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Nomenclature

0 6 “Xonfined compressive strength

'Q; oeBit diameter

ID- Internal diameter

OD- Outside diameter

'O & Youngs modulus

"O- Force

"Q oo gil&teral force to destabilize the structure
"QoosMaximum allowable axial foraen dril-pipe
Fo aeForce between the bit and the formation
G- Shear modulus

g— Gravitational acceleration

Q- Buckling effective length factor

0- Length of drilpipe

0 "Y'©Mechanical Specific Energy

06- Buckling critical load

i & Distance 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
Vg gorate of penetration

" Ultimate strength

i Ultimate shear strength

" Shear yield point

. Tensile yield strength

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

Z Max torque

z

Z Yield torque

| Angle

t r Coefficient of friction
m Density

N Bit angular velocity



Some Commonly Usef@lbbreviations

ROR- Rate ofpenetration
WOB-Weight on bit
RPM-Revolutions per minute
ID—Inner dianeter

OD-Outer diameter

DSATS Drilling systems automation technical section
ANN- Artificial Neural Network
WBM-Water based mud

OBM-Oil based mud
PV-Plasticviscosity

Sk Safety factor

YS-Yield strength

USS- Ultimate shear stress

UTS- Ultimate tensile strength
UCS-Uniaxial compressive strength
TFA-Total flow area

BHA- Bottom-hole assembly
TD-Total depth

DP-Drill pipe

HWDP- Heavyweight drill pip
SPR-Stand pipe pressure
MSE-Mechanical specific energy
CCS-Confined compressivdrength
MAOP-Maximum allowable overpull
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1. UiSDrillbotics Team

Over the course of the last yeathe awareness of th®rillbotics competition and stuaw
organization at the University of Stavanger, UiS Drillbpkias grown. Due to an increasing demand
for multi-disciplinary knowledge in project teams and benefits by involviaggdiedsubject matter
experts the student team at the University is nawmprised ofseven(7) Bachelor of Science and
Master of Sciencstudents from the Institute of Energy and Petroleum JJEf® Institute of
Computer Science and Elecffechnology (IDEnd theinstitute of Mechanicaland Strutural
Engineering and Bterials Sciene (IMBMJ he students in the team work on several other
organizational tasksuch as hosting a seminar, arranging company visits and,4o ocrease the
understanding of drilling automation and smaitilling among fellow students on campus. In terms
of the Drillbotics competition, UiS Drillbotics will cover travel costs apédrmditures related tany
additional studentgo the five teammembersparticipating on competition day.

Last yearfive (5 students wrote thesis on the project directly related to the competition, in which
two (2)graduated with a Master of Sciencadihree (3)students with a Bachelor of Science. This
year,four (4) students will write their Master of Science thesis, and three (3) students Bachelor of
Science thesis. In addition, four other studeats involved with the projedhat have worked on ta
project in the past or are currently working to develop a meuitable database for data
management and quality insurance. The team members and supervisors are:

Team members writing thesis’:

- AndreasSandvik Jakobse&rfProject Lead), MSc student IEPhone: (+47P3052570
- Hakon Petersen Hag&riCoManage), MSc student IEP

- MagomedKhadisv* (Directional Drilling)MScstudent IEP

- Joakim André Alder-Haugen MSc studenRobotics

- Joratan BymanBSc stuent IMBM

- Jon EKarlsenBSc studentMBM

- Joahim Nygaad, BSc studentMBM

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

Professor Karl Skretting, Instituté Gomputer Scierecand Eectro (IDE)

ProfessoHirpaGelgele Lemuinsitute of Mechanicaland Structural Engineering and
Materials Science (IMBM)

Associate Professor Tomasz Wikta, Institute of Computer Scieneed Electro* (IDE)

* Have been a part of the UiS Drillbotics team and Drillbotics competitRe1&2019



w TEAM LIS

ORILLBOTICS
2019-12-31

1.1 Problem Descripton

“Thi s y e asixthaorapetiion fot the ¢itle of Drillbotics® champion and a chance for
sponsoedtravel to present a paper at the next SPE/IADC Drilling Conference and at an event
organized by DSATS”.

The team has construetl an autonomous laboratorgcale drilling sstem,capable of drilling a

directional well through a homogeous sandstone rockanple provided bySPE DSATEhe 2020

challenge will build on the directional drilling element by requiring teams to drill boarel to hit

multiple targets at varying vedal depths and X/Y coordinate$he rock sample will have dimension

12W x L224H (30x60x60 cm) anuk provided on test site (Celle, Germany) for the

competition. A smaller rock sample can be providednurequest DSATS willurthermore provide

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

will be provided. DSATS bit, developed by Baker HugeesSectiol.7), willbe of 15 di amet er

(1/4” nch larger than previous year’s cpatition)a n d 2 " Studentsgre permitted to use their

own drill bit; not to exceed 5. 'diameter.To facilitate for alirectionalwell, the same drill pipe as

used | ast year, 3/ 8" dithckness) ehall b& usédbwevetsminleagg h ( 0. 0 4
steel tubing wil!/l b e p e rPras¢é de@edtioni2olxill pipenforsestsy ear ' s ¢
performed in the Spring of 2018 @huminumdrill pipe specimenDue to the nature of the

competition,the directionalwell must be drilled autonomolg i.e. no human intervention is

permitted during the duration ofhe drilling operation. The autonomous drilling system should

therefore; 1) be capable of optimizing tldeilling parameters to achieve a highte of penetration

(ROP), 2) handle any faslbr drilling incidents that may occur during the operation and 3) steer the

drill bit towards the designated target area, based on ##ralke downholeposition data and alosed

loop control systemThe drillingoperation is not to exceed three (3) houength To facilitate for

autonomous drilling operation, the rig must be equippeithwsensors. New of this year, the

combination of surface and downhole sensors is mandatory, and to avoid disqualificatiomgor se

failure, redundant or immediately replaable tems should be part of the design and

implementation. Time to replace a s&ris added tahe drilling time.The teamsandrill a vertical

pilot hole not mor e t hanWHefithedest beginsftimedeamsiwitl gartr o c k * s
drilling autanomously by continuing to drill the pilot hole, keeping the wellbore asicadras possible

until reaching the kicloff point. The teams will kick offfromer t i cal at any depth b
vertical suface hole.

The drilling rigs limited to 25BHPpower consumption, and any team spending more than USD
10,000 may be penalizddr running over budgefTo evaluate thavellbore integrity of the drilled
well section, DSATS committee shall rutezible casinginto the wellbore anduse this to gaugéhe
borehole quality Thecasingwill be nearly equal in diameter to the3l  Hbit, anld an overgauge
and undergauge casing will also be used as agpaneasurement.

Furthermore, to evaluate the drillingperation the following criteria shall be ceidered (the
followingpages are extracteftom the Drillbotics 209-2020 Guidelires).
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1.2 Project Timeline, Spring of 20

8. Project Timeline

Phase | - Design: Fall 2019

Submit monthly reports On or before the final day of each month
Submit final design to DSATS 30 Nov 2019, midnight UTC

Submit an abstract to DSATS* 30 Nov 2019, 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.

Phase Il — Construction and Testing Spring 2020

DSATS to announce finalists On or about 15 Jan 2020

Construction Spring 2020

Monthly reports On or before the final day of each month

Drilling Test Specific on-site test locations and dates for the North

American and European locations to be arranged not later
than 31 March 2020. The testing will typically occur in late
May or early June.
The timeline for the Phase I tests: Day 0 Students arrive
Day 1 Students rig up; judges arrive
Day 2 Students present to judges
Day 3 Performance tests
Day 3 pm/Day 4 Students rig down and depart

Figurel: Project Timeline taken from the 20Compdition Guidelines.
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1.3 Evaluation Criteria MWeighting of Competition

9. Evaluation Committee
9.1. DSATS will select an evaluation committee from its membership

9.2. Criteria/Weighting (see chart):

Criteria

Parameter

S RILLaoTICS
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Weighting

a. Safety Safety: construction and operation 10
b.Mobility of rig Rig up, move, rig down 5
c.Design considerations and lessons learned 10
d.Mechanical design and functionality, versatility 25
e.Simulation/Model/Algorithm 25
f.Control scheme Data, controls, response times 25
Total 100%

a.Creative Ability Analysis, concepts, development 10
b.Engineering Skills Problem/Goal, design criteria, feasibility 10
c.Construction Quality 10
d.Cost Control 10
e.Performance 30
Various parameters such as: ROP, MSE, Landing Bit, Inclination, and
other
Are these used within the control algorithms
Accuracy of drilled wellbore trajectory Proximity of drilled wellbore to required
(see Appendix “A” for details) target X/Y 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 20
comparison to judges’ 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 @teria taken from the 2B0 Competition 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

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

e 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)

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 requirements (e.g. toolface direction, slide length) must be calculated autonomously
o NOTE: Steering mechanism can still require human intervention for placement and/or
retrieval (e.g. whipstock) but orientation of steering mechanism must be calculated by
the system and shown on the rig floor display.
= Directional surveying process must be entirely autonomous
o Survey qualification must be done autonomously, however secondary
qualification/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)
e All teams are required to provide a definitive directional survey (TXT, LAS, or CSV format)
meeting the following minimum requirements:
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)

Figure3: DirectionalObjectivesAutomation Requireent and Deliverable® be used during compétin, taken from the
2020 Competition Quidelines.
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= Total magnetic field strength reference (Geomagnetic model or in-field
referenced)
=  Error model associated with well trajectory (ISCWSA/OWSG error model or
otherwise)

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

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

e Inclination

e Azimuth (referenced to “block north”)

e True Vertical Depth

e Northing (from well center)

e Easting (from well center)

e Dogleg Severity

* Final survey station is to be an extrapolation to total depth at the bit
e Allteams 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/Y plot
®  Grid north reference to “block north”
= [0,0] at well center
e All teams are required to provide directional survey raw data logs containing the following
minimum requirements:
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
e Sensor axes values
e Calculated survey qualifier values
= Accepted survey indicator (if log entry is an intended survey station)

e If secondary (i.e. human) gualification is also used, both acceptance

indicators must be shown

Figure4: DirectionaDeliverable Requirementsken from the 280 Competition Guidaes.
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1.5 Baker Hughes Drill Bit that will bprovide

As for previous years, the DSATS committee will providegtwith a bit upon request.
Thus far, we have not received too many specifications. We will be provided with a micro
PDC bit, & inches in dimeter (38.1mm) and 2 inches tatal length. The bit is characterized
by low axial aggressiveness and high siggessiveness (high bit anisotropy). Our initial
plan is to use the bit provided by DSATS and perform tests to test how petfarms with
respect to directional drillig, and how it is affected by bit wear. As we have previously
experienced damage dhe cutters, specifically chipping on the cutters.

