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Abstract
James Daughtry, Chad Kamper, Edgar Juarez, Kevin San and Nicholas Bryan: Colorado School
of Mines 2019 Drillbotics Design Submission
(Under the direction of Alfred William (Bill) Eustes, Deep Joshi and Kirtland McKenna)
The subject of drilling automation is a one that transcends academic and industrial boundaries. In
the mining, civil, geophysical, geothermal, hydrological and, perhaps most notably, petroleum
engineering worlds, this subject has become a topic of tremendous importance. As such, the
Drillbotics competition was created in 2015 in order to expose the rising generation to the
subject in a meaningful way during post-secondary education.
This report outlines the rig conceptualized by the 2020 Drillbotics Team of the Colorado School
of Mines. In the following 13 sections, an explicit plan for the financing, fabrication, assembly,
encoding and operation of the CSM Drillbotics rig will be related.
The Colorado School of Mines has previously participated in this competition (2016 and 2017),
but the school has not been involved for the last two years (2018 and 2019). The rig that was
built previously was scrapped for components to aid in a graduate research project and much of
the research and other pertinent material gathered by previous teams was lost. Thus, the vast
majority of the work here presented is original, and it would not be appropriate to consider this
report to be an update of previous reports. In instances where preexisting structures, hardware or
ideas are employed, an explicit note detailing the origin of the item or thought in question will be
provided.
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1

Introduction

The oil and gas industry is in a period of rapid evolution. This period of pronounced change has
arguably been catalyzed, more so by anything else, by dramatic advances in oilfield technology.
Among the technical sectors most affected by these momentous advances are stimulation techniques,
horizontal drilling, and semi-autonomous and remote drilling. The Drillbotics competition is a forum
for the study and communication of automated drilling technologies. Perhaps more importantly, it is
a driver for advances in the discipline. Students are encouraged to push forward the frontiers of
human knowledge in this sector of oilfield technology. In this competition, teams are challenged to
build robotic drills to accomplish an ever-changing set of design objectives. Previous years have
seen such objectives as directional drilling, drilling through dissimilar strata, and other such
objectives.

Figure 1: 2020 CSM Drill Assembly Render
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1.1

Previous Participation from the Colorado School of Mines

The Colorado School of Mines fielded a team for the Drillbotics competition in the 2016 and
2017 competitions. Being met with misfortune in both years, the school was not able to attract a
sufficient number of interested persons to field a team in 2018 or 2019. In the latter end of 2019,
a team was successfully organized. With two PhD students and veterans of the Drillbotics
competition serving in an advisory capacity to the team and with the distinguished Dr. Alfred
William (Bill) Eustes III serving as the official faculty advisor, the 2020 CSM Drillbotics team
will have a deep pool of knowledge and experience from which it can draw. As an additional
inheritance, the team will be using some pieces of hardware left over from previous years
including the rig frame, a 1 horsepower Baldor motor, a .38 horsepower Baldor pump motor, a

Figure 2: 2017 CSM Top Drive Motor

veritable slew of brass plumbing fixtures, some bearings and a few other pieces of hardware. The
frame of the 2017 rig will be retrofitted with several new features to be better suited for the
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updated design criteria. New safety features, electrical hardware and mechanical components
will be fitted on the machine to achieve automation and directionality.

1.2

2020 Design Objectives

In the 2020 Drillbotics Guidelines, several new design objectives have been added to enrich the
competition and make the objectives more challenging. Arguably the most difficult aspect of the
design is the directionality element. According to the Guidelines, “The teams will attempt to hit
multiple targets (varying X/Y coordinates and vertical depths) by following a provided
directional plan/trajectory.” This is illustrated in Figure XX, an image provided by the DSATS
committee in a conference call held in November of 2019.

Figure 3: 2020 Competition Wellbore Path (Provided by DSATS)
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2

Safety

Safety is of paramount importance to the 2019-2020 Colorado School of Mines Drillbotics team.
Several precautionary measures have been considered in the design of this year’s rig, and many
more precautions will be taken in the physical construction, transportation and testing of the rig.
General safety knowledge, including the proper usage of personal protective equipment (PPE)
and safety equipment, is of paramount importance. Furthermore, a thorough understanding of the
dangers specific to the construction and operation of this sort of mechanical device is also
indispensable. Safety is of critical importance in this undertaking and in the coming professional
lives of the team members. In the oil and gas industry, the hazards are legion and the regulations
even more numerous. Being able to adroitly navigate both fields of knowledge will aid
tremendously in the professional advancement and healthful longevity of any member of the
industry.

2.1

Safety in Construction

In the heavy industrial fields of labor, one of the more hazardous chapters of any project is the
equipment construction phase. Understanding this, the CSM Drillbotics team places a great
emphasis on safety during this phase and will take the necessary steps to ensure that there is a
safe environment in which the construction of the drill can take place.

All construction will be done in the Colorado School of Mines Earth Mechanics Institute (EMI).
This facility has all the equipment needed to complete the construction of the rig including band
saws, lathes, mills, plasma and acetylene torch cutters, GMAW, GTAW and SMAW arc welders,
and other fabrication equipment. In operating each of the aforementioned pieces of equipment,
4

specific safety guidelines must be followed. Additionally, situational awareness and specific
workspace safety precautions must be considered as well. The EMI is a large research facility
where all kinds of boring, drilling, chipping, grinding, milling and cementing research takes
place. As such, it is home to many unique and singular safety hazards. By extension, it is also a
locus with unique and stringent safety requirements.

