillbotics team.

5.1 Bit Balling

Bit balling is a phenomenom describing when cuttings partly or fully stick to the bit. Bit balling de-
creases the rate of penetration as the blades lose grip on new formation. Other drilling parameters
usually remain constant, but the torque readings may decrease slightly. Bit balling is usually happening
in soft and sticky formations where sufficient weight on bit is applied, digging the teeth into the formation
completely [15].

Bit balling is usually referred to as a problem regarding the design of bit geometry, saying that most of
the drilling dysfunction is happening due to a mechanical aspect. Increasing the flow rate and decreasing
weight on bit may also be preventive. For bit design, centering the nozzle decreases the chance of bit
balling [15].

The chemistry of bit balling is also an important aspect. The problem usually occurs while drilling
through reactive shale at high pore pressures, where the shale particles which are positively charged are
attracted to the steel in the drill bit. By using a metal which repels the charged particles in shale, the
problem can be solved. The same effect can be achieved covering the bit with paint or a coating. The
problem with changing metal is a decrease in strength, while coatings have a tendency to wear off with
time, and thus needs to be re-applied.

To experience bit balling, the concentration of cuttings in the well needs to be of a certain magnitude.
The concentration of cuttings is strongly dependent on the rate of penetration and the flow rate. For
the Drillbotics competition bit balling is not considered a major issue, as the likelihood of encountering
a reactive shale is small. If bit balling turns out to be a problem, increase of flow rate will be considered
as a solution [22].

5.2 Stick Slip

The bottom hole assembly is exposed to large torque variations as the bit is progressing in constantly
changing rock types. Consequently, the bit will stick and slip resulting in shock loads on down hole
components and the drill string [23]. The rotation at the surface is controlled by the top drive. Stick
is when the rotation down hole stops while the rotation at surface is constant. This builds up torsional
force, all the way the to the point where it overcomes the resistance in the rock and the force is released.
The resulting rotational displacement is referred to as the slip, spinning the drill string out of control.
This is what causes the destructive vibrations. Stick and slip mainly relate to the drill bit, but may also
occur for the drill string touching the borehole wall. This is only a problem when drilling long wells. For
the Drillbotics competition the pipe has to buckle to touch the formation.

Stick and slip can be detected as harmonic oscillations in the torque readings. The biggest concern is a
complete stop in the bit rotation, resulting in unwanted spikes in the torque readings. In worst case this
may lead to a twist off.

It is desirable to drill as close to the limits of the rig as possible. One of these limits is the twist off
torque for the drill pipe. By using a torque set point close to the maximum limit, stick and slip may
result in surpassing the critical limit. If stick and slip is observed, the weight on bit should be reduced
to decrease the depth of cut. To maintain a high ROP, RPM should be increased to compensate for the
reduction of WOB.

5.3 Bit Bouncing

The bit bounces up and down on the formation, resulting in varying force acting on the drill string.
Throughout the drilling operation, bit bouncing can lead to an oscillation between tension and com-
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pression in the drill string. A periodic change from tension to compression will over time wear the drill
string, and the mechanical limits of the pipe will reduce due to fatigue.

For full scale drilling operations bit bouncing is more common in hard rocks using tricone bits, but
may also occur using PDC bits. The bouncing effect is observed as fluctuation in weight on bit. These
vibrations are hard to avoid completely. At certain drilling set points the bouncing tends to amplify, and
it is first when the vibrations start to become large they are in risk of damaging the equipment.

Bit bouncing may be mitigated by optimizing the drilling parameters, avoiding WOB and RPM combina-
tions which cause to the system to oscillate at or close to its natural frequencies. A typical misconception
is that the frequency response of a system will change depending on the input load, which is not the
case (assuming the system is not broken down by the load). Considering the drill string as a system, the
rock (disturbance) should not change which frequencies it will oscillate at. However, drilling parameters
should be optimized depending on rock type to maximize ROP. If bit bouncing occurs, the control system
will apply a different set of RPM and WOB to move away from the unstable combination.

5.4 Bit Whirl

Bit whirl is a drilling dysfunction where the drilled hole becomes larger than the bit. The bit starts
wandering around its natural centre, creating a larger hole. When bit whirl starts it is hard to ”go
back”, as regenerative centrifugal and drilling forces are produced [9]. Bit whirl decreases the efficiency
drastically as more mass is drilled than necessary. Research have shown that bit whirl also increases the
wear on the bit itself. An example of bit whirl can be found in Fig. 28.

Alignment of the drill string is important for drilling a straight hole. Any misalignment from the natural
centre of the hole will make the bit tend to run in a larger circle than necessary. Misalignment in the
BHA is also critical. If the mass centre of the BHA is not in line with the axis of revolution, this will
have a great impact on bit whirl.

Bit whirl is more common in slow drilling operations, usually for harder rock formations [9]. This com-
plies well with the team’s drilling experience in Phase I, where severe whirl was encountered when drilling
granite, as seen in Fig. 28. High rotational speeds combined with low weight on bit are common drilling
parameters when bit whirl is experienced. A high WOB pushes the bit into the rock and will prevent
the rotation of going in lateral directions.

It is highly desired to make a hole as small as possible to maximize ROP. By increasing the hole diameter,
the amount of mass that needs to be drilled increases with d .. Bit whirl is highly relevant for our
case, and measures should be taken to prevent it. As mentioned, bit whirl is commonly observed when
applying too low WOB with high RPM, and is hard to ”take back”. This means that it is extremely
important to ensure a smooth start when first tagging the surface of the formation, justifying the need
of a pilot hole. If bit whirl is detected, WOB will be increased and RPM decreased.

5.5 Interfacial Severity

An interfacial severity occurs when the bit encounters a different hardness in formation. This can hap-
pen instantaneously when drilling through a horizontal interface between two layers, or when the rock
contains certain particles harder than the rest of the formation. This can also be observed over time
when going through a tilted interface between two layers with a different hardness. Interfacial severities
can be critical, as the force applied to the bit is concentrated. This may dull, or in worst case, break off
a tooth in the drill bit.

When drilling through an interface from softer to harder rock, the change in hardness can be detected as
an increase in torque with no increase in ROP. For Drillbotics, the dull of the bit is not of high concern
as the bit is designed to last for much longer than the 60 cm to be drilled in the competition. On the
other hand, the moment the bit hits the new surface is critical, as the sudden increase in torque might
damage the pipe.
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Figure 28: The figure shows bit whirl experienced during drilling experiments in granite.

During the competition of last year, one of the challenges was drilling through asphalt. This is a soft
rock containing harder grains of sand, which mainly consists of quarts. This is an example of interfacial
severity, where only a small fraction of the hole contains hard elements and the rest is soft. Hitting these
hard spots causes large torque spikes, and a quick response time is important to prevent any further
damage of the system. The increase in torque happens instantaneously as the bit hits the sand grain,
and can be hard to prevent as new formation can not be predicted. As a countermeasure to the torque
spikes, one suggestion is to keep RPM relatively low, which may constrain the potential of damage.
Another solution is to use PID controllers in series, where the first has a torque as a set point and WOB
as output.
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6 Hydraulics

6.1 Fluid Transportation System

The fluid is provided from a standard water outlet in the wall with a pressure of 7.4 bar. The water is
transported through a hose to the pump. The pressure is increased through the pump to achieve the
desired flow rate. The water then goes through a hydraulic tube which is connected to the swivel. The
swivel contains rollar bearings to support the rotational load of the drill string and a rotating pressure
seal which allows fluid circulation through it [15]. The fluid is then pushed through the rotating drill
string, and flushed out of the drill bit into the well. As the fluid flows from bottom hole to the surface,
it gets loaded with cuttings. A flow diverter will be implemented on top of the formation. The diverter
should be sealed at the surface of the formation, guiding the drilling fluid away from the rig site. The
cuttings in the fluid will then flow to the cuttings analysis system. The team plans to guide the flow on
to a larger plate where the flow rate is decreased. The cuttings will flow slowly across the plate, allowing
for analysis through the use of a camera. Eventually, the cuttings will fall of the plate into a drain along
with the drilling fluid.

The pressure loss in the system is described in appendix E.0.1 and concludes that the majority of pressure
loss is linked to the inner nozzle in the BHA. Thus, the pressure is limited by a maximum burst pressure
and minimum cuttings transport pressure. The minimum flow rate is calculated to 7.74 1/min at 50 bar
pump pressure, well below the maximum pump pressure (110 bar using fatigue strength and a safety
factor of 2).

6.2 Cuttings Analysis

Cutting analysis can be a valuable tool determining what kind of formation is being drilled through.
Cutting analysis can be done by geologists investigating the cutting coming over the shakers, but is not
possible in a autonomous drilling competition. Change in drilling parameters will obviously be detected
immediately after a new formation is reached. By having a second tool for the same purpose can in-
crease the reliability of these data. Since the hole is relative shallow, the time it takes from hitting a
new formation to when the cuttings can be analysed at the surface is not long. This year it is planned
to implement an autonomous cutting analysis system to get more information about the formations and
optimize the drilling operation. The analysis will be done using a camera.

6.3 Formation

The scope for the Drillbotics competition is to drill through a 60 cm tall rock formation. For testing, it
is desirable to use a rock as similar to the competition rock as possible. Since the hole is supposed to be
vertical, the width and the length of the rock are not as important as long as the rock is heavy enough
or fixed to the ground for less vibrations.

During Phase IT of the competition, a lot of testing is to be done. A goal for the NTNU team this year
is to be able to decrease the set-up time of drilling experiments to be able to test as much as possible. It
is also a big advantage to drill through the same formation several times to test the limits of the rig and
optimize drilling parameters. From last year’s testing, it was revealed that one of the biggest challenges
was drilling through rock interfaces. Especially going from a softer to harder rock formation, the change
in torque often resulted in twist off. By knowing when to expect the rock interface the tuning of the
controllers for this scenario might be a simpler task.

This year’s testing rock has some new features. Instead of making up the test rock for every new drilling
experiment, a pre-made rock sample is made. The formation is a box filled with rocks plates and cement,
resulting in a continuous formation without potential of movement between the different rock layers. The
testing rock is presented in Fig. 29. For safety purposes, retractable wheels were mounted on the box
to decrease the chance of strain injuries while moving the rock.

For Phase II this box might also become a big advantage for testing different rock configurations. Wooden

beams are put inside the box to prevent rock layers from sinking through the cement during the hard-
ening process. For simplicity, the first sample was made with horizontal layers only, as seen in Fig. 30.
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Figure 29: Shows the outside of the formation. The dimensions of the formation are 60 cm x 30 cm x
30 cm. The figure does not include casters, which are incorporated in the finished device.

Figure 30: Shows the the cross-section of the formation. The formation contains two layers of shale
separated by cement.
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For future drilling experiments, tilted layers can be made simply by choosing different lengths on the
wooden beams supporting the rock plates. Air gaps may also be made by sealing one layer completely
before applying more cement, to challenge the drilling rig.

When drilling through individual rock layers, the transportation length is no more than a couple of
centimetres, and the cuttings will migrate through the interface and not travel through the annulus all
the way to the surface. By having a continuous formation the cuttings will be transported to the surface
where it is possible to analyse the samples to detect formation change. For a continuous rock of 60 cm,
the demand for a hydraulic system to be able to transport the cuttings is higher, and is taken into ac-
count in the rig design. This rock sample is simple to design and produce. The NTNU team encourages
DSATS to implement this idea for competition rock samples.

As stated in the Drillbotics guideline, this year’s competition rock will be similar to that of last year. It
is also mentioned that the contributions to Drillbotics should have a practical application in drilling for
oil and gas, and the rock layers used are based on these statements. The first rock sample made contains
mostly cement. Cement is a soft and uniform rock, which works great for learning purposes in the early
stage of test drilling. The formation also contains two shale plates which are each four centimetres thick,
as displayed in Fig. 30. Shale is the most common cap rock and is highly relevant in industrial drilling,
such as that on the Norwegian Continental Shelf (NCS). For future work, harder rocks such as tiles
and granite will be implemented in the formation. It is planned to do drilling experiments on different
materials such as asphalt, rubber and tiles.
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7 Control System and Optimization

This section will present features and plans for the control system. It includes plans for the optimiza-
tion function, optimization algorithm, state machine, instrumentation on the rig, including calibration
and response time, the use of PID controllers, the system plant model and design proposal for data
visualization.

7.1 Optimization Function

During drilling, the factors that can be changed to optimize drilling include weight applied to the drill
string through the hoisting motor torque, torque applied from the top drive, rotational speed of the drill
string, pumping pressure and circulation rate. Naturally, when optimizing drilling, constraints on the
controllable variables must be set, not only for optimizing operations, but for safety reasons as well.
Maximum torque and maximum WOB are identified as the most important parameters to constrain as
they pose a risk to safety. Excessive torque will lead to twist off and too much WOB will result in buck-
ling of the pipe. The output variables will be ROP, WOB, MSE, vibrational amplitude and frequency
and verticality. The computer will communicate with the actuator drives directly through LabVIEW
and through the NI multifunction I/O and ensure safe and efficient drilling through optimizing the set of
input variables. An important factor to realize is that the efficient drilling parameters will vary depend-
ing on the rock type being drilled. In order to make the algorithm efficient with as little time wasted
on finding effective combinations as possible, a rock hardness estimator will be implemented. This is
described in section 7.3.3.