With time, we plan to conduct experiments with different types of bits ansdigies. Our goal

is to identify bittypes that yield the best results for directional drilling. With the primary

goal being degining our own bit, which is optimized for directional drilling and control, in

addition to being resistant to wear and chippinig.a s t  { lead a backrakie angle of 20

degrees and was axially an aggressiveitalaggressiveness can lead to heaibyrations,

but with our pneumatic motor set up, we are
we canfit more sensor ito the BHA, as we have more space, but in return this can make it

more difficult to drill as the components increase in thickse

1.6 Seminar

To promote drilling automation, digitalization, and the Drillboticsrpetition, the team shall host
one seminar annually on campus. The seminar for 202spd to be held in the middle of March
2020. Last year, almost 250 students and industry representatives attended the seminar entitled
Digitalization and Drilling Aamation., and therewere 44 different companies present.

For more information regardonthis seminar, please contact Andreas S. Jakobsen (+4793052570 /
Andreassj96@gmail.com
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2.1  Well-log Analysis of Previous Well

Experimentl: Vertical well section

Experiment 1: homogeneous inclined section 355 mm to 440 mm MD. Duration 0 - 615 seconds. Horizental build 7.685 mm. (7 deg whipstock used)
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Figure5 Experiment 1: Well log representing rig performance when drilling with dmlmotor in inéhed sectiorusng a
7 degree whipstock

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

to 440 mm MD in homogeneous cement, using a 7 degree whipstbekWOB setpoint is
kept constant at 5 kg, while thRPM setpoint is variebletween 925 and 1075 revolutions
per minue. The resulting ROP is approximat@l# to 0.5 m/hr, which is considered a good
result given the increased wellbofection and a low VOB setpoint. WOB setpoint has from
experiments condatedin the past been asessed to be the most important drilling
parameter affecting thé&ROP. The MSE varies between 10 and 40 MPa, and was calculated
by hardcodinga constant torque value equal to 1 Nsir{ce the top drive is turned off during
drilling wih the downhole motor fo less noisy data; resulting in a zeregoe measurement
in the motor encoder). From the figure, it can be observed that evigim high oscillations in
the downhole sensor measurements, approximatelyrird horizontal build is adeved,

with an offset on the azimuth of approximatelymm. InFigure 6 below, a crossection of

the first deviation well that wadrilled successfully is shown after a watémgatting machine
was used to splithe rock sample.
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Deviation well 1, homogneous cement, 7 degrees whipstock

Figure 9.14Well profile usig 7 degrees whipstock in homogeneous cement.

From inspection of the rock, approximately 55 mm horizontal build aciseved

over 490 mm TVD of drilling below KOP he last 150 mm of dritig, the

knuckle joint turned slightly due to a twist in the cormtien between the knuckle

joint and sensor sub, causing an azimuth offset of approximately 10 mm. From

evaluating he well integrity, it is probable that bit whirl hagcured, possibly

causea by the undergauge BHA. It is however difficult to monitor aprfiem bit

whirl with the current configuration.

Lo Vertical T Inclined S
| . pilothole = * well section Wi e

2 .r':?‘.- mm ’
-horizontal build

Y

a8 100w v

165mm |
600mm

Figure6: Figure 6: Well Profile using 7 degrees whipstock in homogeneous cement
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Experiment 2 Vertical well section

i ) i B i . ) (vertical section -
Experimant 2; homegensous vertical section 0 mm ta 170 mm MD. Duration 0 - 1073 secands. Harizontal build -2.242 mm. whipstock)
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Figure7 Experiment2: Well log representinrig performance when drilling with downhole mootin vertical pilot hde
section for 170 mmVD to later B4 with whipstockRser is used to ensuxerticality.

The second well log, as showrFigure?7, showcases a pilot hole seatithat was drillel to
evaluate the performance that can be achieved with high driliagameter setpoints in the
first vertical section of the competition well. RPMept nearlyconstant at 1040, and the
WOB is increased from first 5, to 10 dater 15kg. As the WOBegs increased, the DOC
increases fromapproximately0.01 (5 kg WOB) to 0.015 (10 kg WOB) to 0.025 (15 kg WOB)
mm/rev, whichresults in an ROP increaserh approxinately 0.5 m/hr to 1.5 m/hr at most.
While the increased WOB lead to an impement in ROP, glight build can bebserved
(according to measurements and visual inspection), which is possibsed by the knuckle
joint starting to bend at highVOB.The range for WOBLildinclinatiorStarts at gproximately 12
kg (up to maximum 18 kg). While the K &lso for this well log is calculatetth 1 Nm
torque constantly, it can be observed that the MSE is reducede®/0OB incrases,
suggesting less energy is wasted, and a higher percentage ebthéined energy usage
goes into bitrock interaction.
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Experiment 3: Deviation wellwith WOB 5 to 20kg

Experiment 3: homogeneous 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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Figure8 Experiment 3Well log representing rig performance when ®Ril240 mmTVD and then drilling with downhole
motorto 600 mmTVD. A 7 degrees whipstock is used to kick off.

Camtinuing to vary the WOB, the same approach as before is used in an inséogdn in
Figure8. For the first 235 mm, the bit islR, With a 5 kg WO&etpoint and an RPM of
between 730 and 1040 to pass the KOP where delfifee whipstock has been inmsed. The
previously drilled well section that thehipstock had been landed in got drilled as shown in
Experiment 2above.Contrary to the last experiment, it is observable that while the ROP
continuesto increase with an imease in WOB setpoint, the M8Bes not decrease. A
possible explaination to this that increased friction between the nentating BHA and the
wellbore in the inclined section leads to a lower ROP (approximateithr) than expected.
Horizontal builds calculated from measurements approximately 100mm, with an offset
on the azinuth of approximately 3 to 4nm (occurs at the end of the inclined section). Upon
inspection of the wellapproximately 45 mm horizontal build was achieved. Possible
explainatons ofboth the MSE, oveestimated horizontal build and only a moderately high
ROPcan be that; either the increased wellbore friction reduces the overall efficienttyeof
drilling operation and that constant vibrations against the wellbore influghee
measurements for inclinatiopalculation. Another possiblexplanation canbe that only half

of the BHA is submerged inside of the well, leaving the BHAr@ee& unconfined, which in
turn affects the vibration cycle of the entire assembly.
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Experiment4: Pilot hole section @L66 mmMD. Inclination well from 109 mm td&00
mmMD.

Experiment 4: homogeneous vertical pliot hole section 0 mm to 166 mm MD. Duration 0 - 572 seconds. Horizontal build 3.096 mm, (vertical section

X - no whipstock)
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Figure9 Experiment 4Well log,downhoe motor drilling of 166mMvD dot hole.

In Figure @and Figurel0, a complete well was drilled, first drilling to 166 niiD using tle
riser for vertical pilot hole, and then lowering a 10 degree whipstotkthe well before the
bit kicks off. For the pilot hole, the first 65 mm are ddligith a WOB setpoint of 10 kg,
before 15 kg is used for the remaining partsied wellsection.Ashas been observed from
previously conducted experimentie ROP increases from approximately 0.5 m/hr to 1.5
m/hr with an increasen WOB, and the MSE deases as a result. In this pilot hole, the
horizontalbuild and azimuth offset plots are lackingith 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. Harizontal build 58.13 mm. (10 deg whipstock used)
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FigurelO Experiment 4: Wellog representing rig performance wheiHRo 109mmTVD(whipstock KOP) and then dril
with downhole moto to 600 mmTVD. A 10 degreéipstock is used to kick off.

When the 10 degree whipstock is used, an ROP is achieved of approximiatdly2% m/hr

in the inclined section when WOB is kept at either 10, 15 or IW&&®dB. In terms of th
calculated horizontal buildrdm 167 mm to 600 mm MD@xpproximately 58 mm is measured
with the downhole sensor, while the true buiislapproximately 42 mm. A theory, that can
possibly explain the low horizonthlild is that the small crossver betweenthe bit and
pneumatic motor athws thedownhole motor to return to a neavertical trajectory just

below the whipstockresulting ina rathole and a much lower build at KOP than 10 degrees.
Once thecrossover has passed the end of the whipstock, anddbgnhole motor with a
larger ODpasses the whipstock, the bit will get forced towards a steeper dagkagwas
initially achieved, bustill lower than the whipstock dogleg at KOP. higssible that a higher
horizontal build got achieved with the 7 degrwhipstocksince such an eft# of the bit
returning to neasvertical once the crosever isrotating inside of the whipstock woulget
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 Observations made during drilling in the spring of 201

Some key dbservation nade curingdrilling inthe sprirg o 2019 will be adressedn this
section. During 2019, oumainrotational sysem where changed fio anall electric top
drive motor system toa pneumatic systenMotivation for changingo a pneumaticaly
driven rotational system was nirdy to reduce vibrations havemotor closer to the bt and
usetop drivefor directional control

In the past couple ofears we have obserd that we havequite excesive brations in our
drilling system Caréul considerationsand meastes havebeen implemented in ordr to
eliminatethe damagingibrationswithout acheving the desired result8Vhen we changa
our designto the pneumatic gstem, the vibratiors were heavilyreducedcompared toour
conventional way of drillingByconvertingvarious previouslyrotating pats to now staic,
provedto have ahuge impaton vbrations anddrilling efficiency We have used MS&hd
ROPas a qualiftation measurdor evaluwatingdrilling efficiency. The desigras taken
inspirationfrom industry solutions for @ection drilling

Previous$y, we had issues with tisting ofpipe at the top connection to the top drivenlthis
area, the pipe experienceydic fatigue due to whirl andateral vibrations during drilling.
Snceour BHA and ipe does notprovide enough weigh we mustapplyweight with the uge
of actuabrs. B/ applyng weighton bit in this manner,the entire pipe isalwaysin
compression, Wich a great contrbutor to the gyclic fatigue &perienced in tle connection
With the pneumaticdesignpipe stayed static at all times, eept when we wee setting
toolface After weeliminated the neel for string rotation during drillingwve have not
experienced any twisoff of pipe

Such a drastic design changdje not come without issuegreviousssueshad been
eliminated but naturally newssueshad surfaced Theshaft ; the pneumatt motor was
not design fohighbendingstressesNo compensabhg measures were rade eitherto
strengthenthe shaftin lateral directionThis l&l to the motor shat occasionallyreaking
and practicallydestroyingthe motor. Ths wasnot addressed as an issue by the grauyil
late insenmester due to limittime to test sysem. The mdor shaft has a high stremigin the
axial andorsionaldirection. In the 2020 competition, this issueas beerhighlyaddressed
and compensatig measures will be madeéo prevent motorshaft tobreak.
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3 Database for Realime and Pet-Analysis
During every drilling experiment, the sensors installed on the rig gather a large amount of

timesamped data. iese timestamped data are commonly known as time series data. There
have been many dritig experiments conducted over the years and a lot ofedlahs been
collected, either in realime using a Python script that saves raale data receivd directly

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

acquisiton (DAQ) module. In the first years, the data was stareffat text files and there

was a lack of organization. A large amount of the data lacked piapeling orsorting. In

2017, the team that worked with the laboratoscale drilling rig received hgeto implement

a database in PostgreSQL.

