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Executive Summary

With emphasis on directional drilling challenge this year, the team has two plans for a directional
Bottom Hole Assembly (BHA) design. Plan A involves designing and building a simplified model
of Rotary Steerable System (RSS). The RSS will operate using the principles of cable drilling and
Push-the-Bit principle. The inclination will be controlled by downhole pistons and the azimuth
will be controlled from surface. The downhole pistons are operated by compressed gas in the
pneumatic cylinder. This plan will allow the team to drill any possible target coordinates within

the rock with one single BHA and eliminate the need for multiple trips to change BHA.

Plan B involves designing and assembling bent sub, as applied last year. Proven to be successful,
this will serve as the team’s alternative. This mechanism works by using both straight vertical
BHA for vertical drilling, then deploying the bent sub whose BHA components are assembled at
angle to allow directional drilling. Since bent sub has fixed configuration, this will require the team
to construct several different bending angles to drill the wide range of drilling targets up to 30°
inclination, 15° change in azimuth, and 10 inches of surface displacement. Manipulation of
Weight-on-Bit will also be applied to achieve target inclination and Build-Up-Rate (BUR) through

testing in Phase 2.

In either Plan A or B, the drill pipe will undergo bending, so drill pipe stress analysis has been
performed for using aluminum or stainless steel. The result showed using aluminum is better
because it is ductile and has a greater yield strength than stainless steel. The existing drilling rig
will be used again as it has been proven to be structurally sound. Cable drilling mechanism, similar

to weed eater machine, will be also adopted from the design of last year.



To control the azimuth, the existing chain system will be upgraded this year. The system is
composed of inner chains, outer chains, and two sprockets. While one sprocket is connected to the

control system using LabView, the other sprocket is connected to the drill pipe on traveling block.

To allow for closed-loop control system, a number of sensors will be incorporated on the rig,
mostly on the surface. These are namely load cell for WOB, torque sensor, RPM sensor, vibration
sensor, displacement sensor, flow rate sensor, and gyroscope. The only downhole sensor planned
is the gyroscope, which measures azimuth and inclination. In Phase 2, we will develop a vibration

dampening enclosure for the gyroscope to reduce noise and ensure data transmission and usability.

Another improvement from last year’s application is the Graphical User Interface (GUI) on the
control monitor, where the driller can set the input as needed. It also allows for monitoring drilling
parameters and present visual alert when any variable goes beyond the threshold. To accommodate
the directional drilling emphasis, the team also develop visualization of well trajectory and trends
in azimuth, inclination, and depth. Trends in WOB, torque, RPM, and ROP gathered from the

sensors will also be presented on this interface.



Safety Case
The “DSATS is a technical section of the Society of Petroleum Engineers (SPE) organized to

promote the adoption of automation techniques to improve the safety and efficiency of the drilling
process.” However, the most important goal is to work safely. This can be done by controlling
risks. The following section describes different methods on how to keep safe conditions in the

workshop.

Job Safety Analysis (JSA)

st Hierarchy of Controls

effec
substitution :‘h‘.P,;":: -

Englneering | Isolate le
controls ftomthgohoagard
Administrative Change the way
et
Protect the worker with
Personal Protective Equipment
Least

effective

Figure 1 - OSHA’s Hierarchy of Controls

According to OSHA’s Hierarchy of Controls the most effective way to work safely is to eliminate
any possible hazards. All team members have received shop safety training from the facilities lead
staff. As a result, all team members have been educated on the proper PPE for each job. Proper
communication can also negate risks, so the team has implemented two group meetings every
week in order to stay on track and share information learned. The first meeting includes our faculty

advisor where the second meeting is only with team members. In these meetings, the team will
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share close calls or accidents that have happened in the last week. This is so others can learn from

their mistakes.

Elimination

This control focuses on physically removing hazards from the work area and on the rig. Some
examples of elimination control on the rig include the addition of clear polycarbonate (Lexan)
shielding around the rotary components and below the rig floor, labeling the electrical components,

and consolidating the power cords in order to control trip hazards.

Last year’s safety focus on the installation of polycarbonate shielding to separate the rotary
components from any team members in the area. Last year's team determined the sheeting should
be ¥s inch thick in order to provide adequate impact resistance. Once of the sheets of polycarbonate

shielding is broken and this year's team will replace the broken piece.

Substitution

This OSHA control replaces a hazard with a non-hazardous solution. Three years ago, team
removed concrete blocks that were elevating the rig. With the previous setup there was an extra
hazard of the rig tipping and potentially falling. This could injure personnel and destroy the rig.
Two years ago, the team decided to substitute the hazard and place the rig on the floor. They were
able to reset the starting height of the rig was able to reset the block to be placed on the floor while

still allowing for the rig to drill. The same design was used last year and will be used this year.

Engineering Controls

Engineering controls focus on isolating the hazards from personnel, but don’t remove the hazards.

An example on the rig is the remote control and monitoring system. This keeps all team members
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from being in direct contact with a potentially hazardous rig. Because of the automated system no

team members need to be touching the rig as it is drilling.

Administrative Controls

Administrative controls change the way that personnel work. A way to implement this control is
to place a copy of the hazard response plan for the shop where the rig is located. Each team member
must complete safety training from the lead administrator of the shop prior to working on the rig.
In addition to this training the shop has proper signs that clearly state the hazards in the area. OSHA

has standard signs to identify hazards below are some examples.

CAUTION NOTICE

IHISEQUIPMENT | \iaH VOLTAGE | | KEEPDOOR [|°
AUTOMATICALLY KEEP OUT CLOBED AT

Figure 2 — Examples of OSHA Hazard Warning Signs

Two years ago, the team installed a manual physical shutoff switch in order to immediately shut

down the rig in case of emergency. The switch can be easily identified and operated by anyone not

familiar with the rig’s design.

Figure 3 - Master Safety Shutoff Switch (OU Drillbotics 2018-19)
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When the switch is activated it will shut down all drilling operations which greatly reduces danger

if the rig was operating in unsafe conditions.

Personal Protective Equipment (PPE)

PPE is the last defense between a worker and the hazard. Proper PPE is required for anyone
working in the facility with the rig. Proper PPE is outlined in university policy and includes hard
hat, safety glasses, long pants, and closed toed shoes. Additional PPE may be required for
operating a specific piece of equipment. This additional PPE may include gloves, face shield,

respiratory mask, or steel toed boots.

Official 2019-2020 Drillbotics Challenge

The official competition statement as stated in the DSATS 2019-2020 guidelines is as follows:
“Design and build a miniature drilling rig and autonomously drill a directional well through a

homogeneous rock sample to a given plan.”

Directional Drilling System

According to official 2019-2020 Drillbotics™ guidelines, the challenge this year is emphasized
on drilling multiple targets of given coordinates within limited operating range of up to 30° vertical
inclination, 15° change in azimuth, and 10” surface displacement (departure from the vertical axis
at well center). This calls for greater focus on enhanced modification of directional drilling bottom
hole assembly (BHA) to accommodate the stated objectives. In order to optimize this operation,

the team has put various techniques into consideration and assessed their feasibility for the existing
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rig design. These are namely utilizing bent sub, whipstock, simplified model of Rotary Steerable

System (RSS), and jetting. Each equipment assessment is discussed as follows:

Bent Sub

Bent sub has been applied on last year’s installation and has proven to successfully drill wanted
directional target at a notably fast rate. Out of the four options considered, bent sub is the most
feasible one to be further applied on the existing rig as it works well when coupled with cable-
drilling system and downhole mud motor. In addition, bent sub does not require highly
sophisticated technology to deploy although closed-loop control algorithm is required in the

automation system.

