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Nomenclature

0 6 “Xonfined compressive strength

2, qoBit diameter

ID- Internal diameter

OD- Outside diameter

O®, 2dzy 3Qa Y2 Rdz dza

"O- Force

"Q oo oil&teral force to destabilize the structure
"QoosMaximum allowable axial force on dilipe
Fo aeForce between the bitred the formation

G- Shear modulus

g ¢ Gravitational acceleration

Q- Buckling effective length factor

a- Length of drilipipe

0 "Y'©Mechanical Specific Energy

04- Buckling critical load

i o-Qistance from the center of rotation to the center of gravity
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i eDistance from the center of rotation to the point of application of the lateral force

Y6 “niaxial compressive strength
Ug gorate of penetration

" Ultimate strergth

” Ultimate shear strength

" Shear yield point

” Tensile yield strength

Max torque

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

z
zZ

Z Yield torque
] Angle

t 7z Coefficient of friction
m Density
b

Bit angular velocity



Some Commonly Usef@lbbreviations

ROR; Rate of penetration

WOB¢ Weight on bit

RPM¢ Revolutions per minute

ID¢ Inner diameter

ODc¢ Outer diameter

DSATS Drilling systems automation technical section
ANNCc Artificial Neural Network
WBM¢ Water based mud

OBMCc Oil based mud

PV¢ Plastic viscosity

Sk Safety factor

Y& Yield strength

USSK Ultimate shear stress

UT& Ultimate tensile strength

UCS; Uniaxial compressive strength
TFAC Total flow area

BHAC¢ Bottom-hole assembly

TDc¢ Total depth

DP¢ Drill pipe

HWDR Heavyweight drill pipe

SPR; Stand pipe pressure

MSEc Mechanical specific energy
CCg Confined compresge strength
MAOP¢ Maximum allowable overpull

%
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1. UiSDrillbotics Team

Over the course of the last years, the awareness of the Drillbotics competition and student
organization at the University of Stavanger, UiS Drillbotics, has grown. Due to an increasing demand
for multi-disciplinary knowledge in project teams and bendfigsinvolving secalledsubject matter

experts the student team at the University is now comprisedifdéen (15) Bachelor of Science and
Master of Science students from the Institute of Energy and Petroleury {(hERnstitute of

Computer Science andeggtro-Technology (IDEnd the institute oMechanical and Structural
Engineering and Materials Sceen(IMBM) Five (5) of these students will participate in the group B

of the competition, the physical righe students in the team work on several otleeganizational

tasks such as hosting a seminar, arranging company visits and so on, to increase the understanding of
drilling automation andgmart drillingamong fellow students on campus. In terms of the Drillbotics
competition, UiS Drillbotics will coveavel costs and expenditures related to any additional

students to the five team members participating on competition day.

Last yearfive (5 students wrote thesis on the project directly related to the competition, in which
four (4) graduated with a Master of Science amae (1) studentwith a Bachelor of Science. This year,
none of the current team membessill be writingtheir Masteror Batelor of Sciencéhesis

However three studentsthat are involved with the project have worked on the project in the past
The team is still open for recruiting members that want to write their thesis on group B of Drillbotics,
if any changes are made the team the monthly reports will reflect thighe team members and
supervisors are:

Team members writing thesis”:

- AndreasSandvik JakobsérfProject Lead), MSc studelmdustrial Asset Management
Phone: (+4793052570

- Jon Erik KarlsénTechnical design and lead engingd@Sc studenEngineering Structures
and Materials

- Jonatan Byman(3D-manufacturing, MScstudentMarine and Offshore Technology

- Magnus Ersta@Mechanid Business relationsMSc student Industrial Assklanagement

- Kirisan Mannivanna(Control System / Software architeci1Sc student Industrials&et
Management

Supervisors:
Professor Dan Sui, (Project Lead) Institute of Energy and Petroleum*RtiBRg: (+47) 51831769

Associate Professor Tomaalktorski, Institute of Computer Science and Electro* (IDE)

* Have been a part of the UiS Drillbotics team and Drillbotics competition 822220.
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1.1 Problem Descriptin

KAA &SIFNRaA O2YLISGAGAZ2Y g Af Btring/BHAGR wéibaRe G S | DA NJ
interaction,and to demonstrate the model using a control model developed by each team. Due to

the COVIELOLI YRSYA O (GKS S5NRAffo2G4A0a OKIFffSy3aS O2YYA
on a virtual rig iran effort to faclitate competition success while teams work together remotely. If

school policies allow &am to design and build a physical rig and there are a sufficient number of

teams capable of buildingghysical rig, the Committee will allow these teams to comzeta

second group as mentioned below areferred to as Group B. The competition guidelines for the

Group B competition is listed in AppendixoC.

The team has constructed an autonomous laboratecgle drilling system, capable of drilling a

directional well through a homogegous sandstone rock sample providedSRE DSATEhe 2020

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 coordinafeég. rocksample will have dimension

MH2% E [H nEéH (BGxE0x60 cm) artok provided on test site (Celle, Germany) for the

competition. A smaller rock sample can be provided upon reqIESATS wilurthermore provide

compressive strength values for the sandstone samipléerms of drilling bits, different drill bit size

will be provided. DSATS bit, developed by Baker Hu@esdon 1.5)will be of 156 RA I Y& G SNJ 0 mk
inch larger than previous year's chdS G A G A 2 y 0 Studdts are€ perimified B iidé their own

RNAEE O0AOGT y2i TefacHtaerd Slirectiondpeal, thR samerddliipHedd used

frad @8SINE okyé RAIFIYSGSNI E océ HowBwrisiaikless stednn pé 4 |
GdzoAy3a gAftf 0SS LISNYA G PPIBaRe seedidn GIRrAI pipedobtéstdna O2 YLISG A
performed inthe spring of 202@n aluminumand stainless stedrill pipe specimenDue to the

nature of the competitionthe directionalwell must bedrilled autonomouly, i.e. no human

intervention is permitted during the duration dfie drilling operation The autonomous drilling

system should therefore;

1) be capable of optimizing the drilling parameters to achieve a high rate of penetration (ROP),

2) handle any faults or drilling incidents that may occur during the operation and

3) steer the drill bit towards the designated target area, based ontiged downholeposition data

and a closedoop control systemThe drilling operation is not to exceed three (3) hours length

facilitate for autonomous drilling operation, the rig must be equipped with sensors. New of this year,

the combination of surfaz and downhole sensors is mandatory, and to avoid disqualification for

sensor failure, redundant or immediately replaceable items should be part of the design and
implementation. Time to replace a sensor is addeth®drilling time.The teamscandrill avertical

LIAf 20 K2tS y2iG Y2NB {KI yWhesdtheReStDedinst thteamsinvill StartNE O O a
drilling autonomously by continuing to drill the pilot hole, keeping the wellbore as vertical as possible

until reaching the kickff point. The teams will kick off ro@ S NI A OF € 4 Fyeé RSLIIK o
vertical surface hole.

The drilling rigs limited to 25BHPpower consumptiorand lower power consumption resulting from
energy efficient designs will receive additional consideration.tdagn spending more than USD
10,000 may be penalized for running over buddet.evaluate thavellbore integrity of the drilled
well section, DSATS committee shall rdteaible casinginto the wellbore anduse this to gauge the

10
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borehole quality Thecasingwill be nearly equal in diameter to the3 R NJAntl &n oedyaiige
and undergauge casing will also be used as agpaneasurement.

Furthermore, to evaluate the drilling operation the following criteria shall be considghed
followingpages are extractefiom the Drillbotics 209-2020 Guideline$.
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1.2 Project Timeline

7. Project Timeline

& TEAM
I

Phase | - Design: Fall 2020
Submit monthly reports On or before the final day of each month
Submit final design to DSATS 31 Dec 2020, midnight UTC
Submit an abstract to DSATS* 31 Dec 2020, midnight UTC

*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.

I3

ILLBOTICS

Phase Il - Model enhancement/testing and
controls development

Spring 2021

DSATS to announce finalists

On or about 31 Jan 2021

Model & controls
development/Construction

Spring 2021

Monthly reports

On or before the final day of each month

Final demonstration

The final demonstration will typically occur in late May
or early June. Additional details on the logistics for the
final demonstration will be shared in early 2021.

Figurel: Project Timeline taken from the 2DCompetition Guidelines.
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1.3

Evaluation Criteria / Weighting of Competitian

9.3. Phase Il Criteria/Weighting for Group B (see table below):

Criteria

Parameter

TEAM UIS

U
|

Weighting

LBOTICS

a. Safety Safety: construction and operation
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%
P
a. Creative Ability Analysis, concepts, development 10
B .Engineering Skills Problem/Goal, design criteria, feasibility 10
¢. 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

Figure2: Evaluation Criteria taken from the 2DCompetition Guidelines.
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1.4  DirectionalDrilling Scoring

A. Directional Objective Requirements

The following attached pages describe the directional objectives as well as the data/deliverables requirements.
scoring for the directional competition objective will be primarily based on how accurately the directional
targets are intersected by the calculated well trajectory.

Objectives

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

* 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/inclinationfazimuth are totalfaccumulated from the start to
the end of the well path.

* 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.

Automation Requirements
*  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)
*  Steering reguirements (e.g. toolface direction, slide length) must be calculated autonomously
o MNOTE: Steering mechanism can still require human intervention for placement and/or retrieval (e.g.
whipstock) but orlentation of steering mechanism must be calculated by the system and shown on the
rig floor display.
* Directional surveying process must be entirely autonomous
o Survey qualification must be done autonomously, however secondary
gualification/verification/override can be made by a human
= 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

Deliverables Requirements (Magnetic surveying)

+ All teams are required to provide a definitive directional survey (TXT, LAS, or CSV format) meeting the
following minimum reqguirements:
o Header info to include:

= Team/school name
= Directional Survey Date
= Well Center Coordinates (WGS84 Latitude & Longitude)
= True Vertical Depth Reference (in depth units above block level)
= Grid Convergence
=  Geomagnetic model used (if applicable)
=  Magnetic declination applied (Geomagnetic model or in-field referenced)
= Total Azimuth Correction
= Magnetic field dip reference (Geomagnetic model or in-field referenced)
= Total magnetic field strength reference {Geomagnetic model or in-field referenced)

Figure3: DirectionalObjectives Automation Requirement and Deliverablede used during compétin, taken from the
2021 Competition Guidelines.
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»  Error model associated with well trajectory (ISCWSA/OWSG error model or otherwise)
= |f 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
o Minimum Curvature calculated trajectory (using appropriate survey station interval to accurately
represent the drilled wellbore position)
» Each survey station is to include the following data:
e Measured Depth
Inclination
Azimuth (referenced to “block north”)
True Vertical Depth
Morthing (from well center)
Easting (from well center)
* Dogleg Severity
*  Final survey station is to be an extrapolation to total depth at the bit
* All teams are required to provide plan vs. actual plots containing the following minimum requirements:
o As-drilled trajectory and original planned trajectory shown on same TVD vs. Vertical Section plot
»  Vertical section direction to be determined by well center-to-target bearing
o As-drilled trajectory and original planned trajectory shown on same X/ plot
» Grid north reference to “block north”
= [0,0] at well center
* All teams are required to provide directional survey raw data logs containing the following minimum
reguirements:
o Each log entry is to include the following data:
= Time stamp (containing year, month, date, hour, minute, second)
= Sensor measured depth
= Downhole sensor value(s) recorded
= Sensor axes values
= Calculated survey gualifier values
»  Accepted survey indicator (if log entry is an intended survey station)

. & & & @»

+ |f secondary (l.e. human) gualification is also used, both acceptance indicators must be

shown

Figure4: DirectionaDeliverable Requirementsiken from the 2@1 Competition Guidelines.
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1.5 Baker Hughess UiS Drillbotic®DCDrill Bit

As for previous years, the DSATS committee will provide the team with a bit upon request.
We will be provided with a micro PDC bit, 1.5 inches in diameter (38.1mm) and 2 inches in
total length.The bit features short bit length and high bit anisotropy. Magportantly, the

bit hasprovision to let participants adjust the axial and side aggressiveness of the bit before
a run by changing thexposure of the blunt tungsten carbide elements on the gage pads and
on the bit face.

