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Nomenclature

0 0 “onfined compressive strength

%, oBit diameter

ID - Internal diameter

OD - Outside diameter

O®Youngo6s modul us

"O- Force

"Q oo oiLederal force to destabilize the structure
"QqouMaximum allowable axial forcen dril-pipe
Fa&asForce between the bit and the formation

G - Shear modulus

gl Gravitational acceleration

Q- Buckling effective length factor

a- Length of drillpipe

0 "Y'©Mechanical Specific Energy

Og- Buckling critical load

i & Distance from the center of rotation to the center of gravity

S RILLaoTICS

1 eDistance from the center of rotation to the point of application of the lateral force

Y6 “YUniaxial compressive strength
U aoRate of penetration

" Ultimate d¢rength

” Ultimate shear strength

" Shear yield point

” Tensile yield strength

Max torque

Yield torque

Angle

— = N N N

e Coefficient of friction
m  Density
S

Bit angular velocity

Tolerable torque as a function of the response to avoid exceeding the yield torque



S RILLaoTICS

Some Commonly UsedA\bbreviations

ROP1 Rate of penetration

WOB i Weight on bit

RPM i Revolutions per minute

TVD 1 Total vetical depth

ID i Inner diameter

OD 1 Outer diameter

DSATST Drilling systems automation technical section
ANN 71 Artificial Neural Network

WBM 1 Water based mud

OBM i Oil based mud

PV i Plastic viscosity

SF1 Safety factor

YST Yield strength

USSi Ultimate shear stress

UTST Ultimate tensile strength

UCST Uniaxial compressive strength
TFA T Total flow area

BHA i Bottom-hole assembly

TD i Total depth

DP 1 Drill pipe

HWDP 1 Heavyweight drill pipe

SPPi Standpipegressure

MSE i Mechanical specific energy
CCSi Confined compressive strength
MAOP 1 Maximum allowable overpull
DDOP - Digital detailed operating procedure
PDM i Positivedisplacemenimotor
KOP i Kickoff point

PID 1 Proportionaintegral controller
ANN T Artificial Neural Network



2 Part 1: Drillb otics 2021 Competition

Tablel: Team members and supervisor
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Name

Previous degree obtained

Current degree

Jon Erik Karlsen*
Team lead

BSc in Mechanical Engineering

MSc in Mechanical systems
20202022

Karim Mostafi

BSc inPetroleumEngineering

MSc in Petroleum Engineering
20202022

Mya Chordar BSc in Petroleum Engineering MSc in Petroleum Engineering
2020-2022

Navaneethan BSc in Mechanical Engineering MSc in Mechanical Systems

Kurukkal 20202022

Isar Adnan BSc in Computescience MSc in Computational Engineerin

2021-2023

Mohammad Suleman

BSc in Petroleum Engineering

MSc in Computational Engineerin
20202022

Carol Ladino

BSc in Petroleum Engineering

MSc in Petroleum Engineering
20202022

Magnus Wersland*

BSc inElectricalEngineering

MSc inRobot Technology and
Signal Processing
20202022

Nikolajs Tugalevs

BSc in Petroleun& ProcessEngineering

MSc in Petroleum Engineering
2020-2022

Tord Aaroe

BSc 3Yyear Petroleum Engineering

BSc in Petroleum Engineering
20192022

Sondre Hjelm

BSc 39 year Petroleum Engineering

BSc in Petroleunkngineering
20192022

Jonas Hoyland

BSc F'year Petroleum Engineering

BSc in Petroleum Engineering
20212024

Dan Sui*

Project LeadInstitute of Energy and
Petroleum(IEP), Phone: (+47)5183169

Professor

* Have been a part of the UiS Drillbotics team and Drillbotics competition in -2029.
Yellow boxesepresenthe preliminary member®f thecompetition team(any changes will be reported in

monthly repors).

The two previous yeatlsavebeena chdlenge for students, supervisors, and the industry.
COVID-19 hassignificantly constrainethe Drillbotics projectegardingrig-access,

mechanical workshop, amyerallphysical attendance. This project demantsoad

spectrum of specific subject merscorresponding to a multidisciplinary team. Team B has
been rebuilt with a total aflevenpeople Therearesevenstudents from the Institute of

Energy and Petroleum (IEP), two from tinstitute ofMechanical and Structural Engineering
and MaterialsScience (IMBM), and two from the Institute of Computer Science and Electro
Technology (IDE). All except fothreepetioleum engineering students are on their MSc
studiesFive students from team B will attend the physical competition while other members
suppott thecurrent and future application of the rileam memers have been assigned
personal tasks related ttee main and subsystems of the rig. Also, organizational tasks related
to company visits, seminars, and project promotional work are assighaitidatronger

relations between students and the industry.
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2.1 Problem Description
AThi s year 6s c @regbea viitual rigy including drill stringgBHA and

wellbore interaction, and to demonstrate the model using a control model devefagsetd b
team. Due to the COVI9 pandemic, the Drillbotics challenge committee decided to focus
this yeafs competitioron a virtual rig to facilitate competition success while teams work
together remotely. If school policies allow a team to design and &dphysical rig and there
are a sufficient number of teams capable of building a physical.rig

The teams construting an autonomous laboratesgale drilling system capable of drilling a
directional well through a homogeneous sandstone rock sanapieg by SPE DSATS.

The 2022 challenge will build on the directional drilling element by requiring teams to drill a
wellbore to hit multiple targets at varying vertical depths and X/Y coordinates. The rock
sampl e wil/l have di me(@B6x60xx60adm)asamplesantzed o L x 2
provided upon request. DSATS will furthermore provide compressive strength valties fo
sandstone sample. In terms of drilling bits, different drill bit sizes will be provided. DSATS

bit, developed by Baker Hughesill bed 1. 50 di ameter (1/ 40 inch
yearEs competition) and 20 hdirewngrtlhit;not3ot udent s
exceed 1.50 diameter. To facilitante a direct
previousdagmeter 8/860 | ength (0.0490 c¢c), shal
tubing will be permitted fothe competition Drill pipe for tests performed in the Spring of

2019 on aluminium drill pipe specimen. Due to the nature of the competition, thei@hact

well must be drilled autonomouslyhedrilling system should; therefore,

1) be capable of optimizathe drilling parameters to achieve high rate of penetration
2) handle any faults or drilling incidents that may occur during the operation
3) drill bit steeringtowards the designated target area based otimealdownholedata

The drilling operationd not to exceed thrdeurs Facilitatefor autonomous drilling

operation The combination of surface and downhole sensors is mandatory, to avoid
disqualification for sensor failure, redundant or immediately replaceable items should be part

of the designad implementation. Time to replace a sensor is added to the drilling time. The
teams can dril | a vertical pckistoptfacen WhHerthen ot mo
test begins, the teams will start drilling autonomously by continuing to drititbiehole,

keeping the wellbore as vertical as possible until reaching the kickoff point. The teams wiill

kick off from vertical at any depth belothve 4 v er t i ¢ a |On ghaicompatiton daly o | e .
an RSS or AKO motor will be use@ihebottom hole assembly (BHA) should be able to
implement both system$he drilling rig is limited to 28HP; anylower power consumption
resulting from energefficient designs will receive additional considerati@pending more

than USD 10,000 may be penalized for running over budget. To evaluate the wellbore

integrity of the drilled welkectionthe DSATS committee shall ruaflexible casinginto the

wellbore andusethis to gauge the borehole quality. Tdssingwill be nearly equal in

di amet er t o .Anhlhwergdugemmadhednderdauge dasing will also be used as a
No-go measurement.
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Thefollowing criteriashouldbe considerewhile evaluating thelrilling operationthe
following pages are exacted from the Drillbotics ZZD-2021 Guidelines)

2.2 Project Timeline
Figurel display the projedimeline

Phase | - Design: Fall 2021
Submit monthly reports On or before the final day of each month starting in October
Submit final design to DSATS 31 Dec 2021, midnight UTC
Submit an abstract to DSATS* 31 Dec 2021, midnight UTC
Finalists to advance to Phase Il Announced in mid-February 2022

*DSATS will submit an abstract to the SPE that will include excerpts from the student abstracts by the conference paper-submittal deadline,
typically in mid-summer, for consideration of a paper by the conference program committee.

Phase Il
Group A: Model enhancement/testing and controls development Spring 2022
Group B: Model & controls development/Construction Spring 2022
Group A and B Phase Il Test May/June 2022

Figure 1: Projecttimeline taken from the2021competitionguidelines.

2.3 Evaluation Criteria /Weighting of Competition
Figure2 presents thevaluation and weighing of the compdtition.

Criteria Parameter Weighting
a. Safety Safety: construction and operation 10
b. Mobility of rig Rig up, move, rig down 5
c. Design considerations and lessons learned 10
d. Mechanical design and functionality, versatility 25
e. Simulation/Model/Algorithm 25
f. Control scheme Data, controls, response times 25
Total 100%
Phasell:
a. Creative Ability Analysis, concepts, development 10
B .Engineering Skills Problem/Goal, design criteria, feasibility 10
c. Construction Quality 10
d. Cost Control 10
e. Performance 30
Various parameters such as: ROP, MSE, Landing Bit, Inclination, and other

Are these used within the control algorithms
Accuracy of drilled wellbore trajectory (see Appendix  Proximity of drilled wellbore to required target X/Y

“A"” for details) coordinates and vertical depths

f. Quality of wellbore Tested using the Go-No-Go flexible ‘Casing’ 10
Verticality, tortuosity, caliper, other

g. Data Data handling, data visualization, data comparison to judges’ 20
wellbore logs, and other

h. Downhole Sensor Data Used in Control Algorithm Pass/Fail Pass/Fail
Total 100%

Intangibles Additional score may be added or subtracted by the judges

at their discretion

Figure 2: Evaluationcriteria taken from tle 202 competitionguidelines.
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2.4 Directional Drilling Scoring
Figure 3gives tte directional requirementgor the 2022 competition

B. Directional Objective Requirements
a. Objectives
i. Hit one or more targets at one or more vertical depth(s) and X/Y coordinates

ii. For the Group B competition, the starting directional plan to hit the targets will not require
wellbore inclinations in excess of 30° from vertical, 15° change in azimuth, or 10”
displacement (departure from the vertical axis at well center) The max
displacement/inclination/azimuth are total/accumulated from the start to the end of the
well path.

iii. Please note: Teams should be prepared to drill any given trajectory within the specified
parameters, so the coordinates will not be provided in advance of the test.

b. Automation Requirements
i. Drilling mode/survey mode switching must be automated (i.e. built-in survey interval and

drill string movement for on/off-bottom, slide/rotation mode switching)

ii. Steering requirements (e.g. toolface direction, slide length) must be calculated
autonomously

iii. NOTE: Steering mechanism can still require human intervention for placement and/or
retrieval (e.g. whipstock) but orientation of steering mechanism must be calculated by the
system and shown on the rig floor display.

iv. Directional surveying process must be entirely autonomous

v. Survey qualification must be done autonomously, however secondary
qualification/verification/override can be made by a human

vi. Dogleg severity required to hit target(s), distance/direction to plan must be autonomously
calculated at each survey station and shown on the rig floor display

c. Deliverables Requirements (Magnetic surveying)

vii. All teams are required to provide a definitive directional survey (TXT, LAS, or CSV format)

meeting the following minimum requirements:
viii. Header info to include:
1. Team/school name

Directional Survey Date
Well Center Coordinates (WGS84 Latitude & Longitude)
True Vertical Depth Reference (in depth units above block level)
Grid Convergence
6. Geomagnetic model used (if applicable)

il ol

Figure 3: Directional objectivesautomationrequirement andeliverables to be usedliring competitiontaken from the
2022 competitionguidelines
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Figure4 below is an excerpt of tH&)22deliverable requirements.

7. Magnetic declination applied (Geomagnetic model or in-field referenced)

8. Total Azimuth Correction

9. Magnetic field dip reference (Geomagnetic model or in-field referenced)

10. Total magnetic field strength reference (Geomagnetic model or in-field
referenced)

11. Error model associated with well trajectory (ISCWSA/OWSG error model or
otherwise)

12. If non-standard error model is being used (i.e. formulas being modified and/or
coefficients being changed), error model description (using standard
variable/coefficient naming conventions) and justification must be included in
project design

13. Minimum Curvature calculated trajectory (using appropriate survey station
interval to accurately represent the drilled wellbore position)

14. Each survey station is to include the following data:

a. Measured Depth

Inclination

Azimuth (referenced to “block north”)

True Vertical Depth

Northing (from well center)

mean o

Easting (from well center)
g. Dogleg Severity
15. Final survey station is to be an extrapolation to total depth at the bit
16. All teams are required to provide plan vs. actual plots containing the following
minimum requirements:
17. As-drilled trajectory and original planned trajectory shown on same TVD vs.
Vertical Section plot
a. Vertical section direction to be determined by well center-to-target
bearing
18. As-drilled trajectory and original planned trajectory shown on same X/Y plot
a. Grid north reference to “block north”
b. [0,0] at well center

following minimum requirements:
a. Each log entry is to include the following data:

ii. Sensor measured depth
iii. Downhole sensor value(s) recorded
1. Sensor axes values
2. Calculated survey qualifier values
iv. Accepted survey indicator (if log entry is an intended survey
station)

v. If secondary (i.e. human) gualification is also used, both
acceptance indicators must be shown

19. All teams are required to provide directional survey raw data logs containing the

i. Time stamp (containing year, month, date, hour, minute, second)

Figure 4: Directional deliverablerequirements, taken from the 20@#npetitionguidelines.
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2.5 Baker Hughes vsln-HousePDC Drill Bit
As for previous years, the DSATS committee will provide the team with a bit upon request.