The databasand web application that in the past has served as a user interface for the
database and hostedoth the applcation and the database, was hosted externally.
However, this database was implementedaioonventional relational database
management system (BBMS). Storing time series data in a RDBMS is not very efficient in
the long term. There are morefficient datbase technologies out there that are specialized
for this kind of task. Furthermore, tHeosting infrastructure in use was not very reliable.

After aproperly researched available solutions for time series data, the rangé¢eofalives
was narrowed dan to two possible candidates; InfluxDB and TimescaleDB. Both are
considered state of thart time series DB systems, but there wenecertainties as to which
system would best fit the rig and data. In order to compare the teabgiek, the two DB
systemgyot installed in identical environments with identical datasets. Then, several queries
were run against both databases and their exéon time was measured. Based on the
results, the team concluded that TimescaleDB is a fastémaore reliable solution mthe
drilling rig. TimescaleDB was created by heavily modifying the architecture gff€&QL, a
well-known RDBMS. It is offered an extension of PostgreSQL and enhances its
functionality and performance. TimescaleDB stillggees all the features @ncapabilities

of a conventional RDBMS. Data is organized in tables with columns, noesss, primary
keys, foreign keys, constras and all the desirable features usually reserved for relational
databases. TimescaleDB saéidfboth of our requiremerds where both leverages the
features of relational database systems, and also offers greaty optimization for time
series data. fis is convenient in order to not have to implement two different databases;
one to store sensorata and another to storeig state data.

In order to easily manage the data that gets stored in the DB, an afiphchat serves as

the interface betweerthe users and the DB is required. A separate small application is also
required; responsible foryshing the datatothedatb ase. The sensor s’
at a specific frequency and these data are staretéxt 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 cantieér be executed manually by the conductor of the

experiment, or it can be scheduled te lexecuted at a specific time of the dayrF

simplicity, the scheduling can be achieved by using Task Scheduler, which igrajohilt

scheduler program of the Winalws operating system.

To make the data in the DB easily accessible, afusadly plaform to access the data was
created in theteam. This is solved by writing a web application, where team members can
log in and manage theaed data. The user carceess and download the data gathered
from either specific experiments, or a subset of sedata. The user can then choose to
visualze the data by generating graphs, query experiments using different parameters,
manage which vaables that the database ali contain, register the drilled rocks (label the
rock types, experiments, add commermts.), manage access to the database, anas.

@ UiSDrill

01 May 2017 01May 2017 @ 01Jul2017 @ 01Sep2017 @ 11Jan2018 @ 29Jul2018 &
I Torque Swivel Warm [ Torque Bit N Riser Torque Data points: 440
Rock

hi Id: 4
Name: Competition rock
.

01 May 2017

01Jul 2017

Data points: 1650 T

Dounsample |{ ‘ '
Sensor: e I 1 ‘
o] | 4 T r

Download data 3. l

01 Sep 2017
11Jan 2018

29 Jul 2018
Figurell: Depiction of newly developed database for loggingdling parameters and mailts.
Please contact Redjol Resulaj for more information on the design of the database.
The back end of the DB was developed ugheyPython programming language. Django was
used for the web framework. In the frontend, Java@tcitypertext markup langage (HTML)
and cascading style sheets (CSS) got used. The frontend libraries and frasesedrare
Bootstrap, jQuery, jQuery usartterface (Ul), Popper.js and Chart.js. The database is hosted
at the University of Stavanger, vilaidata can be pushed froany location by running a
script that can also be downloaded from the web interface vehilie user accesses the DB.
As is illustra@d above in Figure 3.2, the user can select the experiment that was run from a
list containing aluploaded experiments, angluickly visualize data from the sensors that
shall get exported. In addition, the datarceasily bedown sampledo for instance 106 of
the raw data. When working with datasets of millions of rows (measurements) and between
five and thirty columns (senseror features), this immediately allows the user to select
which datafrequency to work with, rather than having to import a largexthset, 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 collection of several systems including mechamidedulic,

electrical, hardware, software, and data systems. The hardware architecture is comprised of
three levels; programmable logic doollers (PLCs) on level Gomputers orlevel 2 and
cloud-based storage of timbased data (optionally also deptiaed data) on level 3. On

level 1, the control aspect (PLCs) for 5 the five main systems on the rig are located
(rotational system, hoistingystem, pneumatic systemser and whpstock positioning

system and finally hydraulic mud system). Each systeéscgatrolled through its own
microcontroller / PLC, that both executes commands to the controllable systems on the rig
(actuators, motors, pmps and so on) and gathemformationfrom the equipped sensors.

The PC located on level 2 handles the decismafking logic. This logic involves carrying out
the digital detailed operating procedure (DDOP), ROP search algorithms, stdgonthm,
stud pipe model, machine leaing models, dtection of drilling incidents and carrying out
remedial actions, as welkgushing the data to a configured database for pasalysis and
data extraction (level 3). A key factor has been to ensure that all conmpeieat make up

the drilling system areompatible for reatime and autonomous control.

In 2018, the softwarerahitecture was configured to operate as a finite state machine
(FSM), meaning that the system at any time would operate in a particula @tam a pre
defined numler of finite gates such as calibration state, normal drilling state, remedial
action stde and so on). The Arduino Due microcontrollers / PLCs were programmed using
the Arduino integrated development environment (IDE), while¢batrol system was
configued using Pytbn and the Visual Studio Code IDE. In 2019, the software architecture
has £ena major upgrade, and is now configured as a multithreading system, meaning that
several client/server modules, referred to as threadsttha on multiple cores othe

central pocessing units (CPUSs), run in parallel using a gRPC API to handle catiorunic
between each module / thread. In addition, an API based on OPC UA has been developed to
support remote connectivity and remote eventiindling, allowing externgdartners to

execute commands remotely to the control system, for instance through their API, and
receive data from the rig in regilme upon request.
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5 Control Systent Identified Improvements of Current System
One isue that we have is thahe data from he Universal Serial Bus (USB), which in turn comes from

the Arduinos, havanunpredictable order. There is no guarantee that the data read from the USB
port is in the correct order. This means that we might be usingl d” dat a nowihm one Ar
“ n e data from another Arduino. The optimal performance would be to use the tethis

gathered at the same time from all the Arduinos, since they describe what state the system is in at
the given time. When using dafeom different Arduinos tht is not samfed at the same time, the
calculations done to achieve optimal ROP wouladtreupted since the numbers used for the
calculation is not sampled at the same time. This problem could be solved usingl8Q&8eries,
HighSpeed, HigliPrecision Simultaneous)SB Device, which lets you have several simultaneous
analog input ports ath provide an analog and digital output at the same time. This would solve the
problem of having the data arriving in unpredictable ordergpeiting all the input athe same time.

Another improvement that would benefit the system was to improve uponalgerithms that

calculate the ROP. This could be done by altering the algorithm altogether and/or altering the area

for which the algorithm esarches. The algorithm ctiluse eitheline or area searchA third

improvement would be to implement RecursiveNal Networks (RNN) / Al to make the program

l earn and adapt to what worked well andn what di
Section 28

Additionally, the control 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

Sequentiol transition

Sequential transition

Yy

Drilling commences according to program N N | Drilli \
. Normal Drilhi
g\ s .. ) End of
drilling
Error during program
calibration (successful)
Persistent Potential incident detected

threshold v

viclati
. Resume drilling | (. Abort and Alarm |—
A

? 3

\ 4 \ 4 \ 4

';J:,':'d [4.1 Inddeit detected ]— cm 7. Complete ]

Unsolvable
4.2 Remedial action
(pre-programmed)

incident (e.g. leak) shut-down
Figurel2: Finite State Machine Transitioningiplemented in the Contt&ystem for the 2018 Competition.

In the FSM, there is no clear central system, actimtesn or perception system, making it ideal for
an autonomous drilling system. An approach to further develop our FSM will possibly indllidg a
additional states, bth operating states and/or subtates to thenormal drillingstate, as well as
improvingthe efficiency in terms of statgansition.
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6 Current Configuration of Top Drive in Control System

6.1 RPM

The maximum desired RPMiisited by the rotary unia which has an upper limit of 1500 RPM. This
means the RPM should be equivalent to amputted signal of 3.3V since RPM should not exceed
1500 RPM in order prevent damage on the system. This leads to a factor of

N p L Yl e
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The Arduinos have a resolution of
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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 vaRE$/or
was selected andoltage feedbackvas 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 séat if voltage is Olie RPM is69.54. 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 aiid exceed 8.59Nmtheop drive motor an 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®d @ a & miod
oDW W

0

As determined earlier, the Arduinos has a resolution of
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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.

YE T @ &G& TLE G 0 QNG @ G

From the formula one can see that i f the feedbac

corrected in the code such that 0 voltage corresponds to 0 torque.
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7 Graphical User Interfaces (GUIs)
Two GUIs haveden 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 rektime position,
inclination and orientation of théit.