One of the main objectives fone 2020 competition was to design our own PDC drill bit and

06SadGd AdGa LISNF2NXYIYyOS F3rAyad .F{1SNRa oAdod 28
12-cutter design and the bit managed to drill upwards of 4 cm/min in some section whilst
eliminatingmost of if not all bit walking and lateral vibrationith time, we plan to conduct

more experiments with different types of bits and designs. Our goal is to identHy bés

that yield the bestesults for directional drilling.

)

e,

Figure5: Three well profiles in the homogeneous cement usiiitged 8 degree bend. From the top: UiSCigter PDC Bit,
Baker Hughes-Cutter PDC Bé#nd Alitaba 2Qutter PDC Bit.
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2.1 Well-log Analysis of Previous Wdllom the 2019 competition

Experimentl: Vertical well section

Experiment 1: homogeneous inclined section 355 mm ta 440 mm MD. Duration 0 - 615 seconds. Horizental build 7.685 mm. (7 deg whipstock used)
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Figure6 Experiment 1: Well log representing rig performance when drilling with downhole motor in inclined section using a
7 degree whipstock

The first well section with logging tools in the BHA was drilled from 355 mm MD

to 440 mm MD in homogeneowement, using a 7 degree whipstodke WOB setpoint is

kept constant at 5 kg, while the RPM setpoint is vabetiveen 925 and 1075 revolutions

per minute. The resulting ROP is approxima@#/to 0.5 m/hr, which is considered a good
result given the ineased wellbordriction and a low WOB setpoint. WOB setpoint has from
experiments conducted the past been assessed to be the most important drilling
parameter affecting th&ROP. The MSE varies between 10 and 40 MPa, and was calculated
by hardcodinga mnstant torque value equal to 1 Nm (since the top drive is turned off during
drilling with the downhole motor for less noisy data; resulting in a zero torgaasurement

in the motor encoder). From the figure, it can be observed that eviém high oscilltions in

the downhole sensor measurements, approximatelymrd horizontal build is achieved,

with an offset on the azimuth of approximatelynm. InFigure6 below, a crossection of

the first deviation well that wadrilled successfully is shown aftematerjet cutting machine
was used to splithe rock sample.
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Deviation well 1, homogeneous cement, 7 degrees whipstock

Figure 9.14: Well profile using 7 degrees whipstock in homogeneous cement.
From inspection of the rock, approximately 55 rhorizontal build was achieved
over 490 mm TVD of drilling below KOP. In the last 150 mm of drilling, the
knuckle joint turned slightly due to a twist in the connection between the knuckle
joint and sensor sub, causing an azimuth offset of approximateiyrhOFrom
evaluating the well integrity, it is probable that bit whirl has occured, possibly
caused by the undergauge BHA. It is however difficult to monitor and confirm bit
whirl with the current configuration.

- Vertical no T Inclined
pilot hole . - well section

165mm |
600mm

Figure7: Figure 6Well Profile using 7 degrees whipstock in homogeneous cement
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Experiment 2Vertical well section

E: meant 2: h ical on 0 to 170 MD, O ion 0 - 1073 Harizontal build -2,242 (vartioalisaction -
WIS : homogeneous. vertical section 0 mm mm . Duration 0 - 3 seconds, Horizontal build -2, T, no whipstock)
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Figure8 Experiment 2: Well log representing rig performance when drilling with downhole motor in vertical pilot hole
section for 170 mmTVD to later RIH with whipstock. Riser is used to ensure verticality.

The second well log, as showrFigure?7, showcases alpit hole section thatvas drilled to
evaluate the performance that can be achieved with high driliagameter setpoints in the
first vertical section of the competition well. RPMept nearly constant at 1040, and the
WOB is increased from first & 10 andlater 15 kg. As the WOB gets increased, the DOC
increases from approximate.01 (5 kg WOB) to 0.015 (10 kg WOB) to 0.025 (15 kg WOB)
mm/rev, whichresults in an ROP increase from approximately 0.5 m/hr to 1.5 m/hr at most.
While the increased WB lead to an improvement in ROP, a slight build casbiserved
(according to measurements and visual inspection), which is possibsed by the knuckle
joint starting to bend at high WOBhe range for WOHidinclinatiorstarts at approximately 12

kg (up to maximum 18 kg). While the MSE also for this well log is calcwiatied Nm

torque constantly, it can be observed that the MSE is reduced a@/BB increases,
suggesting less energy is wasted, and a higher percentage obthkined energy usage

goes into bitrock interaction.
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Experiment 3: Deviation welvith WOB 5 to 20kg

Experiment 3: homogeneaus inclined section 0 mm to 578 mm MD. Duration 0 - 1946 seconds. Horizontal build 106.79 mm. (7 deg whipstock used)
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Figure9 Experiment 3Well log representing rig performance when Ril240 mmTV2and then drilling with downhole
motorto 600 mmTVD. A 7 degrees whipstock is used to kick off.

Continuing to vary the WOB, the same approach as before is used in an irsgitamnh in
Figure8. For the first 235 mm, the bit is RIH, With a 5 kg Vé&iant and an RPM of
between 730 and 1040 to pass the KOP where delfiee whipstock has been inserted. The
previously drilled well section that thehipstock had been landed in got drilled as shown in
Experiment 2 aboveContrary to the lasexperiment, it is observable that while the ROP
continuesto increase with an increase in WOB setpoint, the MSE does not decrease. A
possible explaination to this is that increased friction between the-radating BHA and the
wellbore in the inclined sein leads to a lower ROP (approximatglyn/hr) than expected.
Horizontal build is calculated from measurementafproximately 100mm, with an offset
on the azimuth of approximately 3 todm (occurs at the end of the inclined section). Upon
inspection ofthe well,approximately 45 mm horizontal build was achieved. Possible
explainations oboth the MSE, oveestimated horizontal build and only a moderately high
RORcan be that; either the increased wellbore friction reduces the overall efficienttyeof
drilling operation and that constant vibrations against the wellbore influehee
measurements for inclination calculation. Another possible explanatiorbeghat only half

of the BHA is submerged inside of the well, leaving the BHAmeea unconfinedwhich in
turn affects the vibration cycle of the entire assembly.
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Experiment 4: Pilot hole section-066 mmMD. Inclination well from 109 mm to 600
mmMD.

True Vertical Depth [mm)

100

Experiment 4: homageneous vertical pilot hole section 0 mm to 166 mm MD. Duration 0 - 572 seconds. Horizental build 3.096 mm.
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Figure10 Experiment 4: Well log, downhoeotor drilling of 166mmTVD pilot hole.

(vertical section
- no whipstock)

100

Acc sid. Time [5]

In Figure 9 and Figuf®, a complete well was drilled, first drilling to 166 mm MD using the
riser for vertical pilot hole, and then lowering a 10 degree whipstock into the well before the
bit kicks off. For the pt hole, the first 65 mm are drilled with a WOB setpoint of 10 kg,
before 15 kg is used for the remaining parts of the sgelition. As has been observed from
previously conducted experiments, the ROP increases from approximately 0.5 m/hr to 1.5
m/hr with an increase in WOB, and the MSE decreases as a result. In this pilot hole, the
horizontal build and azimuth offset plots are lacking, with constant values showing (due to
an error in calculations since the downhole sensor was calibrated erronously).
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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 11 Experiment 4: Well log representing rig performance when RIH to 109 mmTVD (whipstock KOP) and then drilling
with downhole motor to 600 mmTVD. A 10 degree whipstock is used to kick off.

When the 10 degree whipstockused, an ROP is achieved of approximatety 1.25 m/hr

in the inclined section when WOB is kept at either 10, 15 or M&W®g. In terms of the
calculated horizontal build from 167 mm to 600 mm Mipproximately 58 mm is measured
with the downhole sensomyhile the true builds approximately 42 mm. A theory, that can
possibly explain the low horizontadild is that the small crossver between the bit and
pneumatic motor allows theownhole motor to return to a neavertical trajectory just

below the whpstock,resulting in a rathole and a much lower build at KOP than 10 degrees.
Once thecrossover has passed the end of the whipstock, and the downhole motor with a
larger OD passes the whipstock, the bit will get forced towards a steeper dbglegvas
initially achieved, but still lower than the whipstock dogleg at KOPptissible that a higher
horizontal build got achieved with the 7 degree whipst@ikce such an effect of the bit
returning to neasvertical once the crossver isrotating inside & the whipstock would get
limited. Another explaination is thaine of the cutters on the PDC bit received from Baker
Hughes was observed be chipped after the operation, which is considered the most likely
cause of theeduction in ROP.
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2.2  Observationsamade during drilling in the spring 2019

Somekey observation made duringitling in the spring of 2018re still relevant for tis
year@ competition.During 2019, our main rotational system where changed feorall
electrictop drive motorsystem to a pneumatic systerlotivation for changingo a
pneumatically driven rotational system was mainly¢duce vibrationshave motorcloser
to the bitandusetop drivefor directional control.

In the past couple of yearwe have observed that we hageaite excessive vibrations in our
drilling system. Careful considerations and measures baea implemented in ordeto
eliminate thedamagingvibrationswithout achievirg the desired resultdVhen we changed
our design to the pneumatic system, the vibratsmere heavilyreducedcompared toour
conventional way of drilling8yconvertingvarious previously rotatng pars to nowstatic,
provedto have a huge impact on vibrations addlling efficiencyWe have used MSE and
ROP as a qualification meastioe evaluating drilling efficiencyhe design has taken
inspiration from industry solutions for direction drilling.