On the other hand, this equipment also poses several drawbacks. Using bent sub requires multiple
trip-in and trip-out to replace vertical drilling BHA when the kick-off point has been reached.
Moreover, it has a fixed bending of curvature that might require manipulation on Weight-on-Bit
(WOB) and possibly assembly of multiple BHA with different curvature to anticipate various
inclination angles. With borehole size of 1.5”, this also poses challenge to accommodate bent sub
assembly inside the borehole while avoiding pipe sticking and keyseating. The detailed assembly

of bent sub and its mechanism is further explained on the next section.

Whipstock

Whipstock is a steel ramp shaped tool that serves as a wedge deployed downhole to allow bit
deflection according to its positioning. The bit direction will follow the angularity of the device
given sufficient WOB. The advantage of using this device is that it can be manually deployed,
even though the positioning itself has to be controlled by algorithm. Thus, it has lesser risk of

dysfunction and unsuccessful directional drilling attempt. It is also a relatively cheap and
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conventional technique — as it does not require modification on BHA and can be used uniformly
for various inclination angle along with WOB manipulation. However, since it has never been
applied to the team’s rig installation, it has not proved to be successful. Further research and control
processing are needed to set up the algorithm for allowing variable directional targets. Moreover,
this option poses requirement to drill excess vertical section downhole for whipstock placement.

This consequently will increase the drilling time that otherwise could have been avoided.

Rotary Steerable System (RSS)

RSS serves as the state-of-art technology for directional drilling operation. RSS systems use either
a Push-the-Bit or Point-the-Bit mechanisms which causes the bit to drill a curve. In addition to
this, the RSS system provides closed-loop feedback system downhole that can also serve as
Measured While Drilling/Logging While Drilling (MWD/LWD) tool that is fully operated from
surface. A major benefit to an RSS tool is that it can be used to drill both vertically and laterally
based on the forced being applied on the bit. This eliminates the need for tripping between the
vertical and curved BHAs. RSS system would also allow the team to drill curves at multiple angles
which gives us the most options when designing the hole. However, implementing an RSS system
on our rig will pose a difficult challenge as it has never been applied on the existing rig. The
available RSS product in the market is not manufactured for microscale drilling. Therefore, the
team must take charge of all the design, manufacture, and testing procedures. In addition, buying
parts for the system will be very difficult due to the limited downhole space in the 1.5-inch

borehole. This would risk the assembly not being able to accommodate RSS complete system.
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Jetting

Jetting is a directional drilling technique that utilizes the drilling fluids to curve the well. While
jetting, the bit does not rotate, and the drilling fluid is used to cut through the rock. In order to
create the curve, the flow rate of one nozzle needs to be higher than the others. The mechanism
works by creating a custom bit with nozzles and plug 2/3 of the nozzles using rubber plug.
Considering only 5-8 gal/min typical drilling fluid flowrate, momentum flux is required to pressure
up. Jetting itself normally requires high pressure pump of 2000-3000 psi to operate efficiently,
similar to pressure washer pump. The unevenness of the flow rates causes one side of the hole to
be eroded faster than the others and thus creating the curve. Because the bit does not rotate, this
technique is only effective in soft formations. Creating this effect on our rig would be difficult. In
order to accomplish this directional technique, the team would have to outfit the rig with a high-
pressure flow system in addition to plugging some of nozzles on the bit. The sandstone used for
the competition is relatively hard and therefore it will be difficult and slow for water to cut through
it. As aresult, the team would need to add sand into the mud in order to increase ROP. The addition
of sand into our rig design would require us to change the current pump to a sand tolerant pump

and create solids filtration system.

Directional Well Trajectory Design

The oil and gas industry have seen an increase in directional drilling since 2008. Originally, the
industry was using bent motors and sliding to turn the bit. Currently Push-the-Bit and Point-the-
Bit motors are becoming more popular because of their real time steering capabilities and wide
range of abilities. These RSS systems are very complex and will be very difficult to design on our
small scale. Unlike the previous years, this year competition does not provide prior specification

of target depths and expected wellbore trajectory. The challenge is left open-ended with only the
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maximum limits given for inclination angle, azimuth, and horizontal displacement that the rig can
handle. These are namely 30° for inclination angle, 15° for azimuth, and 10 inches for horizontal
departure from well center. The Total Vertical Depth (TVD) of the rock block is specified to be
24 inches and the recommended depth of Kick-Off Point (KOP) is 4 inches. This depth was
suggested as it gives enough stability to the hole so it can begin to deviate while allowing the most
amount of room to curve. With these challenges, the team will attempt to construct simplified RSS
assembly and use bent subs as a fallback alternative. The directional BHA design is explored more

in its respective section of this report.

The team plans to change the buildup rate (BUR) depending on the forces from the RSS or the
angle of the bent sub. The azimuth will be controlled by locking the cable at surface. With these
new guidelines, the team explored several possible scenarios to drill multiple targets of given
coordinates. This aims to assist testing mechanism of our rig in Phase 2 and assess its capability

to handle various technical drilling challenges.

Type 2 (S-well) targeting specified coordinates

6 Target 1
20”

Target 2

Figure 4 — Trajectory of Type 2 (S-well)

According to the guidelines on the webinar session, this scenario is the most potential to be

adapted to achieve this year’s objectives. It applies a single Type 2 (S-well) model with Build,
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Hold, and Drop sections with target coordinates along the deviated section. Among all cases,

this will impose greater challenge of successful drilling.

One vertical borehole with distinct directional azimuths

20”

Figure 5 — Trajectory of single vertical borehole with distinct directional azimuths

In this scenario, the drilling commences from one single vertical borehole. According to the
given coordinates, depth of KOP will be specified and the BHA will be aligned to the target
azimuth. One deviated well will be drilled first, followed by sidetracking in different azimuth.

The model follows Type I — Build and Hold model.

One vertical borehole with sidetracks in different depths

4”

20”

Figure 6 — Trajectory of singe vertical borehole with sidetracks in different depths

Quite similar to the previous case, this scenario commences with one single vertical borehole

followed by the directional drilling of the shallower target to maintain wellbore stability. Once
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the first well is completed, the vertical section is drilled deeper to reach the second KOP

followed by drilling the deviated section.

Two vertical boreholes of distinct directional targets

KOP =77

Figure 7 — Trajectory of two vertical boreholes of distinct directional target

Quite similar to the first and second case, this scenario only differs in the number of vertical
boreholes. Instead of sidetracking existing well, this requires individual vertical hole that leads

into the deviated section. Consequently, this will take longer time to complete the operation.