Drilling Incidents and
Alarms

Real-time WOB-RPM
Parameter Space
movement of the ROP
Optimization Agent

Real-time Optimal Par Visualization to the Driller

R e———
|| ]| ———
1

—

Dwrsme et

-
| v
10, 11 v

Saae e
1
o]
e
E o e 41

— o

Well-Log

Figurel3: GUI is equipped with gauges and paetens showing the control system setpoints and sensor feedback as well as
building a well log in regime for interpetation of all stages of the drillingoeration.

TVD [mm]: ]
MD [mm]:
Time [s]:
ROP [cm/min]:
Phase [#]:
Azimuth [°]:

V-uie

(200 mm)

Well completion status:

Active Steering:

Projected Horizontal at Exit [mm]: Horizontal build [mm]:

=eye view Azimuth offset [mm]: |

Bre-programmed trajectory:

Figurell: GUl consists of both redime feedack from downble sesor and downhole vibration model, as well as taak
tracking of the well trajectory position with respect to thepregrammed trajectoryto steer towardg.

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 tothe nature of autonomous drilling without human intervention, the driller must be able to

understand how the algithm operates, while monitoring the current drilling parameters, resulting
drilling rate efficiency andvhetherdrilling incidents occur anifl they actually getresolved.
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Figurel4: Visualizatiorpanel, Developed for tt
2018 Competition.
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8 Machine Learning
Without disclosing too many ideas of classificatitgoathms that we intend to develop further and
implement into the control systepa machindearning approach to rock classification and fault
detection will be fully implemented prior to next e acorhpegtition. This will be a major effort in the
team, dong with increasing the effectiveness of our control systtma,Al searckalgorithmsfor
drilling parameters that achieve optimal R@#d naturally also the directional drilling objective.

Machine learning is a subfield of artificial intelligence (8hcerned with algorithmshat can change

a written code on the go while the program is rungimence introducing learning to the computer.

In most cases, the algorithm is given a datasetamton such that it can recognize patterns and
generalize to mke predictions on other datasets it might see in the future. There are different
machine leaming algorithms available. Some algorithms are proven to perform better than others on
specific tygs of problems.

Choosing the right algorithm and preprocessing data appropriately is often required to get good
results. The algorithms are separatetbitwo main categories depending on the solution to the data
is known, namely supervisednd unsugrvised learning.

Data Browser v Scatter Plot
w History

1 SV Accuracy: 93.5% Predictions: model 1
.

Last change. Quadratic SVM_ 37/37 features

w Current Model
Model 1: Trained

Results

Accuracy 93.5%
Prediction speed ~28000 obs/sec
Training time 9.3949 sec

Figurel5: Snapshoof how datafrom a loadcell forvarious rock samples/operations are sorted and plotted rgfivo
common featuresOn the yaxis, P75 is used and on thexs, mean value is used to difatiate between the data from
the load cell sensor.
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s approach to use mach

Anilluss rati on from | ast year
and rocks being drilled using single sensor dagiven below

PID Movement «10° Cement

Load fg]

-500

Load fg]

il [i1-] 1 15 2
Sample «10%
<10% Sandstone

4000

2000

Load [g]
Load [g]

-2000

-4000

-G000 4 4 -1.5 4 4 4
] 1 2 3 L] 5 1] 2 4 3] 8

Sampla <107 Sample <107

Figurel6: Depiction of varying signatures in the sendata from a éngle load cell sensor during different drilling
operations.

More information regarding the@proach 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

Well #2, Tiles&Concrete, Twist-off
Metor Torque [Nm| VIOB [iGg] e
0o 0 n 9 i

j \

0% ROP (o] WSE[WPY) 10t Dighfem
o4 ;4 ) 5 2 0 2

LT | | T |
j Persistent damaging axial-
[ S
and torsional vibrations

+ i 4

]
%

P

Twist-off in pipe-connection
due to fatigue

Figurel7: Hopeful enestate is when machine is not only able to distinguish different rocitgitk up tfe trends in data
signals that could predict fatigue or other damage to equipment or borehole.
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9 Prediction/Simulation

Adding to what has been dedoed in S=ction 10 with regards to the Trajectory Monitor we envision
to develop early in the spring @020 an attempt will be made talevelop dwhat if trajedory is left
unchanged prediction model.The model will aim at describing the likely exitgiet, time until exit,
andalsocalculatethe distance taa point of no returrunless a corrective measure is executed by the
drilling algorithm Point of no retun in this sense describes tliepth and position during drilling, at
which if such point isexceeded the planned exitfaccording to planned well trajectorgannot be
acheved

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

to 0 cm (horzontally).In addition, the of-set will grow the higher the TVD becomes, for instance by 1
cm horizontally / 10 cm TVD drilledlong the preprogrammed well tragctory.

One can then estimatéat if the oftset is 6 cm horizontally, when at 20 cm T, 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 wegdath.

If however theplannedbuild 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 hagluced the offset by 8 cm horiantally / 40 cm TVDThis
suggests that at 20 cm depttp ext as planned, one needs wain 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

Figurel8: lllustration of how a prediction model should alert thestem wien 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 of vinat the autonomous actions of ¢hrig 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 const of several key systems suchratation/power transmission to the bit, a
hoisting systemdr 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 whensid@aling the full
machinery to tle laboratory scale. On the full scale, the conelninveight ofthe 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 kept in the weight pipe / colla; and the actual drill pipe remains
in tension vhich signiftantly 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 regi@B [1]. Thus, an
additional brce to just gravity must be exerted towards tfiegmation, which on the laboratoryscale
system is solved by using three linear actuators rather than traditidraalworks Since adding WOB
from above the drill pipe leavebe entire system in compressiaturing the drilling operation, high
caution mustbe taken wih 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 toilhktting assembly.

To reprodice some of theslendernessand challenges of dlihg withseveral kilometers of drill pipes,
aluminumpipes with a low wall thickness (WT) can be u3edenable full transparency of the

drilling operation, the designed gg#n is unconfined, hence for altilling operations surface
conditions apply. Tik implies hat one may assimilate the confined compressive strength (CCS) with
the unconfined compressive strength (UCS) for the rock santimésire drilled with the rigA

picture of the existingdrilling rig with key components installesi given below.

Figurel9: The resulting drilling rig, ahead of the 2018 Competition.
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10.1 Rotational System

Thisyear we havelecided touseboth the hollow-shaft dectric top drive modr and the

pneumatically driven dowrthole motorin conjunction The currently installed top drive transfers

torgue directly to the drill string and providesrated torque of 2.86Nm and a maximum

instantaneous torque of 8.59Nm. The hollow shaft allows the mud injection hose td tipube

derrick and to be connectet the top drive from above, using a swivel (rotary union). Hence, the

drilling fluid can besirculated through theotating shaft of the motor and into the pipe at any time.

The decision to attach the mud injection leosom above the top drive, ratheh&n beneath, was

made due to difficulties in locatingsmallc al e r ot ar y upmodutencensideralble wo ul dn
amounts of viscous frtion when the motorrotates at a high rotational speed in a lgwessure

surface evironment.

The top drive providesotational speeds up to 3500 RPM. The RPM is however currently limited to
1500 RPM due to #hrotary union which is being used. The RRRNY torqueoutput from the motor
can be controlled by varying two analog voltaggnals that get transmitted from pgrammable

logic controllers (PLCs) to the dedicated motor driver which is used to contraghdrive. In the
motor driver, a dynamictaking function exists. This function allows the autonomous control
algorithm or tte drilling engineer to define absatimotor torque limitations, in which rotation is
immediately stopped if this limit gets ex@ded. This suggests that for instance wheitlidg is
conducted using fragile aluminum pipes that are very susceptible tdibhgaknd twistoff due to

their lowmechanical strength and buckling limit, the maximum torque that the top drive can deliver
cansimply be programmed below the drill striggeld point. The programmable brakifignctions

can be deactivated during experimisnfor instance when simulating dimg incidents for research.

The top drivewill be used irconjunctionwith the pneumaticsystem The mairrole forthe top drive
is to settoolface while drilingand to hold angle whiléllowinga precalculated trajectorylhe
pneumatt systemwill be used agprimarymotor for drilling. Experiencdrom the 2019 compeition
gave nsight in hav challengng itis to kuild greatangles in suchreenvironment In addition has the
bit diameter beerincreasel from 125" to 1.5" reducing theaggressivityf angle buildingOne can
easily believehat the majority of drilling time will be used tauild argle in order the reackarget.
While building anglegnly the bit will be otating. Rotation willbe appied from a downhole
pneumaic motorwhich will driveeither aflexiblewire connected to thebit or a universal jointThis
will be morethoroughy explainedin later sections.

This year dowimole measurement should be incorporated into the closed loop control and one
chalenge we have faced is EMI frahe 3-phase top drive motor. Sensors have performed perfectly
in laboratory conditions, buas soon as they are in proximity of the top dritie signals disappear
completely. This issue has been addressed and alternativélsédop drive motor is on t& drawing
board.One suggestion is to make use of relays to turn off the top drive duritipgyiand solely rely
on the downhole motor. Th&op drive is turned on when an azimuthange is to be made, allowing
the control ystem to change the mechanicahgle of the top drive and thus orientation of bit.
Another suggstion is to ontinue usinghe top drive mobr anddo extensve BV conpensating
measure. If the signals turn outo be usable, we cancontinuein the same manneOne can also

35



S RILLaoTICS

2019-12-31
take suvey pointsin certain intervalslike theydo in the industrywhile making upstands. The top

drive will be tuned off and asurveypoint will be taken which should ensure googuality data.

10.2 Hoisting System

The construction is equipped with a complete stoig systentonsisting of actuators, stepper

motors and brakes. The top plate is where tbe drive an othercomponents are mounted. The

top plate is positioned between three tsixial load cells connected to the actuators with self
manufactured bracket Thedecison was made to use three actuators based on providing enough
lifting forceand for proper sabilization. Another benefit of using three actuatorghie resolution of
weight setpoints inputted into the system giving the possibility to havellsmaementd changes in
WOB The brakes have been implemented to be able to $toigting/lowering ofthe top plate if
necessary, as well as to reduce timdingtorque onthe stepper motors when the system is not
running. To avoid the breaks beimgstakenly openedr closed, a solidtate relay open and close

the breaks simultaneously. Thisminates te risk of an individual actuator braking. Communication
between the actuators, brakes, relays and motor is established with the help ofiittre-controllers
(e.g Arduinos).New to this year is the addition of HBM singbes load cells, thatan sustair200N
(tension)to 200N(compression)drce.These load cells were purchased last spring, but not installed
—seeing as making changes to key sensdm po compdition date is not considered a viable
practice.