Previouslywe had issues with twisting @ipe at the top connection to the top drive. In this
area, the pipe experiencgyclicfatigue due to whirl andateral vibrations during drilling.
Sinceour BHA and pipe does not provide enough weightmuest applyweight with the use
of actuators. By applying weight bit in thismanner,the entirepipe is always in
compression, Wicha great contributor to the cyclic fatigue experienced in the conratti
With the pneumaticdesignpipe stayed static at all times, ept when we weresettingtool
face After weeliminated the need for string rotation during drillingve have not
experienced any twisoff of pipe.

Such a drastic design changjd not come without issues. Previous issued baen
eliminated, but naturally nevissueshave surfaced.Theshaft on the pneumatic motor was
not design foigh bending stresse®lo compensating measures were made either to
strengthen the shafin lateral directionThis led tahe motor shaftoccasionallyreaking

and practicallydestroyingthe motor. This wasiot addressed as an issue by the group until
late insemesterdue to limit timeto test systemThe motor shaft has a high strength hret
axial andorsional direction In the 2020 competition, this issweasaddressedand
compensating measuresase madeto preventthe motor shaftfrom bre&ing
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3 Database for Realime andPostAnalysis
During every drilling experiment, the sensors installed on the rig gather a large amount of

timestamped data. These timestamped data are commonly known as time series data. There
have been many drilling experiments conducted over the yeadsaalot of data has been
collected, either in realime using a Python script that saves riale data received directly

from Arduino Due microcontrollers or for post analysis using a-figfguency data

acquisition (DAQ) module. In the first years, tlaadwas stored in flat text files and there

was a lack of organization. A large amount of the data lacked proper labeling or sorting. In
2017, the team that worked with the laboratoscale drilling rig received help to implement

a database in PostgreSQL.

The database and web application that in the past has served as a user interface for the
database and hosted both the application and the database, was hosted externally.
However, this database was implemented in a conventional relational database
managenent system (RDBMS). Storing time series data in a RDBMS is not very efficient in
the long term. There are more efficient database technologies out there that are specialized
for this kind of task. Furthermore, the hosting infrastructure in use was ngt nediable.

After a properly researched available solutions for time series data, the range of alternatives
was narrowed down to two possible candidates; InfluxDB and TimescaleDB. Both are
considered state of the art time series DB systems, but ther@wacertainties as to which
system would best fit the rig and data. In order to compare the technologies, the two DB
systems got installed in identical environments with identical datasets. Then, several queries
were run against both databases and theieeution time was measured. Based on the

results, the team concluded that TimescaleDB is a faster and more reliable solution on the
drilling rig. TimescaleDB was created by heavily modifying the architecture of PostgreSQL, a
well-known RDBMS. It is offeresd an extension of PostgreSQL and enhances its

functionality and performance. TimescaleDB still preserves all the features and capabilities
of a conventional RDBMS. Data is organized in tables with columns, rows, indexes, primary
keys, foreign keys, consints and all the desirable features usually reserved for relational
databases. TimescaleDB satisfied both of our requirements where both leverages the
features of relational database systems, and also offers great query optimization for time
series dataThis is convenient in order to not have to implement two different databases;

one to store sensor data and another to store rig state data.

In order to easily manage the data that gets stored in the DB, an application that serves as
the interface betweerthe users and the DB is required. A separate small application is also
NBEIjdzA NERT NBalLkRyaAiofS FT2N LlJdzaKAy3d GKS RIFGL
at a specific frequency and these data are stored in text files on the computer. A short
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Python script gets executed on this computer, which reads the text files and pushes the data
to the database. The script can either be executed manually by the conductor of the
experiment, or it can be scheduled to be executed at a specific time of théd-day.

simplicity, the scheduling can be achieved by using Task Scheduler, which igrajohilt
scheduler program of the Windows operating system.

To make the data in the DB easily accessible, afusedly platform to access the data was
created in tle team. This is solved by writing a web application, where team members can
log in and manage the stored data. The user can access and download the data gathered
from either specific experiments, or a subset of those data. The user can then choose to
visudize the data by generating graphs, query experiments using different parameters,
manage which variables that the database shall contain, register the drilled rocks (label the
rock types, experiments, add comments etc.), manage access to the databass, amd

3k UisDrill

01 May 2017 01 May 2017 @ 01Jul2017 @ 01S5ep2017 @ 11Jan2018 & 29Jul2018 &
I Torque Swivel Warn [ Toroue Bit [ Riser Torque Data points: 440
Rock

01Jul 2017 T hi Id: 4
: Name: Competition rock
¢

01 May 2017

Data points: 1650 1

'{ | Il

[ s ||

= |t
I

|

Visualize data >> | k
1 1

B ﬁ ‘

Download data ¥ 1 | li{

01 Sep 2017

—

11 Jan 2018

29 Jul 2018
Figurel2: Depiction of newly developed database for logging all drilling parameters and results.
Please contact Redjol Resutaj more information on the design of the database.
The back end of the DB was developed using the Python programming language. Django was
used for the web framework. In the frontend, JavaScript, hypertext markup language (HTML)
and cascading style shedSSS) got used. The frontend libraries and frameworks used are
Bootstrap, jQuery, jQuery user interface (Ul), Popper.js and Chart.js. The database is hosted
at the University of Stavanger, while data can be pushed from any location by running a
script tha can also be downloaded from the web interface where the user accesses the DB.
As is illustrated above in Figure 3.2, the user can select the experiment that was run from a
list containing all uploaded experiments, and quickly visualize data from thersetinst
shall get exported. In addition, the data can easilydbe/n sampledo for instance 10% of
the raw data. When working with datasets of millions of rows (measurements) and between
five and thirty columns (sensors or features), this immediatebnalthe user to select
which datafrequency to work with, rather than having to import a large dataset, carry out
either a lineadown samplingprocess and then save the data as a new file.
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4 Control System Architecture

The drilling system is a collectiohseveral systems including mechanical, hydraulic,
electrical, hardware, software, and data systems. The hardware architecture is comprised of
three levels; programmable logic controllers (PLCs) on level 1, computers on level 2 and
cloud-based storage dime-based data (optionally also deptiased data) on level 3. On

level 1, the control aspect (PLCs) for 5 the five main systems on the rig are located
(rotational system, hoisting system, pneumatic system, riser and whipstock positioning
system and findy hydraulic mud system). Each system gets controlled through its own
microcontroller / PLC, that both executes commands to the controllable systems on the rig
(actuators, motors, pumps and so on) and gathers information from the equipped sensors.
The PCacated on level 2 handles the decisioraking logic. This logic involves carrying out
the digital detailed operating procedure (DDOP), ROP search algorithms, stdgonthm,

stuck pipe model, machine learning models, detection of drilling incidentsanging out
remedial actions, as well as pushing the data to a configured database feapalysis and

data extraction (level 3). A key factor has been to ensure that all components that make up
the drilling system are compatible for ret@ine and autmomous control.

In 2018, the software architecture was configured to operate as a finite state machine
(FSM), meaning that the system at any time would operate in a particular state (from a pre
defined number of finite states such as calibration statarnmal drilling state, remedial

action state and so on). The Arduino Due microcontrollers / PLCs were programmed using
the Arduino integrated development environment (IDE), while the control system was
configured using Python and the Visual Studio CodeliC#)19, the software architecture

has seen a major upgrade, and is now configured as a multithreading system, meaning that
several client/server modules, referred to as threads that run on multiple cores on the
central processing units (CPUSs), run ingtlat using a gRPC API to handle communication
between each module / thread. In addition, an API based on OPC UA has been developed to
support remote connectivity and remote event handling, allowing external partners to
execute commands remotely to the dool system, for instance through their own API, and
receive data from the rig in redlme upon request.

The gRP@amework was used as it is suited for making distributed systems such as ours.
Thecontrol system is split into individual modules that run microservices. Each module
represents a gRPC server and a gRPC client, this makes it capable of both sending

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 element 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 architecture was designed with future implementations in mind by allowing
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additional modules to be easily added.

Layer 6:
Future Additions
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Figurel3: lllustration of the contrasystem architecture. The data stream is-dimectional from left to right. Modules are

represented as servers. The dotted lines separate each layer.
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5 Control Systent Identified Improvements of Current System
One issue that we have is that the ddtam the Universal Serial Bus (USB), which in turn comes from

the Arduinos, have an unpredictable order. There is no guarantee that the data read from the USB
LR2NI Aa Ay (GKS O2NNBOG 2NRSNWY» ¢KA&a YSIya GKI G
GySeé RIEGE FNRY FYy2GKSNJ ! NRdZAYy2d ¢KS 2LIGAYL f
gathered at the same time from all the Arduinos, since they describe what state the system is in at
the given time. When using data from different Arduinos that iss@mpled at the same time, the
calculations done to achieve optimal ROP would be corrupted since the numbers used for the
calculation is not sampled at the same time. This problem could be solved usingl8Q&8eries,
High-Speed, HiglPrecision, Simudineous USB Device, which lets you have several simultaneous
analog input ports and provide an analog and digital output at the same time. This would solve the
problem of having the data arriving in unpredictable order, by getting all the input at the Samae

Another improvement that would benefit the system was to improve upon the algorithms that
calculate the ROP. This could be done by altering the algorithm altogether and/or altering the area
for which the algorithm searches. The algorithm could u#ieee line or area searchA third
improvement would be to implement Recursive Neural Networks (RNN) / Al to make the program
fSENY FYR FTRFLIW G2 6KFG ¢g2NJ SR ¢Sttt Fyk gKIQ
Section 28

Additionally, the ontrol system is programmed as a finite state machine (FSM). Currently, the FSM
transitioning integrated in the control system can be visualized as:

[ 1. Initialize system ]4— Attempt to

re-initialize
in-case of

[ 2. Calibrate }_ false alarm

Sequential transition

Sequential transition

Yy

Drilling commences according to program ( N L rill \
. Normal Drillin,
d | g J End of
drilling
Error during program
calibration (successful)
Persistent Potential incident detected

threshold

Y
-violati
[ 5. Resume drilling }Mn (6. Abort and Alarm T—
A ! §

\ 4 Yy \ 4

Until
resaivad [ 4.1 Incident detected }W CM[ 7. Complete ]

+ incident (e.g. leak) shut-down

4.2 Remedial action
(pre-programmed)

Figurel4: Finite State Machine Transitioning, Implemented in the Co8yrstem for the 2018 Competition.