Directional Drilling Operation

Control System Algorithm

To build automated system of directional drilling, several parameters have to be considered and
incorporated in the control algorithm, namely Weight-on-Bit (WOB), Build-Up Rate (BUR), Kick-

Off Point (KOP), Horizontal Resultant Force on Bit (Hfvit), & Inclination Angle (0).
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Directional Drilling Workflow Using RSS

Considering RSS as the team’s main choice, the following shows preliminary workflow:

Initial spud point as (0,0) coordinates

Given X, Y, Z target coordinates

Determination of 0, azimuth, & min. KOP depth

Start of vertical drilling — Alert when reach KOP

RSS piston operation to steer the BHA

Control algorithms for WOB and Hfit

Continue drilling until target reached

Analysis on BUR and total time elapsed to assess performance
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Directional Drilling Workflow Using Bent Sub

Considering bent sub as the team’s alternative choice, the following shows preliminary workflow:

Initial spud point as (0,0) coordinates

Given X, Y, Z target coordinates

Determination of 0, azimuth, & min. KOP depth

Start of vertical drilling — Alert when reach KOP

Trip out vertical BHA — Trip in BHA with bent sub

Control algorithms for WOB and Hfit

Continue drilling until target reached

Analysis on BUR and total time elapsed to assess performance
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Rig Concept

The Drillbotics™ team at the University of Oklahoma has spent a substantial amount of time on
designing a suitable rig structure for drilling applications over the past five years. In the 2015-2106
years, the team entirely reconstructed the rig to overcome several mechanical issues such as
friction, misalignment, and materials. In the 2016-2017 competition season, only minor changes
were added to help implement improved drilling applications. The 2017-2018 team made major
modifications to address safety concerns and controls optimization including focus on remote
connection system development and optimization, as well as advanced refinements to the control
algorithm and information processing. Last year, 2018-2019 team first got assigned directional
drilling and made a major change in BHA design for directional drilling including bottom hole

SENSOrs.

This year, the team is assigned to drill a wellbore to hit multiple targets at varying vertical depths
and X/Y coordinates which will not require wellbore inclinations in excess of 30° vertical, 15°
change in azimuth, or 10’ displacement. To perform the assignment well, adjustment in BHA

design, new bottom hole sensors, and automated control will be made.

Rig Mechanical System

Structural design

The structure of the rig must have two functions including supporting and holding the liner motion
of the traveling block to keep the system in alignment and reduce friction within the system. The
cantilever rig design (Fig. 8) is showing the traveling block cantilevers out from a vertical

structure. On the back of the derrick, two support members ensure the forces do not compromise
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the strength of the derrick. At the base of the derrick, the hinges are located to allow the derrick to

be folded on its back for transportation.

Structural Support Members

Large Hinge for Reclining Function of Rig

Figure 8 — Structural Support for Cantilever Design (OU Drillbotics 2018-2019)

The rig is folded into its traveling position (Fig. 9) to allow for the rig to be transported to different
places and fit through limited areas, such as doorways. Casters are equipped for all six legs to
make the rig mobile. All electrical components are compartmentalized in a cabinet underneath the

rig table, along with the water pump.
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Water Circulation Pump

Electrical Cabinet

Figure 9 — Reclined Derrick Configuration (measurements in inches) (OU Drillbotics 2018-
2019)

The derrick can be fully erect on the rig table with a minimum clearance of 10 ft (Fig. 10). It
provides its mobility and low profile for transportation. There are 32 in gap between legs below
the derrick and it will provide the space for rock sample provided by DSATS. The cantilever design
has proven very successful in the past seasons, where it withstood the forces and vibrations

experienced during the drilling. Same design will be used in the 2019-2020 competition.
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10?30

Figure 10 — Erected Derrick Configuration (measurements in inches) (OU Drillbotics 2018-
2019)

Traveling Block Assembly

The pneumatic piston is the mechanism for axial movement of traveling block. Air cylinder,
pillow block bearing, and linear guide rail are attached to the traveling block for axial movement
as shown in Fig. 11. The air cylinder is moving as pneumatic piston and pillow block bearings

are connecting the cylinder with linear guide rails which is attached to the support.



Air Cylinder

Pillow Block Bearing

Linear Guide Rail

Figure 11 - Linear Motion Equipment

Top drive motor, torque transducer, RPM sensor and water swivel are all attached to traveling
block (Fig. 12). The motor is creating torque to rotate the drilling cable, and the RPM sensor is
measuring RPM of drilling cable. The torque transducer is located between the top drive motor
and water swivel because water is not allowed to pass through the torque transducer to the
swivel. To reduce the friction and help the transducer pick up changes in torque while drilling,
the swivel is used with shaft seals. Two guide rails are used to make sure the alignment and

prevent unexpected movement of traveling block.

25
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Top Drive A/C Motor

Traveling Block

Pillow Block

Shaft to Shaft
Torque Transducer

Linear Guide Rail

Water Swivel

Figure 12 - Traveling Block Components and Assembly

Chain System

As well as the components mentioned above, the chain system is also attached to traveling block
(Fig. 13) to control azimuth. The chain system is composed with inner chain, outer chain, and
two sprockets. Inner and outer chains are connecting two sprockets for rotation. While one
sprocket is connected to control system using LabVIEW, the other sprocket is connected to drill

pipe to change azimuth.
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Figure 13 — Chain System for Azimuth Control

Directional Design; Cable Drilling

The idea of “Cable Drilling” came from a weed eater. The weed eater is rotating a cable inside of
the outer pipe instead of rotating the pipe directly. Similarly, instead of rotating the drill pipe, the
motor is rotating thin cable inside the drill pipe to rotate the drill bit (Fig. 14). This method is
eliminating the issues causing high vibration on BHA including bottomhole sensors, twisted
electrical cables connected to bottomhole sensors. It also requires relatively lower horsepower
for motor than the original method rotating the drill pipe. Thus, it can either yield higher torque

or lower electricity.
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Low Horsepower Motor

Small Diameter Pipe

Thin Cable

Drill Bit

Figure 14 — The Schematic of a Weed Eater
Directional BHA Concept

As cable drilling method was adopted last year, maximum WOB increased from 50 Ibf to 80Ibf.
Same method is adopted for this year as well, so increased maximum WOB can be applied as last
year. This inclement is because drill pipe is sliding. Two stress analysis for aluminum and
stainless steel were conducted in Solidworks to determine the stress on the pipe based on the
maximum KOP of 4 inches, TVD of 24 inches, inclination of 30 degrees, and displacement of 10
inches (Fig. 15). The result showed the von Mises stress value of 195,000 psi for aluminum pipe
and 441,300 psi for stainless steel pipe. It was also found the yield strength value of 40,000 psi
for aluminum pipe and 30,000 psi for stainless steel pipe. Aluminum is better because it is

ductile, and larger yield strength.
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Figure 15 — Well Trajectory with Maximum KOP, TVD, Inclination and Displacement

Drill Pipe Stress Analysis in Solidworks

Two drill pipe stress analysis were conducted for aluminum 6061 T6 and stainless steel. It is
very complicated to conduct accurate analysis because it must be dynamic stress analysis. So, for
simplicity, a horizontal resultant force was applied on the bottom portion of the drill pipe where

the bit is located, and corresponding WOB was calculated.

42 Ibf of resultant horizontal force was applied to aluminum dill pipe and yielded 11.79 inches of
displacement and 195,000 psi of equivalent stress as shown in Fig. 16. It translates into a 71 1bf

of WOB on the surface.
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Figure 16 — Von-Mises Drill Pipe Stress Analysis for Aluminum 6061 T6

On the other hand, 90 Ibf of resultant horizontal force was applied to stainless steel pipe and
yielded 10.1 inches of displacement and 441,000 psi of equivalent stress as shown in Fig. 17. It

translates 178 Ibf of WOB on the surface.
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Figure 17 — Von-Mises Drill Pipe Stress Analysis for Stainless Steel

The horizontal force is converted to equivalent WOB by the relationship in the Eq. 1 & Fig. 18

below:

OB = e (1)

tan Oyop
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gkop

WOB

HFpjt

Figure 18 — Relationship between WOB and HF

Where WOB is the weight on bit applied at surface in Ibf, HFp;; is the horizontal resultant force

on the bit in Ibf, and 6y, is the inclination angle.