The team will be provided with a micro PDC bit, 1.5 inches in diam(@8.1mm) and 2

inches in total length. The bit features a short bit leagtha high bit anisotropyMost

importantly, the bit has provision to let participants adjust the axial and side aggressiveness of
the bit before a run by changing the expostrth® blunt tungsten carbide elements on the

gage pads and on the bit face.

One d the main objectives for the 2020 competition was to design our own PDC drill bit and
test its perfor maeekgaresalherdsuitsitom @iafiksel®uiter b i t
design and the bit managed tbill upwards of 4 cm/min in sonsectionsvhilst eliminating

most of if not all bitwalking and lateral vibrationfue toa changen therecirculation

system (pneumatic twaterbased)a redesign ofheinternal bitflow paths ofthe inhouse bit
mustbe performedif our own bitis going to be usedrigure6 presentdit specificaion for

that has been used in previous testing and will be used as a baseluréhkrtesting[6].

Figure 5: In-house bit on the left aldSATS bit on the right

Location Cutter number Back-Rake Angle
Cone 1,2, 3 and 4 20°
UiS Bit Nose/Shoulder 5, 6,7 and 8 20/25° *
Gauge 9,10.11 and 12 30°
Cone 1 and 2 25°
DSATS bit | Nose/Shoulder 3 and 4 20°
Gauge - -
* Cutter 5 and 6 have 20° while cutter 7 and 8 have 25° back-rake.
UiS DSATS Alibaba 1 | Alibaba 2
Specification US SI US SI US SI USs SI
Diameter 1.5 381 1.5 38.1 1.5 381| 1.5 381
Length 1.437 36.5 | 1.35 343 24 61 2 51
No. Blades 4 4 3 2
No. PDC Cutters 12 4 3 2
PDC Diameter 023 6 |0323 82 |0.511 13 |0.511 13
No. TSP Inserts 4 0 0 0
No. TC Inserts 0 5 0 0
No. Nozzles 4 4 1 1
Nozzle diameter 0.039 1 [0125 3175 (0197 5 |0.197 5
Connection 1/4" NPT 1/4 NPT M14/M16 M16

Figure 6: In-house, DSATS and Alibaba bits specifications
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2.6 Well-Log Analysis of Previous WelFrom the 2019Competition
Experiment 1: Vertical well section

Experiment 1: homogeneous inclined section 355 mm to 440 mm MD. Duration 0 - 615 seconds. Horizental build 7.685 mm. (7 deg whipstock used)

MO [mm] BTy [reimin] DOE [mmirev] MSE [MPa) Azimuith [deg] Az offset [mm] Act, std. Time |s]
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Figure 7: Experiment 1: Well log representing rig performance when drilling with downhole motor in inclined section using
a 7-degreewhipstock

Figure7 aboverepresentdhe firstdrilled well section wih BHA logging tools It was drilled

from 355 mm MDto 440 mm MD in homogeneous cement, usifgdegreevhipstock. The
WOB setpoint is kept constant at 5 kg, while the RPM setpoint is varied between 925 and
1075 revolutions per minute. The resulting ROBppoximately 0.4 to 0.5 m/hr, which is
considered a good result given the increased wellbore friatidra low WOB setpoint. WOB
setpoint has from experiments conducted in the past been assessed to be¢heciabst

drilling parameter affecting the RO The MSEvariedbetween 10 and 4UPa andwvas
calculated by hardcoding a constant torque value equdaNm (since the top drive is turned

off during drilling with the downhole motor for less noisy data; resultingzeratorque
measurement in the natercoder). Fronfigure?, it can be observed that even with high
oscillations in the downhole sensor measurements, approximately 7.5 mm horizontal build is
achieved, with an offset on the azimuth of approximatetym.In Figure8 below, a cross
section of the first deviation well that wasliéil successfully is shown after a waterjet cutting
machine was used to split the rock sample.

Deviation well 1, homogeneous cemerit,degees whipstock

Figure8 display thewell profile using 7 degrees whipstogklhomogeneous cemeftrom
inspection of the rock, approximately 55 mm horizontal build aehieveaver 490 mm

TVD of drilling belowKOP. In the last 150 mm of drilling, thienuckle joint tirned slightly

due to a twist in the connection between the klejcknt and sensor sub, causing an azimuth
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offset of approximately 10 mnivaluationof well-integrity detecteda probability ofbit
whirl, posibly caused by thander gaug8HA. It is, however, difficult to monitor and
confirm bitwhirl with the currentonfiguration.
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Figure 8: Well profile using 7 degreewhipstock in homogeneous cement

Experiment 2: Vertical well section
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Figure 9: Experiment 2: Well log representing rig performance when drilling with downhole motor in vertical pilot hole

section for 170 mm TVD to later Rikith whipstock. Riser is used to ensure verticality.
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Figure9 displays the second wdbg. It showcases a drilled pilot hole section, which
evaluates the performandest can be achieved with high drilling parameter setpoints in the
first vertical section of the competitiavell. RPM is kept nearlyanstant at 1040, and the
WOB is increased frorfirst 5thento 10 and later 15 kg. As the WOB getsrgased, the

DOC increaseffom approximately 0.01 (5 kg WOB) to 0.015 (10 kg WOErt0.025 (15

kg WOB) mm/rev Thisresults inan ROP increase from approxingy 0.5 m/hr to 1.5 m/hr

While the increased WORdto an improvement in ROP, a slight build can be observed
(according to measurements and visual inspektlors likely caused byending of the

knuckle joint at highNVOB. The range folWOB (build inclination) starts at approximately 12

kg (up toamaximumof 18 kg). While the MSE also for this well logaalculated with 1 Nm
torgue constantly, it can be observed that the MSE is reduced as the WOB increases,
suggestindessenergy is wasted and a higher percentage of the combined energy usage goes
into bit-rock interaction.

Experiment 3: Deviation well with WOB 5 to 20kg

Continuing to vary the WOB, the same approach as before is used in an inclined section in
Figure9 as inFigure10. The first 235 mmihe bit is RIH, with a 5 kg WOB setpoint and an
RPM of between 730 and 1040 to pass the KOP wheredad@e whipstock has been
inserted.Thepreviously drilled well section that thenipstodk had been landed in got drilled

as shown in Egeriment 2 aboveContrary to the last experiment, it is observable that while
the ROP continues to increase with an increase in the WOB setpoint, thdddSiot

decrease.

Experiment 3: homogeneaus inclined section 0 mm to 578 mm MD. Duration D - 1946 secands. Horizontal build 106.79 mm. (7 deg whipstock used)
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Figure 10: Experiment 3: Well log representing rig performance when RIH to 240 mm TVD and then drilling with downhole
motor to 600 mm TVD. A 7 degrees whipstock is used to kick off.
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A possible explanation for ithisthat increased friction between thenrrotating BHA and
the wellbore in the inclined section leads to a lower R@RA expecte@approximately 1
m/hr).

The horizontal builds calculated from measurements to approximately 100irimasan

offset an theazimuth of approximately 3 to 4 mmdgurs at the end of the inclined section).
Upon inspection of the well, approximately 45 mm horizontal build was achieved. Possible
explanation®f both the MSE, overestimated horizontal budidd only a moderatgehigh

ROP can be that; either the incredsvellbore friction reduces the overall efficiency of the
drilling operation and that constanbrationagainst the wellbore influence the measurements
for inclination calculation. Another explanation can be trdy half of the BHA is

submerged insidef the well This leaveshe BHA even more unconfined, which affects the
entire assembly\@bration cycle

Experiment 4: Pilot hole, 3166 mm MD. Inclination well from 109 mm to 600 mm MD.
Figurell andFigurel2 demonstrate a complete well. Firslirilling to 166 mm MD using the
riser for a vertical ot hole, then lowering a X@egree whipstock into the well before the bit
kick-off. A pilot hole, where 65 mm are drilled with a WOB setpoint of 10 kg before 15 kg, i
used for the remaining partthe wellsecton. Previousconductedexperimentgproved when
WOB wasincreasd ROP increases from approximately 0.5 m/hr to 1.5 awflathe MSE
decreases as a restuiit.this pilot hole, the hazontal build and azimuth offs@lots are

lacking, with constant values showing (dwean error in calculations since the downhole
sensor was calibrated erroneously).

An ROP is achieved of appdoately 1 to 1.25 m/hr when the ddegree whipstock is applied
within the inclined section when WOB is kept at either 10, 15, orgl@&spectivelyln tems

of the calculated horizontal build from 167 mm to 600 mm MD, approximately 58 mm is
measured witthe downhole sensor, while the actual build is approximately 42 mm. A
possible theory explaining the low horizontal build is related to the smallavesbetween

the bit and the pneumatic motor. It allows the downhole motor to return to-aaréeal

trajectory just below the whipstock, resulting in a rathole and a much lower build at KOP than
10degrees.

Once the crossver has passed the end of widpstock and the downhole motor with a

larger OD passes the whipstock, the bit will get forced tdsvasteeper dogleg than was
initially achieved However this is still lower than the whipstock dogleg at KOP. It is possible
that a higher horizontal buildasachieed with the 7degree whipstock sindbe effect of the

bit returning to neavertical axce he crossover is rotating inside of the whipstock would get
limited. Another explanation is that one of the cutters on the PD@bdived from Baker
Hugheswas observed to be chipped after the operatibwst likely, it is thecause of the
observd reduction in ROP.
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Experiment 4: homoganeaus vertical pilot hoe section 0 mm to 166 mm MD. Duration 0 - 572 seconds. Horizontal build 3,096 mm,  (vertical section

- no whipstock)
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Figure11: Experiment 4: Well log, downhole motor drilling of 1881 TVD pilot hole.

Experiment 4: homogeneous inclined section 166 mm to 600 mm MD. Duration 0 - 1913 seconds. Horizontal build 58.13 mm. (10 deg whipstock used)
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Figure 12: Experiment 4: Well log representing rig performance when RIH to 109 mm TVD (whipst&lakithen
drilling with downhole motor to 600 mm TVD. A-d8gree whipstock is used to kick off.
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2.7 2020Drilling Observationsand Current Updates
In 2019, thedownhole rotational system was revised to a pneumatic motor. It can rotate

independent of & elestric top-drive and was the primagomponentor reducing vibrations

and dedicated top drive for directional control. Careful considerations and measeres hav
been implemented to eliminate the damaging vibrations without achieving the desired results
When switching to the pneumatic system, the vibrations were heavily reduced compared to
our conventional way of drilling. Converting various previously rotagpiags to static proved

to impact vibrations and drilling efficiency significantly. MSE andfRRave been used as
gualification measures for evaluating drilling efficiency. The design has taken inspiration
from industry solutions for directional drilling.

In 2020, problems related to twisted pipe at thedpe connection were resolved by
implementing the independence of the downhole motor design. The connection region of the
pipe and top drive experience cyclic fatigue due to whirl and laterat\obs during drilling.

It originates from the negative loading from the hoisting system exentdek BHA since the
weight from the BHA is too low to put weight on bit. However, such a drastic design change
did come with some issues. Previous issues s@ked, but naturally, new issues surfaced.

The shaft on the pneumatic motor was not desigaekidgh bending stresses. The shaft has

high strength in the axial and torsional direction, but no compensating measures were made to
strengthen the shaft ihe lateral direction. It led to the occasional breaking of the motor shaft
and practically destsong the motarAxial and lateral forces of the shaft were reduced by
introducing a thee-part sleeve. This sleeve absorbed all the external forces and concentrated
the load into théit. The sleeve design proved to be a good solution, but the fedtin ratio

of the sleeve induced stuck pipe.

In 2021, it was intended to introduce a NBWA design, development, and testing. Due to
prolonged durations of lockdown, restricted labesmsc and canceled orders, only concepts
ard early prototyping were perforrdeln addition, it has taken some time to introduce new
members to the project duethe multiple primary and subsystems of the rig. Luckily two
members were introduced in 2019 &@20 that are helping new members get up to speed.

The main aim for 202 to work on the current rig with partly integrated ideas from 2021
competition gobs. Subtasks of the rig systems are new designs related to hoistings,sensor
recirculation, andlownhole motor. The team has ordered components for the new rig
platform. To further strengthen the team's knowledge of the project. It will be based on the
sane structure as the old rig but has increased capabilities for modifications for future teams.
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3 Safety Case
The most imperative goal of the team is to work safely wigpkratng the rig. This can be done

by controlling riks. The following section desibes different methods on how to maintain safe
conditions in the workshop and how the team plan®llow occupational safety and health
organizationO S H A Gierarchy 6 controls shown inFigurel13.