In the FSM, there is no clear central system, action system or perception system, making it ideal for
an autonomous drilling system. An approach to further develop our FSM will possibly include adding
additional states, bdt operating states and/or suftates to thenormal drillingstate, as well as
improving the efficiency in terms of stateansition.
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6 Current Configuration of Top Drive in Control System

6.1 RPM

The maximum desired RPM is limited by the rotary union whashan upper limit of 1500 RPM. This
means the RPM should be equivalent to an outputted signal of 3.3V since RPM should not exceed
1500 RPM in order prevent damage on the system. This leads to a factor of

v Ym 0 .
O p— T V&YV Jw
oBdw

The Arduinos have a resolution of

0i QOIQQeeaoe—Qa—e—QQBqJnaﬁrQsoQQQl

Which gives the smallest increment in RPM to be
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By setting the RPM to a fixed value, then using the HBM DAQ system to measure the voltage
feedback, one can find the real relation between RPM and the voltage feedback. Two values for RPM
was selected and voltage feedbagks measured.

By computing the measurements multiple test measurements leads to following equation for the
relation between feedback voltage and RPM.

YOO T @&Zw0é & 0 QO T

From the equation one can see that if voltage is 0 the RRP60i54 This must be corrected in the
code such that 0 voltage corresponds to 0 RPM.
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6.2 Torque

The motor can provide 2.86Nmof operating torque and has maximum instantaneous torque of
8.59Nm. If the instantaneous torque should exceed 8.59Nmthe top droter and driver goes into
safe mode and must be restarted in order to provide torque again. Therefore, the maximum
measurable torque is 8.59Nm and should correspond to 3.3V. This leads to a factor of

y® @& & mlod

o ' '
oBdw W

As deternined earlier, the Arduinos has a resolution of

0i QOIQQeeaoe—Q&c—QQEﬁJm@QsoQQQI

Which gives the smallest increment in torque to be
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By computing the measurements from the calibration process a formula for the relation between
torque and feedback voltage can be determined.
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corrected in the code such that 0 voltage corresponds to 0 torque.
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7 Graphical User Interfaces (GUISs)
Two GUIs have been developed 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 performance
Figure 2.31 and a downhole well trajectory environment, alsowing the reatime position,
inclination and orientation of théit.

Real-time Optimal Parameters Visualization to the Driller

Drilling Incidents and
Alarms

Real-time WOB-RPM

Parameter Space

movement of the RO/
Optimization Agent

Well-Log

Figurel5: GUI is equipped with gauges and parameters showing the control system setpoints and sensor feedback as well as
building a well log imeaktime for interpretation of all stages of the drilling operation.

Current Position: | Rigital Well Environment e seens: Deviation from vertical:

) ) Well completion status: SO — . ¢ e i o
TVD [mm: Projected Horizontal at Exit [mm]: | Horizontal bukd fmmi:t Ge.at |
MD [mm]:
Time [s]:
ROP [cm/min]:
Phase [#]:

Azimuth [°]:

Bird's-eve view; Azimuth offset [mm)]:

Pre-programmed trajectory;

Xeaxts (120 rom)

Side view:

Figurell: GUI consists of both retime feedback from downhole sensor and downhole vibration model, as well ggweal
tracking of the well trajectory position with respect to fre-programmed trajectory to steer towasd

The GUIs have been created using PyQT and QtEditor and are located in their own gRPC module in
the control system
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Due to the nature of autonomous drilling without human intervention, the driller must be able to
understand how the algorithm operates, while monitoring the current drilling parameters, resulting
drilling rate efficiency andvhetherdrilling incidents occur anifl they actually getresolved.
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8 MachineLearning

Without disclosing too many ideas of classification algorghhat we intend to develop further and
implement into the control systepra machine learning approach to rock classification and fault
detection will be fully implemented prior to ne&t S | dddpétition. This will be a major effort in the
team, along with increasing the effectiveness of our control systeenAl searckalgorithmsfor
drilling parameters that achieve optimal R@md naturally also the directional drilling objective.

Machine learning is a subfield of artificial intelligence (Al) concerned with algortthethsan change

a written code on the go while the program is running, hence introducing learning to the computer.
In most cases, the algorithm is given a dataset to train on such that it can recognize patterns and
generalize to make predictions on other datts# might see in the future. There are different

machine learning algorithms available. Some algorithms are proven to perform better than others on
specific types of problems.

Choosing the right algorithm and preprocessing the data appropriately is cétpiired to get good
results. The algorithms are separated into two main categories depending on the solution to the data
is known, namely supervisednd unsupervised learning.

Data Browser O Scatter Plot
w History

1 sw Accuracy: 93.5% | L]
o

Last change. Quadratic SVM__ 37/37 features

w Current Mcdel
Model 1: Trained

Results
Accuracy 93.5%
Prediction speed  ~28000 obs/sec

Training time 9.3949 sec

Figurel7: Snapshot of how datom a loadcell forvarious rock samples/operations are sorted and plotted against two
common featuresOn the yaxis, P75 is used and on thexs, mean value is used to differentiate between the data from
the load cell sensor.
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Figurel8: Depiction of varying signatures in the sensor data from a slogtecell sensor during different drilling
operations.

More information regarding the approach that we will select, our lessons identified throughout the
development phase and results achieved can be expected in monthly reportsnahd competition
day.Just imagine how by using the same approach one might for instance pick up damaging
vibrations to predict fatigue
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Well #2, Ties&Concrete, Twisl-0ff

"M ik ROP [envrin] WEWRS] <10° Daph e
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Twist-off in pipe-connection
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Figurel9: Hopeful enestate is when machine is not only able to distinguish different rocks, but pick up tds inetlata
signals that could predict fatigue or other damage to equipment or borehole.
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9 Prediction/Simulation

Adding to what has been describedSection 10 with regards to the Trajectory Monitor we envision
to develop early in the spring @021, an attempt will be made talevelop adwhat if trajectory is left
unchanged prediction model.The model will aim at describing the likely exit target, time until exit,
andalsocalculatethe distance taa point of no returrunless a corrective measure is executed by the
drilling algorithm Point of no returrin this sense describes tliepth and paition during drilling, at
which if such point isexceededthe planned exit(according to planned well trajectorgannot be
achieved

For instanceif the depth of the rock is 60 cnone has drilled 20 cpthe drill-bit is offset from the
planned weHtrajectory by 6 cm, andhe rig has calculated from previous drilling operatiothet
horizontal correction can only be done at 1 cm horizontally / 5 cm vettigalvertical depth(TVD)
drilling, one will need to drill vertically for 30 cmith maximum horizontal gaito reduce the offset

to 0 cm (horizontally)ln addition, the offset will grow the higher the TVD becomes, for instance by 1
cm horizontally / 10 cm TVD drilledlong the preprogrammed well trajectory

One can then estimatthat if the offset is 6 cm horizontally, when at 20 cm TtiB,point of no return
will arrive at roughly 30 cm depthi.e. 10 cml'VD below theurrent bit position if no additional build
is programmed into the planned well path.

If however theplanned build continues by 1 cm horizontally / 10 ¢ivDdrilled, if only correcting 6

cm horizontally over the remaining 40 cm of the rock, the designated target would still be 2 cm short
(off-set) when exiting the rock as one has reduced theseffby 8 cm hnzontally / 40 cm TVDLhis
suggests that at 20 cm deptty exit as planned, one needs gain 10 cm horizontally / 40 cm TVD
drilled, which is not possible as maximum build would be 8 cm horizontally / 40 cm TVD.

Point of no return is bypassed.
Required build of 10 cm horizontally can
not be made if maximum dogleg possible
is 8 cm horizontally / 40 cm TVD.

6 cm off-set

40 cm TVD
left of rock

----------------- ﬁ 10 cm off-set

Figure20: lllustration of how a prediction model should alert the system when it needs to correct the well trajectory.

This emphasizes the importance of not only ensuring good position control, but also the necessity of
a prediction ofwhat the autonomous actions of the rig will lead to further along the operation.
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10 Rig Systems
The laboratoryscale drilling rig is designed to imitate the main functionality of a normal offshore

drilling rig. Both consist okseral key systems such as rotation/power transmission to the bit, a
hoisting system for tripping in and out of the well, and mud circulation to remove cuttings and
lubricate the bit and wellbore. There is however, one particular challenge when downstalingl
machinery to the laboratory scale. On the full scale, the combined weight of the assembly (bit, BHA,
drill collars and pipes) is sufficient to provide the necessary weight on bit (WOB) to penetrate the
rock formation. The neutral point is kepttine weight pipe / collars, and the actual drill pipe remains

in tension which significantly reduces the risk of buckling and twisting off the pipe. On the laboratory
scale, the weight of the pipe, BHA and bit is insufficient to provide such required YW.amBds, an
additional force to just gravity must be exerted towards the formation, which on the laborataie
system is solved by using three linear actuators rather than traditional drawworks. Since adding WOB
from above the drill pipe leaves the er& system in compression during the drilling operation, high
caution must be taken with regards to the drill pipe which is the weakest component of the system.

Another challenge with replicating an actual drilling rig is the length of the doilhktring assembly.

To reproducesome of theslendernessnd challenges of drilling witteveral kilometers of drill pipes,
aluminumpipes with a low wall thickness (WT) can be u3axenable full transparency of the

drilling operation, the designed stem is unconfined, hence for all drilling operations surface
conditions apply. This implies that one may assimilate the confined compressive strength (CCS) with
the unconfined compressive strength (UCS) for the rock santmé¢sre drilled with the rigA

picture of the existingdrilling rig with key components installésigiven below.
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10.1 Rotational System

10.1.1Top Drive

This year the drilling rig will utilize both the hollelaft electric top drive motor and the
pneumatically driven dowsmole motor in conjunction. The currently installed top drive transfers
torque directly to the drill string and provides a rated torqofe2.86 Nm and a maximum
instantaneous torque of 8.59 Nm. The hollow shaft allows the mud injection hose to travel up the
derrick and to be connected to the top drive from above, using a swivel (rotary union). Hence, the
drilling fluid can be circulated thugh the rotating shaft of the motor and into the pipe at any time.
The decision to attach the mud injection hose from above the top drive, rather than beneath, was
made due to difficulties in locating smaltale rotary unions that would not produce caerable
amounts of viscous friction when the motor rotates at a high rotational speed in-plessure

surface environment.

The main role for the top drive is to set toolface while drilling and to hold angle whilst following a
pre-calculated trajectoryThe pneumatic system will be used as primary motor for drilling.

Experiences from the 2019 competition gave insight in how challenging it is to build angles in such an
environment. One can easily believe that the majority of drilling time will be useditd angle

while drilling to be able to reach the targets. While building angle, only the bit will be rotating.

Rotation will be applied from a downhole pneumatic motor which will drive either a flexible wire
connected to the bit or a universal joint. i§twill be more thoroughly explained in later sections.