The von Mises stress for aluminum and stainless steel exceeded their yield strength, so both of
them will fail. However, aluminum is still better because its yield strength is larger than stainless
steel. Flexible part is also needed to avoid failure on the pipe as the result showed the pipe will

fail and it will be located on the RSS.
Von Mises Failure Criterion

When axial load is applied to a material, it undergoes elastic deformation, plastic deformation,
and fracture as shown in Fig. 19. When the applied stress is lower than yield strength, the
deformation comes back to the original length, however, once it exceeds the yield strength, the

deformation does not come back to the original length and eventually fails as the strain increases.
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Figure 19 — Uniaxial Tensile Test (Harish 2019)

However, the uniaxial tensile test is limited to 2-dimensional stress, whereas the real problem is

3-dimensional stress, and therefore von Mises stress should be conducted. The von Mises stress

(Fig. 20) is represented as Eq. 2 below:

o, = \/% [(07 —02)% — (05 —03)%(05 — 1) 2] oo

Where g, is the von Mises stress, g; is the maximum principal stress, o, is the intermediate

stress and o3 is the minimum principal stress in psi. When the von Mises stress is equal to or

greater than yield strength, the material fails.
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Figure 20 — The Von Mises Yield Surfaces (Harish 2019)

Fatigue Failure

Since the drill cable is rotating to create torque on bit and the drill pipe is rotating to guide the bit
to the target, they will be undergoing some fatigue loading cycles. Specific values of fatigue

cycles on drill pipe and drill cable will be determined during phase 2.

Bottom Hole Assembly (BHA)

RSS BHA

This year, the team proposed a modification to the previous directional drilling BHA. Simplified
model of RSS (Rotary Steerable System) could possibly accommodate more versatile ranges of

directional target — given only the target coordinates and unknown inclination and azimuth, as
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stated in this year’s challenge. Therefore, this will serve as the team’s main objective to develop.

The RSS assembly schematic and labelled components are shown on Fig. 21 & 22.

Operating Principles of RSS

Deploying similar cable drilling technique that was applied in the previous year, the system added
a bendable pipe between upper and lower drill pipe and two pneumatic pistons connected with
wire attached on upper and lower drill pipe. The bendable pipe and pneumatic pistons will allow
the pipe to be bent without failure and also direct the lower pipe. The drill cable is passing through
the whole RSS to transfer the torque to rotate the drillbit. The external drill pipe protects the wear
and tear of internal cable, as well as to contain the circulation of drilling fluid within the annular
space.

Mini pistons are installed to direct the movement of the lower pipe and is operated by manipulating
air pressure from the pneumatic cylinder. These pistons will be attached downhole to the BHA.
From the surface, force is applied to the pistons by means of compressed air from the pneumatic
cylinder. This will cause the pistons to expand and push on the side of the hole to steer the BHA
inclination. Such operational principle follows Push-the-Bit mechanism. Among the pros in using
compressed gas pistons are namely the availability of mini size pistons in the market and that there
is no need for multiple tripping to change the BHA as the team transition from vertical to
directional drilling. However, this calls for the addition of new fluids system to the rig and that

several components may need to be customized.



Figure 21 — Modified version of the team’s RSS (Rotary Steerable System)
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Wire

Upper Drill Pipe

Bendable Pipe

& Pneumatic Piston

Lower Drill Pipe

Figure 22 — The schematic of modified version of the team’s RSS (Rotary Steerable System)
Bent Sub BHA

As bent sub is chosen as the alternative technique, the team plans to apply the similar proposed
model as last year with modification on bent sub angle and length. Last year, bent angle of 7° was
picked as the optimum angle, which resulted in maximum BHA length of 3.7-inch including the
bit length. This assembly is capable to drill up to 17° inclination. This year, the team plans to
increase the bent angle to accommodate the requirement to drill up to 30° inclination. The
calculation is done by applying Eq. 3 for various clearance width and inclination angle as tabulated

on Table 1.
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Figure 23 — Schematic for bent sub BHA angle optimization, with 0 being determined bent

angle and x as to maximum BHA length excluding 2-inch drill bit length

Clearance Width (in) = (2 + x) sinf

Clearance Width (in)

Total Length of Bent Section (in)

a+b 10° 9° 8° 7 6° 5°
0.400 2.30 2.56 2.87 3.28 3.83 4.59
0.425 2.45 2.72 3.05 3.49 4.07 4.88
0.450 2.59 2.88 3.23 3.69 4.31 5.16
0.475 2.74 3.04 3.41 3.90 4.54 5.45
0.500 2.88 3.20 3:59 4.10 4.78 5.74

Clearance Width (in) Length of Bent (excl. drill bit length) (in)

ath 10° 9° 8° 7° 6° 5°
0.400 0.30 0.56 0.87 1.28 1.83 2:59
0.425 0.45 0.72 1.05 1.49 2.07 2.88
0.450 0.59 0.88 1.23 1.69 2:31. 3.16
0.475 0.74 1.04 1.41 1.90 2.54 3.45
0.500 0.88 1.20 1.59 2.10 2.78 3.74

Last year's application

Unfeasible length of bent section

Table 1 — Tabulated result of bent section length with various clearance width and angle
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From Table 1, the value from last year application is annotated along with the unfeasible length
of bent section. These are deemed unfeasible due to its very short length. Bent sub is made up of
several components as listed below and therefore its collective assembly is anticipated to result in
1.2-inch as minimum benchmark. Further rescaling of each component is required to adopt the
different length. Fig. 24 below illustrates the proposed schematic of the BHA including the bit, as

the team follows the same model as last year.

Figure 24 — Proposed BHA illustration (OU Drillbotics 2018-2019)

Components of Bent Sub BHA
Top Portion

Top portion features stainless steel tube of 1-inch diameter internally threaded to connect the drill
pipe and bent sub BHA. It is cut at angle and welded on to the bottom part. As a housing unit, this

part does not rotate and only slides during drilling process.
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Figure 25 — Illustration of top portion (OU Drillbotics 2018-2019)

Bottom Portion

A bit assembly with approximate length of 2.275 inch is located inside the bottom portion of the
downhole motor, as shown on Fig. 26. This comprises of two portions. The first portion is a 0.5-
inch OD stainless steel rod with a 1/8-inch groove along its central axis. As BHA is under
compression during drilling operation, such grooves serve a function to hold the cable in place as

the cable twists to send torque from topdrive to the bit.
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Figure 26 — First portion of bottom part (OU Drillbotics 2018-2019)

The second portion consists of a 0.375-inch tube with 4 holes of “-inch drilled at 90° angle to
each other as shown on Fig. 27. These holes serve to collect the drilling fluid flowing through the

cable and to channel it downwards to the drill bit for hole-cleaning and cooling purposes.
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Figure 27 — Second portion of bottom part (OU Drillbotics 2018-2019)

As a connector between the holed section and the top of adapter piece, the team uses a 0.5-inch
OD rod of length 0.7 inches. A brass spacer piece of length 0.3 inches and 0.5-inch ID wraps
around the rod to effectively fill the gap inside the bottom hole assembly, as shown on Fig. 28.
This component helps channel the drilling fluid to circulate into the holed section above. The brass
spacer also serves as a centralizer for the BHA components and replaceable wear piece that

protects components from excessive wear.