Each actuator is controlled laydedicatedstepper motor with a stefangle of 1.8 degrees, in which
each stepangle consists of 1Micro stepsi.e. 2000 steps/rev. Each leadrew revolution

corresponds to 8mm travel length, i.e. the system operates with an elevation resolutipnwf.4 Ve r y
high actuator precision is required for optimal WOB control, which has been a key design criterion
upon constructing the sysm. This year we have decidea go for more powerful stepper motors
translating even more load to the drilling systemeWous yeas we have observed that the stepper
motors work at the upper limit of what they can endure, increasing the chance of eating and
failure. The new lad cells and more powerful stepper motors will allow the system to increase the
maximum WOBrom approxmately 300 N WOB up to 500 N WAB.address our vibration
challengewe have changed from spring loaded couplings betwiine actuators and stepper mots

to rigid couplings. Our belief is that since we have allowed for vibration generationgh the

MOTECH MOTOR CO., LTD
Hybrid Stepper Motor = @ |
RevA

Erodnctiame MT-2315HS300AW-C

\ P

| ;i:w‘m-\)
|

\

S
Wiring Diagram
B s i T
Figure21: Datasheet for more powerful Stepper Motors that have been Figure20: Rigid couplings thatplace the
installedprior to the 2019 Compeibn. previously used sprinigaded couplings

between actuators and stepper motors.
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spring-loaded couplings it would be benefitable to eliminate that part of the sysiEme. new

stepper motors have the follwing specifications:

10.3 Circulation System

Option one (conventional vertical drilling:

The current circulation systemassimple system consisting
of two alternating pumps of model Xylem Flojet Diaphragr
Electric Operated Positive Displacement Pump. The pumy
powered by a 12 V DC outpband has a maximum flow rate
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 @ithrough the hollow
shaftmotor, drill pipe, BHA and exiting through thi& and
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 flid is cuttings transportéon and in some sense
cooling of componentsud as bit

10.4 Pneumatic System

Option two (directional drilling)

When using the pneumatic motdgsee Section 22s

E

s

Pressure relief valve

Suivel

Top drive:
™M (Azimuth steering)

= Stip ring

Drilifioor on
aaaaaaa

Drilipipe
(wired pipe)

Filot hole:
drilled using riser

Competition rock

Figure22 Schematic of drilling rig dégn.

rotational provider one need air both for power generatio
and cuttings transportabn. The pneumatic motorequires

a quite high flowrate800LPMin order to have any torque |

transferred to the bitwhich means we need a quite
extensive compressovWhichcompressoto purchasehas
not beendeterminedyet, due to regards that must be
taken in terms of cost, ea®f transportation and more
significantly noise levels generated tigh-flow
COMpressors.
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Figure23 Pneumatt line up. (Yellovines)
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10.5 Power / Electrical Seup

(a) High volatge system. (b) Low voltage system.
Figure24: Depiction of Electrical Setup on the rig, ensuring HSIgratetting equipment.

In accordance with HSE regulations and good praaithjghvoltage componats are phaced within

a fuse box cabinet. This cabinet houses both the fuses for giinglee and $hase power systems as
well as all motor drivers, powesuppliesand so onGood space in the electrical cabinet will allow
addi tions t o tfioatobeintegraied inte this cabimpt4l microcontrollers,

amplifiers and so on have been installed iRaaaday Cageo protect the systemsvithin and to
reduce the electromagnetic interference caused by thph&se top drive, driver and@hase g at
the University.

In addition the teammanufactured proteshields for
the Arduino micrecontrollers last yearThese ensure
that each sensor and/or wire &onnected to the
microcontroller in screwerminals, rather than being
susceptible to gettig pulled at during transportor
duringwork near the micrecontrollers.

Figure25: Selfmanufactured proteshields for PLCs and screw
terminals.
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11  Drill Pipe
Testing of other magdrials for drillpipe will be conduatd in the sprin@020 to investigatdor better
suited materials
This year, to facilitate for deviated drillindnet guidelines suggessingthe same drill pipe as used in
| ast year’ s competi ti oalculatiohshansd estimdtels made durgfteti s t ak e n
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.035mm
L (Length) 36" 921.6mm

From the ASMA\erospace Specificath Metals inc. data sheet, the specifications for Aluminum alloy
6061-T6 can be usef2]:

" Aluminum alloy 6061 T6 "
Ultimate Tensile Strength | 310 MPa
Tensile Yield Strength 276 MPa
Modulus of Elasticity 68.9 GPa

Ultimate Bearing Strength | 607 MPa
Bearing Yield Strength 386 MPa

Poisson’s Ratio 0.33
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 engingeg, the slendernesis a measure of the tendency for a drill pipe to

buckle. If the Slenderness Ratio (Eqg.Iumd to be greger than Critical Slenderness Ratio (Eq.5),

then it is empirically found t halelfoytheatheé s Cr i ti c
Johnson's parabolic formula (Eq. 7) sngould be wus
Slendernesss by definition the relation between effective length of the drill pipe (I) and Gyradius (k)

and can be found by usirigg. 1

6
P8 Y 0& 00§ QF o

Thegyradiuss defined by:

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

O —zQ 0Q
F & O(pT
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The critical slenderness ratio is given as foll@ic. 5)

" a
Ir "“Q

where E is the mogsuletessileyiéldsEdngthst i ci ty and o

For stuations where both ends are fixed it is common to use a factor of 0.9@eelFigure 39)
where L is the original length, to find the effectiemgth of the drill pipelnputting the values listed
in the tables at the beginning of this section (fop@iand aluminuminto the formulas above, we get
the following results shown in the table below. The results will be used in further calculations.

- - o 6.2
Cross-sectional area, A 3.24 = 107 %n?
Second moment area, [ 284 % 10~ mt

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
ratio, 280.2 > 70. 2, which means that the Euler’s C
calculations on buckling.

11.2 Pipe Buckling

SinceDrillbotics is a competition, we want to able to push our system to the upper limit of its
threshold, yet balance iwith HSE. We continuously strive to maximize the Rate Of Penetration (ROP)
for all formations so we can drill through the unknown rock skngs fast as possible, and one of the
most important adjustable parameters is Weight On Bit (WOB). Buckling dfithpipe is the main
limiting factor when it comes to selecting a maximum WOB. Due to the thin aluminum drill pipe it
was expected that ivould easily buckle if the WOB was set to be too high. Buckling occurs when a
structure, such as a drill pipe, iglgected to compressive stress and start a sideways deflection. The
deflection may cause the drill pipe to rapidly wear due to abrasiongaiba borehole wall. If the
deflection becomes to great the drill pipe will start to deform plastically and evdgtloase all its

load bearing capacity. In order to prevent the buckling effect it is important to know the strength of
thedrillpipe.Bysi ng ei t her Euler’”s Critical Load for mul
Eq.6 and 7 respectively, dependj on the slenderness ratio.

“ 00

00

r® O
where kis the Eulers critical load, E is the Modulus of elasticity, | is themmaim 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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wherqs® sot he c r,iistthe tersile yieddtstreagshsE, is thee moduldi®lasticity and - is
the slenderness ratio.
I't is empiricall yoafl ormuawillindt letacclEatel belaw'the critical i t i ¢ a | I

sl enderness ratio. One should then use the Johns
slendernes ratios[3].

Critical Stress
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Figure26: Fot of the Euler curve (representedinredy R W2 Ky a2y Qa LJ NI 62t ONBLINBaSydiSR A
and material as we have in our projg4t.

The figure shows a plot of the Euler curve (repr
in blue) for a similar situation and matalas we have in our project. The materigh8061-T6

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

shows, when the |l engths approaches zero, the Eul
Jomson’s parabola should be4applied for more acc.!

In our case, we have calculated the slendernasi® to be much greater than the critical slenderness
ratio (shown irthe end of Section 15)1. T hi s me a n eriticalloaa formtlahskouldEgive ar ’ s
us a good theoretical estimate on the maximum load the drill pipe can handle without buckling.

I n order to use Eul emustdeterming aieifectad lengthofactdr. Gne r mu | a 0
determines the effective length faot depending on the end conditions @he column. Due to

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

fixed.

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

lllustration:

D]

N

wenratical Effertive | enoth Fartar K

The 1 ns 1/.
Figure27: The values of effective length factor, K, dependimgiod condition§4].
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The input data and result for Euler’'s critical I

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

Effective length factor, K 0.9
Original length of pipe, L 0.9216m
Eulers critical load, I, 280.5 N

The criticaload 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

The top drive motor must be di steamponentimmidd.lwi t h t he
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 rotaing, 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 comptleig @and the bp 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—
where T is torgue, T i s shear :stheradildistandetd s t he p
center of ©pipe. The,canbdeéxprdsseddsant thenpolas mimentafe nt er , p

inertia for a ppe is given b¥Qq.9.
r&® v oc O ©
Combiningeq.8 and 9, we geEq. 10
““0 ©O

8 Y ot 71— =
T po O

where haxi S t h e ma X ingrisithe maxinumg sheay strass, B the outer diameter and D
is the inner diameter. The shear strength of aluminum alloy 6D6&1s set to be the maximum shear
st r ess the aluminum pipe can endure before shearing. By inputting data from tables above, one
can calculate that the maximutorque applied before th pipe shears is:
. “0 ©
Y -|- z

0o © 840
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I n order to perform safe drillingy.BousimgEgenoul d al

Mascheroni constant of 0.577,omean convert t en,ddsheay iyéled ds, st e eaqitgh |
as shown in equation 11:

r®& T m™®XX,

This |l eads to a ysbherax276MRa&s9.8 MPaand byruging formold 10 T
which gives the maximum torquepplied before the pipe yields to be:

13 ’O ’O 13 ’O ’O
Yot z— p LY p TIZ —

J)
oo © oo © 8-°0
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11.4 Destructive testing of Drill Pipe
Real values and theoretical values are not always coherepteldre, we wanted to put theory into
practice and do some testing of the drill pipes at the Universitgtavanger. The testing was
conducted using an INSTRON model 5985 located at the machine hall at the University. The INSTRON
model 5985 is a universtdsting machine, where you can do both tensile and compressive testing
with a maximum force of 250 kWhe tensile test was conducted on four samples while the
compression test was conducted on three samples to ensure coherent results. By doing these kind
of tests one can determine important mechanical properties like modulus of elasticity, maximum
load, tensile and compressive stress and strain. The results are presented in the figures below.