This year downhole measurement should be incorporated into the closed loop control and one
challenge has been EMI from thepBase top drive motor. Sensors have performed perfectly in
laboratory comlitions, but as soon as they are in proximity of the top drive the signals disappear
completely. This issue has been addressed and alternatives for the top drive motor is on the drawing
board. One suggestion is to make use of relays to turn off the tme diuring drilling, and solely rely
on the downhole motor. The top drive is turned on when an aziralthnge is to be made, allowing
the control system to change the mechanical angle of the top drive and thus orientation of bit.
Another suggestion is to otinue using the top drive motor and do extensive EMI compensating
measures. One can also take survey points in certain intervals, like they do in the industry while
making up stands. The top drive will be turned off and a survey point will be taken, sttuald
ensure good quality data.

This year down hole measurement should be incorporated into the closed loop control and one
challenge we have faced is EMI from thpt&ase top drive motor. Sensors have performed perfectly

in laboratory conditions, butsasoon as they are in proximity of the top drive the signals disappear
completely. This issue has been addressed and alternatives for the top drive motor is on the drawing
board.One suggestion is to make use of relays to turn off the top dhivéng drilling, and solely rely

on the downhole motor. The top drive is turned on when an azimalthnge is to be made, allowing

the control system to change the mechanical angle of the top drive and thus orientation of bit.
Another suggestion is taatinue usinghe top drive motor and dextensive EMI compensating
measureslf the signals turn out to be usable, we can continue in the same manner. One can also
take suweypointsin certain intervalslike they do in the industry while making up stantise top
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drive will be turned off and a survey point will be takerhich should ensure good quality data.

(a) Motor. (b) Driver.

Figure22: Top drive system, consisting of the motor and the driver.

10.1.2Pneumatic Motor

The idea is based on jusdtating the bit using a downhole motor. Air motors have several different
designs available to serve a wide variety of needs; using an air motor allows us to have enough
torque and rotational motion. Aidriven motors generally have a higher power denssty a smaller
air-driven motor can deliver the same power as its electrical counterpart. Air motor speed can be
regulated through simple floweontrol valves instead of expensive and complicated electronic speed
controls. Air motor torque can be varied iy by regulating pressure.

There are many different types of pneumatic motors, however the team believe that an air vane
motor will be the most suitable for drilling. Vane motors essentially consist of a rotor which revolves
in an eccentrically offset piration of the rotor cylinder. The vanes form working chambers, the
volume of which increases in the turn direction. As the compressed air expands, the pressure energy
subsequently transforms into kinetic energy, thereby producing the rotary motion.
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Fgure23: DEPRAG Pneumatic Motor.

The pneumatic motor from DEPRAG is rated for 2.1 Nm nominal torque and 1500 RPM. Based on
previous well logs and experience drilling with the laboratsegle rig, these performance numbers
related to rotation and torque should be efficient. However, tiwesof an air vane motor with these
specs is quite largén an attempt to reduce the outer diameter and length of the pneumatic motor
we are in dialog with companies for them to custom make a pneumatic motor for us, more info will
be added on this in themonthly updates.

10.2 Hoisting System

The construction is equipped with a complete hoisting system consisting of actuators, stepper
motors and brakes. The top plate is where the top drive and other components are mounted. The
top plate is positionedbetween three triaxial load cells connected to the actuators with self
manufactured brackets. The decision was made to use three actuators based on providing enough
lifting force and for proper stabilization. Another benefit of using three actuatorsisdbolution of
weight setpoints inputted into the system giving the possibility to have small incremental changes in
WOB. The brakes have been implemented to be able to stop hoisting/lowering of the top plate if
necessary, as well as to reduce the holdrgjue on the stepper motors when the system is not
running. To avoid the breaks being mistakenly opened or closed, astaledrelay open and close

the breaks simultaneously. This eliminates the risk of an individual actuator braking. Communication
between the actuators, brakes, relays and motor is established with the help of the microcontrollers
(e.g. Arduinos). New to this year is the addition of HBM siagig load cells, that can sustazOON
(tension) to 200N (compression) force. These load eedire purchased last spring, but not installed
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¢ seeing as making changes to key sensors just prior to competition date is not considered a viable
practice.

Each actuator is controlled by a dedicated stepper motor with a-atege of 1.8 degrees, in vdh

each stepangle consists of 10 micro steps, i.e. 2000 steps/rev. Eackstgad revolution

corresponds to 8mm travel length, i.e. the system operates with an elevation resolution of 4 um.
Very high actuator precision is required for optimal WOB cdnivbich has been a key design
criterion upon constructing the system. During the 22189 competition the team decided to go

for more powerful stepper motors translating even more load to the drilling system. Previous years
the team has observed that tretepper motors work at the upper limit of what they can endure,
increasing the chance of overheating and failure. The new load cells and more powerful stepper
motors allow the system to increase the maximum WOB from approximately 300N WOB up to 600N
WOB.To address our vibration challenge, the spring loaded couplings between the actuators and
stepper motors were replaced with rigid couplings.

Figure24: One of three (3) stepper motors (highlighted with the red circle) and linazatac system.
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10.3 Circulation System

Option one(conventional vertical drilling:

The current circulation system is a simple system consisti
of two alternating pumps of model Xylem Flojet Diaphragr
Electric Operated Positive Displacement Pump. The pumy
powered by a 12 V DC output and has a maximum flow re
of 191/min (LPM)and maximum working pressure at 3.1
barg. Last year the pumps were mounted on a separate
platform connected to the main frame. With a plastic hose
connected upwards along the rig and through the hollow
shaft motor, drill pipe, BHA and exiting through thieand
nozzles out to the bucket system.

This setup is used for when we drill the conventional vertit
way with wateror mudas drilling fluid. The sole purpose fo
the drilling fluid is cuttings transportation and in some sen
cooling of componentsud as bit

10.4 Pneumatic System

Option two (directional drilling)

When using the pneumatic motgsee Sectio0.1.2 as

e

Pressure refief valve

TEAM UIS

i

U
|

Suivel

Top arive
™M (Azimuth steering)

= Stip ring

Drilifioor on
aaaaaaa

Drilipipe
(wired pipe)

Competition rock

Figure25 Schematic of drilling rig design.

rotational provider one need air both for power generatio

and cuttings transportation. The pneumatic motor requirefs

a quite high flowrate800LPMin order to have any torque
transferred to the bitwhich means we need a quite
extensive compresso¥Vhich compressoto purchasehas
not beendeterminedyet, due to regards that must be
taken in terms of cost, ease of transportation and more
significantly noise levels generated tigh-flow
COMpressors.

1) Outlet (to pneumatic

motor)

2) Pressure Transmitter

3) Manual choke valve

4) Manual pressure relief
|

g? gglenoid valve

6) Manual pressure relief

valve .

7) Passive pressure relief

gﬂ\ﬁdraulic Maintenance
unit

9) Inlet (from compressor outle)

Figure26 Pneumatic line up. (Yellow lines)
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The solenoid valve is aay normally closedontrol valve. The valve control takes place through the
control electronic which coverts an analogue input signal into a RMisith Modulation (PWM)

signal. The duty cycle of the PWM signal determines the coil current and hence the position of the
plunge. It is used to throttle the inlet pressure fromI®0% to control the rotational speed of the
motor. Figure 2#epresents the various bit RPM at different valve opening positions.

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% 7326 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

Figure27: Bit RPMs for solenoid valve openingsging from 60% to 100%, corrected for O to 2.1 Nm torque. The data is
taken from experiments performed by Lgken and Lagkkevik.
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10.5 Cuttings Transport System

In order to not fill the entire lab area with airborne dust particles from the drillingeféinient

cuttings transport system is imperative. Experience shows that drilling with the pneumatic motor
creates extremely fine cuttings which easily becomes airborne from the 300 liter per minute flow of
air. Cement and sandstone particles should notrib&led, so for HSE reasons require a complete
collection of cuttings. To accommodate the fine particle collection, two ash vacuums are used to
collect the particles. Since most of the particles travel with the same velocity as the air, the cuttings
mustbe confined in a space where it can be extracted from the air. Therefore, a confinement box
was designed to be 3printed in ABS

Figure28: 3Dprinted cutting transport system.

The cuttings transport system is designed such that the cuttings will be confined within the riser area.
The bottom part of the system is placed on top of the formation and is extended onto the riser wall
(yellow). A door has also been included to be d@blmspect the drilling assembly while drilling. The

top part of the system is slid down on top of the riser. There is an internal seal which clamps around
the pipe confining the cuttings. The cuttings are collected by the use of two ash vacuum cleaners
which are attached to the 3Printed parts.

Manufacturing of the cuttings transport system was done using a Fortus 450mc industrial plastic
printer to ensure the best available quality.
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10.6 Power / Electrical Seup

(a) High volatge system. (b) Low voltage system.
Figure29: Depiction of Electrical Setup on the rig, ensuring HSE and protecting equipment.

In accordance with HSE regulations and good pradaithjghvoltage components are placed within

a fuse box cabinet. This cabinet houses bdih fuses for singkphase and $hase power systems as

well as all motor drivers, power supplies and so®ood space in the electrical cabinet will allow
FRRAGAZ2y&a (2 ySEG &SI Nna O2YLMinkrichrdrgllersj2 0SS Ay dS3
amplifiers and so on have been installed iRaaaday Cageo protect the systems within and to

reduce the electromagnetic interference caused by thgh@ase top drive, driver and@hase grid at

the University.

In addition the team manufactured protshields for
the Arduino micrecontrollers last yearThese ensure
that each sensor and/or wire is connected to the
microcontroller in screwerminals, rather than being
susceptible to getting pulled out during transpont
duringwork near the micrecontrollers.

Figure30: Selfmanufactured proteshields for PLCs and screw
terminals.
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11  Drill Pipe

Testing of other materials for drifipe will be conducted in the spring 2020 to investigiatebetter

suited materials

This year, to facilitate for deviated drilling, the guidelines suggsisigthe same drill pipe as used in

flaGg &@SIFNRa O2YLISGAGAZ2Y® ¢KS F2tt26Ay3 Aa GF 1Sy
spring of 2018 on the specified pipeith theory and equations being taken from [1]

|| Drill pipe | US-units | SI-units ||
D, (Outer diameter) 3/8" 9.525mm
WT (Wall thickness) 0.049” 1.245mm
D; (Inner diameter) 0.277" T.0350mm
L (Length) 367 921.6mm

From the ASM Aerospa&@pecification Metals inc. data sheet, the specifications for Aluminum alloy
6061-T6 can be usef2]:

" Aluminum alloy I 6061 T6 "
Ultimate Tensile Strength | 310 MPa
Tensile Yield Strength 276 MPa
Modulus of Elasticity (8.9 GPa
Ultimate Bearing Strength | 607 MPa
Bearing Yield Strength 386 MPa
Poisson’s Ratio (.33
Shear Modulus 26 GPa
Shear Strength 207 MPa

11.1 Pipe Slenderness
The slenderness of the drill pipe is something we must consider when we look into what the drill

string can handle. In engineering, thkenderness is a measure of the tendency for a drill pipe to

buckle. If the Slenderness Ratio (Eg.1) is found to be greater than Critical Slenderness Ratio (Eq.5),
GKSY AG Aa SYLANROFIft& F2dzy R (KI G OtddeSthedd / NA G A C
W2KyazyQa LI NIFo2tAO F2NNdzZ I 691 170 akKz2dzZ R 0SS dz
Slenderness is by definition the relation between effective length of the drill pipe (I) and Gyradius (k)

and can be found by usireg. 1

.
P8 Y 0& 00§ QF o

Thegyradiusis defined by:

where | ishe minimum moment area of the crosection and A is the crosectional area, given by
Eq.3 and 4 respectively.

e
r& 0 _r0 0
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The critical slenderness ratio is given as foll¢ig. 5)

GKSNB 9 A& (KS Y2 Rsire trdsiledidldsBengtha G A OA G | yR
For situations where both ends are fixed it is common to use a factor of 0.9€ee Eigure 39)
where L is the original length, to find the effective length of the drill pipeutting the values listed

in the tables at the beginning of this section (for pipe and aluminimte)the formulas above, we get
the following results shown in the table log). The results will be used in further calculations.