Figure 28 — Brass spacer and connecting rod (OU Drillbotics 2018-2019)

Roller Bearing and Adapter Piece

Below the brass piece, stainless steel roller bearing and race of 0.4 inches are assembled as roller
mechanism, which allows the rotation of BHA internal components while the outer section kept
fixed and sliding. A 0.7-inch rod is connected below the race and metal bearing by welding an
adapter piece on its end. This component functions to connect the 0.25 ID hole to a 0.375-inch

internally threaded groove into the drill bit, as shown by the blue circle on Fig. 29 below.
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Figure 29 — Roller bearing and adapter piece (OU Drillbotics 2018-2019)
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Drill Bit

According to this year guideline, a drill bit is provided by DSATS to drill 1.5-inch borehole. This
bit has a typical length of 2 inches, which needs to be taken into account for angle optimization
purpose. However, by drilling 1.5-in hole throughout raises a concern for the team in assembling
the bent sub. Ideally, the vertical hole has to be significantly larger than the deviated section to
accommodate enough space for bent sub deployment. Therefore, the team wishes to propose an

allowance for using 1.25-inch bit to drill the deviated section.
Weight on Bit (WOB) Control on Directional Drilling

In order to deviate the well from the initial vertical wellbore, higher horizontal force to the
direction of deviated target on the bit is required to drive the bit sideways. This is primarily
controlled by Weight on Bit applied on our rig. Attached to the travelling block, Omega LC203
Load Cell is used to measure and control WOB. Calibrated for tension load, this equipment works
as a transducer to produce an electrical signal with a magnitude directly proportional to the
measured force (OU Drillbotics 2018-2019). The specification handles voltage input supply range
of 10-15V dc.

WOB applied on our bottom hole assembly originates from the total load of the drill string

assembly, which is approximately 50 1bf, and from the pneumatic cylinder that gives extra WOB.
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Using air pressure signal that can accommodate up to 100 psi, pneumatic cylinder provides load

for weight support on the BHA.

Rig Hvdraulics

Circulation System

The circulation system is extremely vital when it comes to the drilling operation. The main
objective of a proper and decent circulation system is to cool the bit, transport the cuttings, and
lubricate the drill string. The looped system is to pump the drilling mud through the drill-pipe from
the mud pit and transport the cuttings through the well and drill-pipe annulus once the mud reaches

the bottom.

Last year’s team rigorously analyzed previous year’s brainstorming ideas which was of using
water-based mud (WBM) drilling fluid instead of tap water as it reduces frictional losses and
enhances rheology in the drill string due to lesser drill pipe ID. Shifting to WBM requires a closed
loop with enough mud cleaning equipment to control the mud weight to avoid ROP reduction.
Furthermore, additional options were also considered in the form of air such as aerated drilling
fluids as they may increase ROP. The main objective of circulation is to be achieved that is rock
cuttings transport, bit cooling and lubrication. In the current rig system, the fluid is simply pumped
up from a tank through the PVC pipe to the travelling block, where it enters the drill string through
a swivel. This was replaced with pressure washer hose. The fluid travels through the drill string
down to the bit and then back up again through the annulus along with the cuttings. The cuttings
are filtered out before the fluid finally ends up in the circulation tank. In previous years, the
calculations for feasibility of PAC fluid for drilling purposes was done considering its low

coefficient of friction, 0.40, which compared to water’s coefficient of 70 is better option. Lower
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friction losses mean less pressure loss inside the drill string which can provide maximum pressure
loss at the bit, resulting in higher jet impact force and cleaning. Also, lower friction again will
provide lower friction and pressure losses in the annulus, resulting in lesser Equivalent Circulating
Density (ECD), promoting higher ROP. The figure below (Fig. 30) demonstrates the same effect
of pressure drop due to friction in a dynamic system. To travel from point A (pump) to point D,
there is a pressure drop of 1500 psi (2000-500). Therefore, to travel from Point A to C, the fluid

required 1500 psi pressure to overcome the frictional pressure

A (Pump) B C D
2000 ps1 1500 ps1 1000 ps1 500 psi

Flow Direction

Figure 30 - Pressure Drop Ilustration (Drillingformula.com)

Similarly, it is extremely important to calculate the pressure drop for our project. Theoretically,
the pressure drop is negligible across PVC pipe and hose. Pressure drop across the bit, annulus and
drill string is shown below. Since the bit design this year doesn’t include the nozzle diameters just
like last year, the pressure loss design from last year is used to provide some idea of what to expect

this year. (Baker Hughes)

Pressure Drop Across the Bit

Pressure Drop Across Bit Pressure drop across the bit is across the jet nozzles. It is a function of
mud flow rate, mud weight, flow area of the bit and a constant, Cd which is assumed to be 0.95. It

is defined as Eq. 4:
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8.311X10 °+p*Q

Where Q is the flow rate in GPM, p is the mud weight in PPG, A is the bit flow area in inch square

and AP, is the pressure drop in psi.

Pressure Drop Across Annulus

Pressure drop across the annulus, for our case, is composed of two cases. Last year’s team
discussed the use of collars downhole for increased WOB. Thus, pressure drop will be between
the open hole and drill collar and the other between the open hole and drill pipe. Since we do not
have casing, the case for pressure loss between casing and drill pipe is not considered. For the
above discussed cases, the pressure drop is defined based on velocity, Reynolds number, and

friction factor calculations.

0 0
v=2-
A DO D) (5)
_pV(Do D))
¢ T TSRO U VT TU TSRO 6)

f= % if R, < 2300 (laminar)
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Figure 31 - Moody chart is used if R, > 2300 (Turbulent) (White 2017)

fV2L
————p
2(Do* = D,

Where AP is pressure loss in psi, fis friction factor, L is the length of pipe in, V is the velocity in

in/s, D, 1s outer diameter of drill pipe or drill string in inches and D, is inner diameter of drill pipe

or open-hole. Table 2 below defines all parameters required for above mentioned calculations.

Pressure Drop Across Drill String

The pressure drop in the drill string is composed of pressure drop in the drill pipe as the drill is

inside the drill pipe making an annulus of its own, which is why hydraulic diameter is used instead

of regular diameter. Pressure drop formula remains the same.
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P D A4S (10)
AP - fVZLp
DR L (11)
Bit Area (in?) 0.88 Bit OD (in) 1.5
Q (GPM) 3 Pipe OD (in) 0.375
W (PPG) - Tap water 8.33 Max formation height (in) 24
Nozzle ID (mm) 2.35 Max Drill Pipe annulus (in) 19.5
Bit Flow Area (in?) 0.156 Drill Pipe length (in) 36
PV (cp) 3 Drill Collar Length (in) 4.5
Pipe ID (in) 0.277 Collar ID (in) 0.277
Drill String OD 0.125

Table 2 - Parameters for pressure calculations

Circulation Fluid Consideration

Various fluid options were carefully considered for efficient drilling operation as the fluid affects

the cooling process of the bit and machinery along with ROP. The circulation fluid cases

mentioned below include tap water, aerated tap water, and compressed air. Previous years’ teams

ruled out WBM drilling fluids due to an open loop circulation system. The reason was ease of

design and power limit constraint to design a closed loop circulation. Since the team has considered

open loop system again this year, the economical aspect of a WBM drilling fluid makes it

unfeasible at this time. However, proper drain system will be utilized to safely take the returns

away from the hole and to the drain. The pressure loss calculated are displayed in below.
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Pressure loss
Q (GPM) (Psi) AP _DrillCollar (Psi) AP_Annulus (Psi) AP_Bit (Psi)