Lo Hierarchy of Controls

Physically remove
Elimination the hazard
U o % 74 Replace
V.. & Y — S hazard
Englneering llsolate people
C'Lf-)iit'\-ff- from the hazard
Administrative Change the way
P
Protect the worker with
Personal Protective Equipment
Least
effective
Source: NIOSH

Figure13 OSHAG6s hierarchy of control s

3.1 Elimination

The most effective safety rsure is elimination. Elimination focuses on physically removing
hazards fomthe work area. An emple of elimindon in our workshop is the inpmentation

of safety glass around the rig. All moving c
andbehind safety glass. This eliminates the chance that anything will bet¢audlyé moving

systemsor any debrisrbm injuring a team member.

3.2 Substitution

Substitution replaces a hazard with a +#m@zardous solution. An example of the team
implementingthis isby modifyingt h e r i g &swhealsavhilenouingthe riganduse
stablefeet during drilling. This substitution eliminates the possible hazard of the rig moving
while drilling. This could injure personnel abe detrimental téhe rig. A seond example is

to use a jack or other available lifting devices rather taarying the formation manuallyhis
substitutes manually caring the rock and risking injuries to team members.

3.3 Engineering Controls

Engineering controls focus on isolating theazar ds from personnel |, b
hazards. An example on theris the remote control and mbnor i ng system for
operation. This system keeps the team members from needing to touch the rig while it is in
operation. Another example thfis is the emergency cut off for the rig. It is located a few meters
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away from the rig anytime it is drilhg so it is always safe to access. If pressed the rig will
immediately stop drilling.

3.4 Administrative Controls

Administrative controls change thewthat personnel work. Each team member is required to
complete a machineorkshop hosted by IMBM at theriversity of Stavanger. Each student

is also required to take additional training for each piece of heavy machinery they plan to
operate. In additioto this training the shop has proper signs that clearly state the harards
the area. The university alsequires that each workshop has artapate virtual binder of

data safety sheets that is available to everyone at the university.

3.5 Personal Protetive Equipment (PPE)

PPE is the last defense between a worker and thechd@&@per PPE is required fonymne
working in the facility with the rig. PPE required for each job is different but common PPE
required are ear protectiogpggles and protectig footwear. Ear protection can guard team
members from the noise generabgtheavy machinery such as pumgsmpressors, or the rig
itself. Protectivegooglesare used any time the rig is drilling since component can fly off during
the rotation of the bitPrdective footwear should be used when heavy components are being
movedt o pr ot ect t e ambeingerusiedfthélead sheukdfall. f r
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4 Rig Systems and Design
The laboratoryscale drilling rigin Figure14is designed to imitate the main functionalityaof

typical drilling rig. It consists oseveral vital systems such as a rotationalesysor power
transmission to the bit, a hoisting systemn tripping in and out of the wellnd a circulation
system to remove cuttings and lubricate the bit and welllddhere is, however, one challenge
when downscaling the entire machinery to the tabmry scale. On the full scale, the combined
weight of the assembly (bit, BHA, drill collargnd pipes) is sufficient to provide the necessary
weight on bit (WOB) to peetrate the rock formation. The neutpaiint is kept in the weight
pipe/collars, andhe actual drill pipe remains in tension which signifianeéduces the risk of
buckling andwisting of the pipe. On the laboratory scale, the weight of the pipe, BRAbIt

is insufficient to provide suctequired WOB.

Therefore, an additional force to gravity must be exerted towards the formation, witiod o
laboratoryscale system is sad by one servmotor attacheddriving a linear balscrewralil
rather tha traditional draw works. Since adding WOB from above the drill pipe leaves the
entire system in compression during the drilling operation, ¢agkion must be taken regarding
thedrill pipe, which is the weakest component of the system. Another challathgeplicating

an actual drilling rig is the total length of the drill string assemAlyminum pipes withlow

wall thickness (WT) candoused to reproduce some of the ségndss and challenges of drilling
with several kilometers of drill pipes. Fulansparency of the drilling operation is enabled
through an unconfined system; hence for all drilling operations, surface conditionsTapply.
implies that one may assimilatee confined compressive strength (CCS) with the unconfined
compressive stretig (UCS) for the rock samples that are drilled with the rig.

Figure 14: Drilling Rig
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4.1 Rotational System

4.1.1 Top Drive and Rotary Union
No significantchanges will be made to the top drive, as the motor provides sufficient RPM

and orque to the rig. The top drive a hollowshaft brushless motor that transfemjue
directly to the drill string assembly, with arstantaneous torque of 8.59 Nm andteda
torque output of 2.86 Nm. Even if RPM during drilling is limited to 1500H&yrbtary union
in place, the mair delivers 3500 RPM if required.

A rotary union is a device that provides sealing between a statisnpply passage and a

rotating part. i permits the flow of a fluid into or out of the rotating part. The rubber hose

from the motor to the rotary union is the stationary part, while the drill string is the rotating

part. The rotary unionused forthikst em i s a DEUBLI-NO0@0L)8This NPT R
rotary union has a low torque rating and can hawi, OBM, andaeaated nud.

4.1.2 Pneumatic Motor

The idea is baskon rotating the bit using a downhole mofbineair motorseen inFigurel5
hasprovento have enogh torque and rotational motion. An-giriven motor has a higher
powerdensity; therefore, a smaller @riven notor can delivethe same power as its
electrical courdrpart.Air motor speed will be regulated through simple floantrol valves,
and its brque will be varied by controlling pressure. There are many diffeypes tof
pneumatic motors; however, we aigng an air vaa motor for drilling. Vane motors
essetially consist of a rotor that revolves in an eccentrically offset perforation obtbe r
cylinder. The vanes form working chambers, the volume of whiclkeases in the turn
direction. As the compssed air expandghe pressure energy subsequentlydi@ms nto
kinetic energy, producing the rotary motion. One challenge will be théhlefiguch a motor.
The used motor from DEPRAG has the following perfance data:

Nominal power: 170W
Nominal speed: 750 rpm
Nominal torque: 2.1 N/m

Air consumption: 0.3 m”*3/min

= =4 4 A

Based on previous experience with drilling using our system, thesemarfoe numbers
related to rotation and torque are efficient enough. Hewekie size of an air vane motor
with the required performance data is significastshown in the dimension sheet to the left.
With a length of >200 mm, and rigid stainless stelbfems with inclined regions of the
borehole such as stuck pipe andtfan emerged.
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104-X20-1

e

Figure 15: DEPRAG pneumatic motor

4.1.3 Positive DisplacementMotor (PDM)

The new rig design will include a positive displacement motor as a dowmiodbe with

water as the working fluid. Due to the design constraintsrims of size, the aim is to design,
fabricate and constol a customized PDM withneoptimized output RM and torque. The
pneumatic motor will be used as a backup downhole motonriBe sections of the PDM
are the power section and the transmission@ecthe transmission section will consist
either a sigle or double universalijot. The power sectioof the PDM willbediscussed
below.

The theoretical modelling of the PDM indes the modelling of the power section geometry
and thereafter determing the theoretical output of the PDM. Two journal articles by Nguyen
et al.andSamuel et ahave described the theoretical/analytical modelling of PDMs. These
models will be utilizd to determine the geometry and theoretical performance of the PDM to
be used in the new rig. Hereafter the modelling method prescribed by Nguyewitte.
discussed
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The cross section of both the stator and the rotor in the PDM are made up oédnodifi
hypocycloids.The modified hypocycloids are constructed with a seniec(diameter =)
additionally constructed at the cusp of the original hypoagclo

A PDM will consist of a Klobe stator and a (H) lobe rotor. The difference between the radii

of the stator and the rotor is the eccentricgydf the PDM. The crossectional area for flow
(0 )in a PDM is given by the equation below

0 CANQ UL ¢ T

The diameters of the rotor and the stator are equal to the base diameters of thel Kiioan
plus the semicircle diametdrequations below).

0O Q; Q ¢QU
O O Q cQu p Q

The relationship between the rotor and stator diamétagiven by the equation below:

00 Q
L p

The relationshifpetween the rotor and stator pitch lengths is given bgdation below:

C-l| (]

L p
The output torque and RPM of the PDM depend on the pressure drop and flow rate of the

fluid across the PDM. In this regard the theoretical torquespadd are given by the
eqguations below. These are the mogeéscribed by Nguyen et al.

0 c¢AQU ¢ TQUL pdO
Y MipogQ U ¢ TQQU p030D-"00 d0Q

The models prescribed by Samuel et al. for RPM and tarpias follows:
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Using the models in the abovementioned journal articles the performance of the PDM
constructed as part of the neiy will be compared and validated.

A simple concepof the power section of the PDM is showrFigure16 below for a 3/4

PDM. During the fabrication phase different power sectionsheltested to deteine the

optimal configuration for maximum RPM and torquegeTrklationship between number of

lobes and torque and rpm is that an increase in number of lobes gives an increase in torque
and decrease in RPM and vice verBais can beriewedbelowin Figurel7.

Figure16: Concept of Power Figurel7: Number of lobes vs torque and RBMput of a PDM:

section of 3/4 PDM
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4.2 Hoisting System
The rig has been modified with a new single hoisting system rather than thadhrator

system aseen inFigurel8. It is mounted in a closed environment, iteg internal parts such
as drive-screw and linear stabilizers are shielded from outside factors. It is powered by a
single servo motor gable of high loadsThe top drive is mounted in a sandwich
configurationpositioned at the top of the floating plad@d three load cells are triargrly
positioned between the lower top plate and an upper floatinggglateinFigure19. The

floating plate tansfers the WOB to the load cells. In an inertial frame, the measoteésn
tension but is convertdd compression. The motor is equipped with a brake that can stop th
hoisting or lowering of the top drive. It also offloads the m@dorque on theervomotor

while the system is idling. The servo motor communicatesitiira dedicated PLC that
transfes the signals directly to the-lmouse control system. The load cells have been reused
from previous years since they work well; ilaénas not been a need to make any changes to
this.

Figure 18: The 3rd stepper motor (red circl@jith open guide to the left and the new enclosed guide to the right

Figure 19: Plates in sandwiclkeonfiguration for mounting of top drive motor and load cells
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4.3 Circulation System,Pneumatic
The ystem, as of now, has beeperading with a pneumatic systerfigure20. It has

provided the downhole motor with air converted to torque to the drill bit. The sysieimeen
run with a pneumatic system has providd the downhole motor with aoonverted to torque
to the drill bit. This has for now been stripped of theang plans for a water circulation
system are in progress. When using the pneumatic motor as a rotational provider, the air is
needé both for powegeneration and cuttings trgportation. The pneumatic motor requires a
high flow rate of 300 LPM to have any torque transferred to the bit; a compressor with an
output of 16 bar has been used to deliver enough flow to the downhole niet@ol€&noid
valve is a 2way, normally close control valve. The valve control takes place through the
control electronics, which converts an analog input signal into a-®itié Modulation

(PWM) signal. The duty cycle of the PWM signal determines tileeaorent anchence the
position of the plager. It is used to throttle the inlet pressure fre00% to control the
motor's rotational speefligure21 represents theariousbit RPM at different valve opening
paositions.

1) Outlet (to pneumatic
motor)

2) Pressure Transmitter
3) Manual choke valve
4) Manual pressure relief
g?ge s

olenoid valve

6) Manual pressure relief
valve )
7) Passive pressure relief

g?msdmuﬁc Maintenance
unit

9) Inlet (from compressor outief)

Figure20: Pneumatic line up. (YeW lines)

Solenoid ONm Torque | 0.5Nm T | 1.0Nm T | 1.5Nm T | 2.1Nm T
Valve Position [RPM] [RPM] | [RPM] | [RPM] | [RPM]
60% 420 370 320 270 210
70% 732.6 645.4 558.4 471 366.3
80% 924.6 814.5 704.5 594.4 462.3
90% 1038.6 915 791.3 667.7 519.3
100% 1074.6 946.7 818.7 690.8 537.3

Figure 21: Bit RPMs for solenoid valve openings ranging from 60% to 100%, corrected for 0 to 2.1 Nm torque.
The data is taken from experiments performed by Lgken and Lgkkevik
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4.4 Circulation System Water
Figure22 displays anew circulation system concept

for the rig. It should provide drilling fluid for the
PDM (postive displacement motogystem and
hole cleaning. Depending on the PDM design, the
requiremens of the pump are unkwn. The old
system used in 2013019 usea positive
displacement pump for hole cleaning. It had a flo\

rate of19 I/min with a maximunworking pressure =
of 3.1 bar. Logically, the new pump must be able
deliver much higheworking pressureo supply tre

bit with enough torque and RPM. sall valve
By the @mpetition guidelines, the RSS system "

Drill floor-Floating

Drillstring

explained ir4.30 must also be able to be
implemented. This system would be powered by 1
same pump and fluid lingystemas thePDM. The
difference would lie in the conngan of the BHA Figure22: Proposition of a new circulation system
where the drill string must have the same coupling

for both PDM and RSS system

Pump

4.5 Cuttings Transport System
The air supplied to the pneumatic motor is flowing at 300 I/min. While drilling, theepso

produced a large amount of fine dustyering the laboratory. This was not acceptable, and an
efficient cuttings transport system is imgera. Cement and sandstone particles should not be
inhaled, so for HSE reasons require a complete collectionttihgs. Two ash vacuums are
used to cokct the particles from accommodating the fine collection of particles. Since most
of the particles avel by the same velocity as the air, the cuttings must be confined in a space
where they can be extracted froine air. Therefore, a confinement box wasidned to be

3D printed in ABS.