- - P 5.7
Cross-sectional area, A 3.24 » 107 %m?
Second moment area, [ 2.84 » 10~ m?t

Critical slenderness ratio 70.2

Slenderness ratio of drill pipe 280.2

As a result, the slenderness ratio of our drill pipe was much greater than the critical slenderness
NFGA2S HyndoH B TndHIE HKAOK YSIya GKFG GKS 9dzZ SN
calculations on buckling.

11.2 Pipe Buckling

Since Drillbotics is a competition, we want to able to push our system to the upper limit of its
threshold yetbalance it with HSE. We continuously strive to maximize the &&enetration (ROP)

for all formations so we can drill through the unknown rock sample as fast as possible, and one of the
most important adjustable parameters is Weigirt Bit (WOB). Buciig of the drill pipe is the main

limiting factor when it comes to selecting a maximum WOB. Due to the thin aluminunmpipkeiit

was expected that it would easily buckle if the WOB was set to be too high. Buckling occurs when a
structure, such as a dripipe, is subjected to compressive stress and start a sideways deflection. The
deflection may cause the drill pipe to rapidly wear due to abrasion along the borehole wall. If the
deflection becomes to great the drill pipe will start to deform plasticaligl eventualljoseall its

load bearing capacity. In order to prevent the buckifigct, it is important to know the strength of

GKS RNAff LIALIS® . & dzaAy3a SAOGKSNI 9dzf SNR& / NAGAOI €
Eq.6 and 7 respect®ly, depending on the slenderness ratio.

“ 00

00

r® O
where Fis the Eulers critical load, E is the Modulus of elasticitythkisninimum moment area of

inertia of the cross section, K is column effective length factor and L the unsupported length of the
column.
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P . a

r®. o+ B5F B

GKSNB & (KS ONsiihg ©risife yieldistBgihaEs the chdus of elasticity and- is

the slenderness ratio.

LG Aad SYLANAROFffe F2dzy R GKI G 9dzf SNR& ONARGAOFE f 2
aft SYRSNYySaa NIiGA2d hyS akKz2dZ R GKSy dzaS GKS W2Kya
slenderness ratio$3].

Critical Stress
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and material as we have in our projg4i.

¢KS FTAIAINE akKz2ga | LX 20 2F (GKS 9dzZ SNIJ OdzNIBS 6 NB LIN
in blue) for a similar situation and material as we have in our project. The mateaiBD&IL-T6

aluminum with a circular cross section of 1 inch. Tharool is pinned in both ends. As the plot

shows, when the lengthapproachl SNB > G KS 9dz SNDa ONARGAOFE aiGNBaa
W2KyazyQa LI NIo2fl aK2dzZ R BIS LI ASR F2NJ Y2NB I C

In our case, we have calculated the slendernesgs tatbe much greater than the critical slenderness
ratio (shown irthe end of Section 15)1This means that th@ dzf &ittRldad formula should give
us a good theoretical estimate on the maximum load the drill pipe can handle without buckling.

Ly 2NRSNJ (2 dzaS 9 dz SwEdeterdiNaiieNettive lendtrefactBr. Ohe N dzf | = 2
determines the effective length factor depending on the end conditionth®@tolumn. Due to

implementation of a fixed riser system above the formation, wesider the end conditions as fixed

fixed.

nd Condition: Pinned-Pinned Fixed-Fixed Fixed-Pinned Fixed-Free
lP !P lP lP

lllustration:

Thenratiral Efforti oth Eartr D]

Figure32: The values of effectlve Iength factor, K, dependlng on end conc{mpns

49



$& (71 LB0TICS

¢CKS AyLlzi RFEGEFE yR NXadzZ G F2N) 9dz SNRa ONARGAOIf f

Modulus of elasticity, E 68.9 x 10”Pa
Second moment area, I 2.84 x 10~ m*

Effective length factor, iK' 0.9
Original length of pipe, L 0.9216m
Eulers critical load, F, 280.5 N

The critical load was found to be 280.5 N, which is equivalent to 28.6kg. Thus, one should not apply
more than28.6 kgof WOB to avoid the drill pipe from buckling.

11.3 Maximum Pipe Torque

¢KS (2LJ RNAGS Y202N) Ydzad 0SS RA ¥tSohpchehtynSritd. A G K i K S
our case, the drill pipe is the component which is expected to fail first under rotation due to torsional
vibrations. The torsional vibrations typicadlye caused by @henomenoncalled stickslip. Stickslip

causes the drill bito stop rotating, making the drill string accelerate and decelerate in a periodically

manner. Sticlslip is usually a result of high frictional forces on the BHA and drill bit from the

formation. In worst case scenarios, the drill bit comes to a compteie &nd the top drive motor

keeps on rotating. Then, it is important to know how much torque the drill pipe (weakest link) can

endure in order to prevent it from failing. One can calculate the maximum torque Esj8g

. 0
r® Y T

GKSNBE ¢ Aa (2NJjdzS>Z . A& &aKSI N, &theldBdaldEtanvétoh & (G KS L
OSYGSNI 2F LIALIS® ¢ KS, chidb&exprédssedras a@nd theypdldd mam2nt @Sy i SNE
inertia for a pipe is given Hdyq.9.

r&® U oc O ©
Combiningeq.8 and 9, we geEq. 10

8 Y Tz ~° 0
T pe O
where TxA @ G KS Y E Awisiye maa@rdp stzéak stress, B the outer diameter and D
is the inner diameter. The shear strength of aluminum alloy 6D&1s set to be the maximum shear
& (i NXBaa thesaluminum pipe can endure before shearing. By inputting data from tables above, one

can calculate that the maximum torque applied before fhipe shears is:

vy + -0 0o

pe ©O 840
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Ly 2NRSNJ G2 LISNF2NY alFS RNAffAyYyIJBRudiR) Edlek 2 dzf R | §
al AOKSNRYA O2yaidlyid 2F noprtT1I,tashé&arR@ISY ROAY RSN (1 KS
as shown in equation 11:

r®% Tt mxx,

¢tKAa fSFRa (2 | &RS7x97I6KPa$50.8 MRR andBy\(sng formalaFi0 _
which gives the maximum torque applied before the pipe yields to be:
Y TZL’O o pu&ipnz;o o g8 dno
pe ©O pe ©O
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12  Material Testing

The Drillbotics committee introduced the option of using a stainrftes! tubing for the competition.

An analysis of the Aluminum 6061 T6 pipe and the Stainless Steel 31pip26@as conducted to
determine the proper selection of material. Buckling limits, plastic deformation and-bffis¢sts

were carried out using both theoretical calculations and experimental testing. The objective was to
test the drill pipes with respedb tensile, compressiorfatigue,and torsional limitations. The

following results in conjunction with the experimental tests will determine which material is the most
adzA G of S F2 N (Fadil pipsdpeticatiorRalddterminadibigfyujtelides and

are subject to change each year. The dimensions used for testing of the drill pipes and during drilling
operations are listedh figure 33and 34 and describes the mechanical properties of 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”

Figure33: Drill pipe dimensions as per Drillbotics 2@221 guidelines.

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

Figure34: The mechanical properties of Aluminum 6061 T6 and StaBiesks316 A269.

In the followings subsections the tests conducted on the drill pipes in the UiS mechanical workshop
will be described in detail. The tests are performed as comportestsmeaning a fullength drill
pipe was used to replicate a drillingeration

12.1 Tensile Test

The tensile tests were performed on two pipe samples of each matEiglre 35 and 3fepresent

the results from the tensile tests for stainless steel and aluminum material, respectively. Despite
slight variations in values between the specimen, it can be assumed that the repeatability of the tests
is satisfied.
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Figure35: Stainless Steel 316 A269 Tensile Test
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Figure36: Aluminum 6061 Tensile Test

The tensile load for the stainless steel and aluminum pipe was around 1050080@MdN,
respectively. As the maximum pulling force that theisigapable of i§00N, there would be no
danger of breaking the pipes during tripping out of tliellbore. The results from the tensile tests
can be seen ifrigure 37elow.
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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

Figure37: The results from the tensile tests.

12.2 Compression Test

The compression tests were performed on three pipe samples of each material to establish a
comparative result. The results are represented below for both the stainless Bigat€38) and
aluminum Eigure39) pipe. The compression loadrfthe stainlessteel and aluminum was 4443.86
N and 1325.98 N on average. The results of the different pipes are shown below in Figure 5.4.

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] 1347.4 | 1306.4 | 1324.2 | 4056.2 | 4486.6 | 4788.8

Figure38: The results from the compression tests.

There would be no danger blickling the pipe under these circumstances and both the aluminum
and stainless steel pipe is applicable for the setup.
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Figure39: Stainless Steel 316 A269 Compression Test.
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Figure40: Aluminum 6061 Comprsisn Test.

12.3 Torsional Test

As the previous tests showed that it was unlikely for the drill pipe to buckle or break during
compression and tension, a torsion test was conducted. A torsion testing can be done by twisting the
pipe along an axis until twist off occurs. This can thendms to acquire information about the

torsional shear stress, maximum torque, and shear modulus for example. In this work, only
information about the maximum torque was collected. The drill pipes were torsion tested by
attaching one end of the pipe to thehuck in a lathe, whilst the other side of the pipe was supported

by the lathe support rollers, as shownFigure 41.