1 5.2 0.1 0.0003 4.2

2 20.7 0.3 0.0008 17.0
3 44.9 0.8 0.0019 38.2
4 79.8 1.3 0.0032 67.9
5 124.7 2.0 0.0051 106.1
6 169.2 2.9 0.0073 152.7
7 216.2 3.7 0.0093 207.9
8 270.2 4.6 0.0115 271.6
9 341.9 5.5 0.0139 343.7
10 402.9 6.8 0.0171 424.3
11 487.5 7.9 0.0198 5134
12 552.6 9.4 0.0235 611.0
13 648.5 10.5 0.0263 717.1
14 752.1 12.1 0.0305 831.6
15 820.2 13.9 0.0350 954.7

Table 3 - Calculated pressure drop for different flow rates

Air as Circulation Fluid

As per the calculated pressure drop values, air surely reduces the pressure losses and mud weight,
however increasing the mud flow rate above the optimal rate drastically increases the frictional
losses. Pipe is capacitance is high when air is used, and even though air provides higher RPM and
ROP if done right, the team would have to change the existing equipment. With that said, air as a
circulation fluid can surely be considered as an effective alternative if time permits, but the
convenience of using water and aerated water with the existing equipment has pushed air drilling

to the third option
Aerated Water as Circulation Fluid

Aerated water also results in less pressure drop across the circulation path, but will add many
complexities to the system, which will not justify the tradeoff for the marginal increases in ROP.

Mud weight is ideally between 4-7 PPG, which will increase the penetration rate. This will,
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however, require having a two-way swivel to mix both water and air line into the drill string.
Although this will prove advantageous if done right, it would require a change in the swivel size
and rearrangement of the setup on the travelling block possibly changing the structure of the
original set up. Another big change will be the requirement of rotation control device (RCD) to
carefully take the returns away from the hole. Installation of conductor pipe will be required to
accommodate bell nipple and RCD 57 to achieve this. This will require additional time and effort.

The team has not ruled out this option but has kept this as an alternative to using tap water directly.

Tap Water as Circulation Fluid

In previous years, tap water was preferred over other drilling fluids, irrespective of the highest-
pressure losses among the other systems. It still remains the most convenient and easily to apply
in the case of open circulation. Secondly, the difference in pressure drops is not enormous to
consider shifting from tap water to either aerated or air fluid system. Furthermore, with aerated or
air fluid system the wellbore will be exposed to higher instability risk than the tap water. Moreover,
the entire set up is based on utilizing water as the circulation fluid. Last year, the team decided on
experimenting hammer drilling and its efficiency. Hammer drilling is briefly discussed in the next

section.
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Drill Pipe Connection

The drill pipe plays a role in three rig systems; rotary, hoisting, and circulation. The drill pipe is
how we are able to rotate the bit, come in and out of the hole, and circulate the drilling fluids. The
drill pipe that the team will use is 36 inches long with a 0.375-inch diameter 6061 aluminum pipe
whose wall thickness is 0.049 inches. This drill pipe was chosen because of its high strength and
does not easily corrode. Last year’s team had difficulty designing a connection between the drill
pipe and the swivel and the drill pipe and the BHA because of the vast difference in diameters.
The size difference makes torque and WOB a challenge. In addition to this the flexibility in the
drill pipe and that lateral forces can’t be used also makes this connection harder to design.
Currently, the swivel connects the top of the drill pipe using a compression fitting. The team plans

to use the same connections to connect the drill pipe to the BHA(s) as well.

Connection Design

Per the 2020 Drillbotics competition, the teams can use a 0.375-inch pipe. As a result, the team
will be using a threaded connection to connect the drill pipe to the bit and the drill pipe to the top
drive. The connection needs to be able to perform under tension and compression because the
connection will experience both depending on the rig operation. It is in tension while tripping out
of the hole and in compression while drilling. Last year the team tested three different connections
and decided not to use a thread connection. Instead they choose to use compression fittings on both

ends of the drill pipe. This year the team plans to use the same connection this year.
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Control Architecture

The objective of an integrated control architecture is to provide a medium for drillers to input the
desired drilling parameters and observe real-time changes measured through sensors, while the
drilling operation is running autonomously. In addition to practical purposes, the part of control
system that interacts directly with drillers shall also focus on how to improve safety and alertness
in worst case scenario. This section will cover the software elements of the control system, while
the hardware elements such as sensors will be discussed in the later section. Several modifications

from previous year control design will also be explained.

Overview

The schematic of the control system is illustrated by Fig. 32. The sensors transfer information
representing WOB, RPM, torque, drilling depth, pressure, and flow rate in term of voltages. Other
drilling parameters such as ROP are derivates from these measurements. The voltage is then passed
to the data acquisition hub (DAQ) to be translated into meaningful physical readings, which is
doable once calibrations have been performed. The data acquisition hub used in this design is USB-
6353 DAQ by National Instrument (NI). This DAQ choice was made due to its intrinsic capability
to integrate well with our NI LabVIEW-based control interface. Through the interface, drillers are
able to determine the setpoint of WOB, RPM, and target depth. These inputs then propagate to the
DAQ again to be translated from physical reading to their voltage equivalent. Ultimately, these
voltages are passed to the actuators to control the mechanics of the rig. The resulting drilling

operation is monitored through sensors, and the process repeats to create a closed-feedback loop.
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Drilling
Operation \
Mechanical

LabVIEW
Control
Interface

Figure 32 - Overview of Control Architecture

Data Acquisition

One significant part of the closed-feedback loop is the ability to observe and utilize real time data
allowing the rig to autonomously perform desired tasks, which is impossible without proper data

acquisition. The process of acquiring real time data involves sensors, DAQ device, and a computer

illustrated in Fig. 33.
Sensors Computer
* Real time data » Signal conditioning * LabVIEW for input
measurement * Analog-to-digital and monitoring
conversion

Figure 33 - Workflow for Data Acquisition Process
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A number of sensors (explained in Section Sensors) are installed on the rig, which transmit
information about drilling parameters in term of voltages. These sensors are connected to NI USB-
6353 DAQ to receive the voltage signal and convert the voltages into comprehensible drilling
parameters. The DAQ device is also capable to translate digital to analog, which is integral in
sending the information from the computer to the actuators, which takes voltages into mechanical
actions. This information is then passed to NI LabVIEW, which presents the real time drilling
parameters in intuitive graphical forms. The NI DAQ and LabVIEW combination is extremely

versatile and can be feasibly programmed for autonomous drilling operation.

Graphical User Interface for Control & Monitoring

The previous year utilized LabVIEW as the primary control software for both front-end and back-
end programming due to its excellent capability to present real-time data in graphical forms and
its versatility in input/output (I/O) algorithm. With its great compatibility with NI DAQ device,
any modification in sensors and operations such as recalibrations becomes extremely feasible. In
addition to ease-of-use, intuitive user interface is also necessary for drillers to understand current
surface and downhole conditions. In worst case scenario, negligence in user interface
comprehension can lead to HSE issues. Due to these benefits, this year control system will
maintain LabVIEW application with extra modification, specifically to accommodate the

emphasis on directional drilling and enhanced autonomous safety features.