Optimization function

There are several possibilities present when optimizing drilling. The current common method to evaluate
drilling efficiency in the industry is by performing drill off tests [24]. There, a given number of com-
binations for RPM and WOB are tested for the highest ROP. There are two types of tests, active and
passive. The passive one is performed by applying a high WOB and starting rotation of the drillstring.
The draw works are locked so that when drilling commences, the WOB is continually decreased until
the entire drill string is in tension and WOB is zero. This gives a continuous plot of WOB vs ROP for
a given RPM. The active test starts with low WOB followed by incremental increases in WOB until the
ROP no longer responds positively to an increase in WOB.

Founder point

The concept of founder point is closely related to drilling efficiency and the drill off tests. Figure 7.1
shows the result of a passive drill off test. There are three evident regions to the plot of ROP vs WOB.
The first region is at low WOB values. Here, the response of increasing the WOB is marginal indi-
cated by a flat curve. The second region is a linear trend on ROP vs WOB. After a given WOB, the
ROP stops increasing linearly and might also result in a decrease of ROP. The end point of the second
region is called the founder point and marks the point at which the drilling operation becomes inefficient.
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Figure 31: Passive drill of test. Figure from Dupriest and Koederitz, 2005 [25].

Mechanical Specific Energy
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Mechanical Specific Energy (MSE) quantifies the relation between energy input and the rate of penetra-
tion. Teale (1965) [26] was the first to recognize the concept as a means to define drilling efficiency. He
defined the specific energy as work done per unite volume excavated.

MSE — Total energy input

4
Volume removed (34)

The total energy input is the sum of the vertical energy input produced by WOB and rotational energy
given by torque and RPM. MSE can then be quantified by measurable variables.

WOB 2x-RPM-T

MSE = ——+ =55 (35)
Where WOB is weight on bit, A is area of the hole (bit area), RPM is revolutions per minute and ROP
is the rate of penetration. MSE can be linked to the concept of the founder point. In region 1, energy
is wasted on friction and grinding particles that have already been chipped away from the rock. That
is, for the given ROP at low WOB, the energy input is relativity high which results in a high MSE
value. As the WOB is increased, the operation becomes more efficient as depth of cut increases and
MSE decreases. As the operation reaches region 2, the operation is efficient and the MSE curve against
penetration flattens out [27],[25]. Once the founder point is reached, MSE will increase as energy is
wasted and ROP decreases. Monitoring the MSE can therefore be a solution to optimizing the drilling
process. It is important to understand that the MSE will be a function of rock hardness, that is, rock
type. Detecting changes in lithology is therefore important if one wants to use the founder point or MSE
as optimizing functions.

Vibration minimization

Utilization of the accelerometers in the BHA can be implemented into the optimization algorithm.
Vibration in the system is equivalent to energy waste as energy is dissipated once the mass is displaced.
In addition, vibrations will lead to fatigue of the drill pipe and poor hole quality. By implementing the
vibration amplitude and frequency into an optimization function, an optimization algorithm can be used
to minimize vibrations. Another possibility is to add the vibration energy loss to the ordinary MSE
function (equation 35). Minimizing this function would be the goal of the optimization.

7.2 Optimization Algorithm

In order to optimize the chosen optimization function and ensure efficient and safe drilling, an algorithm
needs to be made that can access the drilling state and choose optimal input variables. It is, however,
important to discuss the need for an optimization algorithm at all. Last year, the major limitations
on drilling efficiency was the applied torque. This years team has had the same challenges, as the pipe
thickness used during testing this semester has been the same as last year. The general results this
semester shows that the pipe will twist off at the connection before buckling occurs. For the given rock
formation, it is not necessarily true that the drilling process will ever reach the founder point. With the
bit and pipe used, it is possible that drilling, which is constrained by the maximum WOB and torque,
falls into region 1 or region 2. A minimum value for the MSE might never be reached. If that is the case,
optimization will be fully determined by the limiting input factor, which is the torque for 0.049” pipe.
Then, no general optimization algorithm is needed.

Optimized drilling will for Phase II most likely be carried out by using cascaded PID controllers, where
a torque set point is set close to the the maximum limit with WOB as an output, and the WOB value as
an input for the hoisting motor PID controller. Another possibility is a single PID controller for WOB.
Fig. 32 shows an active drill off test for cement. It appears that region 1 is found below 19 kg WOB
and that the founder point is never reached for the cement at 1000 ROP. Notice that the setpoint of
50 kg was never reached during test 182. For cement, this suggests that the best strategy would be to
maximize WOB (valid for 1000 RPM). Similar test for different RPM and rock types will be performed
during the next phase. Data from 10 to 60 seconds are used for Fig. 32. Fig. 33 shows the WOB data
for file 177 with 10 kg WOB set point. Fig. 34 shows the effect of increased RPM for 15 kg WOB set

point on cement.
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Figure 32: 5 drilling tests on cement for a constant RPM of 1000. The ROP is based on the change in
position during the previous 1 second, resulting in the discrete lines in ROP.

Next year, a thicker drill pipe is allowed. More testing needs to performed to understand whether or not
the founder point can be reached within the limited window of WOB and torque. If next year’s tests
indicate a possibility that the founder point will be reached within the maximum WOB and torque, an
optimization algorithm will be used, discussed in the sections below.

Simulated Annealing

Simulated Annealing (SA) is an optimization algorithm that estimates the global maximum or minimum
of a problem. It is a probabilistic method designed for large search areas. Simulated Annealing takes
inspiration from the physical annealing process of metals where the material is cooled in controlled set-
tings. The algorithm sets an initial ”temperature” which is iteratively ”cooled” down. The reduction in
system temperature is directly linked to the probability of the algorithm to accept worse solutions (set
of WOB, RPM and torque) than the current one. Higher temperature results in a higher probability
of acceptance. The ability to accept worse solutions than the current one allows it to search a wider
space of solutions to find the global optimum. Said in a different way, simulated annealing "is a de-
scend descent algorithm modified by random ascent moves in order to escape local minima which are not
global minima.” (Swamy & Du, 2016) [28]. In physical annealing, perfect crystal structure corresponds
to a minimum energy state. Simulating annealing attempts to replicate this, where the energy state
corresponds to the problem solution (e.g. MSE). The pseudocode for simulated annealing is taken from
Swamy & Du (2016) and is presented below.

1. Initialize the system configuration. Randomize solution x(0)

2. Begin with high temperature, T.
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Figure 33: WOB measured data for set point of 10 kg. These are the data for file 177 in figure 32. The
bit is lowered down before hitting the rock at 2 seconds, then the PID controller adjusts hoisting motor
speed to reach the setpoint.

3. While T>Ty;mi¢

(a) While number of accepted transitions < predefined limit

i. Set random solution x;41
ii. Evaluate AE(x) = E(x;41) — E(x;)

if AE(x) < 0, keep new solution

else, accept new state with the probability P=¢— 7
iii. Set new T, until Tij,; is reached

The benefit of simulated annealing is the high probability of reaching a global optimum. Its effectiveness
is however closely related to how fast the cooling process is defined as. When drilling, the extra time
needed to evaluate new solutions will have to be weighted against the time gained on finding a slightly
better set of solutions. If a new rock type is detected, T needs to be reset at a higher lever in order to
find an optimum for the new formation.

Hill climb

Hill climb is a class of optimization algorithms that belong to the family of local searches. It is iterative
and will relatively quickly find a solution to a local minimum. If there are a finite number of combinations
X which correspond to a function value f, in this case the optimization function value, each combination
x is given a set of neighbours n(x) defined in X. The aim of the algorithm is to find the combination of
x that minimizes f by moving from on neighbor to the other depending on the function value difference
between the neighbouring configurations [29]. That is, the next solution will be the neighbouring con-
figuration with the smallest optimization function value, e.g. MSE.
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Figure 34: Drilling data for 15 kg WOB set point. The preliminary results indicate an optimal RPM of
1400 for a cement at 15 kg set point.

Hill climb works well in convex problems, that is, where there is only one optimum. As it only accepts
a neighbouring configuration if any of them have a smaller function value, the methods will end up in
a local minimum. If a constant RPM will be used during the competition, a hill climb method can be
used to reach the founder point.

Drill off test

Another optimization algorithm would be to replicate industry methods by performing an active drill off
test, where a predefined ramp up function of WOB is performed. This can be repeated for different sets
of RPM values. Based on the results, the combination which yields the minimum MSE and vibration,
or maximum ROP can be used. The advantages with such a method, is that it is easier to implement
and that an optimum combination of WOB and RPM can be found. The disadvantage is that the drill
off test might be too time consuming.

Tentative plan for optimizing drilling

Based on the theory of founder point and the preliminary test results from the cement, it is thought that
the best plan of action will be to use a combination of drill off test and hill climb. Simulated annealing
is random in the beginning when looking for optima. This is most likely not the best solution for ROP
and MSE as it is believed ROP will increase with RPM and WOB until the founder point is reached.
The optimization algorithm will be combined with the rock estimator (section 7.3.3). Based on the
results from the estimator, the optimum condition for MSE and ROP can be estimated and a local hill
climb algorithm can be used in the vicinity of the estimated optimum. This method requires extensive
testing of different sets of rock types. An example would be if the estimator finds results that indicate a
”cement-like” rock in terms of drillability. Based on the preliminary tests, the optimum combination of
WOB and RPM would be close to 40 kg and 1400 RPM. The optimization algorithm could then perform
a drill off test from 30-50 kg for 1300, 1400, and 1500 RPM to determine the optimal solution.

7.3 State Flow

The state flow is describing the different steps in the drilling process from start until the target is reached.
To have an optimal and safe drilling procedure, the system should keep within the safety limits, but still
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Figure 35: Shows a chart of the State Flow illustrating how the rig operates during the drilling process.

drill as close to the maximum limits as possible. The system should also be able to detect certain events
which may occur and react accordingly. An illustration of the State Flow is shown in Fig. 35

7.3.1 Tagging Surface

The first phase in the state flow is hoisting. This phase starts as the drill string is lowered down to the
formation. In this phase the string is hoisted in air and the WOB should be equal to zero. No rotation is
needed. The hoisting speed should be low enough for the motor to react and stop in time to prevent any
damage on the drill string. After tagging the bottom the string will be hoisted up a couple millimetres
to reset before entering the next phase.

7.3.2 Pilot Hole

The drilling is started by making a pilot hole. As mentioned in section 5.4 if the hole is larger than the
bit, the bit will tend to wander around in the borehole and lead to further increase in hole diameter. This
will result in less efficient drilling and longer time until reaching TD. To be sure to make a small pilot
hole, the first centimetres of the hole is therefore to be drilled with fixed parameters. To determine the
parameters, a lot of test drilling need to be done. Test drilling has so far shown that a high WOB and
low RPM is what gives the smoothest pilot hole. More tuning is to be done to optimize these parameters
for any rock formation.

7.3.3 Rock Identification

In the identification phase, the purpose is to determine what kind of formation is being drilled. Every
rock has its own characteristics and a specific drillability. By testing for a range of different drilling pa-
rameters, and evaluating the corresponding ROP, it is possible to tell what type of rock is being drilled
through. For the program to be able to do this, it needs a data base of ROP as a function of WOB and
RPM for every rock type.

By using the following equation, the drillability of the rock can be determined [30]:

8
ROP =exp(fy + Y _ 0;7;), (36)

=2

where the drilling behaviour in a given formation is found by selecting the different constants from 6 to
fs. For Drillbotics the following assumptions are made:

46



Regression Model Parameters
T T

200 T T

-200 — Theta 1

— Theta 2

-400 + Theta 3

-600 [

Theta

-800 [

-1000

-1200

-1400

_1600 | | | | | | |

Time [s]

Figure 36: Shows how the estimator is calculating values for theta as a function of time. The sampling
frequency is 10 Hz.

e Compaction in the formation is neglected as the formation is only 60 cm tall.
e The differential pressure across the bottom hole is set to zero.

e Tooth wear is neglected.

By doing these assumptions, the equation can be written as:

ROP =0, + 0,RPM + 65WOB, (37)

where the constants 6,1, #> and 63 are unique for a specific rock formation. To make a more robust
code which can handle ROP values of 0 m/s the logarithm is not used. The purpose of the equation
is to estimate the relationship between the input values WOB and RPM and the output variable ROP.
Whether this simplification works for real test drilling needs to be evaluated during Phase II. If the
solution does not fit the test data, another approach will be used for further work.