Figure4l: Pipe setup in the lathe
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To perform the test, one end of the adapters was drilled and threaded beformiing a bolt of

12.9 quality. Then a torque wrench was attached to the bolt. The torque readings were done

manually. Before starting to apply torque, a straight line was drawn across the pipe, making it easier

to spot when the pipe plastically deformetihe torque wrench moment was increased by 2 Nm each

GAYS 6KSyYy G2NJjdzS 61 & | LILX ASR® ¢KS | OOdzN» 0e 27F (K
applied torque was 0.5 Nm).

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),4.) | 19.5 Nm 18 Nm 86 Nm 90 Nm

When comparing these results to the theoretical values from before, thelstssteel material
performed better and the aluminum worse than expected. The maximum instantaneous torque from
the top drive is 8.59 Nm, meaning that both materials have the required torsional strength. However,
as the cyclic forces experienced by thdlgipe during a rotary drilling operation is quite severe,

twist off of the pipe at the connector has been an issue and fatigue testing to determine which pipe
would be the most suited was necessary.

12.4 Fatigue Testing

During a drilling operation the drill pipe is exposed to cyclic forces over a long period. The team has
experienced pipe failure in the past at much lower forces than expected from calculations and tests.
Extensive fatigue testing was performed in the MBDS BiAxial testing system to evaluate the effect

of fatigue on the drill pipe. In the MTiB8achine, the drill pipe is under compression and torsional

forces simultaneously. The test duration was set to 90 minutes at a compression force of 600 N (max
load cell compression) and 9 Nm torsional force (max top drive torque). During testing of the
aluminum pipes the maximum angle of rotation was reached for the-Ma&hine and a re

calibration of the system would be necessary to perform the test. Unfortunatelyesources at the
University was able to perform the4@alibration at this point and the tests were only conducted for

the stainless steel sample. Fatigue testing was performed in thervéichine for the stainless steel

pipe, one sample was tested foB8000 cycles of torsional forces applied whilst being under

constant compression load of 600 N. Following the fatigue testing, a Nondestructive testing §NDT) a
performed to detect any cracks in the material. The NDT was done using Bycotest C10, RP&D and D
plus. No signs of cracks were visible for the stainless steel pipe

13  Summaryg Pipe testing

¢KS GKS2NBUAOKEt @It dzSa F2N 9 dAfakeNdrdlatedNathiéA OF £ f 2 | F
aluminum and stainless steel pipe Byman, 2020and presented ifigure 42to 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] | 4443.86 | 476.2 | 1325.98 17244
Yield torque [Nm] 13 19.74 32 18.35
Maximum torque [Nm] 19 24.07 88 46.10

Figure42: Theoretical values compared to the experimental datorded in this chapter.

The stainless steel drill pipe had a marginally lower yield torque than the aluminum pipe, however
the maximum torque before shearing was almost twice as high for the aluminum pipe. Having a
higher yield and maximum torque lim#t advantageous when selecting the material of the drill pipe.
The drill pipes were also tested for their tensile, compression and torsion limits, in addition to a
fatigue test. The tensile test results for both materials of the drill pipe exceeded theetieal

values. As for the compression test, the drill pipes were able to withstand compression load much
higher than the theoretical values and should not be in danger of buckling during a drilling operation.
However, the test conditions for the compressitest are not equal to the conditions whilst drilling

as the pipe is not fixefixed, but rather fixeepinned. The fatigue test performed on the stainless

steel pipe showed no signs of cracks or mechanical weakness after thdestrnctive testing of th

pipe. The torsional test results showed a large discrepancy between the theoretical values and the
values from testing. The stainless steel pipe was able to withstand 50% more than the expected yield
and 100% more than the maximum theoretical torquecdmtrast, the aluminum pipe performed

worse than the theoretical values for both yield and maximum torque. Some discrepancy is to be
expected between the experimental and theoretical values as the test specimen used for the
experiments have handles weldedto them in each end. In addition, the experimental setup for the
torsional testing was not optimal and some deviation is expected.

Operational Limits — Drill Pipes

1 | =

Aluminum 606176 Qverpull WOB Torque

815,5 kg 135,17 kg 19,0 Nm

stainless teel 316 Qverpull WOB Torque
A269

1070,34 kg 452,99 kg 88,0 Nm

Figure43: The operational limits for the Aluminum and Stainless steel drill pipes.
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14  Natural Fequency and Resonance

Mechanically, resonance in the system can potentially lead to severe vibrations which makes
regulation and control system architecture challenging. Before one can identify and avoid damaging
excitation frequencies, the natural fregacy of the systermustbe known. Sources of excitation
frequency during drilling can be bibck interaction and actuator stepping. Tpfate, drill string and

the BHA can be treated as three different bodies all with its desired natural frequency of vibration.
Here,only the bp-plate characteristics including its components has been investigated.

An experiment was performed to measure the response to initial condition by using load cells. The
load cells are mounted underneath the tgpate, similar tohaving load cells undeeath the crown

block. The measured quantity is calibrated to be the applied load in kilograms. Keep in mind that the
load cells use strain gauges to measure change in strain or deflection of the cantilever beam,
therefore the oscillations reflect displacemtg but a correlation has not been made, but can be done
using a measuring probe. A weight was attached to the bottom flange without the drill sting
connected, hence introducing an initial displacement of the plageTMKe string holding the weights

was ait and the free vibration response to the initial displacement was measured with the load cells
and shown irFigure 44elow. From the measurement, characteristic properties can be calculated
and a theoretical model for the system can be developed. Funtbee, the stiffness, k and friction, ¢
can beback calculated

! ! ! !
102 104 108 10.8 1
Time [s]

Figure44: Measured oscillations after release of weight, iesponse to initial displacement, X0. Data was measured using
load cells and HBM QuantumX DAQ device with 4800Hz sampling frequency.

We clearly see that the oscillations decay and dies out after approximately 1.5 seconds. After the
release, it overshootand 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 can be found using firved peaksfunction in MATLAB.
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Figured5: Figure to the left captures first 20 peaks of Figure 40, giving sufficient information about dampening and period.
On right, a welch power spectrum estimate showing the dominant frequency of the oscillation, superiregiod
measured in left plot.

From kgure 45 the damped frequenc| of approximately 30His found. Inthe time domain, the
frequency is calculated by# 1=Td, where the period T is the time measured between two peeks.
Eq.12is used to convert from Hz to radians.

F8& 1 Nz

The logarithmic decrement between the first and tHepeak are found by using
Eq. 13

Results oEqg.13as a function of cycles between the two peaks used to calculate theyeie
decrement is illustrated in the figure below. For a freederdamped vibration, a linear relation
exists.

3 T T T T
x  Data <
250 Linear fit x ]
x
x
x
2 . il
—~ x
E %
x
< s x e
<
£ x
x
1 x_— y =0.13782x + 0.19134
%
05 - ~x .
*
x
0 I 1 1 I I 1 L I 1
0 2 4 6 8 10 12 14 16 18 20

Number of Cycles

Figure46: Logaritmic de@ment between first peak andth peak as a function of the number of cycles between the peaks.
Slope of the line is the logaritmic decrement between peak n and n + 1.
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Assuming free vibration, the slope of the line in Figiés the logarithmic decremerit, = 0.1378,
andcanbe used iBq.140 2 Ol f Odzf S GKS RIYLAY3I NrdAz v gAlK

r8

n

Damping ratio in the systemis= 00219. Since the dampening ratio is less than dlaitifies the
assumption stated based on the shape of the response that the system is an underdamped system.
Given the damping ratio, the natural frequency can be calculated as follows:

1
P B

r&

The underdamped oscillatiomeasured in the experiment where initial displacementwas given
andcan be expressed &s Eq. 16

Fr&®8 OO0 ©zQ 8 * 8 zOEpPp YRR <

Response
o
T
{

4 | | 1 1 | | | 1
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
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Figure47: Theoretical model of the system response dueit@l condition under free vibration. The blue line is the decay
function.
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After the model for free vibration has been developed, external excitation to the system can be
studied. The excitation can either be harmonic or random. If the frequency of the harmonic
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excitation force is equal to the natural frequency of the systenterference occurs and the system is
put into resonanceEq.19is used to study the impact of different excitation frequendis

Py
r8& Y

1
P CE—

A plot oftransmissibilityas a function of frequency ratio is useful to investigate the dynamic behavior
of the system. Resonance, effect of damping and attenuation can be found from Bejave
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Figure48: This graph illustrates how a forcedcillation transmits to the system. The amplification of the input force is

shown as a function of the frequency ratio of the input force over the system natural frequency. When the input frequency is
equal to the natural frequency, the system is put isonance and the amplitude spikes. Blue continues line is the

response using the dampening ratio in the system found above.

From the graph, attenuation of the input amplitude is achieved if the excitation

frequency ¢ times the natural frequency of thsystem. Excitation frequencpuld either be
stepper motor pulsing or top drive RPM translated to axial oscillation bypbit interaction.
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15 Bottom-Hole Assembly
15.1 Additive Layer Manufacturing / 3Eprinting

Additive Layer Manufacturing (ALM), also called 3D printing, is gradually finding practical applications
in the oil and gas industry. The industry has shown slow but steady adoption of this technology in
recent years. Though 3D printing technology wasdir{imited to polymetbased products like

Polyactic Acid (PLA) in its infancy, advancements in rhatdd 3D printing is making this technology
more relevant. 3D printing reduces the time it takes to produce complex prototypes, an advantage
the team hagnade the most of. Most of the following components in this chapter have been 3D
printed in PLA to discover design flaws and unforeseen issues.-bataltl 3D printing allows the

team to print fully functional components for use in operation.

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

A One can print prototypes or models to improve efficiency and improve decision making by
visualization.

A Theoption to 3D scan components and print them. Old oil fields may have a lot of
components that are no longer manufactured. With 3D printing one is able to replace the
faulty component at a reduced cost.

A Cost and lead time is reduced as the 3D printer dagigequire a mold. It can print different
components in sequence, in addition to having itste which removes the delivery time.

A Digital storage with technical drawings that can be printed as required, rather than a large
physical storage with resengarts.

Figure49: Markforget MetatX 3D Printer at UiS
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15.2 Universal JointConcept

¢KS dzyA@SNEIt 22AydG 02y OSLIi Aa 2yS 2F G662 LINRBLRA
challenge. The main objective of the universal joint is to transfer the required torque between the
pneumatic motor and the motor shaft without the possibleplems caused by a wire. A number of
key factors regarding the universal joint concept were identified.
It will be able to handle the horizontal and vertical stresses.
A Handle shear stress and vibrations with respect to external forces translated frodrithe
bit.
A Keep the joint as compact as possible and still maintain the structural integrity of the design.
A It will be able to meet the required rotational speeds from the motor.
A Manufacturing capability, able to order off the shelf component.

The degyn of the joint is a common method 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 pros recognized arellisédow.

A Immediate torque on bit.

A Reduced BHA length.

A High operating speeds.

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

The universal joint connections to the pneumatic motor are M8x0.75 threads and M8x1.25 threads
to the motor shaft. Two universal joints in different sizes are prepared for the experiments.