The user interface allows drillers to control and input desired drilling parameters and observe real-
time measurement. This year’s user interface is a total redesign from last year. Nonetheless, the
features from last year’s user interface are still embedded into the new design. Last year’s user
interface is shown in Fig. 34. The drilling parameters such as Torque and WOB are shown in

graphs that are organized in a compact space. Fig. 35 shows the modified user interface for this
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year’s competition. The new user interface still emphasizes the real-time ROP, WOB, torque, and
RPM. In addition, the new user interface takes advantage of the availability of two additional
OLED screens inherited by the previous OU Drillbotics team. With extra space available, the
changes in multiple WOB, ROP, torque, RPM, and other drilling parameters with depth can be
shown. These additional charts can assist drillers to identify possible drilling issues such as
lithology changes, the new design also includes charts to present the trend of azimuth and
inclination to suit this year’s main competition objective. In addition to directional emphasis, the

new design adds an emergency stop button for undesired scenarios.

WOB (Ib) Torque (lb-in) . |

Top Drive Raised
Landing Sequence

Start Rotating Equipment
Auto Driller

Stop Rotating Equipment

epth (in)

Drilling Complete Q 25.0-

RPM Pump Rate IR 2::2'9"; gt:rt Pressure Inclination
GPM 0 0
ﬁ 0 (3_ ) o -
4 Water Solenoid Top Drive Aoemith
25—
2- 0 0 =
5 STOP Program 00 05 10 15 22
MSE (PSI) 15 i ROP (in/min)
_ STOP Depth
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Figure 34 - 2018/2019 LabVIEW User Interface — Single Screen
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Drilling parameters shown in the new Ul include the current and the trend of:

e ROP

e WOB

e Torque

e RPM

e Azimuth

e Inclination

e Depth with time

The real time measurements will be accompanied by alert visuals that would blip if the parameters

pass through the safety threshold that will be determined in phase 2 testing.

Calibration

Each sensor needs to be calibrated for the conversion of voltage-to-analog and vice versa to
produce representative physical meanings. The calibration process is performed manually for each
sensor and is done at least three times to ensure trend quality and accuracy. Proper calibration will
produce a linear trend in which the slope and intercept can be incorporated into the control
algorithm to show the correct real-time measurement. One of the calibration examples is torque
and it is illustrated in Fig. 36. In this particular calibration, 0.2 V was passed to the actuator to
yield 0 1bf-in and 9.4 V was sent to produce 30 Ibf-in. A few values in between 0.2 V and 9.4 V
were also tested to populate the calibration measurement datapoints. To achieve torque in between

these two values, linear interpolation can be used.
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Torque Sensor Calibration

30 y =3.2674x+ 0.0411 *
RZ=(0.9953 '

Volts,V

Figure 36 - Calibration Trend for Torque Sensor (OU Drillbotics 2018-2019)

Closed-Feedback Loop System

The closed-feedback loop was made possible by the synergy between the DAQ, sensors, actuators,
and control system code. The essence of closed-feedback loop is to design a control system that
uses current measurements from the sensors to pass voltage correction to the actuators such that
the actuators are acting in a desired strength of parameters. Because this year’s competition
emphasizes the ability to drill deviated well, great attention has been put into designing a closed-
feedback loop that yield accurate reading and actions. This year’s closed-feedback loop will
maintain the proportional, integral, and derivative (PID) control algorithm. Reflecting on the
success from last year’s PID success, only proportional (P) and integral (I) parameters will be

considered for fast measurement and input convergence. The values assigned to these parameters
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will be determined empirically through trials to achieve the fastest convergence as possible. The
concept of PID control is shown in Fig. 37. The set point is the input given by the drillers.
Depending on a measurement at any particular point in time, the PID control will see the difference
between the measurement and the set point and pass an appropriate correction to the actuators.

This entire process occurs in real-time.

loop
| Set point l—'
correction |
’ Observed value }—' ‘
|
| sensor |«————| OPERATION | «—| VFD/lConverter

Figure 37 - PID Control Overview

Enhanced Control System

In addition to directional emphasis, this year’s team puts great attention to safety in autonomous
drilling operation. In phase 2, trials will be conducted to train the control algorithm to be aware of
potential drilling malfunctions and act accordingly. For example, an instantaneous spike in torque
may suggest bit stuck. If this happened, the code will be aware to autonomously stop the operation
and trip out, while showing an indicator through the UI about the possible occurring
malfunction(s). In addition to safety, numerous trials will be performed to optimize ROP, WOB,
and torque in relation to mechanical design. This process will be time-consuming but in return,

may be beneficial to shorten drilling duration.
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Sensors

A number of sensors are incorporated in the drilling rig to measure real-time drilling parameters.
The success in sensor measurement is also integral in the closed-feedback loop control system. In
general, this year’s team follows the general sensors integration procedure as last year’s team. The

sensors can be divided into surface sensors and downhole sensor.

Surface Sensors

Seven sensors are incorporated across the surface drilling equipment. These sensors are connected
to the control system through thee DAQ. The following subsection will describe the details of each

sensor and their respective specification.

Vibration Sensor

This year’s team continues to use the Dwyer VBT-1 (Fig. 38) sensor to

Yy
y

il

measure axial vibration. The sensor is installed on the travelling block to

C
continuously provides real-time measurement that can be used to identify o =
potential system failures. The sensor has an input range of 9.6 V to 32 V E

and has a frequency range from 10 to 1000 Hz. The sensor is compatible

Figure 38 — Dwyer
VBT-1 axial

trol aleorith 1 vibration sensor
control algorithm seamless. (OU Drillbotics

2018-2019)

with the DAQ used, which makes the integration into LabVIEW-based

Laser Sensor for Depth Measurement

The laser sensor used is L-GAGE LE550 (Fig. 39). The sensor is fixed on top of the traveling
block. The sensor shoots laser beam onto the top surface of the traveling block and depending on
the displacement of the traveling block, the time reflected will be translated into distance. In the

context of drilling, this distance will be the total depth at a particular point in time. It is an analog-
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discrete visible laser capable of both outputs. The sensor takes voltage supply between 12 V to 30

V, with a response time from 2 ms to 100 ms. It senses from 4 in to 39 in.

Analog Output
LED Indicator

Power LED
Indicator

Discrete Output
LED Indicator

Push Buttons

Figure 39 - L-GAGE LES50 Displacement Sensor (bannerengineering.com)

RPM sensor

The RPM sensor incorporated also utilizes optical reflection like the depth measurement. The
sensor used to measure RPM is Monarch ROS-W (Fig. 40). It is a modular and remote optical
sensor that has voltage input ranging from 3.3 V to 15 V. The working principle is nearly identical
to the laser displacement sensor. The sensor works with the aid of reflecting tape that is applied on
the drill pipe 36 in apart. As the sensor shoots light, at an instant the light hits the reflecting tape,
the light is reflected and measured by the sensor. The frequency of the reflection is then translated
into RPM. The maximum RPM this sensor can measure is 250,000 RPM. Learning from last year’s
limitation, to ensure reliability in all drilling conditions, the ray path for the light from the sensor

will be covered. This is done to prevent external light source to distort the reading of the sensor.
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Figure 40 - Monarch ROS-W Optical Sensor for RPM Measurement
(Monarchinstruments.com)

Torque Sensor

To measure torque, a shaft-to-shaft Omega TQ513 (Fig. 41) in line sensor is installed. It is capable
of measuring 0-3 to 0-2000 1b-in at a maximum operating rotation of 5000 RPM. The maximum
voltage input of the sensor is 20 V DC. The model includes a 1/32 in flat and a 3/8 in shaft key. In
order to ensure power and signal transmission to the DAQ and ultimately the control algorithm,
slip rings made from heavy-duty silver was included. It is utilized to measure the performance of
the motor and the toque applied on the drill pipe. The sensor is fixed at a point such that the active

end faces the drill pipe, which is the region where the torque measurement is critical.