By doing experiments, 61, 62 and 03 for different rock formations can be obtained. These values might
vary a bit for the same formation due to unknown factor, but they should be in a close range of each
other as they are all dependant on the hardness of the formation.

Simulations have been done to verify if the model works and the assumptions are valid. Dymola, dynamic
modelling laboratory, has been used for the simulations. The results from the simulation is shown in
Fig. 36 and Fig. 37. Fig. 37 shows how the error converges to zero as the final values for theta is being
estimated in Fig. 36. The running time for the estimator is set to 35 seconds. The time it takes to find
the rock constants is between 20s and 35s dependant on the allowed errors in the estimator. To be able
to identify thin layers in the formation this might be too long time. The problem may be solved using a
higher sampling frequency or allowing a larger error in the data. The frequency used in the simulation
was 10 Hz.
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Figure 37: Shows the errors in the estimated thetas in Fig. 36. The values are converging to zero. The
estimator is run for 35 seconds. The error is less than one percent when the simulation is done.

To verify how the estimated values for 01, 05, 03 corresponds to a drilling scenario, the values were used
in another simulation. Equation 37 is plotted against the "measured ROP” from the simulator. The
simulation was done by increasing weight on bit from ¢t = Os to ¢t = 7.5s with a constant RPM and then
increasing RPM from ¢t = 7.5s to 15s. From t = 15s to 35s both WOB and RPM are held constant.
Fig. 38 shows the result of the simulation. The results shows good correspondence from t = 7.5s to
t = 35s when RPM is increased, but is slightly off for the first phase when increasing WOB. In Phase
II, the estimator will be tested using measurements from drilling experiments.

By test drilling, 61, 62,05 can be obtained for a variety of known rocks. These constants will be expected
when drilling through the same formation again and can be used in determining unknown formations.
By implementing the results into a data base, the system can become able to recognize similarities and
in this way be able to tell what rock type is being drilled.

To make an even more qualified guess of what type of rock is being drilled, it is possible to implement
MSE as a second parameter of the rock. By cross-checking parameters for a specific rock, the level of
certainty will increase. The data base containing values of theta and MSE has yet to be made, but is
something that will be implemented in Phase II of the competition.

7.3.4 Algorithm

When the identification phase is over and the rock is determined, the system should choose optimal
drilling parameters for this specific layer. The drilling parameters optimal for a certain layer needs to
estimated by experiments. By drilling the same rock type several times, testing different vaules for WOB
and RPM and comparing this with the corresponding ROP, the optimal combination can be found. This
is of course within our maximum limits for WOB and RPM. The system can then choose the set points
from the data base and start drilling with these parameters immediately.

7.3.5 Drilling

During the drilling phase, the parameters should be fixed. The control system will remain in the drilling
phase until it detects a new event, such as reaching a new formation. When reaching a layer interface,
several parameters change rapidly. A good indication of hitting a new rock layer is that both torque
values and ROP changes simultaneously. When this happens, and the program is certain it has reached a
new layer, the drilling phase should end and go back to the identification phase. How large the change in
parameters must to be certain of a new layer is something that needs to be tested more in Phase II. For
now, the team has settled of a change of 20%, but for rocks with similar drillability, the error might need
to be even smaller. The minimum value that has been set is 6%. This is due to the uncertainty in the
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Figure 38: Shows the ROP plotted using equation 37 with the estimated values from Fig. 36. The
values are plotted against the "measured ROP values” when increasing drilling parameters over time.
The "measured values” are obtained from Dymola. Drill strength of the rock is set to 0.5 psi. RPM is
constant for t = 0s to t = 7.5s. WOB is constant for t = 7.5s to t = 15s. From t = 15s to t = 35s both
are kept constant.

parameters as well as noise. Vibrations and spikes in the system also needs to be taken into consideration
when setting the limits. It is crucial to make a code which understands the difference between a spike
and a new layer.

7.3.6 End Phase

In the competition, the rock being drilled is 60 cm tall. When target depth (TD) is reach, the state flow
is intercepted to start the end phase, pulling out of hole. When pulling out, rotation and circulation
should be applied to ream the hole and make sure the pipe doesn’t get stuck the way out.

7.3.7 Special Events

The State Flow describes a scenario where nothing unexpected happens. This will most certain not be
the case. The drilling rig is supposed to be able to deal with any type of formation and event. The
system therefore needs a robust design which won’t get stuck or stop progression due to unpredicted
events. A set of special events that may occur should therefore be included in the State Flow.

Twist off

Twist offs happens when exceeding the torque limit of the pipe. Safety limits are set to prevent this
from happening, but as pipe failure can have critical consequences it is important to have a system that
detects the problem and takes actions.

The pump pressure is a function of the pressure drop in the system. The pressure drop is strongly
dependant on the pressure drop over the nozzle. In case of a twist off the pipe is cut somewhere above
the BHA. This means that the flow will divert and go out off the open hole in the pipe leading to a
smaller pressure loss in the overall system. Since the system is using a displacement pump the effect will
be a drop in the pump pressure. The pump pressure is measured with an electric gauge. A decrease in
pressure should therefore be interpreted as a twist off.

If a twist off is detected, the rotation of the drill string should stop. The rig should thereafter hoist the
remaining string to change the drill pipe.

Unknown rock formation

The identification system is based on test data from drilling experiments. The database is improved
by doing repeated experiments for known rocks. This means that in order to identify a rock, previous
drilling experiments must have been done on the same rock type. Due to limited access to variation in
rock types this may cause problems for the algorithm. If the identification phase has been done without
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recognising a familiar rock type the system should still try to drill as optimal as possible.

When making the data base for drilling parameters, a typical sandstone will have one set of parameters
and shale will have another set of parameters. If the rock being drilled through is not familiar to the
system, it still needs to choose wise parameters. The solution for this will be to look at the spectre of
known rock and try to classify the new rock type as something in between. The drilling phase will be
somehow similar to the drilling phase for a known rock type. The difference will be the range of set
points which the program will have to search through to find the highest ROP. Another approach to
the problem is to see which rock type is most alike, and use the drilling parameters for this rock. It is
important to keep in mind that the rock formation is not familiar. The drilling should therefore be well
within the safety limits to prevent any damage to the system.

Reaching a new formation before finishing the identification process

As it was explained in section 7.3.3, the estimator uses around 30 seconds to identify the rock. For layers
which takes longer time than this to drill through, the program should work. For thin layers a problem
can be that the bit reaches a new layer before the code is finished identifying the previous one. The
system then needs to immediately understand that it has reached an interface and start the identification
process for the new layer.

The procedure to detect a new layer during the identification phase can be done similar to the detection
described in the drilling phase. The estimator works by setting one of the drilling parameters constant,
while the other one being constantly increased. This should result in a somewhat constant increase in
drilling progression and torque. When hitting a new formation the ROP and the torque should change
simultaneously. As described in section 7.3.5, how large this change in parameters needs to be to be
certain of a new formation is something that needs further testing in Phase II.

Air gap in the formation

A scenario which might occur is drilling through an air gap in the formation. If this occur the system
will see a drop in WOB to 0 kg. When this is observed, the rotation should continue as the drill string is
lowered until tagging the bottom of the air section. There are two ways of starting the drilling process
again. Which option to use is dependant on the height of the air gap. If the air gap is short and the
stabilizer is still in the previous hole, the drilling may start with the identification phase. If the air gap
so long that the stabilizer doesn’t give support, the drilling needs to start by making a new pilot hole
and then proceed to the identification phase.

7.4 Sensors

The control system relies on accurate, frequent and stable measurements of drilling parameters and other
data to monitor and control the real-time drilling process. This section will elaborate on primary sensors
that are included topside on the rig, as well as down hole sensors in the BHA. The control system of
the rig is engineered to function with topside sensors alone. Some functionality is exclusive to down
hole sensors and benefit drilling performance, however they are not crucial for drilling. Sensor precision,
frequency response and utilization in the control system will be discussed. Where applicable, change of
sensors, selection of new sensors and set-up on the rig compared to last year’s design will be explained.

7.4.1 Topside Sensors

To monitor the drilling process, the control system relies on several primary sensors. These are located
topside on the rig, either as stand-alone sensors or as integrated sensors in the top drive motor and
hoisting motor. Previously, drilling parameters have been obtained through conversion from voltage or
boolean signals in the sensors to SI units in the Programmable Logic Controller (PLC) before being sent
to the computer. This year, the control system is subject to change, as is described in section 7.7. The
following topside sensors provide measurements to the control system:

Load cell

The load cell provides measurement of weight on bit on the drill string. The load cell currently included
in the system is a compressive force transducer rated for loads between 1 and 100 kg with a resolution
of 2 grams, suitable for the weight on bit operating range of the miniature rig. The output of the force
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Figure 39: AEP TC4-AMP 2.5 kN cylindrical load cell for phase 2.

transducer is in voltage, which is converted to Newtons by the relation 1V = 50N, and then again con-
verted to kg. There is an offset between weight measured by the load cell and WOB equal to the total
weight of the guide frame and all equipment mounted on it. Currently, this offset is 56 kg, however it is
subject to change once the rig is redesigned. The load cell samples at a frequency of 50 Hz. Preliminary
testing has had a bottle neck frequency of 10 Hz due to the OPC. Thus it is inappropriate to judge
whether a sample frequency of 50 Hz is sufficient or not.

The load cell will be relocated and replaced by a hollow, cylindrical load cell mounted around the ball
screw. Performance of the current load cell is satisfactory. Since this is the case, selection of a cylindrical
load cell will be based on the operating range, sampling frequency and resolution of the current load cell.
The suggested load cell is AEP Transducers’” TC4-AMP with a maximum load of 2.5 kN (250 kg), as
seen in Fig. 39. The load cell will be shipped fully calibrated, but tests will be taken to ensure correct
values.

Top drive motor drive

Integrated sensors in the top drive motor drive provide measurements of motor torque and rotational
speed. The top drive motor frequency converter remains the same as last year. Drill pipes are connected
directly to the top drive motor, which means that top drive torque and RPM measurements relate di-
rectly to drill pipe torque and RPM. The top drive motor is rated to operate at rotational speeds of up to
2900 RPM, which is sufficient for a preliminary drilling operating window of between 400 and 1400 RPM
(varying with type of formation). Due to fatigue and high risk of twistoff, expected torque operating
windows are limited to 7.1 Nm and below. Torque readings from the top drive motor drive are provided
as a percentage of a nominal value of 7.2 Nm, and requires a corresponding conversion to be used in the
control system. Measurements are provided at a frequency of 50 Hz, which, again, is higher than the
bottle neck frequency of 10 Hz in the OPC.

Hoisting motor drive

Integrated sensors in the hoisting motor provide measurement of hoisting motor torque and indirect
measurement of position (depth) of the drill pipe. Position is estimated through rotation of the hoisting
motor by using the incremental encoder output of the motor combined with the lead of the ball screw.
It has a resolution of approximately 0.26 mm. Estimation of position allows for calculation of ROP
through numerical derivation as well as the ability to monitor drilling parameters and expected geologi-
cal events, such as drilling into a new formation, with depth during drilling. In order to measure depth,
a calibration of the sensor through a homing sequence and calibration point is needed. The calibration
point is recognized by a position limit sensor mounted on the rig framework next to the guide frame.
The analogue output signal of the hoisting motor is in voltage. Torque values are obtained through a
conversion of 1V = 0.486 Nm, and RPM through 1V = 340RPM.

The team has discussed incuding an optical (infrared) sensor, which could measure position and ROP at
a higher resolution than what is provided by the hoisting motor drive. Such a sensor would be mounted
next to the upper connection of the drill pipe and measure distance from the top drive to RKB. An issue
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with the infrared sensors that have been evaluated is their operating range relative to their resolution.
Due to the length of the drill pipe, the distance from the upper connection to RKB may vary from around
80 cm to only a few centimeters, depending on the size of drilled rock formations. Short-range optical
sensors have high resolutions of around 0.1 mm to only a couple of micrometers. However, they are only
applicable for short distances up to a couple of hundred millimeters. Sensors working at intermediate
distances have resolutions of around 0.5 mm, and they work on distances of 100 mm and above [31]. It
is evident that position measurement by the hoisting motor is more suitable than infrared sensors for
this case. As a conclusion, the team has decided to continue using measurements of position and ROP
by the hoisting motor drive.

Pressure gauge

A pressure gauge next to the pump will be included in the system to provide measurements of internal
pressure in the pipe. Pressure control was excluded from last year’s control system due to limitations of
input and output ports in the PLC. However, the control loop will be redesigned to improve processing
frequency and allow for more signals, as was explained in section 7.7. Pressure control will reduce the
required amount of manual labor during drilling, enable control of flow rate, which could be beneficial in
the case of accumulation of cuttings in the transport system, and, by monitoring sudden pressure drop,
enable detection of twist off, burst drill pipe or other leakages in the hydraulic system.