TENSILE STRESS VS TENSILE EXTENSION TENSILE STRESS VS
— e - ample 4 TENSILE EXTENSION

S (N, I ——
4
)'l'
|'j
./r
Figure28: Tensile StresdDestrutive Testing of the 0.049" WT Dirill Pipe.
Load at max [kN] Modulus of elasticity [GPa] Tensile yield stress [MPa]
Sample 1 10,239 61,40 278,7
Sample 2 10,349 61,12 283,7
Sample 3 10,256 60,19 280,2
Sample 4 10,478 63,58 290,4
Average value 10,331 61,57 283,2

Figure29: Tensié Stressvalues- Destructive Testing of the 0.049" WT Drill Pipe.

Since the drill pipe is not the standaid terms ofgeometry) for doing tensile testing, it was

expected that it may occur some anomalies or deviations from each sample. For example, when
clampirg down the pipes, we had to fill the ends of each sample with a hard and strong anchoring
cement in order to make it internally strong enough to make the clagpirficient. By not filling the
ends with a strong material the pipe would just collapse whheeclamping was done and during

the test it would break just above the clamp. The mstandard way of clamping may have been the
largest contributor on the laye deviations in extension before breakage as well as impurities in the
aluminum alloy and intenal and external damages to the pipe. In our case, the large deviations in
extension before breakage was not a critical issue due to our interest in modudlesstitity and
tensile yield strength. One can see that the data for each sample coincidesaglitin the elastic
region shown in figure above.
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Compressive load vs Change in length
p i)
= 1000
—; EOD
'; Sample 1
E Sampla 2
£ 6O ~ .
g sample 3
4K
|
200 (
i o r | 4 -] 8 10 12 14 16
Change in length [mm)]
Load at yield [N] Medulus of elasticity [GPa] ~ Compressive yield stress [MPa]
Sample 1 1380,53931 63,68 4262842
Sample 2 1375,71643 50,23 42,4795
Average value 1378,12787 61,45 42,55396
Sample 3 985,71997 51,71053544 30,43715

Figure30: Compressive Stress and ValuBgstructive Testing of the 0.049" WTilRipe.

The compression test was conducted using the full length of drill pipe in ordeplicate the real
situation as much as possible. Sample 1 and 2 was tested in an orderly manner, simply by
compressing them, while sample 3 was first compreas#d yield, then restarted the test from zero
compressive stress. This approach cannot ba sedigure above, but one can see that the Load at
yield had a great decrease of about 30%.

12 Summary:Drill StringConsiderations
From section 15, the flowing values were found that limit the maximum operating parameters of

the drilling rig:

Pipecritical slendernesgatio:

a ¢ O
) — 8
Cross-sectional area, A 3.24 x 107 %m?
Second moment area. [ 2.84 x 10~ 1mp1
Critical slenderness ratio 70.2
Slenderness ratio of drill pipe 280.2
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00
Modulus of elasticity, E 68.9 x 10" Pa
Second moment area, 2.84 x 107 m*
Effective length factor, K 0.9
Original length of pipe, L 0.9216m
Eulers critical load, Fi, 280.5 N

g d

Maximum torque before pipe shears:

O ©
Y T z— . 8 4 O
pe ©O
Maximum torque before pipe vields:
Y TZL’O puai)anZ;,o © 8 40
pe ©O pe O

References are given at the end of this report (and in Section 15).
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13  Natural Frequency and Resonance

Mechanically, resonance in the system can potentially lead to severe vibratltios makes

regulation and control system architecture clealging. Before one can identify and avoid damaging
excitation frequencies, the natural frequency of the systanstbe 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 itmmdby using load cells. The

load cells are mounted underneath the tgbate, 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 gges 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 thestiing

connected, hence introducing an initial displacement of the plageTMe string holding the weights
was ait and the free vibration response to the initial displacement was measured with the load cells
and shown in Figuré3, below. From the meagement, characteristic properties can be calculated
and a theoretical model for the system can be developed. Funtbee, the stiffness, k and friction, ¢
can beback calculated

| | | |
102 104 106 10.8 1
Time [s]

Figure31: Measured oscillations after releaséweight, i.e. response 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 apped&lynl.5 seconds. After the
releasejt overshoots and undershoots alternately, hence it must be an underdamped system. More
information about the dampening is obtained by studying the decay between the peaks. Peak
amplitude and location can be found ugithefind peaksunction in MATLAB.
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Figure32: 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 showingdbeinant frequency of the oscillation, supportithg period
measured in left plot.

From Figuret4, 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.

Fr8® "Nzt

The logarithmi decrement between the first and thd'peak are found by using
Eq. 13

Results oEg.13as a function of cycles between the two peaks used to calculate theytie
decrement is illustrated in the figure belo For a freeunderdamped vibration, a linear relation
exists.

3 T T T T
% Data vl
251 Linear fit x |
x
%
%
2 % A
-~ *
h %
= p.3
< 45} x 7
<
< x
x
1 x y =0.13782x + 0.19134
®x
05 x -
X
x
0 1 1 1 I 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Number of Cycles

Figure33: Logaritmic decrement between first peak anthrpeak as a function of the number of cycles between the peaks.
Slope of the line is the logaritmic decramhbetween peak nand n + 1.
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Assuming free vibration, the slope of the line in Figisés the logaithmic decrement, = 0.1378,
and can beusediBg.14t o cal cul ate the damping ratio ( with

ik (

n

Damping ratio in the system {s= 00219. Since the dampening ratio is less than 1, it clarifies the
assumption statd 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 oscillation measured in teperiment vhere initial displacement,giwas given
andcan be expressed as Eq. 16

FE G0 20 ° % :OEduMR ¢

Response
o
T
|
{

4 I I 1 1 ! L L 1
0 01 0.2 0.3 04 05 0.6 07 0.8 0.9 1

Time [s]

Figure34: Theoretical model of the system response due to imtiatlition uner free vibration. The blue line is the decay
function.
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After the modelfor free vibration haveen developed, external excitation to the system can be
studied. The excitation can either be harmonic or random. If the frequency of the harmonic
excitation force is equal to the natural frequency of the systeterference occurand the system is
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put into resonanceEq.19is used to study the impact of different excitation frequendis

p C #—

r® Y

1 1
P o5

A plot oftransmissibilityas a function of frequency ratio is useful to investigate the dynamic behavior
of the system. Resonance, effect of damping and attenuatambe found from Figureelow.
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Figure35: 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 ovesylseem 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, attemation of the input amplitude is achieved if the excitation

frequency iIc times the natural frequency of the system. Excitation frequezamyld either be
stepper motor pulsing or top drive RPM translated to axial oscillation kbt interaction.
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14  Bottom-Hole Assembly
14.1 Directional Drillingand SleeveAssembly

The concepts for this year are given by a universal joint design and a wire design, these designs
revolves around a sleeve which covers the whole BHA and its internabcemts. The idea is to

keep the BHA as shasnd slim as possible while keeping the structural integrity intact while drilling.
The limitations for the diameter of the upper BHA is set by the motor which have and OD of 25 mm,
this gives an OD of 29 mm fitre top sleeve and the bend. The OD of Battom sleeve is 35 mm set

by the tapered bearings at the bottom of the BHA.

The geometricalslotted holesare also new for this yeattey arecreatedin the bend and just above
the bendon the top sleeveTheaim is to testhow and ifone canachievea more flexiblezonethat
createsless resistance for théirectionalpart of the drilling.

Sleeve components
1. Bottom: Govers the bushing, drive axel and sensors.

2. Bend Covers the transmission of the rotary tian coupling (Universal joint or wire)
3. Top Covers thggneumatic motor.

Figure36: BHA assembly with bottom sleeve (1), bend sleeve (2) and top sleeve (3), threaded interlockings between the
numbered parts.

51



S RILLaoTICS

2019-12-31
Modifications and lterations:

To leep thedirt from running into the holes thin plastic tule or hosewill beinsertedand pressed
against the ID of thbendedsleeve Depending on how the testingnd trials plays outhe fine
tuning of thedesignwill be modified andperfectedby iteraton processes.

In lasty e aaorhpstition there was some buckling problem just behidathitand thats wty this
year we willuse ths bearingo withstand the adial and axial loasl Additionally we've addedalong
plain bearingo transferthe radialforces and the bending momenthe plan igo usebrass bushing
on the outerpart andteflon between the bushingnd the axldbecause teflon will ga/us a lower
friction factor.

.
=

Figure37: Bushing and axle

YeeveAnalysis

For now, thesleeve of tie BHAare divided in three partsThe connectionsvill be tested withregular
t hreadi ng’ s eathhothdijustibelaweand labmve khe bendther optionssuch as only one
interlockingmay be achoice depending on how mut¢he BHA can be shortenesdhow accessible
the inner componentsnay be.

The sleeve concefpor covering the whole BHi& a new update for this yeaautomaticallythe
analysis for the structural integrity of treéeevewill be new. A preliminary FBnalysihave been
made just toshowthe areawhich themain activity of the loadingccursduringvertical drilling
Along the monthly reports there will be a more detailgectionsregarding this part
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Figure38:Preliminary FEA (Vévises). The loading down on theaXis is set to 500 Newton, the bottom for the XZ plane is
fixed and for thecylindrical support, only radial is set to fixed. Also, the indication of the max and min values are generated.

14.2 Vertical Drilling Assernly

Without discussingreviousy e ar °' s BHA t oo much, aealierwiibear BHA t
manufactured with a higher mechanical strengtithreads and connection¥he BHA will use the
same concept as was introducedgreviousy e ar ' s ¢ ommpagetofpreviousywe ai A’ s B HA i s

givenbelow, to show the committee the developed design that allow for sehsarsing flow past
the stabilizers andeduced interaction (friction) with the webore due to reduced stabilizériade
surface areas

Figure39:DownholeSensor BHA developed for the 2018 Competition
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The BHA consists of four parts, that assembled makes uBlttfecapable of housing a detachable
downhole sensor sealed by use ofi@gs and a mechanical metal to naéseal. The sensohousing
is provided in the lefinost stabilizer (bottorroriented during drilling)

Figure40: DownholeSensor BHA developed for the 8@&bmpetition.
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15  Joint Concepts 2019-12:31

Due to the guidelines for the 2020mpetition one of the main physical problem was to develop
ideas on how to be able to drill the inclination of the well path given on the competition day. Two
concepts have been designed with regards to this problemaanfdlom the last year design, we keav
not yet determined the exact specification of the material for the two concepts. Assumptions have
been made regarding the stiffness of the drill pipe and by the required inclination of the well path
corresponding to th guidelines.