\* W - Top sleeve
o) ! p
\ Bend sleeve
~ Bottom sleeve

Figure50:The BHA with the motor shaft (1), thrust roller bearing (2), bushings (3), universal joint (4) and pneumatic motor
(5). Thesleeve 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 the design. There are some ways to mihiisiziéetct

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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from the angular input. This means in theory that it will not have any immediate effects on the
design itselfWhilst difficult to verify, initial experiments seem to confirm this.

15.3 Wire Concept
The steel wire concept is the alternative solution to theversal joint concept. Using the wire could
potentially reduce the length of the BHA as the motor placement would be more flexible. Removing
the pneumatic downhole motor and running the wire through the drill pipe from the top drive would
be an alternatie solution that would reduce the BHA length drastically. However, doing this with the
current design would result in minimal directional control. The key factors for the wire concept were:
A Flexible motor placement
A Able to handle high RPM
A Of the shelf wie and connections
The downsides were identified as a risk for tangled wire and wear on the inside of the sleeve.

Figure51: The BHA with the swageless studs (4) and steel wire (5).

15.4 Bushings

Bushings, also called pldiearings or sleeve bearings, reduce friction between two surfaces sliding
F3FAyad SIFEOK 20KSNX Ly GKA&a &SFNRa RSaAdys adNI A
loads experienced during directional drilling. The bushings sit on the moaftrasind need to be

carefully manufactured to ensure the correct fit. If the bushings are too large, torque from the motor

will be lost to friction on the motor shaft. If the bushings are too small it will allow the motor shaft to

wiggle, making the drillibunstable and bit walking may occur. The bushings are held in place by the

use of a retaining ring. It is important that the cresectional area of the bushings is unharmed as

any damage to them may cause issues with rotation. If the bushings do ndtaely, bit torque and

drilling efficiency is reduced.
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Figure52: Brass bushings in gold.

15.5 Thrust Roller Bearing
The thrust roller bearing used in the BHA is designed to accommodate axial loads only and must not

be subjected to ay radial load. The thrust roller bearing is rated for 18.6 kN dynamic loading and 48
kN for static loading at 3800 RPM. Thus, it should be able to handle the drilling operation with ease.
The bearing sits between the motor shaft and lower stabilizer amhiat enables the shaft to rotate
while the stabilizer remains stationary.

-

Figure53: SKF Thrust Roller Bearing.

65



$& (71 LB0TICS

15.6 Motor Shaft
The motor shaft connects the universal joint and bit, its job is to transfer the torque from the

pneumatic motor to the drill bit. It will rotate at the same rotational speed as the drill bit. Rittsd

onto the motor shaft by the use of a hydraulic psas the lower bearing ring, the outer diameter of

this part of the shaft should be 0.02 mm larger than the bearing ring. A large quantity of motor shafts

were CNGmachined in the workshop at the University and prepared for different bit connections
(Mld,amc YR mMkné bt¢ GKNBIRAUOL YR ay GKNBFRa F2NJ
installed on the motor shaft followed by the lower stabilizer, two brass bushings and finally a

retaining ring to hold the components in place. The OD of the |paerof the motor shaft is close

to on gauge with the bit, acting as a gauge pad.

Figure54: Motor Shaft.

15.7 Motor Sleeve

The motor sleeve is printed in #7/ph stainless steel at the University of Stavanger.-Rasthining

of threads and removal of support structure is done by the team members in the workshop. The
purpose of the sleeve is to protect the components inside, specifically the pneumatic motor,

universal joint, and motor shaft. There is also a dedicated slot for the cuBtorted Circuit Board

(PCB) above the middle stabilizer. The air from the exhaust on the pneumatic motor travels down the
motor sleeve and out of an air conduit angled at 45°to ensure sufficient hole cleaning. From previous
experience, the particles gersed with the pneumatic motor are very fine and easy to transport

even with air

Figure55: Motor Sleeve.
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15.8 SleeveAnalysis

For now, thesleeve of the BH& divided in three partsThe connectionwill be tested withregular

0 KNB I RA Y 3 Q & eadhithdijustiglaiv andibbv@ thé bendther optionssuch as only one
interlockingmay be achoice depending on how mut¢he BHA can be shortened ahdw accessible
the inner componentsnay be.

The sleeve concefpor covering the whole BHi& a new update for this yeaautomaticallythe
analysis for the structural integrity of tredeevewill be new. A preliminary FBRnalysihave been
made just to showhe areawhich themain activity of the loadingccursduringvertical drilling
Along the monthly reports there will be a more detaikeectionsregarding this part

ANSYS

2019 R2
ACADEMIC

000 50.00 100.00 (rrm)
| I ]

25.00 75.00

Figure56:Preliminary FEA (Vevises). The loading down on theaXis is set to 500 Newton, the bottom for the XZ plane is
fixed and for the cylindrical support, only radial is set to fixed. Also, the indication of the max and min values atedyenera
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Figure57: Close up of the wire connection

15.9 Dirilling AssemblyChallengegrom 2020 prepartions

The main challenge regarding the BHA was to assemble all components insidb {hrén8d

housing and making everything function as desiréhat meant all components had to fit perfectly
inside their respective printed part which proved to be a challenge. Since all components are
supposed to rotate at speeds of 1074 RPM, the precision of the components cannot be stressed
enough.

15.9.1Pneumaticmotor - Universal joint connection

The connection between the pneumatic motor and universal joint have to be done in a particular
way in other to ensure robustness. Keep in mind that the connection needs to be able to transport
1074 RPM and 2.1 Nm of targ from the pneumatic motor. At first, sescrews where used to make
the connection. After some attempts to drill, the sstrews broke, and no rotational velocity or
torgue were transported to the bit. It was then decided to try using a pin to make theamion

rather than setscrews. Pins were made in copper, brass, steel, and-&sésteel. All the different
material pins broke after a short amount of drilling. As attempt to strengthen the pins, chemical
metal was used to fill voids reducing playthe pinholes, but it did not help.

Since the pins did not work either, it was decided to make threads on the universal joint then screw
the joint inside the pneumatic motor. The threading inside the motor was M8 0.75 which is not a
standard pitch on foM8 threads. A M8 0.75 screw die had to ordered in order to make the threads.

Threading of the universal joint proved to be the right solution for this connection. By screwing the
universal joint inside motor, enough strength to deliver both rotatioqeed and torque is achieved.
However, it is important to make the length of threads such that the joint will land on its shoulder to
avoid stress concentrations at the screw. Another consideration to keep in mind is that the ball of the
universal joint shald be placed exactly at the bend of the printed bent sub. If there is a

misalignment there, will the universal joint tend to grind against the wall of the bent sub and lose
some torque to friction.

Just for clarity, the pin shown Figure58isonly to display the concept. The pins used were
manufactured in the lathe with accurate dimensions.

Figure58: Tested connections between motor and universal joint.
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15.9.2Bent Sub Threading

The bent sub is set to have armd8gree offset. The angled offset made the fastening the bent sub
such that it was perfectly level with the shoulder on each side very difficult. It also has a complex
external shape which makes it challenging to get an even grip around the bent sub. thaeftset

and complex external shapes, the threading of the bent sub got slightly lopsided. In Figure 8.5, the
effect of lopsided threads is shown. From the figure one can observe that one side is landing on the
shoulder. However, by turning the BHA 186fe can observe that there is a gap between the
shoulders. This means that the BHA will not be perfectly aligned.

Figure59: The effect of lopsided threads.

Two of the bent subs were printed with a cutout in order to make it straight of the bit got stuck in

hole. The two cutout shapes were a helical and & 32 ¢ Odzi 2 dzli @ G[RPB ¢ LIGedkdiJ2 4 54 2
to increase the resistance to twisting, while the helimatl has no additional measures other than

material strength. It became obvious that the[32 ¢ Odzi ¢+ a4 ySOSaal N (2 | @2
sub. This became apparent while threading the helical cut bent sub. As shown in Figure 8.6, the bent

sub got twsted beyond the bonding strength of the printed layers and eventually parted the bent

sub.

Figure60: Spiral bend untwisting and parting while threading.

15.9.3Shaft, Bushings and Bearings
Some noteworthy observations were made witlgaed to the motor shaft. First of all, the CNC
machining of the piece were not perfectly accurate where the thrust roller bearing should be placed.
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It is particularly important to have correct tolerances when one uses a hydraulic press tdipeess
bearng. When preséitting a bearing, one should not exceed more than 0.05 mm discrepancy
between the diameter of the shaft and internal diameter of the bearing. On the shafts that were
CNG@Gmachined, the diameter was 20.15 mm while the bearing had an inteliaaieter of 19.99 mm,
giving a discrepancy of 0.16 mm which is way too large. On the shafts used for drilling, the diameter
was reduced to 20.02 mm in order to safely présshe bearing

Another important observation was on how far the motor shaft colod screwed into the universal
joint. If the motor shaft got screwed too far into the joint, it would compress the thrust roller bearing
to a higher load than what the bearing is rated for and rotation will not be possible. On the other
hand, if it is s@wed in too short it will cause the bushings to be compressed increasing the friction
effectively losing torque. In addition, more of the shaft will be exposed outside the lower stabilizer
leaving the bit more prone to vibrations. Several spatémgth wee tested in order the find the
optimal distance. After manigerations,the best suited spacing length was found to be 4.3 mm. A
4.3mm spacing distance was achieved by using three M8 washers as shown in Figure 8.7.

-

Figure61: The effects on shaft spacing.

As mentioned, precision is key for this solution and the same is true for the bushings. If the brass
bushings are too tight around the shaft, a lot of friction will be felt. If they are too loose, the bit will
have much play &ween the bushing and inner wall of lower stabilizemaking the bit highly prone

to vibrations. Large play will cause the shaft to get a throw while rotating. The throw may damage
the outside of the bushing making it rotate uneven. Therefore, the bgshirave to be tested to
ensure they fit perfectly.

15.9.4Grease vs low viscosity oil

Prior to assembling all components to the BHA, the comporamtgreased up to reduce friction of

the rotational components. By inspecting the BHA subsequent of conductinljregdexperiment, it

was noticed that the bearing was packed with a mix of grease and dust (cuttings) from the drilling
operation. The mix of grease and dust appeared to be almost solidified to a point where the bearing
did not move. Since the grease hite tendency to absorb dust, it was decided to change out grease
for a light oil. Rather than greasing up the components, rougtdyril of oil was injected with a
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pipette through a venting hole located above the components. By testing out the new way of
lubricating, it was concluded that the oil evacuated the dust particles much better than the grease.
Therefore, it is recommended to use a light oil as lubricant for the internal BHA components. Keep in
mind that the friction causes the components to exeeat, so it is important to use an oil which has

a sufficiently high flame point.

71











































