Any team member that utilizes the EMI is required to attend a safety briefing meeting to become
educated about the safe and proper usage of the facility and its tools. Furthermore, each
individual is required to receive training and informal certification from the safety coordinator of
the EMI, Mr. Brent Duncan, in order to use any of the more dangerous power tools. All team
members are also shown where emergency equipment is located, including the fire extinguisher,
chemical eye wash station and the first aid kit. When performing any function at the EMI, team
members must be accompanied by at least one other person should the need arise for medical
treatment or other forms of interpersonal assistance. Team members must be wearing long pants,
closed toed shoes and safety glasses when operating any machine. Some machines may require
additional PPE including respirators or masks, face shields, welding gloves, flame-resistant longsleeve shirts, welding caps, goggles, and other articles of protective clothing. Other members
must be notified and alerted when someone is operating a machine. Any team member or other
individual in the Earth Mechanics Institute is allowed to stop any operation if they feel that the
situation is unsafe.

As previously mentioned, various machines necessitate different safety precautions. If any
machine exudes hot material or sparks (angle grinders, bench grinders, welders, acetylene
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torches, plasma cutters, etc.), flame-retardant fabrics like cotton must be worn. When using tools
where fire risk is present, synthetic fabrics can melt and ignite, causing tremendous injury and
destruction of property. Another safety risk that is especially prevalent in the EMI is noise. The
center contains several ball mills, a reciprocating pneumatic impact hammer drill, a quarter-scale
tunnel boring machine (TBM) testing rig assembly, several concrete mixers, and a diversity of
rotary drills of every description, among other extremely loud pieces of equipment. When
operating or being near these extremely noisy machines, team members must wear ample ear
protection (ear plugs, noise-deadening earmuffs or other noise dampeners) to avoid damage to
auditory systems.

2.2

Safety in Operations

Another imperative aspect of safety in this enterprise is the correct and safe operation of the rig.
During any operation of the rig, all members present must be aware of the locations of
emergency commands and buttons (i.e. the LabVIEW “kill command” and the onboard kill
button). The team must also, when running the rig, wear closed shoes, pants that cover the full
leg, and eye protection to ensure safety of the eyes and legs in the event that rock chips are
ejected from the locus of drilling or potentially hazardous failures on the top drive assembly or
drill string take place, launching potentially dangerous fragments of stone or metal radially
outwards. Additionally, there is a small but extant risk of fire in wiring harnesses or in motor
wire wraps due to overheating of electrical components. The risk of fire is minimal, but it could
have dramatic consequences if left unmonitored.
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When the rig is moved, an additional set of safety procedures must be followed strictly. The fully
assembled machine will weigh over 400 pounds. It will have six legs, with each leg bolted to a
lockable caster wheel. As such, tremendous care must be taken to secure the rig when it is being
transported by truck or trailer. Straps, tie-downs, chains, ropes, rachets and come-alongs will all
find employment in this task. The team will use piano dollies for the transporting of rock
samples wherever possible to reduce strain and lessen the likelihood of back and foot injuries.

2.3

Rig Safety Features

An ostentatiously colored and accessibly located emergency button will be put on the rig to
allow for the immediate shutdown of the rig should the LabVIEW kill command fail. As is the
case in the petroleum industry, any member of the team, should they feel unsafe about the
drilling procedure, is within their rights to shut down the whole operation. The safety kill switch
will cut off power to the machine, ensuring the expeditious termination of the activities of the top
drive motor, kelly motor, fluid pump and ball screw.

The caster wheels will be locked when the drill is in operation to (1) ensure the wellbore remains
plumb and that the rotation of the drill string remains coaxial with the centerline of the wellbore
and (2) to prevent the rotary systems on the drill from sustaining damage because of the shifting
of the drill relative to the sandstone block. Should these wheels fail to provide adequate hold, the
rig can easily be placed on wood blocks that are fractionally taller than the casters. Thus, the
heavy rig will be supported by the more static foundation provided by the wood blocks and thus
sliding and eccentricity will be a nonissue.
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An addition will be made to the existing drill floor on the rig that will allow for the installation of
the kelly system and for the addition of several plexiglass shields. There will be two shields
attached with self-tapping screws to the sides of the deck addition and there will be one shield
attached with a piano hinge to another side, forming a sort of door. This plexiglass shield will
also have three neodymium magnets glued to the side opposite the piano hinge. The neodymium
magnets will cause the door to stick shut when this plexiglass door is shut. To orient the drill
over the top of the rock sample, the door will be opened, the drill will be moved forward so the
bit is just above the origin of the sample (the center of the top face), and the door will be shut
before drilling commences. Thus, the drilling area will be surrounded on three sides by
plexiglass shields and on the fourth side by the other decks and the cuttings removal system.
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3

Design Considerations

Every year, there are more layers of difficulty added to the Drillbotics competition outline and
often times, certain restraints are removed and greater design creativity is allowed for. This year,
2020, certainly follow this pattern.

3.1

New Design Objectives

As previously mentioned, the chiefest design objective unique to this year’s competition is to
create a rig that will, using sensory feedback and real-time data and data analysis, be able to
autonomously drill to hit multiple X, Y, Z targets in a sandstone block. This is distinct from the
design objectives of previous years because, in 2019, there was an expectation to only drill in
one lateral vector. This year, there will be at least one point of inflection in the wellbore path.
Additionally, rigs will be given additional consideration in judging if they have the ability to
interface with “plug-and-play” technologies, though this is not yet an explicitly required criterion
for the rig design. As this is the Colorado School of Mines’ first year entering the competition for
several years, this element of design consideration will be passed over.