Universal Joinoncept

The steering in the physical sense are dependent on the top drive, the fixed bend and the downhole
pneumatic motor. The main objective of the Universal joint concept is to transfer the required torque
betweenthe pneumatic motor and the drill bivithout the possible problems caused by a wire.

Key factors regarding the Universal Joint design:

Be able to handle the horizontal and vertical stresses.

Handle shear stress and vibrations with respeaternal forces translated from the drill bit

Keep thejoint as compact as possible and still maintain the structural integrity of the design.
Be able to meet the required rpms from the motor

Manufacturing capability, Of the shelf combined witditive Layer Manufacturing (ALM)

=A =4 4 -4 4

The design of the jotris acomman method of transferring torque in other machinery such as cars
and trucks but with smaller dimension. The Drillbotics team discussed the advantages of this design
relative to the wire oncept and a have a few more perks than the wire concept.

Immedate torque on bit.

Reducing length on the BHA.

High operating speeds.

Eliminates the possibear onthe inner wall of the sleevmade by the wire.

=A =4 =4 =

The downside of the universal joint concept is the variation in the velocity out of the joihetbit,
thiswill add some vibration and stresses to tiiesign There are some ways to minimize this effect
by using a double universal joint or decreasing angle of the existing joint. If the angle is smaller,
the effect of the different velocitiesf the two axleswill decrease.
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The ratio between theinput and theoutput of the angulav e | o dalandesarsundone percent
from the angular inputThismeansin theory that it will not haveanyimmediate effects on the
design itself butvill be tested when the first assembly is ready tiails.

Figure4l: View of the BHA, exclusive the sledw®m the top; Pneumatic motor, Universal Joint, axel, bushings, bearings
and the bit.

Figure42: Side Views of Universal Joint system that allows the motion of the pneumatic motor to transfer the torque to the
drill bit.
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The steering in this case as well is degent on the top drive for vertical drilling and the pneumatic
motor for the directional drillingUsing the wire concept could reduce the lengtithe BHAandthe
motor placement would be more flexible.

Key factos:
1 Flexible placememf motor
1 Able b handlehigh rpm
1 Of the shelf wire, and connections

Downsides:
1 Targled wire
9 Wear on the inside of the sleeves

Figure43: View of the BHA, excluding the sleeves.

Figure44: Close up of the wire connection
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(Challenges

Theprocesses of thenanufacturingwill be achallengingstep for the team. There argeveral
components of the design thatill be testedextensivelyand modification and tradeoffgwill
probablyoccur. Thereare alsadeas of how to manufacture these partie prototypes wilmostly
be producedvith ALM technologyHowever, thdinished andseltfabricatedparts willcombine the
use of ALM an€NC machinery

As aconsolidation of theconceps, ouraim is tomake use ofwo prototypes regarding the transfer
of torque andtest these assembliemgether with the rest of the BHA components.
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16  Pneumatic Downhole Moto

The idea is based on just rotating the bit usindownhole motor. Air motorkave several different
designs available to sena wide variety of neegsising an air motoallows us to have enough

torque and rotational motion. Aidrivenmotors generally hava higher power density, so a smaller
air-drivenmotor can deliver the sampower as its electral counterpart. Air motoispeed can be
regulated through simple flowontrol valves instead of expensive and complicated electronic speed
controls. Air motor torque can be varied simply by regulating sues.

There are many differenypes of pneumatic motordjoweverwe believe hat an air vane motor will
be the most suitable for drilling/ane motors essentially consist of a rotor which revolves in an
eccentrically offset perforation of the rotor cylied The vanes form working amdbers, the volume
of which increases in the tumirection. As the compressed air expands, the pressure energy
subsequently transforms into kinetic energy, thereby producing the rotary motion

104-X20-1 One challenge will be the lengti such a motor. A motor siZ
air vane motor from DEPRAG will have theofeihg
performance data:

"« ... Nominal power:170W

standard celler Nominal speed750 rpm(1500 rpn idle)
; Nominal torque:2.1 N/m
Ul @ TE T Air consumption:0.3 mA3/min

Based on previous well logs and experienith drilling wsing

our system, thesperformance numbers related to rotation and
torgue shoud be efficient. However, the size of an air vane
ﬁ motor with the performance data we require is quite large as
shown in the dimension sheet to the left. With a¢gh of 20cm,
and it being rigid staimss steel, we might encounter problems
when trying to kck-off from vertical. In addition, connections to
connect the bit and air vane motor will have to be manufactured.
It therefore becomes important to position thEneumatic motor
below the knuckle join

Figure45: DEPRAG Pneumatic Motor
that will be ordered in January 2019 ar
tested during the springotevaluate

Typ / type EPRA suitabilt illboti it
y for Drillbotics Competition.
104-X20-1 0 G
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17  Whipstock

A whipstocksolution is likely to be used again for the 2020 competitibime whipstock itself is

basically a wedge that pushes the dhillout in one direction as you drill. This allows you to build a

new well branch out from another well. For our purpose, we plan to use a whipstock to kick off the
well 4 in 0.16cm) below the surface of the rock.

The challenge for us with respect toetkompetition is that we cannot change the drillstring after the
pilot hole is drilled because the whole process is supposed to be autonomous. Therefore, we had to
design a whiptock that would accommodate a drillbit of the same size as the pilot hotghér

words, the same drillbit that would drill the pilot hole would have to go through the whipstock and
drill the rest of the well as well. This was a big challenge regadgisign due to the fact that the

whipstock would have to be very rigid and sturd

Figure46: The whipstock desigseen both in 3D and from below.

The whipstock was designed insian360 and 3D printed in PLA (Polylactic Acid) to verify dimensions
and function. Multiple whipstocks with different kickoff glies were 3D printed in 316L stainless
steel.

As you can sefrom the picture in Figure 3.7 the whipstock will indeed fit int82amm 1D pilot hole
and can at the same time accommodate a 32 mm drill bit. This means that we will have to ream
some of thewall of the hole as we enter into the hole with the whipstock inserted.

17.1 Manufacturing and Installation

Manufacturing of the whipstock waone using the same 3D printing method used for khackle
joint and the sensosub. We had several attempts oursedvat machining the whipstock using a
drillpress, a lathe and a mill. However, the problem with workholding as we machined the part
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became ireasingly difficult and this resulted in ruined parts. The part could possibly be machined in
a five axis CNC mankibut because including it in the 3D print would not pose a significant price
increase it was decided to 3D print the part.
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According to the company that did the 3D printing for us, it would be an advantagéstothe
whipstock andorint it at an angle. Then in turn, multiple supports are needed to support the raised
part of the whipstock. The supports had to be manually removed with an angle grinder, files and
emery paper. The geometry of the stem which gbbes the top of the whigtock down to the

wedge also had to be trimmed down in order to not interfere with the cutters on the drillbit.

In order to secure the whipstock to the WPU, | | Bl | & E——
two aluminummounting brackets had to be o , 1] ﬁ )y
manufactured. The goal was to tlus as 1 “m i o i
simple as pasible and include some sort of ' - : -
adjustment in order to adjust for a potentially 1Y . i i

warped frame or bendrill pipe. | did this by
enlarging thescrew holesn the mounting
bracket. If any adjustment is needed one
simply loosens the screwadjust the
whipstock ly hand and while holding and then
tighten the screws back up.
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17.2 Whipstockpositioning unt

The xaxis would be operated of two lead screws and two
Nema23 stepper motord he riser would then mount to a
carrier on both sides ohe xaxis actuatorsThe two zaxis
actuators would mount to two other-axis actuator
carriers. The-axis actuators would be operated by two
Nema21l stepper motors mounted parallel (connected by
pulleys in order to reduce the overall height of the Yinit
The whipstock would then again be mounted to the carrie
on the zaxis to beable to be loweredrito the pilot hole.

The whole system was designed to have a fixadig in
order to save heighand due to the fact that we only need
two moveable axisThe xaxis actuatorsvould mount to a
frame ofaluminumtube. This allows us to easily remove t
whole module if needed, with the removal of just four bolt:
and unplugging twa@onnectors.

Each stepper motor have their own driver (Geckodrive
G250X% StepMotor controllers) and are operated by the
control system in conjunction with an Arduiue. Two
separate24VDCpower suppliehave been installed to
safely supply th@ower to themotors. Wwo 8-pin
connectors have been installed between thear the
control system in order to make it easy to disconnect if the™
WPUmustbe removed.

17.3 Slip ring / data swivel
The slip ringupports rotaton up to 10,000 RPM which is significantly higher than rotational speeds

used on the rigThe dlip ring isnecessary to use if azimuthal corrections are to be n@dehile
holding amle, by changing the mechanical angleproviding rotationof the top dive. This is due to
having awired pipesystemfor downhole telenetry.

Slip ringhas severslots:
- 4x for accelerometer/gyro/magnetometesensor power, gnd, scl, sda

- 3xfor strain gaugein which gnd will be common gnd with the other sensor.