Figure 41 - Omega TQ513 for Torque Measurement (Omega.com)
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Load Cell

Load cell is a device used to measure weight on bit (WOB). This year’s team continues to use
Omega LC203 as shown in Fig. 42. The sensor is a compression/tension load cell which can
measure both. Nonetheless, previous testing has proven that calibration in tension is better. It acts
as a transducer to produce a certain amount of voltage, which magnitude is directly proportional
to the measured force. The voltage input ranges from 10 V and 15 V DC and the sensor is capable
to measure 0-25 1b to 0-10,000 Ib. In ensuring accurate measurement, the sensor is sealed with

heavy duty metals to prevent possible external force contribution.
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Figure 42 - Omega LC203 for WOB Measurement (Omega.com)

Flow Meter

To measure mud volumetric flow rate and circulation, Omega FLR6315D (Fig. 43) flow meter is
installed on the drilling rig. This sensor is capable of measuring flow rate with pressure up pto
3,500 psig for liquids and 1000 psig for gasses. The input voltage ranges between 10 V to 30 V
and the sensor can measure flow rate between 1 gal/min to 150 gal/min. The sensor is somewhat

portable and can be placed at any orientation and location. It has an average response time of 1
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second, which is deemed to be acceptable in our control algorithm. The sensor body is made of

brass and it is designed to work well with water.

Figure 43 - Omega FLR6315D Sensor to Measure Flow Rate (Omega.com)

Pressure Sensor

To measure pressures, two TE Connectivity MSP300 pressure transducers (Fig. 44) are installed.
One is used to monitor mud circulation and the other one is used to record the pneumatic pressure
of the cylinder that governs the movement of the traveling block displacement. The sensor converts
pressure measurement into voltage, just as any other sensor in this year’s rig. It is capable to work
with liquid or gas and it takes voltage input between 0 V to 5 V. The maximum pressure the sensor
can withhold is 15 ksi. To ensure great sealability, O-rings or welds are not required as the sensor

comes with excellent solid machined pressure cavity.
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Figure 44 - TE Connectivity MSP300 pressure transducers (TE)

Downhole Sensors

Only one downhole sensor will be incorporated, which is the gyroscope. This sensor will be

installed to measure real-time inclination and azimuth.

Gyroscope

Gyroscope is integral as a sensor because it shows the azimuth and the inclination angles, which
allow drillers to understand the real-time positioning of the BHA. Last year team utilized a 3-a-xis
digital output gyroscope with low-power angular rate sensor. The specific model used was
A3G4259D MEM (microelectromechanical) motion sensor (Fig. 45). This sensor has a working
temperature between -40 C to 85 C. The main advantage of this sensor is its size: 0.16” x 0.16” x

0.04”, which is small enough to be embedded into the BHA.
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Figure 45 - A3G4259D MEM Motion Sensor for Azimuth and Inclination Readings (OU
Drillbotics 2018-2019)

The sensor outputs a positive digital output for counterclockwise rotation around the reference axis
with set angular velocity. This output will be calibrated to produce a representative real time
inclination and azimuth. It takes a voltage supply of -0.3 V to 4.8 V and capable of measuring +/-
245 degrees per second. Unlike other sensors, last year gyroscope was connected to LabVIEW
using an Arduino Uno module. Although the data transmission was proven feasible, last year’s
team encountered difficulty in gathering usable data. The intense vibration added noise to the
readings. An alternative proposed is to purchase a better gyroscope. In addition to this, two
approaches will be tested in phase 2 of 2020 competition to alleviate reading distortion caused by

vibration on the preexisting gyroscope:

Option A: Spring

The first option is a simple spring integration between the sensor and the adjacent BHA element
as shown in Fig. 46. The spring is intended to damp the vibration such that the energy of the

vibration is not propagated through to the sensor to add noise. The sensor and the transmission
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cable will also be coated with waterproof silicone coating to ensure no water damage would be

encountered.

Waterproof coating

Insulated cables

Spring to damp vibration

Vibrating BHA body

Figure 46 - Option A Schematic Using Spring to Damp Vibration

Option B: Total Silicone Coating

The second option is to fill up the void in the BHA that houses the sensor with silicone coating.
When solidifies, the silicone coating can act like a gel-like material that helps damp the vibration
on the sensor. Option B simplifies the damping procedure because the silicone coating acts as the
damper and waterproof coat. Nonetheless, the damping action will be compared to option A to

examine which option best damps the vibration to an acceptable degree.
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Remote Plug and Play Capability

Remote connectivity, remote monitoring and control of rig operations has many benefits when it
comes to a safer and cost-effective drilling operation. This feature is not a requirement for 2020,
and might likely be required in 2021, however just like last year, this year’s rig will implement the
remote features using cameras at the rig location along with a live video stream to the monitoring
location. The decision was made by previous years’ teams with early implementation of these
features for two primary reasons. Firstly, remote control magnifies personnel safety as it removes
the autonomous rig supervisor and other personnel from rig site. It is indeed a powerful engineering
control which eliminates potential hazards from the beginning. Secondly, the major benefit of
remote connectivity is that it will facilitate easier and cost-effective transition to a plug and play
interface when the DSATS committee formalizes its definitions and examples of proposed data
communication protocols and interfaces for subsequent competitions such as for the 2021
competition. Third benefit is the superior quality control as the system proposed will be capable
of having remote connection wherever there is internet coverage. At the end, the goal of plug and
play capability in a full-scale rig will be to reduce NPT and cost and to facilitate the integration of
autonomous drilling technologies to industry. In general, the ability for management to oversee
the drilling operation in real time will be possible. This system will allow for greater monitoring
and allow for the system to be shut down if a stop work condition is observed by anyone monitoring

the process remotely.

Remote Control and Monitoring

The software for remote control and monitoring would be through TeamViewer™, which is a free
virtual remote desktop software. This software would allow for connection to the windows

environment and may be used to connect to windows environment which will be running the code
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for the rig system. This proposed system shall take advantage of the flexibility of windows

development environment through a remote connection at the windows OS level.

Remote Cameras

For 2019-20, several systems will be testes with independently controlled IP cameras, and using a
pre-built image controller to process the video feed before being sent to final application. Three
remote cameras will be utilized to remotely monitor the rig. Due to obvious reasons, testing plenty
times with the required hardware will be mandatory before a stable design can be established. Two
possible scenerios for the front-end application will be tested. One for the visual monitoring as a
system on its own and the other where the visual feed is incorporated into GUI. The system will
be designed in a way that would make easier use of third-party interface and will also provide
flexibility to comply with standards that DSATS will release at a future date for plug and play

capability.
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Cost Estimate and Funding Plan

The budget for this year is $10,000. This year the team plans to spend most of the budget on

downhole sensors and directional BHA designs. A pie chart of the team’s budget is as follows:

Controls/Sensors

30%
BHA
40%
Hydraulics
10%

Mechanical

20%
m Controk/Sensors = Hydraulics = Mechankal BHA

Figure 47 - Estimate Cost and Funding

Phase 2 Plan

Going forward, the main priority for the team is to create new directional BHA for both plan A
(simplified Rotary Steerable System/RSS) and plan B (multiple bent sub of varying bending
angles). Both assemblies have been designed in this phase. The next step is to begin the

construction of the proposed designs, test the system, and conduct revision as needed.

In terms of control system, the feasibility of the spring attachment and the silicone coating will be
evaluated. The team will also test for the sensors and interface performance. Minor cosmetic

maintenance, such as ensuring no leakage issue on the circulation system, will also be done.
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