3.2

Existing Design Constrains

Several of the design requirements have been grandfathered in from previous competition year.
One of the most difficult caveats in the project outline sourced from previous years is that there
can be almost no manual interference while drilling. With the almost solitary exceptions of the
installation of the bell nipple before drilling begins and the insertion of a whipstock into a drilled
hole, teams are forbidden from touching the assembly once the rig has been positioned over the
9

block. The drill is supposed to be able to autonomously execute nearly every aspect of wellbore
construction outside of these few things. Additionally, digital sensory feedback and input that
dictates the behavior of the drill is, as in previous years, a requirement for this year’s
competition.

3.3

Removed Design Constraints

In previous years, DSATS provided a thin-walled aluminum drill pipe to every team and
required every team to employ this drill pipe in the construction of their various drills. This drill
pipe was intentionally chosen to be weak and susceptible to buckling, whirling, and other drilling

Figure 4: 2019 Competition Drill Pipe

dysfunctions in an effort to force teams to be very deliberate about selecting a moderate weighton-bit (WOB) and rotations per minute setting. This year, teams are expected to provide their
own drill pipe, but they are also given creative license in the matter. Any kind of material, any
wall thickness and any outside diameter is acceptable. This allows for greater flexibility but also
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poses several questions for the competing teams as they are now faced with selecting each of the
aforementioned parameters.
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4

Directionality Component

To allow the rig to achieve directionality in drilling, the team has designed a bent housing
design. This design is one of the more common means of achieving directionality in drilling in
industrial settings. These assemblies, as their names suggest, are simply drill strings with a
slightly bent section of pipe on or before the BHA. Bent sub or bent housing assemblies can drill
both a vertical and a deviated well path. To drill a vertical section, the entire drill string has to be
rotated so that there is no lateral buildup caused by the bent section. The centerline of the bent
section is deviated from the centerline of the rest of the drill string, but because the entire BHA is
rotating, the BHA centerline traces a symmetric conic shape as the drill string descends and the
well path remains plumb.

To drill the deviated section, rotation of the drill string is halted, and independent rotation of the
bit is begun. In industrial settings, the most common means of achieving independent rotation at
the bit is by use of a Progressive Cavity Positive Displacement Motor (or PCPDM), which is a
hydraulically powered downhole tool that employs a metallic rotor that spins within a stator that
is most often made of a wear-resistant, flexible polymeric substance as shown in Figure XX. As
mud is pumped down the drill string, it enters the PCPDM assembly and, because of the

Figure 5: PCPDM Cross Section Diagram
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geometry of the PCPDM assembly, induces rotation in the PCPDM which is conducted by
mechanical linkage to the bit.
In the 2020 CSM rig, the function of a mud motor will be performed by a braided steel flexible
drive shaft driven by the top drive motor. Having a topside motor mechanically linked to the
downhole bit is extremely impractical in industrial settings due to the extreme depth of industrial
boreholes and because of the abrasive nature of drilling fluids, but because the drill string is
comparatively short in the Drillbotics setting, a flexible drive shaft is far more accomplishable.
Furthermore, the fluid that the CSM rig will be pumping downhole does not contain any clays or
other particulate matter. It is, in fact, mineral oil, which finds use very often as a lubricant.

The team evaluated the use of both an electric downhole motor and a mud motor and found that
the former option would require complex wiring and rotating electrical couplings which are
difficult to manage and quite temperamental. Furthermore, it would be difficult to find a motor
with a small enough diameter and a high enough horsepower to be sufficient for drilling
sandstone. The latter option, a downhole mud motor, requires extremely tight seals in the drill
string and the swivel as the mud has to be highly pressurized to spin the rotor and the drill bit
with any torque. Furthermore, the tolerances in the mud motor and linkage would have to be
quite tight for rotational power to be generated. Additionally, it would be difficult to manufacture
the stator component without outsourcing the manufacturing of that component to a very
specialized company. A flexible drive shaft, on the other hand, is not met with any of the
aforementioned issues.
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4.1

Bent Housing

The bent housing will be bent at a 7-degree angle. This angle was calculated using the threepoint method which utilizes the distance between the bit and bend as well as the distance from
the bend to the next stabilizer above the bend to generate the bent angle. The distance from bit to
bend will simply be the length of the bit (two inches) added to the the distance to the top
stabilizer (which will also be two inches). The bent housing can be oriented towards the correct
azimuth angle to hit the given X, Y, Z targets once the provided coordinates are typed into the
LabVIEW interface.

4.2

Drill Pipe

The pipe selected to be used as the drilling pipe is 0.625 in. outer diameter aluminum tubing,
with a wall thickness of 0.091 in. This tubing was selected using maximum hole curvature
calculations along with tubing/material specifications and directional path estimations. The main
assumption for the directional path was the angle of curvature found in deg/in. The maximum
curvature found from the various paths looked at was determined to be 4.72 deg/in. With this
angle of curvature, the calculation was able to be back worked in order to solve for the
magnitude of force that would be needed to achieve the curve with each pipe diameter. Because
of the excessive force required to bend larger diameter pipe, the 0.625 in. diameter was chosen.
Other assumptions that are important to this calculation are the length between tool joints, and
tensional weight on each tool joint. Although the weight of drill pipe is 0.18 lb, weight was
assumed at 0.01 lb since the hole conditions would prevent the full effect of the pipe weight.
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4.4

Drill Bit

The drill bit that will be used in the rig is the PDC bit provided by DSATS. This bit was chosen
due to both times constraints on bit design and for functionality. With multiple directional
targets, the low axial aggression and high side aggressiveness will allow for better directionality
within the sandstone block. Once testing begins, the performance of the drill bit will be evaluated
and a decision will be made on whether to continue using the provided PDC bit or to
manufacture a new bit. As for testing material, blocks of small aggregate sandstone sourced from
local suppliers or close analogues will be used.