The pressure gauge will be selected according to the pressure operating window of the system. The burst
limit of the pipe is calculated as 110 bar, same as for the relief valve. Sampling frequency from the gauge
is not expected to impact drilling performance, and will not be prioritized in the selection.

Position limit sensors

A set of position limit sensors are mounted on the vertical beams of the rig. They prevent the rig from
hoisting too far up (limited by the height of the ball screw) and down (limited by the drill deck). The
position limit sensors detect the position of the carriage by physical contact, and the control loop is
programmed to react by stopping rotation in the hoisting motor.

7.4.2 Down Hole Sensors

Sensors in the BHA will be included as a supplement to the topside sensors. The down hole sensor
package will consist of a gyroscope and accelerometer. Due to the harsh down hole environment and
the possibility of sensor or signal transmission failure, the rig is equipped to function without down hole
sensors. In several cases, down hole measurements may be used together with topside measurements
to determine drilling parameters or events. Other functionalities are exclusive to sensors in the BHA.
Below is a discussion of measurements provided by a down hole gyroscope and accelerometer.

Gyroscope

Primarily, a gyroscope provides the control system with measurements of hole inclination and azimuth.
These measurements require that both axis of rotation in the gyroscope are perpendicular to the rotation
of the drill string. Measurements of inclination and azimuth are exclusively acquired by a gyroscope.
Torsional vibrations may be detected by comparing rotational speed in the top drive (w:q) to rotation
of the drill bit (we;t), as measured by the gyroscope. Twist off may be detected by a stop of rotation
in the BHA (wp;¢+ = 0), and may also be the cause if there is complete loss of signal from down hole sensors.

Accelerometer

Measurements from the accelerometer will be used to detect axial and lateral vibrations. Lateral vibra-
tions in the bit may exclusively be measured by a down hole accelerometer. Position (depth) of the drill
string may be measured by integrating the signal of the accelerometer twice. In conjunction with depth
measurement from the hoisting motor controller and inclination from the gyroscope, this may be used to
provide a true vertical depth plot during drilling. Twist off occurs at lower torques than calculated values,
possibly due to fatigue. Measurements from the accelerometer, in conjunction with WOB measurements
from the load cell, may be used to monitor and predict fatigue based on stress cycles. Fig. (40a) shows
the microchip with gyroscope and accelerometer that will be used in the BHA. Challenges and prelimi-
nary solutions regarding design and implementation of down hole sensors in the BHA are described below.

Transmitting signals to surface
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Figure 40: a. Microchip with accelerometer and gyroscope. The chip is made of plastic, and will be cut
to fit inside the sensor housing in the BHA. Dimensions are in mm. b. Quick-release connection male
and female part.

Down hole measurements must be transmitted from the BHA to the control system at surface. Two
solutions have been considered, wired and wireless transmission.

The bottom hole environment is harsh and unstable. Vibrations and drilling fluids form potential haz-
ards to the fragile down hole instrumentation. The primary issue with wired transmission arises during
twist off. The wire, extended throughout the drill pipe, sits inside it. In the event of twist off there is
a risk of snapping off the wire, rendering it useless. Consequently, wires must be replaced between each
twist off. Secondly, the connection between wiring and down hole sensor housing must be hydraulically
sealed, contrary to a wireless sensor housing which may be completely isolated and easily sealed.

Due to these issues, the team initially planned to design the down hole sensor package to transmit signals
using a wireless solution. A potential solution is to transmit down hole data using radio signal transmis-
sion (Bluetooth). Several considerations related to radio signals have proven difficult to solve. One issue
regards the transmission of signals to topside receivers. The downhole sensor package is surrounded by
the steel of the BHA, water inside the dill pipe and rock formation, all of which interfere with transmitted
signals. Furthermore, Bluetooth transmitters operate at 2.4 GHz bandwidth, which is the same as most
Wi-Fi access points [32]. The rig is located at a crowded university, meaning that there is a high risk of
signal interference from nearby Wi-Fi or Bluetooth signals. As a result, there is a high chance of compro-
mised data quality. Another consideration is the issue of available space for instrumentation in the BHA.
Wireless transmission would require space for yet another microchip in the BHA. Due to the loss of data
quality, the team has decided not to plan for wireless Bluetooth transmission of down hole measurements.

Due to the issues with wireless transmission, down hole signals will be transmitted to surface through
wires. Wired transmission is superior to wireless transmission in terms of signal quality and stability.
The wires that will be used are designed to account for the disadvantages related to twist off. The wire
will be divided into three parts: one wire extending from the upper connection of the pipe, one from the
sensors in the BHA and a middle part to connect from down hole to surface. The middle part may be
connected by quick-release connections at either ends. The intent is for the wire to disconnect at the
quick-release connection in the event of a twist off, instead of snapping off the wire. To continue drilling,
all that is required is to replace the middle part of the wire and connect it to the upper connection and
BHA together with new drill pipe. The quick-release connection that will be used is shown in Fig. (40b).

53



Drill pipe -~ Drill pipe
connection ~ 4 #
Fluid flow
path v
- O-ring
Down hole . =i
sensor plate ™

o

Sensor housing —___

- BHA-nozzle

- Stabilizer

Figure 41: The sensor housing will be hydraulically sealed. Fluid flows on the outside of the housing,
inside the BHA.

Hydraulic seal

Sensors and wires in the BHA must be hydraulically separated from drilling fluids flowing through it. An
issue with the current down hole sensor design is hydraulic integrity, as drilling fluids enter the sensor
housing at high pressures. In the new design, epoxy will be used to seal the down hole sensor case.
Also, since the wires are designed to break at the quick connection above the housing, they must only
be attached to the sensor housing once. This reduces the risk of improper installation that compromises
hydraulic integrity. The fluid flow path is shown in Fig. 41.

7.5 Calibration

This section is identical to last year’s report.

No sensor is perfect, and even sensors from the same manufacturer can yield different readings. In ad-
dition to this, the sensors may change response if they are subjected to varying conditions like heat,
humidity and shocks. Calibrating the sensors will therefore be of great importance to build and operate
a complete automated drilling system.

There are different methods of calibration, all varying in complexity [33]. The one-point method is the
simplest method and is used when the sensor calibration is scaled and only sensor offset needs to be
corrected. It is done by taking a measurement with the sensors, comparing the measurement with the
reference standard, calculating the offset by subtracting the sensor reading from the reference reading
and, finally, adding the offset to every sensor reading in the code.
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The second method is two-point calibration. It is more complex than the one-point method, but can be
applied to both scaled and raw sensor output. This methods rescales the output and corrects both slope
and offset errors. It can be used in cases where the output is known to be relatively linear. This method
of calibration is performed by taking two measurements from the sensor: one near the low end and one
near the high end. These measurements must then be repeated with the reference instrument and the
corrected value can then be calculated by using equation 38 [34].

(Raw Value - Raw Low Value) - Ref.Range

Correct value =
Raw Range

+ Ref. Low Value (38)

The last method is the multi-point curve fitting calibration. This is the most complex method and is
used for sensors that are not linear. This can be done using Excel or similar spreadsheer programs.

The need for calibration will be different for every sensor. The downhole sensors might experience large
changes in conditions while the surface sensors will not, and they will therefore require a different type
of calibration.

Calibration will be performed during the testing period to determine reference standards for all sensors.
Additional calibration will need to be done while drilling in case the sensor response changes.

7.6 Response Time

This section is identical to last year’s report.

The response time of measurements, data aggregation and control algorithms, will be estimated to ensure
real-time control of the drilling process.

The response time of sensors will be determined experimentally as the theoretical approach requires
thorough knowledge of the design of the sensor, its construction details, the properties and geometries
of the sensor’s internal material as well as knowledge of the properties of the medium surrounding the
sensor [35].

It is crucial that the data aggregation and control algorithms have a short response time as the system
needs to process data and respond to drilling dysfunctions in real time. This will be tested during Phase
11

7.7 Electrical

The current electrical system consists of mainly the computer, the programmable logic controller (PLC),
motor drives, sensors and motors. The computer sends signals to the PLC through the OPC, while the
PLC enables communication with the motor drives. Figure 42 shows how the drives communicate with
the computer.

A limitation to the current design is the sampling frequency of the signal obtained through Simulink
and the drives. The load cell updates at 50 Hz, while the data from top drive motor drive and hoisting
motor drive is sampled in Simulink at 10 Hz. It is crucial that the control system receives accurate real
time data from motor drives and sensors and can communicate at a sufficiently high frequency. As the
top drive motor drive sends 50 Hz signals to the OPC, it is suspected that the 10 Hz bottleneck occurs
at the OPC. Attempts have been made to increase the sampling frequency of the OPC server package
in Simulink, but without success. The current PLC is the ABB AC500. Next semester, the team will
aquire a data acquisition system (DAQ) from National Instruments (NI) that can be implemented in
LabVIEW. An issue related to the NI DAQ is the cost. An initial plan was to acquire a NI CompactDAQ
with I/O modules for the hoisting motor drive and sensors. A more affordable solution is to purchase
a multifunction I/O device such as the NI USB 6218 which has 32 analog input channels and 2 analog
output channels with 50ns timing resolution, as well as 8 digital input and output channels, with a sam-
pling rate of 250 kS/s. The device includes DAQExpress, an interactive measurement software, as well
as application programming interface support for LabVIEW. The current hosting motor and hoisting
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Figure 42: Flow chart of the current electrical communication between the motors, drives, PLC, OPC
and PC. The OPC is not a physical part, but a protocol such that the PLC can communicate with the
PC.

motor drive must be replaced next semester as it will be used for another project. A new drive will be
purchased which allows for direct communication with LabVIEW. The current drive and motor for the
top drive will remain the same, but the drive will be connected directly to LabVIEW, omitting the need
for an OPC. This will improve the response time of the system.

The suggested setup for next semester is illustrated in figure 43. The pressure gauge and load cell
transfer data through the multifunction I/O device, while the down hole sensors communicate directly
to LabVIEW via serial communication. Connecting the pump motor drive to the NI DAQ enables
control of the pump pressures and flow. Hoisting motor drive and top drive frequency converter will
communicate directly with LabVIEW. The drives for the hoisting motor, pump and top drive, are Lenze
8400 TopLine, SEW Movitrac MC07B0040-5A3-4-00, and ABB ACS880-01-05A6-3 respectively. The NI
multifunction I/O and drives are pictured in figure 44.

7.8 PID Controllers

An important discussion that has come up, is what to select as control parameter and the overall PID
architecture. Three main control solutions have been evaluated:

e Option 1: Use torque in drill pipe as set point
e Option 2: Use weight on bit as set point

e Option 3: Two PID’s in series with both a torque and WOB set point

The different control structures are displayed in Fig. 45.

Option 1 - Torque

Using torque as set point might seem counter intuitive, at least coming from a drilling background. Pipe
buckling is easier the longer the pipe gets, and with drill strings of several kilometers, buckling of the
pipe is more prone to happen compared to twist-off. Therefore, the norm in the north sea is to select a
desired weight on bit, and keep an eye on the torque values, making sure it doesn’t reach critical values.
If it does, it might be a sign that the well is packing off with cuttings, or a hard stringer is hit. For the
sake of Drillbotics, the story is somewhat different: the pipe length is only 36 inches. Also, the team has
experienced more twist offs than buckling issues. Therefore, controlling based on a safe torque set point
could be sensible. One issue with this technique, is that the WOB is prone to vary. Imagine drilling
with a perfectly constant torque: drilling through a homogeneous rock, the weight would saturate on a
constant value. However, reaching a formation boundary, the weight would change rapidly. Also, as rocks
always have some element of randomness in them with regards to grain distribution and contents, the
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Figure 43: Flow chart of the possible electrical communication between the motors, drives, NI DAQ and
PC for next semester.
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Figure 44: From left to right: NI USB-6128 multifunction I/0O, ABB drive for top drive motor, Lenze
drive for the hoisting motor and SEW drive for pump.
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Figure 45: Two PID control configurations. At the top is the cascade controller, while a single controller
based on weight is shown below. The bottom one can also be run as Option 1 on torque.
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weight is likely to oscillate throughout a single layer anyway. These weight fluctuations will cause axial
vibrations, that will propagate through the entire drill string, possibly leading to drilling dysfunctions
or damaged equipment.

Option 2 - WOB

Using WOB as set point can be viewed as the most natural and straight-forward control option. The
main advantage of this solution is that weight on bit fluctuations, as well as pipe buckling, both should
be in control. The pipe will have a critical buckling limit, meaning it will buckle if weight above this
limit is added. Simply staying below this should take care of any buckling issues. However, with a
constant WOB comes fluctuations in torque. This inconsistent rotational load might prevent the top
drive motor of delivering constant RPM; causing drilling dysfunctions such as bit whirl and/or stick slip,
ultimately yielding poor hole quality. Furthermore, applying torque in an on-off manner is more devas-
tating to the material as compared to the same load constantly, and will induce pipe damage more easily.