4.6 Water Based Filtration System
Implementing a watelbased circulatin system will automatically remove the need for a

bulky ash vacuum cleaner and remove the demand for thenedridox used for containing

the dust. Instah a twopart filtration system can be used to remove and separate the cuttings.
This would save spa¢ dependency on other systems and consolidate the fluid circulation and
the collection of cutting into one dga.
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4.7 Power and Electrical Setup

(a) High volatge system. (b) Low voltage system.

Figure 23: Depiction of Electrical Setup on the rig, ensuring HSE pralecting equipment.

Figure 23 (a) abovedisplay the electrical cabinet still is@and theold Arduino boxin Figure

23(b). In accordance with HSE regulations armbd practice, all higlvoltage components

are placedvithin a fuse box cabinet. This cabinet houses both the fuses for-pimage and

3-phase power systems as well dsvabtor divers, power supplies and so orodél space in

the electrical cabinetwih | | ow addi ti ons to negrdtedintethis 6s cor
cabinet.

New from this year is a sub pamebunted on the rigsthere most of theomponents that are
sensitive to noise is going to be placBahce we were running out of space in tiek abinet

and the new PL@llows us to have remote I/O connected over a fieldbus (namely EtherCAT)
we saw this as a good option. ltostens a lot of the cable ruasd noves them away from
components which produeelot of EMI. Additionally, it should make moving the rig easier

as we will have lessablesto disconnect

4.8 Whipstock
A whipstock solution is NOT likely to be used again for competition, however it is included

in the report as this may change. The whigsitself is basically a wedgthat pushes the drill
bit out in one direction as you drill. This allows you to build a new well branch out from
another wellThewhipstockwas previously usetb kick off the well4 inches(10.16cm)
below the surface of érock.

The challenge for uwith respect to the competition is that we cannot change thetdrig
after the pilot hole is drilled because the whole process is supposed to be autonomous.
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Figure24: Whipstock used in 2019 competition

Therefore, we hatb designa whipstoclkdisplayed inFigure24 that would accommodate a
drill bit of the same sizas the pilot hole.

The whipstock was designed in Fars860 and 3D printed in PLA (Polylactic Acid) to verify
dimensiams and function. Multiple whipstocks withffdirent kickoff angles were 3D printed

in 316L stainless steel. As you can see from the picturegime24, the whipstock will

indeed fit into a 32 mm ID pilot hole amdn at the same time accommodaB2 anm dill

bit. This means that we will have to ream some of the wall of the hole as we enter the hole
with the whipstock inserted.

4.9 Riser SystemPositioning Unit and 2022 M odifications

The riser system positioning usiéen inFigure25 has been used for whipstock positioning
and control of the BHA in previous y&afThe riser (yellow object) is mounted to two lead
screws and two Nema23 stepper motors, moving in-flieextion orly.

The idea for 2022 is to modify the $gm, which will enable stabilizing option while making
the first contact with the formation and drilling the first inches of the pilot Aidle. BHA will
be able to go down to the top formation level, aredriter system will skid in with the help of
thetwo linear guides mounted in parallel. It will grab the BHA and hold it wdniguringthat
the amount of friction in the axial direction is minimaéhe system will probably have a fixed
y-axis to save helg since we only need two moveable axes. Tieig actuators would
mount to a frame adluminiumtube. It allows us to easily remove the whole module if
needed, removing just four bolts, and unplugging ¢aonectorsThe stepper motors are
controlled fom thenew PLC using EL7031 Stepper motor termsn&ivo 8-pin connectors
have been installed between the rig and the control syetarake it easy to disconnect if the
WPU must be removed.
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Figure25: Riser system ed in2019 competition

4.10 Slip Ring / Data Swivel

The slip ringin Figure26 supports rotation uf 10,000 RPM whicls signficantly higher
than rotational speeds used ontige The slipring is necessary to use if azimuthal
corrections are to be made or while holding angle, by changing the mechagleadran
providing rotation of the top drivahis is due to having wiredpipe system for downhole
telemetry. Slip ring haseven slots:

- 4x for accelerometer/gyro/magnetometer sensor (power, gnd;KIgiN CAN-Low).
- 3xcurrently not in use

Figure 26: Slip ring
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Different pipe materials were testedtime springof 2020 to investigate bettsuited materials
for the operation. The
competition Figure27. The following calculations and estates ar@btained from tests

conducted in 2018 on theespfied pipe. Theory and equations are fridin

|| Drill pipe

| US-units | SI-units

D, (Outer diameter) 3/8

9.525hmm

WT (Wall thickness) ll.lll-l!'}"

1.245mm

D; (Inner diameter) 0.277

T.035mm

L (Length) a6

021 .6mm

Figure 27: Pipe specification

guidelines suggest

From the ASMAerospace Specification Metals irkigure28 displays the datasheetof the
specifications foeluminium alloy 6061T6 thatcan be usef?]:

|| Aluminum alloy

[ 6061 T6 |

Ultimate Tensile Strength

310 MPa

Tensile Yield Strength

276 MPa

Modulus of Elasticity

68.9 GPa

Ultimate Bearing Strength

GOT MPa

Bearing Yield Strength

386 MPa

Poisson’s Ratio 0.33
Shear Modulus 26 GPa
Shear Strength 207 MPa

4.12 Pipe Slenderness

Figure 28: 6061-T6

The slenderess of the drill pipe muste consideedwhen investigating what the drill string
can handle. Iengineeing, the slenderness is a measaf the tendency for a drill pipe to
buckle. If theslendernessatio (Eg. 1) is found to be greater than tngical slendernessatio

(Eq. 5), thenitismpir i cal | vy

f o Lritichl loadfoantula Eq.4) is aypdicable. If

not , t he paraboticfonnsula (EQ. ) should be used to determine the critical load for
buckling. Slenderness is by definitiahe relation between the effective lengththe drill
pipe (I) andgyradius (k) and can be foung bsingEq. 1:

5
P8 YA0E QO O n

The gyradius is defined Eq. 2

F & 0 -,

O

| is the minimum momedrarea of the crossection and A is the crossctional area, given by

Eq. 3 and 4espectively.

&8 0 —20Q 10Q
I 01
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The critical slenderness ratio is given as follotg.(9:

a ¢ O
r & 0 -

where Es the modulus oflastictyand GOy is the tensile yield s
For situations where both ends are fixed, it is common to use a factor of 0.@0find.the

effective length of the drill pipéseeFigure29). WhereL is the original lengthinserting

values from the prewous tables intthe above formulas will create the results displayed in the
following table. The results can be used in further calculations.

Cross-sectional area, A 3.24 = 107 %n?
Second moment area, [ 2.84 x 10~ 10yt
Critical slenderness ratio 70.2

Slenderness ratio of drill pipe 280.2

Figure 29: Drill pipe slenderness da

4.13 Pipe Buckling

Since Drillbotics is a competitp ROPwill maxed asmuchaspossible tqoush the systems
hard but within HSE regulations. Radf Penetration (ROP) is aimed to be maximized for all
formations such that drilling through unkwa rock samples can be performed as fast as
possible Oneof the critical adjstable parameteris Weight on Bit (WOB). Buckling of the

drill pipe is the mai limiting factor when it comes to selecting a maximum WOB. foube

thin aluminium drill pipe, bckling of the pipe will be expected if the WOB were to be set too
high. Bucklng occurs wheia structure, such as a drill pipethis case, is subjected to
compressive stress and starts a sideways deflection. Thetidefieay cause the drill pipe to
wear due to abrasion along the borehole wall. If the deflection becomes toaluysedxill

pipe will start to deform plastically and eventualbgé all itsload-bearing capacityThe

strength of the drill pipshould be&knownto avoid and prevent the buitlg effect The issue

of the buckling effect may be resolved by using either | eritiodl$oadformula or
Johnsondés par abol i and7, cespattivelg depegding enrthe dlendefess 6
ratio.

“ 00

00

Where O is the Eulegs critical load, E is thenodulusof elasticity, | is the minimum

moment area of inertia of the cressction, K is column effective length factand L is the
unsupported length dfie cdumn.

r® O

r®& . . 5=

Ueri st he criistthe msilé yiekl stragths Bis thelmodulus of elastigignd -
is the slenderness ratio. It is empirically found that Buker ical toadtformula will not be
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accurate below the critical slenderness ratio. Onashd t hen use Johnsonds
formula, which is vad for lower slenderness rati¢3].

Critical Stress

60000

— Euler Curve
\ Yield Strength
50000 A — Johnson Parabaola
\ Tramsition
40000
= — -
« 30000 —
H] . \
& H‘“‘a
i
20000 ‘\'
10000
o L
o 3 10 15 20 F=} 30 5 40

Length (in)

Figure 30: Plot of the Euled surve (representedirerd) and Johnsonés parabola (represent
and material as we have in our projg4i.

Figure30aboved i spl ays a pl ot of the Euler curve (r
(represented in blue) for a similar situation and material as we have in our project. The
material is a 606T'6 aluminiumwith a circular cosssection of 1 inch. The cahon is pinned
at both ends. As the plot showsgcriticalbtress t he | e
approaches infinity; thus, Johnsonodos[4parabol

In ourcase, we have taulated the slenderness ratmbe much greater than the critical
slendernessrati@ hi s means t hialtload fdrneula Ehouldegivedus a goodi t
theoretical estimate of the maximum load the drill pipe can handle without fog.Ckdi use
Euleb s c r i foimala dne mustaletermine an effective length factor. One determines
the effective length factor depding on the end conditions of the column. Due to the
implementation of a fixed riser system above the formation, weidenthe end galitions as
fixed-fixed.

End Condition: Pinned-Pinned Fixed-Fixed Fixed-Pinned Fixed-Free

lp P lp lp

llustration:

Theoretical Effective Length Factor, K: 1 0.5 1/v2 2

Recommended Effective Length Factor, K: 1 0.9 0.9 21

Figure31: The values of effective length factor, K, depending on end cond#ipns
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The input data and result f oseerHArfiue320s cri ti c

Modulus of elasticity, E 68.9 x 10° Pa
Second moment area, 2.84 x 10~ ""m?
Effective length factor, K 0.9
Original length of pipe, L 0.9216m
Eulers critical load, F, 280.5 N
Figure 32: Results

The critical load has resulted in 280.5 N, which is equivalenB16k®. Thus, one should not
apply more tha28.6 kgof WOB to prevent any potdat stress and damagehigh couldlead
to the drill pipe buckling.

4.14 Maximum Pipe Torque

The top drive motor must be dimensioned with the radayys t e mé6s weakest comp
mind. In our case, the drill pipe is the component that is expected to failrfdst rotation

due to orsional vibratns. The torsional vibrations are typically caused by a phenomenon

called stickslip. Stickslip causestte drill bit to stop rotating, aking the drill string

accelerate and decelerate in a periodic manner.-Sljcks usually a resultfdiigh frictiond

forces on the BHA and drill bit from the formation. In wecsise scenarios, the drill bit

comes to a@mplete stop, and the top drigetor keeps on rotating. Then, it is important to

know how much torque the drpipe (weakest link) saendure to preant it from faling. One

can calculate the maximum torque using Eq. 8.

. 0
r® Y t ;-
where T is torgue, U is shear (istheraglial distanck i s t
to centre of pipe. The radialdit a n c e t, oan lseeexptessed ;asand the polar

moment of inertia foa pipe is given b¥qg. Q

r& U oc O ©
Combining Eg. 8 and 9, we get. 10

r® Y T 2=

where Taxi S t h e ma X imaRisitme maxanurg shear strdds, iDthe outer diameter
and D is the inner diameter. The shear strengtalominiumalloy 6061T6 is set to be the

ma x i mum s hgxatheallsniniunepips ca endlure before shearing. By inputting data
from tables above, the maximuappliedtorque before the pipe shears is:
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8 4o

To perform safe drilling, thehear yield strength \Wshoutl be known By using Euler
Mascheroni constant of O0.577,,tosmearyieldan conver
st r e g gstshown ibq. 11

r® T T XX,

This | eads to a ysb.B72276MRacb9B MBaamddyugingh of U
formulafrom Eq. 10leads tahe maximum torque applied before the pipe yields:

“ 0 © “ 0 ©
Yot z— p LY p TIZ —

4]
pe ©O pe O 8 =0

4.15 Material Testing

The Drillbotics committe introduced the option of using stainleteel tubing for the
competition. An analysis of th&luminium 6061 T6 pipe and the StainleSteel 316 A269

pipe was conducted to determine the proper selection of material. Bucklirg [phastic
deformationand twistoff tests were carried out using both theoretical calculations and
experimental testing. The objective was to test the drill pipes with respect to tensile,
compression, fatigue, and torsional limitations. In conjunctidh thie experimental tes the
following results have provided information related to which material should be used for
drilling. The dimensions used for testing of the drill pipes and during drilling operations are
listed inFigure33 and Figure34 and describe the mechanical promsrf the drill pipes

Aluminum 6061 T6 | Stainless Steel 316 A269
Properties SI-units | US-units | SI-units US-units
Outer Diameter (D,) | 9.525 mm 3/8” 10 mm 0.394”
Inner Diameter (D;) | 7.035 mm | 0.277" 7 mm 0.276”
Wall Thickness (W;) | 1.245 mm | 0.049” 1.5 mm 0.059”

Figure 33: Drill pipe dimensions as per Drillbotic021-2022guidelines.