Figure 6: DSATS-Supplied PDC Drill Bit

4.5

Calculations

The bent housing angle, θ, is calculated using the following equation:

𝜽=𝒄∗

𝑳𝟏 + 𝑳𝟐
𝟐

θ: Bent Housing Angle (deg)
c: Build Rate (deg/in)
L1: Length of Bit (in)
15

L2: Length from Bend to Stabilizer (in)
The maximum hole curvature, c, is calculated as follows:
𝑐=

432,000
𝜎𝑏
tanh(𝐾𝐿) 1
∗
∗
∗
𝜋
𝐸𝐷𝑑𝑝
𝐾𝐿
120

𝜎𝑏 = 𝑀 ∗

𝜎𝑡 =

𝐾=

𝑦
𝐼

𝑇
𝐴

𝑇
𝑀∗𝐸

c: Maximum permissible dogleg severity (deg/100 ft)
σb: Maximum Bending Stress (psi)
M: Moment at neutral axis (lb-in)
y: Distance to neutral axis (in)
σt: Tensile stress from drill pipe weight (psi)
E: Young’s Modulus (30*106 psi)
Ddp: Outer drill pipe diameter (in)
L: Half distance between tool joints (ft)
T: Weight of drill pipe below dogleg (lb)
I: Drill pipe moment of inertia (in4)
A: Cross-sectional area (in2)
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Calculations

Maximum Permissible
Hole Curvature

Max Permissible
Bending Stress

Tensile Stress

Formula

𝑐=

Reference

Results

Calculation from A.
Lubinsky, J.E. Hansford,
and R.W. Nicholson

4.72 deg/in.

𝑦
𝐼

Mechanics

36,000 psi

𝜎𝑡 = 𝑊/𝐴

Mechanics

3 psi

3600
𝜎𝑏
tanh(𝐾𝐿)
∗
∗
𝜋
𝐸𝐷𝑑𝑝
𝐾𝐿

𝜎𝑏 = 𝑀 ∗

Table 1: Wellbore Construction Equations

4.2

Electrical Operation

The sensory equipment will be very integral to the construction of the deviated sections of the
wellbore. Several of the electronic components will work in tandem to steer the bit at the proper
inclination and azimuth. As the rig will drill vertically, the proximity sensor will alert the control
unit that a four-inch vertical has been constructed. Once this happens, the gyroscope will send a
signal to the control system that will halt the kelly drive motor when the bent sub is oriented at
the proper azimuth. At this point, the bit will begin to spin independently, and buildup in the
dogleg will occur. Eventually, this dogleg portion of the wellbore will intersect the first
coordinate. When the gyroscope senses this, it will, through the Bluetooth module and the
control system, cause the kelly drive motor to engage again and to spin, orienting the bent
housing towards the next coordinate. The drill string will rotate less than 360 degrees, and the bit
will continue to spin and work its way towards the next set of coordinates.
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5

Rotary Drive Mechanisms
The 2020 Colorado School of Mines rig will include two drive mechanisms. The rig will

incorporate a kelly drive and a top drive system. The kelly drive mechanism will spin the entire
drill string and it will be engaged to drill the first four inches of the borehole (the vertical). After
the vertical has been bored, the kelly drive mechanism will be stopped. The flexible drive shaft,
affixed to the bit and to the top drive motor, will be engaged to spin the bit while the drill string
remains rotationally stationary. The top drive assembly will perform two functions: (1) it will
maintain a constant WOB by pressing on the drill string as according to sensory feedback using
the ball screw mechanism and (2) it will drive a flexible drive shaft that will be run inside the
drill string to the bit. Engaging the top drive motor only will allow for directionality in drilling

5.1

Kelly Drive

The kelly drive mechanism will allow for the rotation of the drill string. The rotation of the drill
string will not revolve the bit about its own rotational axis. However, the rotation of the BHA,
though not collinear with the rest of the drill string, will (1) contribute to the ROP of the
assembly and (2) prevent the premature kicking off of the wellbore as it will prevent the bent
BHA from being oriented at a specific azimuth for any extended length of time. This will prevent
the construction of the dogleg until the appropriate time.

The kelly drive system will be driven by an electric motor mounted to the drill floor. The motor
chosen for this design will be a 3-phase AC motor. An AC motor was chosen due to the highspeed rotation anticipated for this project, low cost and high starting torque of these types of
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motors. Additionally, with a VFD, speed and torque control are available with this type of motor.
Control of the speed and torque of the motor is necessary in the design of the rig. Since the team
is starting from scratch exact torque and speed demands for the rig are somewhat ambiguous.
Based off experience from previous competitions, the team’s best estimation is that typical
operational speeds for the rig could be anywhere between 700 and 1200 RPM. Because of this,
the team has picked out a motor rated at 3 hp and 1800 RPM. This motor will be used alongside
a VFD device to adjust rotational speeds as needed while operating the rig.

5.1.1 Kelly
The kelly will simply be a length of rectangular aluminum square tubing welded to the outside of
the drill string. It will be affixed to the drill string just below the swivel. It will be made of an
arbitrary chemistry and finish of aluminum as it does not need remarkable wear resistance,
machinability, corrosion resistance, strength or any other physical or chemical properties. The
wear on the kelly as it oscillates up and down in the kelly bushing will be negligible, and it is
likely that it will be well-lubricated as the drilling fluid is mineral oil and it is likely that the
swivel or other components in the hydraulic linkage chain will leak a small amount of fluid..