Option 3 - Cascade

As a compromise between the two above options, one might consider using two PID controllers in series,
essentially having a set point on both WOB and torque. The first PID controller will have a torque set
point. The error between the torque measurement and set point is sent to the second PID controller,
used to generate a new WOB set point. Applying this weight will result in a different torque, ideally
closer to the set point in the first PID controller. Thus there is only one constant set point, while the
other one is varying, always optimizing to achieve the first set point. Further, the variable set point
should have a maximum limit, dictated by the mechanical limits of the pipe, in this case the buckling
limit. Also, it could be possible to do the inverse of this controller: having WOB as the first constant
set point, and torque as the dynamic one.

Regardless of which control option is chosen, there should always be maximal limits to both torque and
weight on bit, to avoid mechanical failure in the pipe. How to react if the limit is reached is a discussion
regarding state flow of the drilling operation. One option could be to simply lift the bit off bottom, and
generate a new and more gentle set point before attempting again.

Further, an important point in the discussion of PID control, is the fact that control tuning is much
simpler with a single PID controller compared to having a cascade setup. The added control complexity
makes the system more sensitive, and achieving stability and smooth operation might prove to be more
difficult. Therefore, the team has for now been using a single PID controller with weight on bit set point
for Phase I. The idea is to start simple, and use this controller to analyse overall system performance.
As the team gets more confident with the rig design, a more complex control design will be evaluated,
to investigate whether additional performance can be extracted from the rig.

7.9 Plant Model

To describe how movement of the carriage translates to weight on bit, a plant model of the rig was made.
By running simulations on the model, parameters could be selected for the PID controller, which were
implemented when further tuning the controllers through drilling experiments. The model is described
in appendix F, which includes a schematic overview of the rig. Fig. 46 shows the step response from
the model and from an experiment after tuning the controller as in the Matlab model.

7.10 Data Visualization and Control
7.10.1 User Interface

The user interface (UI) on the rig is the control board of the rig. The user interface allows for monitoring
of progression of the well through display of real-time measurements of drilling parameters such as WOB,
torque, RPM and ROP. Currently, the measurements are plotted on horizontal graphs as a function of
time. Control system set points are selected using sliders displayed on the middle of the screen. Each pa-
rameter has two sliders, one for manual mode and one for PID control. Switches in the top section of the
UI allow for changing between manual and PID mode. The current user interface is displayed in Fig. 47.

The user interface shows the live data as a function of time, which makes it possible to monitor progress
of the drilling operation. The current design has potential for improvement. The user interface displays
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Figure 46: Comparing simulated and experimental step response. Run at 1000 RPM.

Figure 47: The current user interface for the control system. Switches for turning on/off and changing
from PID- to manual are in the upper left corner. The middle section contains set point sliders. The
graphs on either side display live data of drilling parameters.
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Figure 48: Draft of the drilling parameter display. Current drilling parameters are displayed in the small
boxes at the bottom.

drilling parameters horizontally. This is counter-intuitive, seeing as the drilling is vertical. The overall
structure of UI is rather confusing. The graphs are plotted on either side of the set point sliders, making
different parameters hard to compare and the overall progress difficult to interpret. Furthermore, the
sliders used to control the set points are small in size, making them inaccurate and sensitive to slight
increments in input. E.g. the RPM slider ranges from 0 to 1800 RPM, making it difficult to select an
exact RPM value.

In Phase II, changes will be made to the user interface. First and foremost the new Ul will organize
graphs, switches and set point sliders in a more logical manner. Switches and set point sliders will be
arranged in a separate space to the side of the dashboard. There will be a possibility of direct numerical
input of set points in addition to the sliders. Drilling parameters will be plotted vertically aligned with
each other, as this gives more intuitive feedback of the drilling process.

A new feature for the user interface will be a live true vertical depth (TVD) plot of the drilling. The TVD
plot will be presented vertically and include position as a function of time, incorporating any inclination
in the borehole. Other drilling parameters may then be plotted both against time and position. The
current value of each parameter will be displayed separately next to the graphs. In addition to drilling
parameters, the team plans to include an event detection log. This plot will display unique drilling events
such as a change in formation or drill string failure. Formation changes will be plotted as straight lines
at the time of detection, along with a notification of the current TVD. Once the estimator has decided
which rock type is being drilled, the event plot will include color coding to indicate the kind of rock
formation. When a new interface is detected, a new event is marked in the log. Hence a continuous
geological column is plotted showing the different formations that have been drilled. In the event of drill
string failure, the failure will be plotted together with the formation in the event log. This makes it easy
to compare formation type with failure. This will hopefully be a beneficial tool for quicker post-drilling
analysis, making it easier to tune and optimize the control system. A preliminary design proposal for
drilling parameter logging and event plot is illustrated in Fig. 48.

7.10.2 Third Party Accessibility

Third party access to control the rig is envisioned by the use of an application for mobile phones or ex-
ternal computers. The application design is in an early conceptual phase, since mechanical and control
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Figure 49: Design proposal for a Drillbotics app. Acquire a verification code through the miniature rig
and commence drilling by pressing ”start”. User may navigate by the menu to the right.

system related issues have been prioritized. Thus, the application design is subject to more thorough
development and planning in the future. The envisioned functionality of the application is rather simple:
a ”start” button initiates drilling, which is then fully automatic as governed by the State Flow. When
drilling, a ”stop” button enables the user to stop drilling by command.

The primary focus of third party access is safety. For safety reasons, a verification process upon starting
the application will restrict access to the rig. A simple solution to this is authentication by use of a
unique password. An additional verification will be needed to initialize drilling. Before drilling, several
requirements regarding the rig must be met. A rock sample must be placed underneath the rig, a drill
pipe, BHA and bit must be attached to the top drive, water and electricity must be supplied to the
rig and control software must be switched on, to name a few. However most importantly, personnel
must be physically present for safety in case of a need for emergency shut down during drilling. These
requirements need additional labour that is inaccessible through the use of an application. Once all these
requirements are met, a verification code, which may be a string or Quick Response code provided by
the computer on the rig, may be entered in the third party application to allow the user to press the
start button. Fig. 49 shows a preliminary design for the user interface of the application, including the
start and stop buttons as well as a field for input of the required verification code.

Another envisioned feature of the application is real-time monitoring of drilling parameters, similar to

what is displayed on the user interface in the control system. This is shown in Fig. 50. A live stream
of the drilling process could also be available by installing a camera, as shown in Fig. 51.
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Figure 50: Design proposal for data monitoring in the Drillbotics app.

Figure 51: Design proposal for live streaming of the rig in the Drillbotics app.

62




8 Finance

The Drillbotics 2017 guideline states that every team should limit the cost of the rig to $ 10,000. The
$ 10,000 should include everything that will be used on the competition day. The budget is listed in
table 5. Other expendables such as drill pipes and rock samples are not included in the total cost. Test
rocks are donated from local rock suppliers and will be of no cost for the team. Supplementary tools
and equipment used for building the rig such as hoses and flanges are minor costs and are considered as
donations if they are leftovers from the institute storage. The current budget is estimated to $9594 US
and the parts will be ordered in the start of Phase II. The estimate is based on the maximum cost of the
equipment and may be exaggerated.

The Petroleum Institute at NTNU is the main sponsor for the project. Companies have been contacted
regarding sponsorship. So far the response has been negative due to lack of resources, whereas some of
the proposals have yet to be replied. In Phase II the goal is to reach out to more companies for funding,
and be economical independent of the institute.

Table 5: Shows the cost estimates for the required equipment needed for Drillbotics 2018. The cost
estimate includes all parts that will be used during the competition day. The amount in dollar was
calculated using the currency rate of December 14th 2017.

Description Price per unit | Amount | Total cost
NOK NOK
Rig design
Protection glass 1500 1 1500
Connections 1700 2 3400
Hoisting motor + driver 15000 1 15000
Ball screw 5000 1 5000
Control system
Computer screen 1000 1 1000
National Instruments DAQ + module 15000 1 15000
Sensors
Pressure gauge 1500 1 1500
Load cell 4500 1 4500
Torque cell 30000 1 30000
Accelerometer 500 1 500
Gyroscope 500 1 500
Camera 2000 1 2000
Sum, NOK 79900
Sum, USD 9594

63



9 Future Work

The focus when planning work for Phase II of the project is to prioritize activities based on time schedule
prior to the competition in June. This is achieved by starting with activities that other work is dependent
on. In particular, the rig must be constructed according to the envisioned design early on to allow for
testing and tuning of the actual set-up that will be drilled with during the competition. Specifically,
all new equipment that is planned for the rig must be ordered, namely the new hoisting motor and
associated drive, ball screw, National Instruments DAQ and module, torque cell, pressure gauge and
camera. Equipment that is vital for the rig to function and that directly affect drilling performance have
the highest priority for construction. These are the new load cell, hoisting motor, ball screw and torque
drive. Ordering early on ensures that delays are manageable and that there is still time for extensive
testing and tuning. Delays are expected for all processes involving a third-party participant. Hence,
Lyng Drilling will be contacted early on for development of a unique Drillbotics NTNU drill bit. Rig
downtime is expected when changing control software from Simuling to LabView. Thus, this change will
be implemented simultaneously as new equipment is ordered and constructed.

Once the rig is constructed and working as envisioned in the proposed design, work regarding testing
and tuning will begin. This involves testing of physical limitations of the pipe and connection, natural
frequencies of the rig, tuning of controllers, implementation of down hole sensors (both physically and in
the control system) and evaluation of control system response as a result of a higher sampling frequency.
Through extensive testing, vibrations will be analysed to allow for implementation of mitigating measures
in the control system. Tests will also be used to develop the envisioned state flow along with the rock
estimator, as well as decision logic to monitor stress cycles to predict fatigue. Mechanical improvements
that are suggested in this report, specifically the damper and dynamic stabilizer for the BHA and the
cuttings analysis system, will also be incorporated in the design and evaluated through testing.

Simultaneously, quality of life suggestions, which nonetheless are beneficial to overall efficiency and
performance, will be developed and implemented. These are the new user interface for monitoring of the
drilling process and third party access through an application for mobile phones and computers. The
team expects that new ideas and areas with potential for further improvement will be identified during
the entire process. Work will always focus on activities that will benefit performance in the competition,
and, most importantly, accelerate development of automation in the drilling industry.

Figure 52: Time schedule for Phase 11
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A  Appendix - Summary of Equations
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Table 6: Summary of equations presented

Calculations Formula Reference Results
210 bar
: i _ 20yt (SF of 3 with ¢,s = 276MPa)
Burst pressure py = 0.875=2¢ [15] 110 bar
(SF of 2 with otatigue = 96.5MPa)
, 51 kg for fixed-fixed
Buckling limit Euler Fe = (7;(75)12 [18] recommended end condition
constant at L=68cm
Area moment of ” _
ertia I=3 (d}—d}) [19] 1.733-10719 m*
. . 202, = (0'11 —0’22)2+(022—...
- ys
von-Mises failure 033)% + (033 — 011)* + ... [13] Dependent on stress state
criterion 9 9 9
6(07y + 035 + 03;)

- . _ P.. _ Cr2EI _ CrE Dependent on end condition
Critical buckling load Oor = 55 = Fhgz- = () [19] and depth drilled
Slenderness ratio (£) =Ly/4 [19] Dependent on depth drilled
Critical slenderness ( L ) _ [2x2CE [19] Dependent on end condition
ratio kJer Tys and fatigue state
Critical buckling ops IN2 1 .
load below critical Oer = Ugs - (L27T ) 25 [19] Dependent on end condition

. < (£ and depth drilled
slenderness ratio k k/er
Theorized extra ) 18.2 kg for 30 bar
WOB from AWOB = Tp [13] for 0.016” wall
internal pressure ' thickness 3/8” OD
Induced radial stress (R=a)=— [13] Dependent on pressure
from internal pressure Orift =a)="Ppi p P
Induced hoop stress _ a2 +b?
from internal pressure og(R=a) = (b2 a2> Di [13] Dependent on pressure
Induced axial stress ob = (b2a_2a2) Di [13] Dependent on pressure

from internal pressure

Maximum shear stress

Tonaz = ((2058 —[(0. —09)% + ...