Properties Aluminum 6061 T6 | Stainless Steel 316 A269
Ultimate Tensile Strength [MPa) 310 515
Tensile Yield Strength [MPa] 276 205
Modulus of Elasticity [GPal 69.9 193
Ultimate Shear Strength [MPa] 207 -

Figure34: The nechanical properties oAluminium6061 T6 andStainlessSteel316 A269.

In the following subsections, the testsnducted on the drill pipes in the UiS mechanical
workshop will be described in detail. The tests are performed as components tests, meaning a
full-length drill pipe was used to replicate a drilling operation.
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4.16 Tensile Test

The tensile tests were performed onawipe samples of each materfaigure35 andFigure

36 represent the results from the tensile tests for StaiSitesd andcaluminum materal
respectively. Despite slight variations in values betweerspleeimen, it can be assumed that
the repeatability of the tests is satisfied.
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4000 -

2000 A

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8
Tensile extension [mm)] Tensile extension [mm]

Figure36: StainlessSteel316 A2® Tensile Test Figure35: Aluminum 6061 Tensile Test

The tensile load fothe StainlessSteelandaluminiumpipe was around 10500 N and 8000 N,
respectively. As the maximum pulling force that the rig is capable of is 600N, there would be

no danger of breaking the pipes during tripping out of the wellbomerdsults from the
tensile tests can be seerfHigure37 below.

Aluminum 6061 T6 | Stainless Steel 316 A269
Properties Pipe 1 Pipe 2 Pipe 1 Pipe 2
Modulus of Elasticity [GPal 42.8 46.8 156.7 150.2
Yield tensile strength [MPa] 231.6 232 309.7 311.3
Ultimate tensile strength [MPa| | 265.5 266.2 362.7 363.6

Figure 37: Results from the tensile tests.

4.17 Compression Test

The compression tests were performed on three pipe samples of each mateehlish est
comparative result. The results are represented below for bd#taimessSteeland
aluminiumpipe. The compression load for tBainlessSteelandaluminiumwas4443.86 N
and 1325.98 N on averagEhe results of the different pipes are showRigure38 and

Figure39.
Aluminum 6061 T6 Stainless Steel 316 A269
Properties Pipe 1 | Pipe 2 | Pipe 3 | Pipe 1 | Pipe 2 | Pipe 3
Compression Stress [MPa] | 41.6 40.3 40.9 101.3 112.0 119.5
Load [N] 13474 | 1306.4 | 1324.2 | 4056.2 | 4486.6 | 4788.8

Figure 38: Results from the compression tests.

There would b&o danger of buckling the pipe under these circumstargoth the
aluminiumand stainlessteelpipesis applicable for the setup.
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Figure 39: Compression test result$ 316 A26%nd6061

4.18 Torsional Test

The previous tests show that it was unlikely for the drill pipe to either backleeak during

the compression and tension test; a torsion test was conducted on the pipe. A torsion testing
can be done by twisting the pipe along an axis until tafisbccurs. It can then be used to
acquire information about the torsional shear stremximum torque, and shear modulus. In

this test, only maximum torque was collected. The drill pipes were torsion tested by attaching
one end of the pipe to the chuck in tnég whilst the other side of the pipe was supported by
the lathe support rollsy as shown ifrigure40 below.

Figure 40: Pipe setup in the lathe

In the test procedure, one end of the adapters was drilled and threaded before mounting a bolt
of 12.9 quality. Then atque wrench was attached to the bolt. The torque readings were done
manually. Before starting to apply torquesteaight line was drawn across the pipe, making it
easier to spot when the pipe plastically deformed. The torque wrench moment was increased
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by 2 Nm each time when torque was applied. The accuracy of the readiBgoigthe
minimum increment of applierque was 0.5 Nm).

When comparing these results to the theoretical values fedone the stainlessteel

material performed better thaxpected. On the other hand, #leminiumpipe performed
worse than expected. The maximum instantaneous torque fronpttewve is 859 Nm,
meaning that both materials have the required torkgirength. However, as the cyclic
forces experienced lpe drill pipe during a rotary drilling operation are severe, tafsbdf

the pipe at the connector has been an issue atigdé testig to determine which pipe would
be the most suited was necass

Properties Aluminum 6061 T6 | Stainless Steel 316 A269
Pipe 1 Pipe 2 Pipe 1 Pipe 2
Yield torque (7)) 14 Nm 12 Nm 32 Nm 32 Nm
Max torque (T}42) | 19.5 Nm 18 Nm 86 Nm 90 Nm

Figure4l: Pipe test properties

4.19 Fatigue Testing

The teanreceivedower failureforceswhen comparinghe expectedraluesfrom calalations
vs physicaltests. Extensive fatigue testing was performed in the MTS 8@Xial testing
system to evaluate the effectfafigue on tle drill pipe. In the MTS machine, the drill pipe is
simultan®usl under compression and torsional forces. The testida was set to 90
minutes at a compression force of 600 N (max load cell compression) and 9 Nm torsional
force (max top dve torque)During testing of th@luminiumpipes, the maximum angle of
rotaion was reached for the MTS machine. Acedibrationof the system would be necessary
to perform the test. Unfortunately, no resources atitingersitywereable to perform thee-
calibraton at this point, and the tests were only conducted fortidé€ssSteel sample.
Fatigue testing was performed hretMTSmachine for the Stainles3teel pipe; one sample
was tested for 138000 cycles of torsional forces applied whilst beiey a cortant
compression load of 600 N. Following the fatigue testigndestructive Testing (NDT) was
performed to detect srcracks in the material. The NDT was done using Bycotest C10, RP20,
and D30 plus. No signs of cracks were visible for tlanBtssSteelpipe.

4.20 Summary 1 Pipe Testing

The theor et i c adriticallaad,maximurh torque ETClare cazdatedtfer
aluminiumandStainlessSteelpipe byJonatan Bymaand presented iRigure42to compare
the theoretical and experimental values.
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Aluminum 6061 | Stainless Steel 316
Properties Exp. Theo. Exp. Theo.
Euler’s critical load [N] | 4443.8 476.2 | 1325.9 1724.4
Yield torque [Nm)] 13 19.74 32 18.35
Maximum torque [Nm] 19 24.07 88 46.10

Figure 42: Theoretical values compared to the expental data recorded in this chapter.

The Stainles$teel dril pipe had a marginally lower yield torque than gheminiumpipe;
however, tle maximum torque before shearing was almost twice astrighe aluminium
pipe. Having a higher yield and maximuaarque limit is advantageous when selecting the
material ofthe drill pipe. The drill pipes were also tested for their tensile, compressidn,
torsion limits, in addition to a fatigue test. Thag#de test resw$ for both materials of the drill
pipe exceeded the theoretical values. As for the compressionhestrill pipes were able to
withstand compression load much higher than ther#tieal values and should not be in
danger of buckling ding a drilling operation. However, the test conditions the
compression test are not equal to the conditions wdhiléing as the pipe is not fixefixed

but rather fixegpinned.

The fatigue test performed on the Staini8ssel pipe showed no signsarshcks or

mechanical weakness after the ra@strucive testing of the pipe. However, the torsional test
resultsshowed a large discrepancy between the theoretical and testing values. The Stainless
Steel pipe was able to withstand 50% more than the eegbgild and 100% more than the
maximum theoreticabirque. In contrast, threluminiumpipe performed worse thahe

theoretical yield and maximum torque values. Some discrepancy is expected between the
experimental and theoretical values as the testmgecused for the experiments has handles
welded ontdhem in each end. In addition, the experimental setup fdote®nal testing was

not optimal, and some deviation is expeci#tetest summary ipresented ifrigure43.

Operational Limits — Drill Pipes

1 | =

Aluminum 606176 - Qverpull WOB Torque
815,5 kg 135,17 kg 19,0 Nm
Stainless Steel 316 Overpuu WOB Torque
A269
1070,34 kg 452,99 kg 88,0 Nm

Figure 43: Theoperational limits for theAluminiumand StainlessSteeldrill pipes.
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4.21 Natural Frequency and Resonance
Mechanically, resonance in the system caeipitally lead to severe vibrations which makes

reguldaion and control system architecture challengingoBebne can identify and avoid
damaging excitation frequencies, the natural frequency of the system must be known. Sources
of excitation frequency ding drilling can be biock interaction and actuatstepping.

4.21.1 Rig Design 2020/2021

In the previous desig the topplate, drill string and the BHA were treated as three different
bodies and only the tgplate characteristics including it®mponents were investigated. An
experiment was performed to measilre response to initial condition by using load<ell
The load cells are mounted underneath theptage, similar to having load cells underneath
the crown block. The measured quanistygalibrated to be the applied load in kilograifise
load cells us strain gauges to measure cleirgstrain or deflection of the cantilever beam
Thereforethe oscillations reflect displacement, but a correlation has not beenlmoadan
be done using a measuring probe. A weight was attached to the bottom fldrme tie drill
sting connected,dnce introducing an initial displacement of the platge,TXe string holding
the weights was cut and the free vibration responsestmitial displacement was measured
with the load cells and shown kigure44 below. From the measurement, characteristic
properties can be calculateddsa theoretical model for the system can be developed.
Furthermore, the stiffnesk,and friction, ¢ can be back calculated.

1 1 I I L 1 1
1 104

102
Time [s]

Figure 44: Measured oscillatins after release of weight, i,eesponse to initial displacement.)Data was measured using
load cells and HBM QuantumX DAQ device with 4800Hz sampiumiéncy.

It was seen that the oscillations decay and dies rt@bproximatly 1.5 seconds. Adr the

release, it overshoots and undershoots alternately, hence it must be an underdamped system.
More information about the dampening is obtained by studying the decay between the peaks.
Peak amplitude and location canfband usinghe find peaks funain in MATLAB.
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Figure 4 5Figure to the left captures first 20 peaksidure 44, giving sufficient infanation about dampening drperiod.
On right, a wéch power spectrum estate showig the dominant frequency of the oscillation, supporting the period
measured in leftlpt

FromFigure45, the damped frequency, of approximately 30Hz is found. In the time domain,
the frequency is calculated hy=f 1 = Td, where the ped T is the time measured between
two peeks.

The equation belovs used to convert from Hz to radians.
S AEZC A

The logarithmic decrement between the first and theeak are found by usirthe equation
below.

T ]

Results otheabove equatioas a function of cycles between the two peaks used to calculate
the onecycle derement is illustrated in tHegure46 below. For a free, underdamped
vibration, a linear relation exists.
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Figure 46: Logarithmic decrement between first peak anthrpeak as a function of the number of cycles between the peaks.
Slope of the line is the loganihic decrement between peak n and n + 1.

Assuming free vibration, the slope of thediinFigure46is the logarithmic decremeit,=
0.1378, and can be usedtire equationbeloww 0 cal cul at e (eduaiondampi ng
below):

Damping ratio in the systemés= 0.0219. Since the dampening ratio is less than 1, it clarifies
the assumption stated basedthe shape of the response that the system is an underdamped
system. Given the damping ratio, the natural frequency can be calculated as follows:

L
P b

The underdamped oscillation measured in the experiment where initialcdisi@at, X, was
given and can be expressadhe equation belownd plotted in Figure 47.

Mo HzQ 8 * 8 zOEp YRR —
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Figure 47 - Theoretical model of the system response due to initial conditider free vibration. The blue line is the decay
function.
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After the model for free vibration héxeen developed, external excitation to the system can be
studied. The excitation can either be harmonic or random. If the frequency of the harmonic
excitation force is equal to the natural frequency of the system, interéeoenursand the

system is puinto resonancelhe equation belows used to study the impact of different
excitation frequenciefs].

p CL‘-J—

1 1
P CH

A plot of transmissibility as a function of frequency ratio is useful to ingatgithe dynamic
behavior of the system. Resonance, effect of damping and attenuation cancbiedou
Figure48 below.
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Figure 48: This graph illustrates how a forced oscillation transmits to the system. The amplification of the input force is
shown as a function of the frequenaio of the input force over the systematural frequency. When the indoeéquency is
equal to the natural frequency, the system is put into resonance and the amplitude spikes. Blgtingria the

response using the dampening ratio in the sy$temd above.

From the graph, attenuation of the input amplitude is achigvwkd excitationfrequency is

V¢ times the natural frequency of the system. Excitation frequency could either be stepper
motor pulsing or top drive RPM translated to axial kestoon by bitrock interaction.

4.21.2 NewRig Design 202/202

The new rig design consists of a completely different setup however with the same main
components. The setup has been described in a previous section (Hoisting System). The
schematic below irigure49 displays the setuf.o conduct an experiment to determine the
natural frequencies, the BHA plus the top drive motor and the load sensors can be modelled as
a single degree of freedom (SDOF) mass, springjdanper system. A free vibration test

will be conducted when rig has been constructed. The procedure to determine the natural
frequencies will be the same as conducted before (mentioned in the previous subsection). That
is to load the spiring with an ingd displacement and record response as fluctuations in the
displacement. Thereafter use the logarithmic decrement method to determine parameters like
the spring and damper constants together with the natural frequencies. There are three load
sensors conméing the top drive plate to the supporting plate therefloeeSDOF model will

consist of three springs and dampers

4 8
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Hoisting SDOF Model

Mechanism
Spring, Spring,
damper damper

Mass

Top Drive Motor

Load Cells ——»

BHA

Figure 49: Schematic of top plate, top drive, conveyor and BHA (left). SDOF model for the detemaituireg frequeies
through experimentation (right)

4.22 Bottom - Hole Assembly
The bottom hole assembly has undergone several transformations since the initial design. The

previous design concepts and designs of the BHA included a top drive motor and pneumatic
motor as thelownhole motorThe new designs of the BHA will consist o&ttop drive motor

and a PDM as the bottom hole motor. The previously used pneumatic motor will be used as a
backup motor to the PDM. The previous designs, concemtgponentsand manufacturing
techniques wilbe discussed first and thereafter the nevigtiesoncepts will be presented.