5.1.2 Chain Drive
The kelly bushing will be locomoted by a motor mounted to the top plate of the deck addition
and connected to the bushing with a bicycle chain. A sprocket will be affixed to the output shaft
of the motor and another sprocket will be bolted to the kelly bushing.
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5.1.3 Kelly Bushing
The kelly bushing will be a cylindrical section of steel with a square hole bored through the
center. An interference fit will keep the kelly bushing inside the ball bearing, which will call for
a very tight tolerance on the outside diameter. As this kelly bushing will have no serious loads
applied to it and the wear from the kelly sliding through the bushing will be negligible, the
bushing will be machined from a cheap blank of mild steel or aluminum round bar with the
requisite dimensions.

5.1.4 Kelly Bearing
In considering upon bearings that could be employed to enable the free, unencumbered rotation
of the kelly, the team decided that a thin-section standard ball bearing would be the best option.
This bearing is the most appropriate for situations wherein the load borne by the bearing is
perpendicular to the bearing’s axis of rotation. In this instance, the bearing is horizontally
oriented, meaning the axis of rotation is vertical. As the kelly will be able to freely move
vertically through the kelly bushing, there will be very little vertical load on the bearing. As
such, a thrust bearing, which is best suited to instances where loads are applied colinearly to the
axis of rotation of the bearing, would not be appropriate. Because the kelly is square in cross
section, the hole in the kelly bushing through which it will pass will not nest extremely well into
a circular shape (at least, not as well as a hexagonal kelly bushing hole might). Because of this,
the square bore will require the kelly bushing to have a large diameter. To allow for a larger
diameter kelly bushing, a thin-section bearing will be employed. This will keep the inside
diameter of the flange housing to a minimum and the outside diameter of the kelly busing to a
maximum.
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5.2

Top Drive Motor

The top drive motor will be the source of the rotation applied to the flexible drive shaft that will
be run through the drill string and to the bit. Another 3-phase ac motor was selected to be used as
the top drive motor. The selected motor is rated at 1.5 hp with a rotational speed of 1800 RPM.
Since the motor is inverter friendly, it may be used with a VFD later on to control the rotational
speed at the bit. However, for the time being, the motor will operate at one set speed to obviate
the need for another VFD and save on design cost. The top drive motor will be affixed to the rig
by bolting it to a sliding rack made from 1” square bar stock mild steel. This rack, in turn, will be
attached to a set of sliding shoes that will be affixed to a purchased aluminum guide rail which
will be bolted to the vertical forks on the rig.
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6

Vertical Actuation

The rack to which the top drive motor will be attached will also be affixed to a ball screw
actuator. This ball screw, being controlled by the microcontroller (and by extension, algorithms
and sensory feedback), will oscillate the top drive assembly and the attached drill string up and
down. This ball screw will also apply some amount of downwards pressure on the drill string,
thus causing adding to and giving adjustability to the WOB parameter.

6.1

Ball Screw

The rig will utilize a 1000 mm ball screw assembly as the driving component for the vertical
actuation of the rig. Several other options were evaluated, including a pneumatic piston
assembly, a hydraulic piston assembly and a rack-and-pinion gear assembly. The ball screw was
selected because it seems to have fewer requisite pieces of accessorial hardware and possible
failure points than a pneumatic or hydraulic assembly. It also does not require the brackets,
machined gears and other hardware that a rack-and-pinion system requires.
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7

Electrical System

The electrical system that this device will employ is designed to be easy to manage and safe
while still being able to competently perform the tasks outlined in the project guidelines. The
team plans to set up an enclosure to house the power and control system of the device while. The
enclosure will house the DAQ, power supply units, drivers and terminal blocks for distribution of
power throughout the enclosure. The enclosure will serve as a barrier between the user and the
internal electronics of the device so that harm or injury will not occur to the user and damage
will not occur to the inner workings of the machine. Additionally, a contactor kill switch will be
integrated into the electrical system. This switch can be used to cut off power coming into the
system from the wall in the event of an emergency.

Figure 7: Basic 2020 CSM Electrical Schematic
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8

Sensors

There will be a total of seven sensor that will assists with the drilling automation. The seven
sensors are broken down into two different categories: downhole and surface. Downhole, there
will be two sensors which will be integrated to be used wirelessly via Bluetooth. The Bluetooth
system was specified because a rotating wired connections often have connectivity issues and
this could be circumvented by the use of a Bluetooth connection. At the surface there will be
five sensors used to control and operate the drilling automation.

8.1 Downhole Sensors
8.1.1 Gyroscope

Figure 8: Gyroscope Breakout (Sparkfun MPU-6050)

The MPU-6050 is the gyroscope that will be implemented downhole to indicate the direction of
the bit, the temperature, and the vibrations encountered by the bit. The gyroscope sensor must be
calibrated before it is installed in the BHA. This is done by running a calibration code. The
calibration code gives offset values that are used to generate more precise values from the
gyroscope. The gyroscope will be communicating with the DAQ via Bluetooth using the
Bluetooth module displayed below. This gyroscope has a tri-axis angular rate sensor with a
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sensitivity up to 131 LSBs/dps and tri-axis accelerometer with a large variety of scales ranging
from ±2g to ±16g. The gyroscope also has an embedded temperature sensor which will be used
to detect the temperature of the bit downhole. This gyroscope was chosen due to its low voltage
input and its relative compact shape.