Derived from

Dependent on stress state

(09 — )% + (0 — 72)?])/6)°5 von-Mises
Max torque TDPmaz = Tmaz 5 (b° — a®)(b+ a) [14] Dependent on stress state
Pump power pp = 254 [15] 740 W
Power for p_Tw [15] Dependent on torque
rotating shaft e and rotational velocity
MSE MSE = W98  2rRIILT [26] Depender.lt on dril.ling state
ROP model ROP = 0, + 0 WOB + 0sRPM 30] * Assumptions applied to

the original model
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NTNU Prepared by Number Date
. HSE section HMSRV2603E | 05.10.2017
RISk assessment Approved by Page Replaces
HSE/KS The Rector 1outof 4 NA
Unit: Department of Geoscience and Petroleum Last Updated: 05.10.17
Line manager: Noralf Vedvig
Participants in the risk assessment (including their function):
Activity from the Potential Likelihood: Consequence: Risk Comments/status
identification process undesirable Likelihood Human |Environm |Economy/ [value Suggested measures
form incident/strain (1-5) (A-E) ent material
(A-E) (A-E)
Injury to personnel: 4 B A A 4A e Redesign rock
Handling of rocks e Back sample/carrier.
injury/strain e Use proper PPE
e Cutting fingers e Use proper lifting
e Crushing technique
fingers, feet e Don't lift to much at
etc. atime
Injury to personnel 4 B A B 4B e Maintain a clean
Tripping accidents Damaging equipment work environment
e Housekeeping
e Use proper PPE
Loud noises Damage to hearing 3 B A A 3A
Rotating Objects Loose clothing being |2 C A A 2B e Keep away from
caught up by rotating moving objects
parts. Potential injury e Do not use loose
to personnel. clothing
Accidents and injury related |Injury to personnel 4 B A B 4B e Design the system
to pipe buckling from debris and with proper safety
damage to equipment factors
e Follow the drilling
procedures
e Test buckling limit
and implement in
control system
e Take precautions
when setting up the
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pipe

Verify control system
safety values prior to
starting up

Accidents and injury related
to pipe bursting

Injury to personnel 1
from debris/fluids and
damage to equipment

1B

Include safety
factors to pipe
pressure

Spilling of fluids

Slippery floor, or fluids |5
in eye

5A

Include splash guard
Use caution when in
the proximity of the
rig

Falling objects

w

When connecting the
BHA/drill pipe or tools
falling

3A

Use helmet

Place tools properly
and keep a clean
work environment

Electrical hazards

Electric shocks and |1
damage to equipment

1B

Keep water away
from electric
sources.

No power will be
supplied while
connecting wires
and components. All
electrical
connections will be
secured and wiring
will be insulated.
Quialified personnel
will be responsible
for high voltage
setup

Fire

=

Personnel could suffer
from burns and smoke
inhalation

1C

Only qualified
personnel should
modify electrical
equipment
Regularly look over
the electrical
equipment and
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Risk assessment Approved by Page Replaces
HSE/KS The Rector 3out of 4 NA

inspect for any
damages

Likelihood, e.g.: Consequence, e.g.: Risk value (each one to be estimated separately):

1. Minimal A. Safe Human = Likelihood x Human Consequence

2. Low B. Relatively safe Environmental = Likelihood x Environmental consequence

3.  Medium C. Dangerous Financial/material = Likelihood x Consequence for Economy/materiel

4. High D. Critical

5. Very high E. Very critical

Potential undesirable incident/strain

Identify possible incidents and conditions that may lead to situations that pose a hazard to people, the environment and any materiel/equipment

involved.

Criteria for the assessment of likelihood and conseguence in relation to fieldwork

Each activity is assessed according to a worst-case scenario. Likelihood and consequence are to be assessed separately for each potential
undesirable incident. Before starting on the quantification, the participants should agree what they understand by the assessment criteria:

Likelihood
Minimal Low Medium High Very high
1 2 3 4 5
Once every 50 years or less Once every 10 years or less Once a year or less Once a month or less Once a week

Consequence
Grading Human Environment Financial/material
= May produce fatality/ies Very prolonged, non-reversible Shutdown of work >1 year.
Very critical damage
D Permanent injury, may produce Prolonged damage. Long Shutdown of work 0.5-1 year.
Critical serious serious health recovery time.
damage/sickness
C Serious personal injury Minor damage. Long recovery Shutdown of work < 1 month
Dangerous time
B Injury that requires medical Minor damage. Short recovery Shutdown of work < 1week
Relatively safe treatment time
A Injury that requires first aid Insignificant damage. Short Shutdown of work < 1day
Safe recovery time
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R ISk assessment Approved by Page Replaces
HSE/KS The Rector 4 out of 4 NA

The unit makes its own decision as to whether opting to fill in or not consequences for economy/materiel, for example if the unit is going to use
particularly valuable equipment. It is up to the individual unit to choose the assessment criteria for this column.

Risk = Likelihood x Consequence
Please calculate the risk value for “Human”, “Environment” and, if chosen, “Economy/materiel”, separately.

About the column "Comments/status, suggested preventative and corrective measures”:
Measures can impact on both likelihood and consequences. Prioritise measures that can prevent the incident from occurring; in other words,
likelihood-reducing measures are to be prioritised above greater emergency preparedness, i.e. consequence-reducing measures.




C Appendix - Rig Construction

C.1 Analysis of Misaligned Components in the Rotating System

In an effort to locate causes of misalignment and lateral vibrations when drilling, all parts involved in the
rotating system have been analysed. These include the top drive motor and all parts mounted around it,
the upper pipe connection, the roller bearing at RKB, the roller bearing between RKB and rock samples,
and the lower pipe connection. These are shown in Fig. 53. The discussion is shown below:

(a) All components above drill pipe and connection: All components above the upper drill pipe
connection are permanently attached to the rig and will normally not be modified between drilling
experiments. These components include the top drive motor, electrical and hydraulic swivel and
steel pipe connecting the components. Assuming all other sections in the rotating system are
aligned, misalignment of these components would cause the drill pipe to extend at an angle from
the rig, as can be seen by the illustration in Fig. 53a. As illustrated, this misalignment would
cause the drill pipe to extend and rotate around an axis offset from the upper roller bearing and
other equipment below RKB. Lateral force must be applied to guide the drill pipe inside the roller
bearing.

(b) Upper connection between top drive motor and drill pipe: A second potential cause of
misalignment in the rotating system is the upper connection used to attach the drill pipe to the
rig. The case is illustrated in Fig. 53b. If the upper connection is misaligned, the drill pipe will
extend at an angle to the axis of rotation, causing the pipe to rotate in a circular periodic motion
around the upper roller bearing.

(¢) Roller bearing at RKB: The upper roller bearing may be misaligned either by being mounted
at an incline, or at an offset relative to the axis of rotation of the pipe. The first case has similar
consequences as in (b) above, although with the cause of the problem closer to the bit. The latter
case is illustrated in Fig. 53c. In this case, lateral force must be applied to the pipe to guide it
inside the roller bearing.

(d) Roller bearing in riser below RKB: A second roller bearing is housed in a riser below RKB.
It serves as a second stabilizing element between the first stabilizer and the rock sample. If the
bearing is displaced from the axis of rotation, similar misalignment issues as those related to the
upper roller bearing would arise. This is illustrated in Fig. 53d.

(e) Lower connection between drill pipe and BHA: The BHA is connected to the drill pipe by
the same type of connection that is used to attach the drill pipe to the rig. Misalignment of the
lower connection is illustrated in Fig. 53e. Due to eccentricity, the contact area between the bit
and rock samples is be larger than the bit itself, resulting in drilling of over-gauged wells.

C.2 Analysis of Load Cell Configuration

The original load cell placement needed to be change. Several possible solutions for load cell configuration
have been analysed.

According to petroleum literature, torque and WOB should have a near linear relationship when
drilling. Based on this, the team wanted to investigate the possibility of excluding WOB sensors from
the rig and rely on estimating WOB through torque readings from the hoisting motor. In order to analyse
the relationship, the team conducted an experiment where the rig pushed down against a scale without
drill pipe and rotation in the top drive. WOB, which was recorded both manually from the scale and
digitally by the load cell, was compared to torque readings in the top drive motor. The experiment used
PID controller set points ranging from 5 to 45 kg and hoisting motor torque limitations of 0.2, 1 and 2
Nm. Fig. (54) shows a scatter plot of WOB measured by the load cell versus hoisting motor torque for
a WOB set point of 25 kg and maximum torque of 1 Nm.

As evident by the graph, hoisting motor torque generally varies between 0 and 0.4 Nm a set point of
25 kg. There is no clear linear correlation between WOB and torque. It is also worth noting that set
points around 25 kg generally resulted in little spread compared to scatter plots of low and high WOB
set points. Based on these results, it was concluded that torque measurements in the hoisting motor can
not produce reliable measurements of WOB, and that a load cell must be included in the rig design.
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Figure 53: Illustration of causes with misaligned components in the rotating system. a. Misalignment
of all components attached to the guide frame. b. Misalignment of upper connection. c¢. Misalignment
of upper stabilizer at RKB. d. Misalignment of lower stabilizer below RKB. e. Misalignment of lower
connection.
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Figure 54: Scatter plot of WOB versus hoisting motor torque with a maximum hoisting motor torque of
1 Nm and WOB set point of 25 kg.

The team has considered several rig designs with a load cell in different locations. Initially, the idea was
to place a load cell between the top drive motor and swivel. With this solution, the load cell would rotate
together with the drill string. Wiring for power and measurements would be connected to the electrical
swivel that is already installed on the rig. Upon investigation, the solution proved to be troublesome.
Firstly, suppliers did not specify distribution of weight in the available load cells. For instance, wire
sockets along the outer wall of the cylinder are usually placed on the edge of load cells. If the mass is
not evenly distributed in the load cell, mass imbalance when rotated could impact drilling performance.
Secondly, all cylindrical load cells that were investigated were designed for stationary systems. Incorpo-
rating a rotating load cell would require investigation whether they would read reliable measurements
while rotating, and how to compensate for rotation at varying rotational speeds.

A second solution was proposed to incorporate a stationary load cell between the top drive and swivel.
With this design, the load cell would sit between the upper stationary section of the swivel and below
a horizontal steel beam connected to the ball screw. In order to stabilize the rig, the design included a
second set of vertical steel beams and roller guides, as well as a larger frame surrounding the top drive
motor. The principle of the design is shown in Fig. 55. The top drive sits above the load cell to limit
the total height of the rig. An implication of this design is that either the cylindrical load cell would
have to be hollow, or the design would need two load cells at either side of the rotating parts below the
top drive motor. While at first glance the design seems rigid and able to provide stable measurements
of WOB, it was rejected due to its impact on the overall design, added weight to the rig and the fact it
got outperformed by the final, more simple and less intrusive design proposal.

D Appendix - Power Consumption

As the design is restricted by an upper limit on power consumption, it is essential to have a grasp on
the expected magnitude of power consumed. This section will briefly describe what governs the power
consumed during drilling and give estimates on its size. Most power is consumed by the fluid circulation
system and hoisting system on real rigs [15]. For the Drillbotics rig, most of the power is consumed
from the top drive motor and fluid pump, as evident from the calculations in section D.1 and D.3. The
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Figure 55: Principle of design with stationary cylindrical load cell mounted between the top drive motor
and swivel. Note that the horizontal steel beam connected to the ball screw is connected to both sets of
linear roller guides, as well as the load cell.

power system for the miniature rig is the triplex pump, hoisting motor (ball screw), top drive motor
and computer. The hoisting motor drive, pump motor drive and top drive motor drive has the ability
to provide 0.75kW, 4.0kW and 2.3kW respectively. The operational power consumption is expected to
stay well below these limits.

D.1 Triplex Pump

Sufficient fluid circulation is needed to provide lubrication, cooling and transport the cuttings. Given
that the internal pressure and pressure loss across the nozzle in the BHA induces a tension in the drill
pipe, effectively increasing the maximum applicable WOB, a higher pumping head is preferred. The
hydraulic system is described in section 6.

Power consumption of a pump is governed by pump efficiency, added pressure and fluid rate. Noting
that the pressure gauge is placed directly downstream the pump and the inlet pressure from the water
supply is 7.4 bar, the pump power is defined by equation 39 [15].

APq  (Pyauge — 7.4-10°)q
e €

Pp =

(39)

Pp is pump power consumption (W), Pyauge is the gauge pressure reading (Pa), ¢ is the flow rate (m?/s)
and ¢ is the pump efficiency. Expected power consumption is given in table 7. The flow rate and internal
pressure of pipe (negligible pressure loss in lines) are not expected to exceed 8 1/min and 57 bar resulting
in a maximum expected power consumption of 740W when using a pump efficiency of 0.9.

D.2 Hoisting Motor

One of the main actuators in the design is the hoisting motor and ball screw package. Last year’s solu-
tion was a ball screw with a lead of 5 mm [10]. The torque applied from the hoisting motor is directly
proportional to the ball screw lead and applied force, given by equation 40 [10].
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Table 7: Pump power consumption at different flow rates and pressures

e=09
Pauge (bar) \Q (I/min) | 2 4 8 14 20
10 11 | 22 44 78 111
20 48 | 96 | 193 | 337 | 481
30 85 | 170 | 341 | 596 | 852
50 159 | 319 | 637 | 1115 | 1593
100 344 | 689 | 1378 | 2411 | 3444
e=0.28
Pgauge (bar) \Q (I/min) | 2 4 8 14 20
10 13 | 25 50 88 125
20 54 | 108 | 217 | 379 | 542
30 96 | 192 | 383 | 671 | 958
50 179 | 358 | 717 | 1254 | 1792
100 388 | 775 | 1550 | 2713 | 3875
Fi
h= 27T<€BS (40)

1 is the ball screw lead (m), F is the force acting on the ball screw and epg is the efficiency factor for
the ball screw system. The shaft power from the motor is given by the motor torque, T (Nm), angular
velocity of the shaft, w (rad/sec), and an efficiency factor, € [15].