4.23 Additive Layer Manufacturing / 3D -printing
Additive Manufacturing (AM), also called 3D printing, is gradually finding practical

applications in the oil and gas ungtry. The industry has shown slow but steady adoption of
this technology in recent years. Though 3D printing technology was largely limited to
polymerbased products like Polyactic Acid (PLA) in its infancy, advancements in-metal
based 3D printing is makg this technology more relevant. 3D printing reduces the itim

takes to produce complex prototypes, an advantage the team has made the most of. Most of
the following components in this chapter have been 3D printed in PLA to discover design
flaws and unfreseen issues. Metiahsed 3D printing allows the team tanprfully functional
components for use in operation. As part of the new BHA design, many of the components
will be prototyped and created using 3D printiRgyure50 presents the Markfged Metal X

3D printet

There are several advantages and opportunities with 3D printing technology. In the coming
years, these are the areas we believe 3D printing will create value:

1. Print prototypes or models to improeficiency andmprove decision making by
visualization.
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Figure50: Markforged Metal-X 3D Printer at UiS

The option to 3D scan components and print them. Old oil fields may have a lot of
components that are no longer manufactured. Withonecanreplace the faulty
component at a reduced cost.

Costand lead time is reduced as the 3D printer does not remjui@d. It can print
different components in sequence, in addition to having-gitewhich removes the
delivery time.

Digital storage with technical drawings that can be printed as requitkdr than a
large physical storage with reserve parts.

4.24 Conceptsof Torque Transfer

The previous design concepts included a universal joint concept, wire concept and a double

universal joint concept. These will be discussed below.

4.24.1 Universal Joint Concept
The single universal jointconcep i s one of two proposed sol

directional drilling challenge. The main objective of the universal joint is to transfer the
required torque between the pneumatic motor and the motor shaft vilibqudssible
problems caused byveire. Severakey factors regarding the universal joint concept were
identified.

1.

It canhandle the horizontal and vertical stresses.

2. Handle shear stress and vibratidmsn external forces translated from the drill bit.
3. Maintain a compagbint and still maintain the structural integrity of the design.
4.

5. Manufacturing capability, able to order off the $loeimponent.

It will be able to meet the required rotational speeds from the motor.

50
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The design of the joint is a commaethod of transferring torque in other machinery such as
cars and trucks, though the dimensions differ. The Drillbotics team discussed the advantages
of this design relative to the wire concept and the prosgnized are listed below.

1 Immediate torquen bit.

1 Reduced BHA length.

1 High operating speeds.

1 Eliminates the possible wear on the inner wall of the sleeve made by the wire.

The universal joints seen irFigure51, it connectgo the pneumatic motavith M8x0.75
threads and M8x1.25 threads to the matmaft. Two universal joints in different sizesre
prepared for the experiment.

Top sleeve

\
s
g Bend sleeve

Bottom sleeve

Figure51: The 2020 BHA with the motor shaft (1), thrust roller bearing (2), bushings (3), uniya@rggl) and pneumatic
motor (5). The sleeve is represented next to the components in the figure.

The downside of the universal joint concept is the variation in the velocity out of the joint to

the bit, this will add some vibration and stresses to #s&gd. There are some ways to

minimize this effect by using a double universal joint or decreasing the angle of the existing

joint. If the angle is smaller, the effect of the different velocities of the two axles will

decrease.
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The 1atio between the input and the output of the angudlncitiesbalances aroungne
percentfrom the angular input. This means in theory that it will not have any immediate
effects on the design itself. Whilst difficult to verify, initial experiments seeoonfirm this.

4.24.2 Wire Concept

The steel wire concegeen inFigure52is the alternative solution to the single universal joint
concept. Using the wire could potentially reduce the length of the BHA as the motor
placement wouldbe more flexible. Removing the pneumatic downhole motor and running the
wire through the drill pipe from the top drive would be an alternative solution that would
reduce the BHA length drastically. However, doing this with the current desigid result

in minimal directional control. The key factors for the wire coneept

1 Flexible motor placement
1 Able to handle high RPM
M Off the shelf wire and connections

The downsides were identified as a risk for tangled wire and wear on the ihgidesteeve.

Figure 52: The 2020 BHA with thewagéessstuds (4) and steel wire (5).

4.25 Thrust Roller Bearing

The trust roller bearing used in t2@20BHA is depicted inFigure53. It is designed to
accommodate axial loadnly and must not be subjected to any radial load. The thrust roller
bearing is rated for 18.6 kN dynamic loading and 48 kN for static loading @tR¥8M. Thus,

it canhandle the drilling operation with ease. The beasitgbetween the motor shaft and

lower stabilizer and is what enables the shaft to rotate while the stabilizer remains stationary.

Figure 53: SKF Thrust Roélr Bearing
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4.26 Motor Shatft

The motor shaft is mounted onto the single unaigant. The shaft transfersedtiorque from

the downhole motor to the drill bit. It is preBged onto the motor shaft using a hydraulic

press. Previously, a large quantity of mrathafts was CN@nachined in the workshop at the
universityand preparetbr different bit connectiond1 4, M16 and 1/ 40 NPT
M8 threads for the universal joinbnnection. The bearing was installed on the motor shaft
followed by thelower stabilizer, two brass bushings and finally a retaining tigholds the
components in place. The ODtbk lower part of the motor shaft is close to on gauge with

the bit, acting as a gauge pad.

4.27 Protection Sleeveand Full Assembly

Figure54 preseng the2020fully assembledBHA with themotor sleevelt wasprinted in 17

4 PH stanless steel at the University of Stavanger. fasthining of threds and removal of
support structureveredone by the team members in the workshop. The purpose of the sleeve
is to protect the components i, specifically the pneumatic motor, universaht, and

motor shaft. There is also a dedicated slot for theoou®rinted Circuit Board (PCB) above

the middle stabilizer. The air from the exhaust on the pneumatic motor travels down the motor
sleeve ad out of an air conduit angled at 45°to enswfficient hole cleaning. From previous
experience, the particlesmggrated with the pneumatic motor are very fine and easy to

transport even with air.

Figure 54: Full assembly of th2020 BHA

4.28 Drilling Assembly, Learnings from 2020

The main challenge regarding the BHA was to assemble all components inside the 3D printed
housing and making everything function as desifddcomponents had to fit perfectly inside

their respective printepart which proved to be a challenge. Since@hponents are

supposed to rotate at speedsd®00RPM, the precision of the components cannot be

stressed enough.
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1 PneumaticMotor - Universal Joint Connection

The connection between the pneumatic matat universal joinmustbe done in a
particularway in other to ensure robustne§le connection needs to be abléremsfer
+1000RPM and 2.1 Nm of torque from the pneumatic mdbet.screwsvereused to
make the connectiomtil they deformedit wasdecidedto makea pinconnectionwhere
pins madeof copper, brass, steel, and sthss steelvere testedAll pins deformed, sdt
was decided to make threads on the universal joint then screw the joint inside the
pneumatic motor. The threading insitie imotor was M8 0.75 which is not a stardd
pitch on for M8 threads. A M8 0.75 screw avas ordered and used for mounting.
Threading of the universal joint proved to be the right solution for this connection.
However, length of threads importantsuchthat the joint will land on its shouldé&y
avoid stress concentrations at the scrBue universal jointball mustbe placed exactly at
the bend of the printed bent sub. If there is a misalignrtietniversal jointendsto
grind against the wall of thbent sub and lose some torque to fiictThe pin shownn
Figure55is only to display the concept. The pins used were manufactured in the lathe
with accurate dimensions.

Figure 55: Teded connections between motor and universal joint.

1 Bent Sub Threading

The bent sub is set to have adéree offset. The angled offset made the fastening the

bent sub such that it was perfectly level with the shoulder on each side Viexytdit

alsohas a complex external shape which makes it challenging to get an even grip around
the bent sub. Due to the offset and complex external shapes, the threading of the bent sub
got slightly lopsidedin Figure56, the effect of lopsided threads is shown. From the figure
one can observe that onéeiis landing on the shoulder. However, by turning the BHA

180°, one can observe that there is a gap betweehdhdders. This means that the BHA

will not be perfectly aligne.

j, T —— \_

FUl s

e

'

Figure 56: The effect of lopsided threads.

54



S RILLaoTICS

1 Shaft, Bushings and Bearings

The CNC-machining of thenotorshaftwere not perfectly accurate where the thrust roller
bearing should be placed. It is particularly important to havecbiolerances when one
uses a hydraulic press to prégs bearing. When predgting a bearing, one should not
exceed more than ®&0Onm discrepancy between the diameter of the shaft and internal
diameter of the bearing. On the shafts that were @Nchined,On the shafts used for
drilling, the diameter wasetto 20.02 mm to safely preéis the bearing.

Motor shaft length is important related tgaint shaft lengthlf the motor shafis

mountedoo far into the joint it caused compression on tteust roller bearing.e.,

higher loads put onto the bearg and rotation is not possiblé.it is screwed in too short

it will cause the bushings to be compressed increasing the friction effectively losing
torque. In addition, more of the shaft wol exposed outside the lower stabilizer leaving

the bit moreprone to vibrations. Several spacing lengths were tested in order the find the
optimal distance. After many iterations, the best suited spacing length was found to be 4.3
mm. A 4.3mm spacing datce was achieved by using three M8 washers as shown in
Figure57.

¥ 1

-

Figure 57: The effects on shaft sﬂpacing.

1 Grease vsLow Viscosity Oil
The2020componentsveregreased up to reduce fiieh of the rotationgbarts By

inspecting the BHA subsequent of conducting a drilling expetintanas noticed that

the bearing was packed with a mix of grease and dust (cuttings) from the drilling
operation. The mix of greased dust appeared to benalkst solidified to a point where

the bearing did not move. Since the grease had the tendesloyaid dust, it was decided
to change out grease for a light oil. Rather than greasing up the components, reighly 1
ml of oil was hjected with a pipette thugh a venting hole located above the components.
By testing out the new way of lubricating, iag/concluded that the oil evacuated the dust
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particles much better than the grease. Therefore, it is recommended to use a lgyht oil a
lubricant for the internraBHA components. Keep in mind that the friction causes the
components to exert heat, so itngoortant to use an oil which has a sufficiently high
flame point.

4.29 BHA Configuration 2021/2022
The new BHA design concepts consisad®DM, drill pipe, bentuh, RSS and the drill bit.

These will be discussed hereafter.

4.29.1 BHA Configuration Concept 1
This concept of the BHA consists of the PDM placed directly below the top drive motor as

seen inFigure58. Fluid enteringthe top drive motor will directly enter the RD thereafter

the drill pipe and out through the drill bit. Torqaled RPM transfer to the drill bit is from the
PDM to the double universal joint to drill pipe, to the universal joint and finally to theorill
shaft. The main advantage of this setufhéability tomaximizethe size of the PDM for
maximum RPM andarque output. A disadvantage of this concept is the variety of losses in
torque and RPM from the PDM to the drill bit.

Top Drive Motor

I Positive Displacement Motor
Drill Pipe
’ Universal Joint
1 Drill Bit
Concept 1

Figure 58: BHA Concept 1
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4.29.2 BHA Configuration Concept2

The BHAconcepin Figure59 hasthe PDM just above the drill bit. Fluid from the top drive
motor will travel via a drill pipe to the PDM and eventually oubtiyh the drill bit. Torque

and RPM transfer to the drill g from the PDM via the double universal joint to the drill bit
shdt. The main advantage of this concept is the direct transfer of torque and RPM from the
PDM to the drill bit with minimal losse A disadvantage with this method is that the size of
the PIM is limited by the drill bit since it will travel into the bore.

Top Drive Motor

Drill Pipe

Positive Displacement Motor

Double Universal Joint
—1 Drill Bit

Concept 2

Figure 59: BHA Concept 2
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4.30 Micro Rotary Steerable System (RSS) Design
Rotary Steerable Systs (RSS) are a statef-art technology for directionarilling technology

that has not been fully applied on a micro scale. RS®ullyeoperated from surface and can
be used to drill both vertically and laterally based onftitees being applied on théit.
Implementing an RSS on our rig would allow thanteto drill to vertically and multiple BURs
without needing to trip. There 130 available RSS product in the market manufactured for
microscale drilling. Therefore, the team must create the desigmjfatare, andtestthe
proposed system. The majavncern for the system is the minimal downhole space and the
complexity of thesystem.

Figure 60: Proposed RSS design bent to 25 degrees

The proposed RSS design picturedrigure60 above use the point the bit principle. If tension

is applied to the cable on the right the RSS will bend and cause the BUR to increase. Whereas
if tension is applied to the cable on the t&# system wilbpen and the BUR will decrease.