8.1.2 Bluetooth Module

Figure 9: Bluetooth Mate 4.0

The Bluetooth module will be used to establish a wireless connection to the topside control
systems. This is the Bluetooth Mate 4.0 sold by Sparkfun and it is compatible with any
smartphone or computer with Bluetooth connectivity. This Bluetooth sensor can run off either
3.3 volts or 5 volts. This Bluetooth sensor has a baud rate between 4800 to 230400. Furthermore,
the Bluetooth Mate 4.0 is a quite compact module, well-suited for use in the BHA and similar in
size to the gyroscope. The gyroscope sensor will be connected thorough its soldered pins to this
module using female pins. Both the Bluetooth module and the gyroscope will be powered
through a single coin cell battery.
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8.2 Surface Sensors
8.2.1 Proximity

Figure 10: Qwiic LiDar-Lite V4

The sensor shown above is the LiDar Lite-V4 which is a high-resolution proximity sensor. The
proximity sensor will be used to determine the relative location of the drill bit to the core. The
proximity sensor will be used to instruct the control system when the vertical section is complete
and the kickoff can begin. This proximity sensor can read up to 10 meters in distance with a
resolution of 1 centimeter. Likewise, this proximity sensory is a low power consumption sensor
that can run off 3.3 volts. Additionally, this sensor is equipped with Qwiic connectivity which
makes it easy to attach.
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8.2.2 Load Cell

Figure 11: Load Cell

Displayed above is the load cell sold by Sparkfun that will be used to determine the WOB. The
WOB will be kept at a moderate and even value. It will not be too high so as to avoid buckling
and contortion in the drill string, by extension, tortuosity in the wellbore. It will also not be too
low in order to maximize ROP. The load cell translates force into an electrical signal. Each load
cell can measure the electrical resistance that changes in response to the strain (pressure or force)
applied to the disc. This load cell is capable of measuring 200 kilograms of pressure and has an
accuracy of ±0.3 percent.
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8.2.3 Temperature Sensor

Figure 12: One-Wire Ambient Temperature Sensor

The temperature sensor that will be used is the One-Wire Ambient Temperature Sensor (as
shown above) sold by Sparkfun. The temperature sensor will be implemented to detect spikes in
the temperature of the top drive motor. This small-scale temperature sensor can sense
temperatures from -55◦C to 125◦C with an accuracy of ±2◦C. Although it isn’t an exceptionally
precise sensor, we are mainly using it to detect temperature spikes rather than accurate readings.
This sensor is a fairly cheap but efficient enough to do what we want it to sensor and can be
easily replaced if it is damaged. Prior to using this sensor, it will have to calibrated to ensure the
sensor is reading the correct temperature reading.
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8.2.4 Rotary Torque Sensor

Figure 13: Rotary Torque Sensor (Futek TRS300)

The Futek TRS300 is a top-of-the-line rotary torque sensor that will be used to determine the
torque on the drill string induced by the top drive motor. This shaft to shaft torque sensor will
give a direct and precise torque calculation on the drill string. Since the drilling operation will be
automated, it will be important to know the torque of the drill string to be able to calculate the
rate of penetration. Through the rate of penetration, it will help determine when to start to deviate
the drill string to start drilling horizontally. This rotary torque sensor can handle speeds of up to
3,000 revolutions per minute and can operate within a temperature range of -10◦C to 90◦C.
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8.2.5 Liquid Pump

Figure 14: SeaFlo Mini Liquid Pump

The SeaFlo mini liquid pump will be used to circulate the fluid from the reservoir to the the
swivel, down the drill string and back up the borehole. This mini liquid pump can displace 350
gallons per hour. The SeaFlo can handle taking in air without damage or loss of performance
should the fluid stream be interrupted and can be entirely immersed if necessary. However, this
component will need its own power supply since it needs 12 volts for it to run.

8.3 Cost Summary
Sensor Name
Gyroscope Breakout
Bluetooth Mate 4.0
LiDar-Lite V4
Loadcell
Temperature
Rotary Torque
SeaFlo Mini Liquid Pump

Quantity
1
1
1
1
4
1
1
Total
Table 2: Sensors Total Cost
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Price
$29.95
$19.99
$61.95
$59.95
$1.95
$2,230.00
$14.95
$2,416.79

9

Control System Architecture

9.1

Data Acquisition

For the purposes of this competition, the team decided to use a USB DAQ and computer combo.
The DAQ system gathers electrical signals from the various sensors located on the rig and allows
them to be processed into a numeric measurement. The team will use the NI-USB-6009 for this
system. This DAQ allows for USB connection and will be used alongside a laptop which will
serve as a central processing unit and display. According to the specs provided by National
Instruments, the device can provide a maximum sampling rate of 48 kS/s which is more than
acceptable for this type of application. Overall, this particular DAQ allows for a simple, low cost
setup and is simple to use.

9.2

Data Processing & Control Output

This DAQ will allow the team to both send and receive input and output signals. The laptop will
house the data processing system and will send setpoints from the control software to the DAQ.
The DAQ will then send these various outputs to the motor drivers on the rig to control
parameters such as RPM of the kelly and WOB through the brush motor on the ball-joint
actuator. A potential limitation the team could face with this setup, is that a separate PC is being
used for sampling and controls instead of a real-time operating system on the DAQ. This will
potentially cause lag time between the inputs and desired outputs of the system since data must
be sent to and from the data acquisition device.

The control system will also feature several different types of drivers to control the function of
the electrical components on the rig. These drivers will include components such as the VFD, or
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variable frequency drive, to control the 3-phase electric motor of the rig. These types of
components will be used to allow the outputs of the NI daq to control the various electrical
components on the rig.

9.3

System Algorithm

The computer will take in the data acquired by the different devices connected in the rig to give
us vital information such as the rate per minute, weight on bit, and torque. By setting parameters
on the computer, the system will autonomously control the rig from the information it is
receiving.