Tw

P=— 41

- (41)
2n N

_ 42

N is rotations per minute (RPM). Due to the inherent low torque of the hoisting motor, the power con-
sumption is expected to be small compared to the top drive motor. Figure 56 shows the hoisting motor
data for a drilling test in cement with two PID controllers in series, 30 bar pressure, a drill string torque
set point of 3 Nm, maximum hoisting motor torque of 0.5 Nm and a maximum drill string torque of 7 Nm.

The hoisting motor has a maximum capacity of 3000 RPM but is restricted to 1000 RPM during drilling
as a safety measure. With 1000 RPM, torque of 0.5 Nm, and an efficiency factor 0.9 the motor is working
at 58 W. Assuming the motor would work at its maximum RPM limit with a torque of 1 Nm, it still
only uses 350 W.

D.3 Top Drive Motor

As stated earlier, most of the power consumption is expected to occur at the top drive motor and pump.
The top drive motor and hoisting motor operate at approximately the same RPM. However, the top
drive motor torque is significantly higher than for the hoisting motor. Power consumption is given by
equation 41 and is summarized as a function of RPM and applied torque (Nm) in table 8.

As expected, the amount of power consumed by the top drive motor exceeds the power consumption in
the hoisting motor by an order of magnitude. Maximum torque is not expected to exceed 7 Nm due to
fatigue and RPM is not expected to exceed 2000 RPM, that is, the power consumption in the top drive
will not exceed 1.8 kW.

D.4 Computer

The computer used is a Dell OptiPlex 7440 AIO with a maximum power consuption of 720 W. The
expected power consumption is about 100 W.
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Table 8: Tod drive motor power consumption at different RPM and torque levels.

e=10.9
N (RPM), T (Nm) 1 3 5 7 10 15 20
300 35 | 105 | 175 244 349 524 698
600 70 | 209 | 349 489 698 | 1047 | 1396
900 105 | 314 | 524 733 | 1047 | 1571 | 2094
1200 140 | 419 | 698 977 | 1396 | 2094 | 2793
1500 175 | 524 | 873 | 1222 | 1745 | 2618 | 3491
1700 198 | 593 | 989 | 1385 | 1978 | 2967 | 3956
2000 233 | 698 | 1164 | 1629 | 2327 | 3491 | 4654
e=0.8
N (RPM), T (Nm) 1 3 5 7 10 15 20
300 39 | 118 | 196 275 393 589 785
600 79 | 236 | 393 550 785 | 1178 | 1571
900 118 | 353 | 589 825 | 1178 | 1767 | 2356
1200 157 | 471 | 785 | 1100 | 1571 | 2356 | 3142
1500 196 | 589 | 982 | 1374 | 1963 | 2945 | 3927
1700 223 | 668 | 1113 | 1558 | 2225 | 3338 | 4451
2000 262 | 785 | 1309 | 1833 | 2618 | 3927 | 5236
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Table 9: Summary of Power Consumption

Source Expected [kW] | Maximum [kW]
Pump 0.7 3.8
Hoisting Motor 0.07 0.35
Top Drive Motor 1 1.8
PC 0.1 0.72
Total 1.87 6.67
% of Limit 10.0% 35.8%

D.5 Summary of Power Consumption

As expected, most of the power is consumed by the top drive motor and pump. Table 9 summarizes the
expected and maximum power consumption. The amount of power will naturally fluctuate depending
on the drilling state. The team expects the total power consumption with normal drilling parameters
will amount to 1.87 kW (2.51 HP) and the maximum power consumption to be 6.67 kW (8.94 HP).
Safe drilling is not guaranteed, if not impossible, with the numbers associated with the maximum power
consumption. It is therefore safe to assume that the maximum power limitation is not exceeded.

E Hydraulics

E.0.1 Cutting Transportation

One of the main purposes of the circulation system is to remove cuttings. To be able to remove all the
cuttings and prevent cuttings accumulation in the borehole, the drag force and the buoyancy force act-
ing upwards must overcome the gravitational force acting downward. The lifting capability of the fluid
depends on the flow regime, where turbulent flow has shown to be more effective on removing cuttings
from the wellbore.

The minimum flow velocity, also referred to as the slip velocity, determines the minimum flow rate of
the pump system. The shape of the cuttings also has an impact on the slip velocity. The cutting will
come in various shapes and sizes. To simplify, spherical shape has been assumed. Since accumulation
of cuttings can lead to higher friction in the drilling operation and in worst case pipe failure, cutting
density and cutting size are selected conservatively using the highest density and size expected.

To find the slip velocity, Reynolds number, for the cutting particles need to be calculated to determine
whether formulas for laminar, transient or turbulent flow should be applied. Stoke’s law can be used to
determine the slip velocity for the cuttings through a Newtonian fluid[15]. Stoke’s law is applicable for
Reynolds number, Re, smaller than 0.1. For values larger than this, empirical formulas are use.

1 g(ps — py)d2
18 i ’
where g is the gravitational constant, ps is the cutting density, ps is the fluid density of water and p is
the water viscosity set to 1 cp. From this slip velocity one can determine the flow regime around the
particles.

(43)

Vs =

NpRep = , (44)

For Reynolds number greater than 300, the flow around the particle is turbulent. The friction factor is
then assumed to be constant at 1.5. For Reynolds number smaller than 300, the friction factor is given
as a function of Re. For transitional flow, 3 < Re < 300, the friction factor is given as:

22

= — 45

1= ke (43)
For laminar flow, Re < 3, the friction factor is given as:
40

= — 46

f= (46)
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Figure 57: Shows the slip velocity as a function of cutting size from 1 mm to 10 mm. The density of
the cuttings is set to 2640kg/m3 and the cuttings are assumed to be spherical. The maximum expected
cutting size is 2 mm.

Note that the limits for the different flow regimes around the particle are not the same as the limits for
flow in the annulus.

The friction factor is defined as:

F
= — 47
f= a5 (47)
where
1
Ex = 50)”“?1- (48)

The area is equal to %di and F' is the drag force acting on the particle.

By substituting for F', A and Ex and rearranging the equation, the general expression for vs becomes:

4 gds ps — py
Vg =4[ = 49
\/ 3 f oy (49)

The iterative process starts by finding a start slip velocity. This velocity is used to calculate the Reynolds
number representing a flow regime. Next step is using the correct friction factor for this regime to obtain
a new slip velocity. If this velocity is in the same flow regime as the previous velocity, the iteration
process is done. By implementing the friction factor for the different flow regimes equation 50, 51 and
52 are obatined. They are the formulas used for laminar, transitional and turbulent flow respectively.
The input parameters should be in SI-units.

_ 4gd? ps —py
29\ % d 3
— 3
v, = <g> dolps —pp)? (51)
33 (Pftia)3

vy = | 39%:(Ps = py) (52)
9 Pf

Figure 57 shows the minimum flow velocity as a function of cutting diameter. As expected the minimum
flow increases as a function of the diameter. The largest cutting diameter experienced this semester is
approximately 2 mm which gives a slip velocity of 0.169 m/s. The diameter of the stabilizer is 2.85
cm. The hole that is made is slightly larger than the drill bit of 2.86 cm due to vibrations and is set to
3.00 cm. Both the drilling and the grinding of the cuttings between the stabilizer and the wall of the
borehole will effect the cutting size. For small scale drilling operation, larger cutting size than 2 mm
is not expected. To verify the assumption of spherical shaped cuttings, more testing needs to be done.
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Figure 58: Annular velocity as a function of flow rate. The horizontal line indicates the slip velocity
with a safety margin of 20%.

Still spherical shape is a more conservative assumption. A less spherical shaped cutting will have more
drag force per volume which means the slip velocity might be lower than 0.169 m/s.

Figure 58 shows the linear relationship between annular velocity and flow rate. The minimum velocity is
also drawn in the same plot. The flow rate of the pump correlates directly to the pump pressure, which
is measured continuously through the drilling operations. It is extremely important to be sure that the
hole is clean at all times during drilling. A safety margin of 20% is therefore set as a minimum.

As mentioned earlier, a major concern was whether water, with it’s low viscosity, would be sufficient for
hole cleaning. If this wasn’t the case and additives would be needed in order to transport the cuttings,
it would be necessary to design a closed loop system. Figure 58 shows that with a safety margin of
20%, the minimum flow rate needed is 7.74l/min. The pump has a maximum capacity of 47.3l/min
and should not have any problems providing the flow needed to reach the minimum flow velocity in the
annulus.

E.0.2 Pressure loss in the circulation system

The pressure in the system is provided by a pump. The flow goes from the pump, through a hose, into
the swivel from where it is directed through the drill pipe and finally through the bit which is connected
on the end of the the BHA. On its way, the fluid passes through various fittings, valves, bends, inlets
and exits. These components interrupt the smooth flow in a straight pipe and are referred to as minor
losses.[36]. Losses along the pipe wall are referred as major losses. This referring is logical in long pipe
systems where major losses are usually magnitudes larger than minor losses. For small systems with
several bends and frequent change in pipe diameters, minor losses may in some cases be greater than
major losses. Minor losses are expressed in term of a loss coefficient, K, given as:

2ghr,
K =2,

The total head loss for the system is given as the sum off all major and minor losses. For simplicity the
system is divided into five sections: the hose, the swivel, drill pipe, BHA and bit nozzle.

(53)

Ppump = Aphose + Apswivel + Appipe + APBHA + Apnozzle + Ahpwg (54)

Note that ppump is measured as a gauge pressure. To simplify the equation, some assumptions are made
before calculating the pressure loss.

The hose has a gentle curvature and is assumed to be a straight pipe with inner diameter of 1.2
cm.

e The swivel is a pipe with same inner diameter as the hose including two 90 degree smooth bends.

e The BHA is a continuous pipe with inner diameter of 5 mm.

The outlet of the pump and the bottom of the borehole are almost on the same level. Because the
well depth is limited to 60 cm, this term will never be of significance, and is therefore neglected.
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Major pressure loss Major pressure losses occur in the hose, the swivel, the pipe and the BHA. The
equation used for major losses is[36]

L; V2
Priasor = Y Ji g b 55

major ZZ: 7 Dz 2 w ( )
where the friction factor is calculated in the different sections as a function of flow velocity, é—l is the
ratio between length of the section and diameter. p,, is the density of water set to 1000kg/m?>.

Minor losses can be expressed as:

V2
Pminor = ZKJ %pw (56)

Due to the simplifications made, minor losses are assumed only to happen in the two 90 degree smooth
bends in the swivel. K7 = 0.9
The pressure drop on the nozzle may also be calculated using the following equation[37]:

ey (57)
Puw

where v, is the velocity out of the nozzle. The actual velocity out of the nozzle is smaller than the
velocity calculated using equation 57. A discharge coefficient is often used to compensate for this. By
writing velocity as a function of flow rate divided by the nozzle area the pressure drop over the nozzle
can be written as:

8Q%pw

A = St (58)
The magnitude of the pressure drop over the nozzle is 102 larger than the sum of the pressure drop
for the other components combined. The pressure drop over the nozzle is strongly dependent on the
diameter and the flow rate. A small error in one of these values results in a significant error in the total
pressure drop. The system does not yet have a flow meter to measure the exact flow rate. The pump
pressure as a function of flow rate has therefore been estimated though manual experiments. The total
pressure drop over the system is equal to the pump pressure. By utilizing this, the pressure drop over
the nozzle can be written as

Apy = Ppump — Ap:ystemv (59)

where Ap, ..., includes all sections beside the nozzle.

A test was done to find the relationship between pump pressure and corresponding flow rate. The test
was done manually, measuring the volume of water pumped through the system in one minute at constant
pump pressure. This was conducted for several pump pressures. The results are recorded and plotted in
figure 59.

The data in figure 59 fits well with the second order trend line as expected from equation 57. The
minimum flow rate needed to clean the hole is estimated to 7.74 1/min which corresponds to a pump
pressure of 52.8 bar. The pump has a maximum limit of 140 bar and should therefore not have a problem
providing the necessary pressure.

The flow rate is limited by the burst as the upper limit. The lower limit is estimated based on slip
velocity to make sure of proper hole cleaning. The upper limit of the pressure was calculated to be
210.4 bar using the yield strength of aluminium. More testing is to be done to understand the impact
of fatigue on the burst pressure and whether this needs to be included in the calculations of maximum
burst strength of the pipe.

Last year, the team had a theory that the inner pressure of the pipe would provide a geometric stiffening

effect on the drill pipe. They believed that with high enough pressure, the pipe would never buckle
because the tension in the pipe, provided by the internal pressure, would exceeded the weight on bit.
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Figure 59: Test data from the flow test. Pump pressure is plotted as a function of flow rate.