The system can bend at any angle between 0° and 37° by adjusting the tension on both cables
from motors on the surface. As a result, the system can drill at any BUR between 0 °/ft to 18.34
°/ft. Figure60 illustrates how the RSS will look if bent to 25 degrees. Due to limited hole size
and hinge design the azimuth will be controlled on surfeB@ehange the azimuth theltpipe

and drilling cable should be unlocked at the surfeateted to the desired angle, and relocked

when the cable is set to the desired angle. For safety reasons, the cable should only be rotated
when the rig is not drilhg.
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5 Control System

5.1 Control System Architecture

The drilling system is a collection e&\eral systems including mechanical, hydraulic,
electrical, hardware, software, and data systems. The hardware architecture is comprised of
threelevels:programmable logic contrelr (PLC) on level 1, computer on level 2 and cloud
based storage of tirrieasel data (optionally also depthased data) on level 3. On level 1, the
control aspect (PLC) for 5 the five main systems on the rig are located (rotational system,
hoisting systempneumatic system, riser and whipstock positioning system and finally
hydraulic mud system)New for this yeard a single PLGesponsible fogathering data from

all the different sensors amdntrolling all the outputsthe PC located on level 2 handtbs
decisionmaking logic. This logic involves carrying out the digitatailed operating

procedure (DDOP), ROP search algorithms, steering algorithm, stuck pipe model, machine
learning models, detection of drilling incidents and carrying out remediahacts well as
pushing the data to a configured database forguueyss and data extraction (level 3). A

key factor has been to ensure that all components that make up the drilling system are
compatible for reatime and autonomous control.

In 2018,the software architecture was configured to operate as a finite statme(&3M),
meaning that the system at any time would operate in a particular state (fromedipee
number of finite states such as calibration state, normal drilling state,iatmettbn state

and so on). The Arduino Due microcontrollers / PLCs vpeogrammed using the Arduino
integrated development environment (IDE), while the control system was configured using
Python and the Visual Studio Code IDE. In 2019, the softwaré@ctilre has seen a major
upgrade, and is now configured as a multithnegdystem, meaning that several client/server
modules, referred to as threads that run on multiple cores on the central processing units
(CPUSs), run in parallel using a gRPC API smldle communication between each module /
thread. In addition, an APl basenOPC UA has been developed to support remote
connectivity and remote event handling, allowing external partners to execute commands
remotely to the control system, for instanieetigh their own API, and receive data from the
rig in realtime upon regest.

The gRPC framework was used as it is suited for making distributed systems such as ours.
The control system is split into individual modules that run microservices. Eachanodul
represents a gRPC server and a gRPC client, this makes it capable sddotg

and receiving data. In addition, the modules are divided into layers that reflect

their functionality, this gives the system a clear structure. Layers may contain a

core eément that all modules within the layer is dependent on. Modules subscribe

to lower layer modules to receive all or some of the processed data. The control

system architectur@ Figure61was designed with futuienplementations in mind by
allowing for additional modules tbe easily aded.
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Figure 61: lllustration of the control system architecture. The data streammiiglirectional from left to right. Modules are
represented as servefBhe dotted lines separate each layer.

5.2 Control Systemi Identified Improve ments of Current System
An issue with the control system used previously has been that the computer hasbiegn r
PID control loops and in general deciding outputs based on inputs. The reason this is a
problem is the fact that the computer is runningdews which is known to not have good
reattime features. This year with the new PLC we will try to fix thisfoving lowerlevel
control loops onto the new PLC and let the computer handle more teyeédata analysis.

Another advantage with the new® isthe fact that it supports voltages that are commonly
used in industrial automation which will allow fi@ss time spent solving problems that have

already been solved. The sgstem for different /& | i c e s

al

so |

going toaddsomething to the rig there will most likely be an I/0O module for it.

5.3 Current Configuration of Top Drive in Control System
The maximum desired RPM is limited by the rotary union which has an upper limit of 1500
RPM. This means the RPM should be egléevt to an outputted signal of 10V since RPM

should not exceed 1500 RPM in ordeprevent damage on the systérhis leads to a factor

of

ook
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The output slice on the PLC has a voltage rangé@f->10V and a resolution of 16 bits.
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Which is an i mprovement from earlier years,
However, going from a range of 2.7V to 10V and using shietdétes will hopefully raslt

in less noise. The driver for the Top Drive has a PID loop built in which might need some

tuning but it makes it easier for the PLC since that control loop gets offloaded.

5.4 Torque

The motor can provide 2.86Nm of operating torque and has maximum amstans torque of
8.59Nm. If the instantaneous torque should exceed 8.59Nmthe top drive modioivand
goes into safe mode and must be restddgutovide torque agaiherefore, the maximum
measurable torque is 8.59Nm and should correspond to 108e@ls to a factor of

y® a1 v

"0 ; :
p &)

The output slice has a 20V range and 16 bits
going to be usig 0V->10V. Which gives us 15 bits of resolution.
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Which gives the smallest increment in torque to be
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5.5 Graphical User Interfaces (GUIs)

Two GUIs have been dewgled in 2018 and 2019 for the laboratory scale drilling rig. These
are a visualization GUI to track the progress of the autonomous control system and drilling
performanceand a downhole well trajectory environmeastseen ifrigure62. Also, showing

the realtime position, inclinationand orientation of the bwhich isdisplayed inFigure 63

i

Figure 62: GUI is equipped with gauges and parameters showing the daystem setpoints andrsor feedback as well as
building a well log in reatime for interpretation of all stages of tdeilling operation.
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Figure 63: GUI consists of both redime feedback from downhole sensor and downhole vibration model, asvesl-a
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6 2



S RILLaoTICS

The GUIs have been created using PyQT and QtEditoa@htheir own gRPC module in

the control systenDue to the nature of autonomadrslling without human intervention, the
driller must be able to understand how the algorithm operates, while monitoring the current
drilling parameters, resulting drilling rate, efficiency and whether drilling incidemisr @nd

if they getresolved.
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6 Sensor Development and Sensor Packages
6.1 Surface Sensors

Equipped on the rig is currently atal of nine (9) sensorsTable 2 these have been described

in last year’s phase 1 design report and sbobi

- 3x Load Cells measuring the hook load and WOB.

- 1x RPM Encoders situated in the Top Drive

- Ix Torque Encoders situated in the Top Drive

- 1x Presare Transmitter at the discharge of dual pumps

S RILLaoTICS

- 1x Height Distance Sensor measuringdisplacement of the drill floor

- 2xvirtual stepper motor encoddi&/hipstock)

Table2: Table of Surface Sensors Currently installed on the rig

(self-defined range)

Sersor Signal Type Measurement Range Unit
Load Cell Z1 Resi stance, 2( -200i 200 Newton [N]
Load Cell 2 Resi stance, 2( -2007 200 Newton [N]
Load Cell Z3 Resi stance, 2( -200i 200 Newton [N]
Height Sensor Analog (4-20mA) 0.007 3.00 Meter [m]
0.0071 118.11 Inches [in]
Pressure Transmitter Analog (4-20mA) 0-10 Bar [barA]
Torque Encoder Analogue 0V)1 071 8.59 Newton [N]
(self-defined range)
RPM Encoder Analogue10V) i 0-1500 Revolutions per minue

(RPM)

Virtual Encoder; 1

1 0-steps/1.8
(= 2000 steps perevolution)

Degrees f] that get converted
to actuator displacement

Virtual Encoder; 1

1 0-steps/1.8
(= 2000 steps per revolution)

Degrees f] that get converted
to actuator displacement
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6.2 Inertial MeasurementUnit (IMU)

The downhole sensor chosen by the team for t
Measurement Unit (IMU) ICM20948 from TDK InvenSense, shownFRigure65. It is a 9

axis MotionTracking device and contaia 3axis gyrosope, 3 axis accelerometer and a 3

axis compass (magnetometer). With the measurements from these components, one can
calculate azimuthnclinations,andvibrations. The ICM20948 features | 2C and Sédrial
interfaces, orchip 16bit ADCs, programmabldigital interrupts,and an embedded

temperature sensor. The device features an operating voltage range from 1.71V to 1.95V. The
gyroscope has a programmable-dhle range of-250 dps, +500 dps, +1000 dps, and +

2000 dps. The acceler@ater has a usgrrogrammable accelerometer fattale range of-2g,

+-4g, +8g and +16g. Communication with all registers of the device is performed using | 2C

at up to 100 kHz (standardode) or up to 400 kHz (fastode).

Figure 65: ICM-20948, TDK InvenSenseAXis MotionTracking device.

6.3 Sensor Positioning

In previous years, a versatile sensor sub design has been utilized. It allowed for easy access
and it was independent of the other paftthe BHA. One of the disadvantageth the

sensor sub was the distance between the sensors and the bit.

It was connected behind the bit, bit sub, pneumatic motor and knuckle joint. This resulted in
the position of the bit to be tracked to be aroundrBGhead of the sensor, making +eale
steering difficult. To improve this, a flexible Printed Circuit Board (PCB) is introduced. This
enabled the team to find room for the sensor package much closer to the bit. The downhole
sensor slot is presented dretmotor sleeve iRigure66.
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Figure 66: Current BHA and IMUlacement

6.4 Printed Circuit Board (PCB)

Due to the spadanitations the team designed a custom flexible R&Bn inFigure67. To
overcome the challenges with space linmtas$ in our BHA, all the components are surface
mourted. The PCBs based off a Teensy 3.2 aindludesan ARM Coretex

M4(MK20DX256VLH7), ICM-20948 9Axis IMU anda CAN transceiveas the main
components.

T et g

P

i

Figure67: Current PCB for IMU
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6.5 Strategy of Drilling Operation
General principles of Directional Drilling

Most directional wells begin as vertical wellbores. At a designated depth, known as the
kickoff point (KOP), the directionalrdler deflects the well path by increasing well

inclination to begin the build sectioBurveys taken during the drilling process indicate the
direction of the bit and the toolface or orientation of the measurement sensors in the well. The
directional driler constantly monitors these measurements and adjusts the trajectory of the
wellboreas needed to intercept the next target along the well Ipéthlly, directional

drilling involved a simple rotarigHA and the manipulation of parameters such as WOB,

rotary peed, and BHA geometry to achieve the desired trajectory. Changes in BHA

stiffness, stabilizerplacement and gauge, rotary speed, WOB, hole diameter, hole amgle
formation characteristics all affect the directional capability and drillifigieficy of a BHA.

By varying stabilizer placement in the drillstrirtgedirectionaldriller can alter side forces
acting on the bit and the BHA, causing it to increase, maintain or decrease inclination,
commonly referred to dsuilding, holdingor dropping angle respectively (below).

1 Tobuild angle, the directional driller uses a BHAtha fullgauge neabit stabilizer,
another stabilizer between 15 to 27 m [50 to 90 ft] above thedirdta third stabilizer
about 9 m [30 ft] above the second. TBISA acts as a fulcrum, exerting a positive
side force at the bit.

1 Tohold angle, the olectional driller uses a BHA with 3 to 5 stabilizers, placed about
9 m apart. This packed BHA is designed to exert no net side force.

1 Todrop angle, the directional dier uses a BHA with the first stabilizer 9 to 27 m
behind the bit. This BHA acts agpandulum, exerting a negative side force at the bit.

Relatively to our project, a digital detailed operating procedure (DDOP), as sh&igure
68, has been optimized and developed to execute the drilling of a directional well
autonomously. The figure shows the main 8 phases necessary to do a DDOP

Phase 1 (start)
Initialize connection and Phase 2 (N PT) Phase 3 (Tag) Phase i (N PT)
Establish formation contact

virtual drilling system Calibrate sensors y osition of riser]
. L (tag bottom) & re-calibrate (P !
environment

DDOP Phases

Phase & (NPT) Phase 7 (Drill) Phase 6 (Drill) Phase 5 (Drill)

Directional drilling to 247, RIH at moderate
TVD in closed loop steering WOBsetpoint, drill pilot hole
mode to TD

Formation exit (penetrate),
set low RPM, POOH

Ramp up systems, RIH and
drill pilot hole section

Figure68: Eight phases constitute the digital directilom@ling operation
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Digital Detailed Operating Procedure (DDOP), UiS Drillbotics 2019

Autonomous Directional Drilling, 2.1 Nm dril

ng motor, 7 deg whipstock

1000

SR LB0T

In order to drilla directional well using the laboratory drilling rig, a sequential draft has been
customized and is display@udFigure69.