By setting our own parameters, the team can determine the best stabilization and efficiency
settings for the rig. With the inputs being received in real time, the algorithm will ensure that the
drill is on course and is not sidetracking. If the RPM is too high and is proving to be unstable, the
computer will correct the system, reducing the RPM and bringing it back to stability. If the
system is stable with low RPMs and little vibrations, the power will increase slightly until it hits
maximum efficiency. This parameter is one example, but there are several other factors that can
be optimized by digital feedback.

To figure out the best parametrization for maximum efficiency, the team has decided to use the
mechanical specific energy model development, also known as MSE. MSE is defined as the
mechanical work done to excavate a unit volume of rock.
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Figure 15: MSE Calculation Equation

From the equation, we can see that the equation takes into account most variables and is able to
quantify this value to rank efficiency. In the industry, mechanical specific energy has been used
to quantify the drilling efficiency and maximize the rate of penetration. Shown below is an
example of MSE being applied to determine the best drilling performance.

Figure 16: MSE vs. Drilling Performance Study Results
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The purpose of using this type of study is to ensure that the rig is providing its maximum
efficiency. MSE will be mainly used for the testing phase; the team will record the results and
based on the graphs given, and team members can then identify the optimal parameters. By
doing this, it allows the team to analyze what the best WOB, RPM, vibration, and torque is to
drill efficiently. It makes certain that the parametrization is correct, and maximum efficiency is
achieved.
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10

Cuttings Removal System

In any oil well drilling system, there must be a circulation of fluids at the bit. The circulation of
fluids in the borehole accomplishes a variety of objectives. Circulated fluids cool the bit and
lubricate drill pipe, casing, and the borehole itself. The circulation of fluids provides for
protection from kicks and blowouts by providing a column of fluid that exerts hydrostatic
pressure down hole to offset formation pressure. The hydrostatic pressure of a column of fluid is
calculated using the following equation:
𝑃 = (𝑀𝑊) ∗ (𝐷) ∗ (0.052)
where P is hydrostatic pressure, MW is drilling fluid density (measured in pounds per gallon), D
is true vertical depth (in feet), and 0.052 is a unit conversion factor that causes P to result in units
of pounds per square inch (psi). The pressure exerted by this hydrostatic column on the wellbore
helps to prevent caving. The fluid can help to check corrosion as well.

In the context of Drillbotics, the fluid system is not an extremely difficult aspect of the project.
Many of the functions that drilling fluids serve in industrial settings are not necessary in the
scope of the competition (blowout/kick prevention, wellbore stabilizing, etc.). The key functions
served by the fluid in this setting are (1) the cooling of the drill bit, (2) the lubrication of the drill
string and the bore hole, and (3) the evacuation of cuttings. To achieve these ends, the team has
elected to employ mineral oil as the drilling fluid.

10.1 Drilling Fluid
In industrial settings, many factors have to be considered in formulating a drilling fluid. The
viscosity of a drilling fluid must be considered as this variable effect the ability of the drilling
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fluid to keep cuttings in suspension as they flow up the wellbore. Circulating faster, too, allows
for the circulation system to remove larger cuttings from a deeper borehole. In industry, pump
power is the most significant independent variable in circulation velocity. The addition of
“viscosifiers” (often clays of varying chemistries) increases the viscidness of the drilling fluid.

As previously stated, the team identified three primary objectives of the circulation system: cool
the bit, lubricate the assembly, and remove the cuttings. The team considered several options for
drilling fluids. Air drilling obviates the need for recirculation, water drilling is relatively simple
to implement, and a foam-type system suspends cuttings very well. Mineral oil was chosen as it
has sufficient thermal conductivity to cool the bit, sufficient lubricative properties to prevent
binding and excessive wear in the system, and it has a slightly higher viscosity than water,
allowing it to keep cuttings in suspension more easily as the slurry exits the wellbore. Most
importantly, mineral oil will not damage downhole sensors and other electronic devices that will
be built into our BHA because of its insulative properties. Should the neoprene seal on the BHA
fail, the oil will not cause a short in the electronics.

10.2 Circulation
For the purpose of the competition, our team has decided to create a circulation system that
involves a sump pump, swivel, garden hose and a bell nipple. Our method of choosing the sump
pump will depend on the performance curve using information from our net lift and flow per
minute. We plan to find the performance curve using the Bernoulli’s Principle shown below.

36

Figure 17: Bernoulli’s Principle Equation

Using this equation, the team can determine which sump pump is the most appropriate for this
situation. Most pumps come with a performance curve, such as the one shown below.

Figure 18: Example Sump Pump Performance Curve
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The swivel that the team will be using will be self-made. The garden hose, will connect the sump
pump and the swivel, allowing for the evacuation of the cuttings, lubrication of the drill string
and bore hole, and the cooling of the drill bit. This setup is simple and has low cost, off-the-shelf
materials and will be easy to repair or replace should the need arise.