Table 10: Summary of the pressure drop over the system

q [I/min], pressure[bar] | ppump | Phose | Pswivel | Ppipe | PBHA | Paystem | Pnozzle
2.77 7.4 0.01 0.01 0.03 0.00 0.05 7.35
3.67 12.0 0.01 0.03 0.05 0.00 0.09 11.91
4.24 15.8 | 0.01 | 0.03 | 0.06 | 0.01 0.12 15.68
4.79 20.2 | 0.01 | 0.04 [ 0.08 | 0.01 0.14 20.06
5.77 29.9 0.02 0.06 0.11 0.01 0.20 29.70
6.63 39.0 | 0.03 | 0.08 | 0.14 | 0.01 0.26 38.74
7.63 49.8 0.03 0.11 0.18 0.01 0.33 49.47
8.23 60.7 | 0.04 | 0.13 | 0.21 | 0.02 0.38 60.32

The nozzle size was therefore dimensioned really small. This year’s team has done a lot of research trying
to understand the physics behind the theory and verify if this is actually the case. More testing and
studies are to be done in Phase II to check if theory is reliable. If the results shows that having a high
inner pressure in the tube does not give the beneficial effects as first assumed, a larger diameter of the
bit nozzle might be desirable. As table 10 shows, most of the pressure drop happens over the nozzle.
By increasing the diameter of the nozzle, a higher flow rate could be reached with a much lower pump
pressure. This would be beneficial for both hole cleaning and power consumption.

F Plant Model

The hoisting motor acts on the ball-screw, which causes vertical movement of a cylinder attached. This
is further connected to the carriage with the top drive motor, through a somewhat flexible steel beam.
From the figure, it can be seen that x; and zs represent the movement downwards for the cylinder on
the ball-screw and top drive motor respectively. The team has evaluated the link between x1 & x5 to
be a weak and flexible part of the rig, to be changed in Phase II. However, in this model the beam is
included as an idealized spring & damper, with corresponding coefficients k1 and d;. Further, the rails
that the carriage slide across are modeled as a damping element, denoted do. Gravity is acting on the
top drive motor with mass M.

By summing up forces acting in the vertical direction, the following equation of motion can be derived
to describe the setup. Starting with Newton’s second law:

Z F = ma, (60)
resulting in

Mas + doie + di (29 — 21) + ki(xe — 1) = Mg — W, (61)

defining downward forces positive. Again, it can be noted that damper & spring forces grow with velocity
and displacement respectively, whereas mass and acceleration is the obvious term from Newton’s second
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law. Further, as gravity is a constant disturbance, it can be neglected after a simple load cell calibration,
yielding equation 62:

Mi‘§+d21:2+d1(f2—f1)+k1($2 —xl) =-W. (62)

Movement of the cylinder on the ball-screw (z1) is simpler, and is directly related to how quickly the
hoisting motor spins. The velocity 21 can be described by the following equation

L

xry = 60—N0Jh, (63)

where L is the lead of the ball-screw (a coefficient describing its gear-ratio: Lead is the amount of linear
advance caused by a single revolution), wy, is the RPM of the hoisting motor, and N is a dimensionless
constant.

To describe the relationship of drilling ROP with applied WOB and top drive RPM, a bit-rock interaction
model first proposed by Detournay et al [38] was used. Firstly, the link between depth of cut and ROP
is established:

_ 60v
Wtd ’

d. (64)

with parameters as described in table 11. Note that a conversion factor of 60 sec/min is used to handle

RPM in minutes.
Further, the depth of cut (d.) also appears in Detournay’s equation relating WOB to rock strength, with
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Table 11: Units for equation 64

Symbol Parameter Unit
d. Depth of Cut mm
Wid RPM of Top Drive  1/min
v Rate of Penetration mm/s
W = S*Tbitdm (65)

where parameters are described in table 14. Inserting for the d. expression found in equation 64, 65 can
be written as

W= Sy 20V (66)
Wtd
However, the controllable device is the hoisting motor, which moves the bit through the flexible connec-
tion. The interesting transfer function to make, is that from the rotation of the hoisting motor (wp), to
the resulting WOB. Therefore, it is interesting to link the drilling WOB in 66 to the main equation of
motion in 62. Before inserting for W, we reorganize equation 62 by factorizing out the state variables,
yielding

. K K 1 . :
Ty = Mlxl — Mlmg — M(dl + dQ + W)-rQ + dlxl- (67)
Now, we input W from equation 66 into 67, to get
. K K 1 . 60v, . .
Ty = ﬁlxl - ﬁlxz - M(dl +d2 + S rbitwitd)x? + diy. (68)

Further, we can relate our control input to this equation, by substituting #; from equation 63. In that
way we obtain the final equation of motion in the time domain, linking our control input v = wj, to
drilling ROP, taking into account the system characteristics:

. K K 1 . 60v . L d
ro = Mlzl — Mll'Q — M(dl =+ dQ =+ S T‘bitTtd)IQ =+ 607NM1(JJ}L (69)
The system can be described with a state space model, on the form
z = Az + bu, (70)
y=Cz (71)

where z is our state variable vector, A is the characteristic matrix of our system, b is our input char-
acteristic, C is our measurement matrix, and u is our control input. By writing it on this form, the
transfer function in the frequency domain of the plant will be given by

P(s) = C(sI — A)"'b, (72)

where I is the identity matrix, in the same dimensions as A. Defining our state variable vector as

z = [1’1,172,.%.2]717 (73)

we can begin to figure out what the different matrices and vectors in equation 70 should be. Firstly,
evaluating A: It should be a 3x3 matrix, as we have three state variables in z. As Z; is not a function of
either of the state variables, the first row in A should be zeros. Using the same argument for Zo, the first
row of A should be zeros and a 1 in the last column: of course, Z; = Z5. The most interesting parameter
is 73, which is a function of all the state variables, as depicted in equation 69. Thus, we get that

A:

xOO

-

0
1, (74)
¢

gro o
g|
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where é = —%(dl +ds + S*’I”bit%).

To find the control vector b, we must assess how the derivative of our state variables relate to our control
input wy. Firstly, the speed of the cylinder on the ball-screw (21) is directly related to wy by equation
63, yielding our first entry in the control vector b. Since Z5 is not directly related to the control input,
the second element in b is zero. Lastly, we get the link to Z5 through equation 69, resulting in

L

60N
b=| 0 (75)

_L_dy

60N M
Lastly, the elements of the C matrix are found by investigating equation 71. Our measurement vector y
will consist of both weight on bit and torque, however this model is made with controlling on WOB as
basis, explaining the focus in this plant model derivation. Weight on bit is linked with the state variables
through equation 66, while the following model for torque is used:

1
2

also proposed by Detournay et al [38]. We can again insert for d. from equation 64, to get

T = -E*rd,d., (76)

1 60v
T=-FE%2,—.
2 Tblt Wtd (77)

Because v = 2, our matrix C can be written as

60
0 0 S*Tbitm
C— (78)
1 r%,.2 60
0 0 §E Tbithd
Through experiments, it was observed that the rotational speed of the hoisting motor were of low
frequency. Because of that, the hoisting motor is modeled as a low-pass filter, which has the following

transfer function in the frequency domain:

1

1 b
—Qmeerl

with f,,, equal to the cut-off frequency in the hoisting motor. As there is a maximum sampling frequency
in the system of 10 Hz, the maximum frequency of the signals from the hoisting motor are 5 Hz, which
the cut-off frequency is set to. Also, a time delay is experienced between the hoisting motor and the
response of the system, modeled by a simple shift function, resulting in the total system transfer function

M(s) = (79)

H(s) = M(s)P(s)e™ ", (80)

concluding the state model.

F.0.1 Determining Model Parameters

To obtain values for the model parameters, several tests were conducted. The mass of the carriage was
simply measured by the load cell, connecting it to the rig after calibrating it. The carriage M weighed
in at 54.5 kg. To measure the spring constant in the flexible connection, the carriage was fastened to
the rig, before forcing the cylinder on the ball-screw down. In that way the connection stretched out
as a spring, and the force could be measured in the load cell. Applying the standard force equation for
springs

F =kz, (81)

the spring constant was calculated after measuring the corresponding displacement. The calculaction
yielded k; = 1.2 - 10 N/m. The spring constant was further verified by investigating a video from the
team of last year, showing the system hitting its natural frequency wy, estimated to be in the range of
7 — 9 Hz. Applying the equation for the eigenfrequency of a mass-spring system
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Figure 61: Comparing simulated and experimental step response. Run at 1000 RPM.

1k
oV M
the eigenfrequency of the spring wg was estimated to lie in the range of 1.1-10° - 1.7-10° N /m, supporting

the initial spring constant calculation from equation 81. To calculate the damping factor dy in the flexible
connection, equation 83 was used:

wo (82)

dy
2v/M - ky’
where ( is the damping ratio. The value of { indicates the damping state of the system, where the
different states are illustrated in table 13. By stretching and releasing the flexbible connection, no

oscillations were observed, and Wildemans assumed the connection to be critically damped with ( = 1.
This yields the equation

(= (83)

dy = 2/M - k1, (84)
calculating d; to be 5.1 -103 Ns/m.

By moving the carriage at a constant speed, it was possible to determine the damping factor dy in the
guide rails, using the following equation

F = dyv. (85)

The force was measured by the load cell, while the carriage was run at different velocities. It was found
that dy actually was varying with velocity. The hoisting motor was therefore run at a speed typically
used when drilling, around 200 RPM. This yielded a damping factor do = 700 Ns/m, which is assumed
to be constant in the range of operation. All the model parameters are summarized in table 12 below,
as done in Wildemans’ paper. For model validation, see figure 61, where a simulated step response is
compared with an actual response when drilling.
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Table 12: Model parameters

Parameter Symbol Value
Mass M 54.5 kg
Spring constant - Connection k1 1.2-10° N/m
Damping factor - Connection dy 5.1-10% Ns/m
Damping factor - Guide rails dy 700 Ns/m
Radius of bit Tbit 15 mm
Lead of ball-screw L 5 mm/rev
Gear ratio N 10
Cut-off frequency for hoisting motor fm 5 Hz
Specific energy E* 350 — 2010 MPa
Rock strength S* 250 — 1880 MPa

Table 13: The three different states of damping.
Damping State
(<1 Underdamped
¢ =1 Critically damped
(>1 Overdamped

G Hardware

G.1 Rig Construction

G.2 Motors and Sensors
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Table 14: Units for equation 65

Symbol Parameter  Unit

w Weight on Bit N
Thit Radius of Bit  mm
S* Rock strength  MPa
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Figure 62: Complete rig construction with all equipment.
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Figure 63: Complete rig construction with all equipment.
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Figure 64: Rig framework.
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Figure 65: Complete derrick structure.
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Figure 66: Derrick base.
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Figure 67: Tabletop.
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Figure 68: Guide base for dynamic guide base.
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Figure 69: Travelling block for dynamic guide base.
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Figure 70: Rig mount for dynamic guide base.
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Figure 71: Complete dynamic guide base.
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Figure 72: Support beam.
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Figure 73: Protective acrylic glass above RKB.
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Figure 74: Carriage mount for top drive motor.
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Figure 75: Strut for carriage.
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Figure 76: Hinge first part.

103



Figure 77: Hinge second part.
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Figure 78: Top and bottom part of swivel.
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Figure 79: Middle part of swivel.
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Figure 80: Holder for swivel.
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Figure 81: Pressure chamber for backpressure in swivel.
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Figure 82: Hollow shaft for water.
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Figure 83: Bottom mount for hoisting motor.
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Figure 84: Bell nipple.
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Figure 85: BHA body external view.
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Figure 86: BHA body cross section view.
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Figure 87: Middle part of BHA.
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Figure 88: BHA sensor cover.
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Figure 89: BHA upper part.
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Figure 90: BHA sensor housing.
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Figure 91: Shaft for sensor wiring to BHA.
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Figure 92: Wooden box for rock samples.
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Figure 93: HIWIN ball screw product specifications [39].

120



Figure 94: HIWIN ball screw product specifications [39].
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Figure 95: HIWIN ball screw nut product specifications [39].
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Figure 96: HIWIN linear roller guide product specifications [40].
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Figure 97: Lenze hoisting motor product specifications (Lenze GST03-2M VBR 063C42) [41].
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Figure 98: Lenze hoisting motor product specifications (Lenze GST03-2M VBR 063C42) [41].
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Figure 99: ABB top drive motor product specifications (3GAA091520-ASJ) [42].
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Figure 100: ABB top drive motor product specifications (3GAA091520-ASJ) [42].
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Figure 101: HBM load cell product specification (HBM S2M 500 N, CLOP AE301) [43].
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Figure 102: HBM load cell product specification (HBM S2M 500 N, CLOP AE301) [43].
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Figure 103: HBM load cell product specification (HBM S2M 500 N, CLOP AE301) [43].
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