Well TVD target:

u—‘——""”'_—.

o
£ 50 0 50 100 150
2 -1000
Horizontal offset from 0 mm (90 deg)
Bittarget | Inclination | Horizontal | Well TVD
Ph: H Di iption: I h : Reli
ase Label escription: Systems Involved: | Sensor Reliance: [mm]:  [target [deg]: build target:
0 [1] I ize System. Start start_sysiom.bat file. apon GUI's. - = 90 0 0
Hoisting, Preumatic, Rotation {Surfacs (8x ch.),
1 1 Start Autonomous Mode. |Estabiish contact with all PLC's and sensors (surface + downhae). |wPu Downhale (10x ch.} 90 0 0
Zoro position tracksr for downhls virtual envirsnmont, establish rig actuator Downhals {10x ch.),
2 1 Initialize Virtual Environment. cantrol. Haisting, WPU Jvirtual ig 90 0 0
3 2 Calibrate Surface Sensors. Zero all eight (8x) char that log surface Sensors. Surface (8x ch.) 90 Q 0
et Inciination = 90 deg, Azimuth = 0 deg, Accelerometers = 0
4 2 Calibrate Downhole Sensors. is left ) Downhale (10x ch.} 90 '] 0
Dofine Hook Load = WOB_current so that WOB=21+22+23- Surface (3x ch. (z1. 22,
5 2 Calibrate early Hook Load ook load (HL) - 23 90 0 0
Set WOB_setpoint = 3 kg. Activate PID contrailer until WOB >= 3 kg for 3x | Surface (3x ch. (21, 22,
6 3 Tag bottom. et TVD = 0.mm Hoisting 23)). vinual rig 90 1] 0
Lit off bottom to TVD =-5.00 mm, define Hook Load = WOB_current fo that WOB Surface (3x ch. (21,22,
T 3 Pull off bottorn, reset Hook Load. =71 +22+73 - HL Hoisting 23)), Viral rig 90 0 0
Surface (1x ch.
8 4 Ramp up Drilling Motor. St Soienoid Valve Opening so that bit RPM = 1070 RFM free rotafing Preumatic, Rotation (P_pneum)). Virtual rig 90 0 0
Set WOB_setpaint = 10-12 kg. Activate PID controller. Use Gradient descent | Surface (8x ch.),
method to toggls betwasn 10 and 12 kg in increments of 0.5 kg to find Aighest Downhals (10% eh.),
9 4 Tag bottom. |ROP withaut risking damage fa pilt hole. Pneumatic. [Virtual rig 90 0 0
Dl pilot hole to 175 mm MD + Smm (clearance) ensuring high well integaity. Surface (8x ch.),
WOB_max (gradiont search) = 1 kg < knuckle Joint bend farce required to bulld Downhala (10x ch),
10 4 Drill pilot hole w/ ROP-agent. inclination. Hoisting, Pneumatic, Rotation |Virtual rig 90 a 1696
|POOH 10 -243mm (423 mm above MD) with moderately high speed (5 mmys) with |Surface (8x ch.),
Solenaid Valve Oponing so that bit RPM = B00 RPM to provent overpull and stuck| Downhole (10% ch.),
11 5 POOH to behind riser. lpipe. Hoisting. Pneumatic, Rotation |Virtual rig 90 0 169.6
|surface (1x en.
12 5 Close solenaid valve. | Set Soienoid Valve Opening = 0 % (0 REM) Pneumatic. (P_pneum)), Vinual rig 90 0 169,6
13 5 Position WS above hole. Move WPU in X-direction away from rig for 128mm at 10 mm/s speed. WPy [Virtual rig 90 0 1696
Lower WS inta pilot hale for 175.5 men (from original position 10mm above hole)
14 5 RIH with WS at 3 and land WS 5 mm atove TD. WPy 90 0 1696
Simultaniously 1o when whipstock gets moved, activate PID with WOB_setpoint =
4 kg and follow whipstock down until bit s 5 mm atove rock surface (TVD = -
15 5 RIH with bit (pre-configure) |5mm) Hoisting -5 1] 169.6
=
et Salenoid Valve Opening = X % (400 RPM frec rotating, 200 RPM at Downhale 10x ch.),
16 6 Ramp up Drilling Motor. maximum Torque). Preumatic, Rotation [ Virtual rig -5 Q 169.6
Expand pitot hofe to 135 mim deptt (middle of bend section for whipstock) Surface (8K ch.),
ensuring high well integrity. WOB_max (gradiant search) = 5 kg and bit RPM = Downhals {10x ch ),
17 6 Expand pilot hole w/ ROP-agent. _|1070 to prevent stuck pipe. Hoisting, Preumstic, Rotation [Virtusl rig 106 90 0 169.6
Drill to beiow whipstock shoe (175 mm until in open hols with WOB_max = 3 kg tol | Surface (8x ch.),
lorevent getting stuck with BHA due ta insufficient hole cleaning and rearning at Downhole (10x eh.).
18 6 Drill to TD w/ ROP-agent. KOP. Hoisting. Pneumatic. Rotation |Virtual rig 169.6 15870752 |169.6
required bend to reach digital well rajectory. E.g: It > trajectory (averbuild)
‘ reduce WOB shightly 1< trsjectory {underbuild), increass WOB | surtace (8x en.),
Activate ROP-agent + closed-00p  |sighily. Maximum WOS for sysiem is 18 kg when operating with the 2.1 Nim Downhale (10 ch.),
19 7 steering downhole motor. Hoisting, Preumatic, Rotation [Virtual ig 269.6 40,824763 _|269.6
TRESaT ROP- g0 T S IO, T |
agont has not baen reinitiated by formation / environment change in past 100 mm | Surface (8x ch.),
riled. Currentiy, none of the previously described criteria for termination have Downhale (10x ch.),
20 T Reset ROP-agent. been [ Virtual rig 269.6 40824763 |269.6
required bend ta reach digital well vajectory. E.g: If > trajectory (everbuild),
roduce WOB shightly 1< rajoctary (underbuild), incroase WOB Surface (8x ch.),
Activate ROP-agent + closed-l00p  |sightly. Maximum WOB far system is 18 kg when opseating with the 2.1 Nm Downhals {10x ch )
21 T steering frrr Hoisting, Preumatic, Rotation |Virtual rig 369,6 83 65778775 |369.6
ST O T T spaTE eSO
agent has not been reinitiated by formation / eavironment change in past 100 mm | Surface (8x ch.),
ariied. Currsntty, nons of the previcusly described Critaria for termination have Downhala (10% eh.),
22 7 Reset ROP-agent. been |Virtusl rig 369.6 83 65,778775 |369.6
required bend ta reach digital well rsjectory. E.g: It > trajactory (cverbuild),
reduce WOB slightly 1< trajectory {underbuild), increase WOB |Surface (8x ch.),
Activate ROP-agent + closed-100p  |siightly. Maximum WOB for system s 18 kg when operating with the 2.1 Nm Downhale {10x ch.),
23 i steering. ldownhale motor. Hoisting. Pneumatic. Rotation |Virtual rig 469.6 83 469.6
Lagont has nat been reinitiated by formation / environment change in past 100 mm Surface (8x ch.),
arited. Gurrantiy, none of the pravicusly described critaria for termination have Downhala (10x eh.),
24 i Reset ROP-agent. been implemented. - [ Virtual rig 469,6 83 4696
s ~agent fo free operation, Wil WOB setpoint aojusted Sccoramgly o B
required bend to reach digital well vajectory. E.g: If > trajectory (overbuild),
roduce WOB shightly 1< rajoctary (underbuild), incroase WOB Surface (8x ch.),
Activate ROP-agent + closed-l00p  |sightly. Maximum WOB far system is 18 kg when opseating with the 2.1 Nm Downhals {10x ch )
25 7 steering St i Fm e E ] e 6096 83 1256684 |609.6
UTRCE (9N,
Drill through rack by 5 m ta 614.6 mm TVD te ensure succesful penetration. Downhale {10x ch.)
26 8 Penetrate rock. |Sucesfully penetrated rock is detected by separately aigarithi, Hoisting. Preumatic, Rotation
Set ROP-agent = False 5o that PID control is disabled and RPM is kept until next
27 8 Deactivate ROP-agent. stcp. Hoisting fvinual r
w e,
Downhala {10x ch.),
28 Set low RPM | Set Solenoid Valve Opening = 80 %. Pneumatic virtual rig 126,9161 6146
|Surface (8x ch.),
Downhole (10% ch.),
29 POOH to behind whipstock. |POOH to 50 mm MD {with high spesd: & mmvs). Prsumatic, Hoisting, Rotation |Virtual rig 0 6146
Stop all active systems, expart drilling data to locai foider (User then pushes data
30 8 Stop all systems controlled. to da w seript). 0 6146

Figure 69: Digital Detailed Operating Procedure for Directional Drilling, developed in 2019.
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7 Smart Drilling (Al) Control Algorithm

Rock samples thareusedduring drilling operation will be relatively uniform, which makes

it possible to obtain a good amount of training datarars drilling. Through this operation,
the system will be able to optimize the ROP by making optimal decisions that maximize the
guality and reduces time. In addition to this, the maximal deviation angle will be reached
while keeping the mechanical strésgels on components within the tested safe parameters.

An artificial neural networKANN) fit our smart drilling approach. Givemeugh historical
data, the neurons can use backpropagation to create ameveving model of drilling. An
ANN is divided nto inputhiddenr and output layers.

An ANN is based on a collection of connected units or nodes called artificial neurons, which
loosely model the neurons in a biological brain. Each connection, like the synapses in a
biological brain, can transmit a si@rto other neurons. An artificial neuron re@s\a signal

then processes it and can signal neurons connected to it. The "siga@bnnection is a real
number, and the output of each neuron is computed by sord@émaanfunction of the sum of

its inputs. The connections are called edges. Neunod®dges typically have a weight that
adjusts as learning proceeds. The weighteiases or decreases the strength of the signal at a
connection. Neurons may have a threshold such that a signal is sertloalgggregate

signal crosses that thresholdipically, neurons are aggregated into layers. Different layers
may perform differentransformations on their inputs. Signals travel from the first layer (the
input layer), to the last layer (the output Igy@ossibly after traversing the layers multiple
times.

Neurons are the nodes of the ANN where the computation happens. The ¢ompsita

sigmoid function to create an activation value between 0 and 1, where 1 is fully activated and
0 is no activationUsing backpropagation, the weights and the bias can be adjusted to improve
the model with more data. Below is the general formoiaétivation.

Where theéQis the’Q neurongis thed layer,®is the activation, is theSigmoid function
given below 0 is the weight of for the speciflayer and activation of the subsequent lager.
is the bias for the specific layer and neuron.

o p
” p !Q
The activation formula carebsimplified further using matrices as below. This has the added

benefit of enabling efficient GPU computing, sirc&PUs are excellent at computing
matrices.

w ,00 w ,a

Whered is just a useful quantity worth nangirfior further calculations.
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In our scenario, the input layer will be sensor data that is statistically significant to the rate of
penetation. This might be WOB, torque, magnetometer, or drill angle, among other things.
The data acquisition must be doneeal time, with the input parameters being time
synchronized to a great degree. Before the data is supplied into the network,hemust

filtered. A greater sample frequency improves reaction time and is necessary for developing a
representative model foeattime drilling choices.

Hidden layers are neurons that are not directly coupled to an input or output and instead take
one or moresubsequent activation values. A deep learning network is one that has numerous
hidden layers.

The output layer contairtke end values that are utilized to control the real rig while drilling.
Based on the model, these outputs will provide the bestfranetration achievable in the
system's current condition. The rate of penetration is the most important sign of fithess

Backpropagation allows the system to modify its weights and biases in response to new
training dataThe system is carefully constted to allow calculation ¢f & U0and

1 dwhered is the cost function with respect to any weighor biaswin the networkA
cost function is how good a neural networks prediction matches the training examples
expected output. There are multiple cost functions. A common one is the Quadratic cost
function also known as mean square error as below.

6 = 0 @

WhereQs a specific neurompis the desired output aridis the number of layer#& neural
network is essentially a function with a huge number of input variables. The goal is to
minimize the total cost. A useful tool forighs finding the gradient of the sbfunction.

Finding global minima is an immensely computationally demanding task. Gradients can

instead be used to find the direction of a local minima wiege Tt This approach does

not guarantee finding the glabminima but is many times less computationakpensive.

Finding the local minima from multiple different starting points is relatively fast as follows.
T o

(.| . v (:]
(0V)

—a

Wherég is the error Using matrices, the same caktibn can be done in bulk.

| nos , @ w ws, «q
The error can also be found in terms of the error in the next layer. This is essential for
adjusting the weights and biases backwards in the system.

1 o $ ., q
The rate of change of the cost with respect to any bias is exactly equal to the error when both

current layer and specific neuron is considered.
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T o6
T®

|

The rate of change of the cost can alsoddeutated with resgct to a specific weight, giving
the final building block for backpropagation.
T o

o ¢

Using these building blocks a neural network based smart drilling control system should be
feasible.
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8 DownholeClosedL oop Steering
The concept of closeldop steering in the control system is currently limited to inclination
steering through active management of knuckle joint bend in the BHA (through WOB
setpoint manipulation}or every 1 mm MD that gets drilldaklow thepilot hole(at +
108.908 mm for the X@egree whipstock), the relationship between horizontal build and TVD
gets calculated so that:
., @1 QAEEO DA DO QAQ

W’OU O p m&p rapa NGO
A look up table has been created which contains the H/TVD values fer aih) 7- or 10
degreewhipstock. This is illustrated in

Figure7o which shows a section of the downhole environment GUI with actual values for the
well trajectory and pr@rogrammed values for the planned build. The look up table values are
then called everynm, and the relationship between the actual build and plannedsuild
checked by the equation:

‘T'Yw'O

YO OO0 01 ———
OF'Ywn 'O

| f the build status is O 1, the syssenm wdl1l,
the machine will be in a build angle mode and needs to increase thedbeiiy increasing
the WOB.

Figure 70: lllustration of how the machine uses a look up table to confirm whether sufficient build is achieved at any given
depth.
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