10.3 Connection
The connection between the pump and the drill string is of critical importance. In industry,
pressurized drill fluid lines are connected to the drill string by way of a swivel. A swivel serves

Figure 19: Artwork from USPTO #2,459,472: Rotary Swivel, awarded to Emsco Derrick Co in 1949

as a “connecting point between the circulating system and the rotary system. It provides a fluid
seal that must absorb rotational wear while holding pressure”. The swivel for the CSM
Drillbotics rig will be fabricated as shown in Figure 20. The perforated core cylinder will be
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Figure 20: Render of the 2020 Swivel Design

machined out of a 4” length of 1.5” diameter 6061 round aluminum bar stock with a T4 temper.
The adjoining plates (back plate and connector plate) will be machined out of two 3.5” X 1” X
1.75” blanks of the same material. The threaded connection will be machined out of a 3/4” length
of 7/8” round bar, again of the same material. The threads will be 2/8-18-NPSM-1B threads cut
.65” down the hole. This material was chosen for three reasons: (1) it is easily-available, (2) it is
affordable, and (3) it is able to “offer a good combination of strength and corrosion resistance”,
and the T4 temper was chosen because it affords “good machinability”.
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Finance

Our rig will be sponsored predominantly by the Colorado School of Mines Petroleum
Engineering Department, which draws its funds from various industry sponsors and from
governmental sources unbeknownst to the team. According to the numbers the team has
generated, approximately $5,018.07 will be necessary to build the drill as drafted. This number
was considerably lower than the team first expected, but much of this is due to the fact that
inexpensive sensors were identified for use and the DAQ unit will be lent to the team by the
Electrical Engineering Department at the Colorado School of Mines. Furthermore, the Arduino
UNO and the laptop computer will be donated and much of the plumbing fixtures and rig frame
components are already in hand.

11.1 Fundraising
The fundraising for the CSM Drillbotics rig will be done by petitioning the Colorado School of
Mines Petroleum Department Head, Dr. Jennifer Miskimins, for financial assistance. Should the
situation arise that the team is not able to raise sufficient funds from this petition, the team will
begin to seek for private financial support or to follow the counsel offered by Dr. Miskimins and
our advisor, Dr. Bill Eustes.

11.2 Cost Analysis

Drillbotics Bill of Materials
Item
Sensors
Gyroscope Breakout
Bluetooth Mate 4.0
LiDar-Lite V4
Loadcell
Temperature
Rotary Torque

Expected
Cost*

Citation/Purchase Point

$29.95
$19.99
$61.95
$59.95
$7.80
$2,230.00
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Electrical Hardware
Computer Systems
DAQ
Aduino UNO
Laptop Computer
Mechanical Equipment
Kelly Drive Motor (3hp)
Top Drive Motor (1hp)
Sprockets and Chain
Kelly Block and Bearing
Ball Screw (1200 mm)
Guide Rail and Blocks
Stock for Top Drive Bracket
Drill Pipe
Flexible Drive Shaft
Stock for Drill Floor Addition
Stock for Kelly Motor Holder
Plexiglass Shields
Accordion Hinge
Neodymium Magnets
Neoprene sheet
PVC Pipe and Fittings
Header for Ball Screw
Kelly Tube
Cuttings Removal System
SeaFlo Mini Liquid Pump
Pipes, Hose and Tubing
Fittings
Additional Fittings
Oil
Stock for Swivel

$25.00

$0.00 IKD- CSM Electrical Eng. Dept.
$0.00 IKD- Nicholas Bryan
$0.00 IKD- James Daughtry

$761.17
$491.39
$0.00
$75.00
$56.99
$120.00
$40.00
$15.00
$320.00
$125.00
$35.00
$150.00
$23.99
$20.00
$25.00
$15.00
$10.00
$10.00

Grainger
Grainger
IKD- Cedar Creek Management
Amazon

Metalmart.biz
acehardware.com
Hardwaresources.com

$14.95
$65.00
$0.00 IKD- Inherited from Old DB Team
$45.00
$99.94 2x Walmart 5 Gallon Sinopec Oil
$65.00

Total Funds Spent on Rig

$5,018.07

Non-Rig Expenses
Apparel (Polos)
Team Dinner Funds
Total Non-Rig Expenses
Overall Projected Expenses
Desired Flex Money
Total Desired Funds

$200.00
$100.00
$300.00
$5,318.07
$1,000.00
$6,318.07
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Conclusion

As this effectively is the Colorado School of Mine’s first year of competing in the Drillbotics
competition and because the team is comprised mainly of undergraduate students, the design of
the 2020 CSM rig is quite simple. Though the simplicity of the CSM rig design is more a
function of circumstance than of deliberate action, it will likely be something of an advantage as
the team enters the build stage. As pithily stated in Occam’s Razor, the simplest answer is most
often the best. The CSM rig has some areas of design weakness, but the subsystems of the rig are
quite robust and simple. As such, they will be comparatively easy to fine-tune or even replace
should it become clear that a certain strategy will not work.

Lastly, the Drillbotics competition has been successful in the lives of the 2019-2020 team so far.
If its purpose is to disseminate knowledge in the field of drilling automation, it has succeeded in
its objective as it has induced every member of the CSM team to learn a tremendous amount
about the subject of drilling automation.
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Future Work

The Colorado School of Mines expects to take part in the Drillbotics competition into the
indefinite future. It has been stated by the DSATS staff that the competition will involve “plugand-play” functionality requirements. Next year, the team will redesign the rig in such a way that
it will allow for the use of “plug-and-play” technologies.

Furthermore, the team will reevaluate the bent housing design. This solution was chosen because
it is very simple and easy to manufacture. Its reliability is also a compelling attribute. However,
being able to hit several X,Y,Z coordinates with a static bent housing might prove to be very
difficult and an alternative may be sought.
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Appendix A: Rig Assembly Drawings
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Appendix B: Inherited Rig Frame Reverse-Engineered (Front View)
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Appendix C: Inherited Rig Frame Reverse-Engineered (Rear View)
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Appendix D: Swivel- Perforated Core Drawings
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Appendix E: Exploded View of Swivel
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Appendix F: Preliminary Draft of BHA Sensor Sub
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