An illustration of the slip ring and wiring is depicted in the picture below.
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Figure47: Slip Ring purchased prior to 20@8mpetition to allow for downhole measurements while rotating bit up to
10,000 RPM.
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18  Sensor Development and Ssar Packages
18.1 Surface Sensors
Equipped on the rig is currently a totale@even (1) sensors; these have been described in last
year’s phase 1 design report and consist of;
- 3x Load Cells (threaxis) measuring the hook load and WOB
- these could e programmed to measure three axis (total of nine strain gauges),
however, from pevious lssons identified measuring the x, andwyes o surface is
not representative of the downhole bit measurements, and as such are disconnected
to simplify the systemLoad Cells will get replaced by singlés HBM load cells.
- 1x RPM Encoders sitigal in theTop Drive
- 2x Torque Encoders situated in tfiep Drive and mounted externally to measure the total
system torque and drill string torque
- 1x Pressure Transmitter #ie discharge of dual pumps
- 1x Height Distance Sensor measuring the displacewiethie dril floor
- 3xvirtual stepper motor encoders
A table illustrating the sensor specifications currently equipped on the rig:

Sensor Signal Type Measurement Range Unit
Load Cell Z1 Analogue (3.3V) -100¢ 100 Newton [N]
Load Cell 2 Analogue (3.3V) -100¢ 100 Newton [N]
Load Cell Z3 Analogue (3.3V) -100¢ 100 Newton [N]
Height Sensor Analogue (3V) 0.00¢ 3.00 Meter [m]
0.00¢ 118.11 Inches [in]
Pressure Transmitter Analogue (12V) 0-10 Bar [barA]
Torque Sensor Analogue (12V) 0¢ 100+ Newton [N]
Torque Enoder (TD) Analogue (3.3\ 0¢8.59 Newton [N]
(sel-defined range)
RPM Encoder Analogue (3.3V}, 0-3500 Revolutions per minute (RPM
(sel-defined range)
Virtual Encoder; 1 M n-steps/ 1.8 Degrees {] that getconverted
(= 2000 steps per revolution) | to actuator displacement
Virtual Encoder; 1 M n-steps/ 1.8 Degrees {] that get converted
(= 2000 steps per revolution) | to actuator displacement
Virtual Encoder; 1 M n-steps /1.8 Degrees {] that get conerted
(= 2000 steps per revolution) | to actuator displacement

Figure48: Table of Surface Sensors Currently installed on the rig.

A challenge in the past has been the weak andliggal conveter (ADC) that is built into the

Arduino Due Microcontrollers. Tincrease the resolution of analog sensors attached directly to the
micro-controllers, 24b i t ADC’'s have been purchased, and wil |l
in 2019. The ADCs inlopefully not only increase thesolution butalsoreducevariable

measurements caused Ipplsewidth modulation (PWM) exerted by the PLCs, as this is how the
digitalmicreccont r ol I er s output an “analog” signal
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18.2 Downhole Sensors

Two types oflownhole measurement assemblies will be developed emfigured on the rig- both
allowing us to use the-Wire slip ring to verifyproof of conceptOne will house downhole-@egree of
freedom (DOF) accelerometer, gyroscope and magnetometer (for positidrvibration monitoring)

and a strain gauge for btbrque measurements, whereas the other will be a single strain gauge
measuring bit torque downhole, in addition to three (3) strain gauges along the drill string assembly.
The latter is significant to easure how friction downhole will affect the actuat torque and torque
distribution throughout the drill pipe.

There will be developed two types of downhole measurement assemblies for the rig. One will consist
of an inertial measurement unit (IMU) fposition and vibration monitoring. The other one will consist

of four strain gauges formed into a full Wheatstongadge; this will measure the strain on the bend
sleeve, that will be used to calculate the angle.

18.2.1Inertial measurement unit (IMU)

The IMU wli consist of an accelerometer, gyroscope and magnetometer, so we can measure azimuth
(magnetometer), inclination and roll (gyro) and vibrations in thg, x,directions (thanks to the
accelerometer component). There will be used off shelf compon@ntenstructthe IMU,

componentdike LSM9DS(isedat last yeal @ompetition)can be usedf not a more compact

solutionis found All data collected will be filtered to reduce noise from the environment and to
remove small insignificant changes in e.g.ih@tlon. This will be done in order to remove outside
interference (as in e.g. electromagnetic noise) and redund&aingesThe mairobjective for the

IMU isfor position trackingf the end tool(drill bit).

The sensor is connected to surface usikg GND, SCL and SDA
connectors, which have been soldered to a wire running all four
connections to surface (through the data swivel). Sensory
characteristics can be accessed frartips://cdn-
shop.adafruit.com/datasheets/L SM9DSO0.pdf

Figure49: Flora LSM9DSA&xcelerometer,
Gyroscope and Magnetometell@ving
for DOF measurements.

18.2.2Bend sleevestrain Gauge setup

Thestrainwill measue the radialforceon thebend sleeveso that theangle can béound from it.
Knowing thecorrect angle of the bend sleeve will be importéort cortrolling thedrilling direction
To find the correct anglthere will besomecalibration andestimationsthat mustbe doneto make a
“ ma thdt gives an angle based on tredial force.
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There will bawo strain gauges on the top

andtwo onthe bottom d the bend sleeve.
They will be placed and oriented in a way
that rejects axial straincompensates for
lead resistancecompensate$or
temperature. Toaccomplish thishe strain
gauges will beonfigured as seen iRigure
51andFigure52.

Figure50: There are four strain gaugessed to find the agle of
the bendsleeve here shows theositioning and orientation fo
2 of the strain gaugethat will be on thebottom of the sleeve.
The ame will be done for the top.

Eletric circuit lllustration of setup

R i+ ) Bending

Figure51: Shovs an exampleof a full Wheatstone bridgeircuit, where:R1is measuing compressive Poisson effects),
R2measuring tensil Poissa@iffect (+ne), R& measuringcompressive straind), R4 is measuring tensstrain (+e)
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18.2.3Fully-stacked sensor sub

~__ Pressure

P @ = ol @8 B8 S transmitter

— Accelerometer w/
Gyro + Strain Gauge
(bit torque)

Accelerometer w/
Gyro + Strain Gauge
(wos)

Figure52: Sensor Sub and proposed positioning of sensors.
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For the fullystacked sub, ady testingwith the LSM9DSO0 by STivibelectronicshas proverthat this

is veryreliableand extremely cheam terms ofmeasurementgallowing the sensor to easily be
replaced between drilling operations with very low cosi®)e 9DOF accelerometer, gyscope and
magnetomeer has been prgrammed with arArduino UNO board (due to available libraries
supporting the SPI protocol), and shows azimuth (magnetometer), inclination and roll (gyro) and
vibrations in the x,y;Hirections(thanks to the accelerometecomponenj. Thereceived data is
planned to be filered using a moving average filt@it velocity and displacement can be obtained by
integration ofthe acceleration dataver time but this requires more tuning to be successful.

HBM Yseries strain gauges have been purchased and used
successf ul lexperiments hnd sotmpetitienthe sase
strain gauges will be configured inside the sensor sub to measu

the bit torque.

Figure53: HBM Y¥series Strain Gauges, used successfully ir
2018Competition. To be used in 2019 Competition.
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18.2.4Drill String Strain Gauge 84

To monitor the friction in dviated well setions, an emphasis will be made on designing experiments
with similar rock samplethroughout the spring, to establish parameters to
correct the expected torque measurements against.

9.83 Nm Torque: onm By utilizing the sip shown to
the left, actual togue along the
drill pipe (percentageavise
relative to the surface and bit
torque) will be measured at
various inclinations ahead of the
competition. Our expectation is
that this negates the necessity of
reaktime torque meaurements
along the pipe during
competition driling. By
implementing both theoretical
estimates and such a
“corrected” drill st
this will ensure that the drill
string is not broken, and that
required torqueis produced
downhole. Our hope is #t the
use of a downhole pneumati
motor (and hemre no pipe
rotation) will reduce some of the
challenges typically seen in
directional drilling.

Approx. 300 mm
from surface

Drill pipe
torque 1

Approx. 600 mm S s
from surface Drill pipe
torque 2

Drill pipe
torque 3

Approx. 900 mm
from surface

Approx. 50 mm

behind bit Bit torque

Figure54: Depiction of experiment setup that will allonetteam to develop a
correction at varying inclination ardkepth for wellbore friction.
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19 Strategy of Drilling Operationg

The following digital detailed operating procedure (DDOR)leen developed to autonomously
execute the drilling of a directional wellhe DDOP is arranged in eight phases,samhzed irFigure
57. These are:

Figure55: Eight phjases cotitute the digital directional drilling opeation.
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Below, a £quential draft is shown for the implemented DDOP to driliraadional well with the

laboratory drilling rig.

Figure56: Digital Detailed Operating Procedure for Directional Drillingelbped in2019.
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20 Smat Drilling (Al) Control Algorithm

Since the rock samples are ri@laly uniform, it should be possible to obtain@ugh trainingdata for
smart drilling. Using input parameters from sensors, the system should make decisions to maximize
rate of pendration. This while building enough angle to achieve the maximal demiatore and

keeping the mechanical stress levefscomponents \ithin the tested safe parameters.

ANN fit our smart drilling approach. Given enough historical data, the neurons ean us
backpropagation to create an evanproving model of drilling. An ANl divided into inpu, hidden
and output layers

Neurons are the nodes of the ANN where the computation happens. The computation is a sigmoid
function to create an activation valuestween 0 and 1, where 1 is fully activated and O is no
activation. Usig backpropagation, the weights and the bias caratjusted to improve the model

with more data. Below is the general formula for activation.

Where the'Qis the’Q neuron,dis thed layer,®is the activation, is theSigmoid fuction, 0 is
the weight of for the specifiayer and activation of the subsequent layéis the bias for the
specific layer and neon.

p
p Q

” d)

The activation formula can be simplifiedtter using matrices as below. This has the addedefit
of enabing efficient GPU computing, since a GPUs are excellent at computing matrices.

(I') ” l') (I) (b ” d
Wheredis just a useful quantity worth naming for furthealculations.

The input layer will in our case msist of sensor data that proves stically significant to the rate of
penetration. This could be WOB, torque, magnetometer, angtkeofirill among others. The data
acquisition must be done real timeitlv a high degree of time synchronization betweée input
parameters. Filtering miide performed before the data is fed into the network. A higher sampling
frequency is beneficial tresponse time and essential for creating a representative model & re
time drilling decisions.

Hidden layers areeurons not directly connected to anput or output taking one or more
subsequent activation values. Having multiple hidden layers isidered a deep learning network.

The output layer is the end valuesed to regulate the actual rig while drillingad®d on the model,
these outputs wilgive the best possible rate of penetration in the systems current state. The rate of
penetration is he main indicator of good fitness.

Backpropagation enables the sgst to adjust its weights and biases based on tr@ining data. The
system is carefly} constructed to allow calculation bf & vand! dt avhered is the cost
function with respect to any weighit or biasoin the network. A cost function is ogood a neural
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networks prediction matches thedining examples expected output. There are multiple cost

functions. A comman one is the Quadratic cost function also known as mean square error as below.
0 - W

Where'Qs aspecific neurongis the desired output and is the number of layers. A neural network

is essentially a function withfauge number of input variables. The goal is to minimize the total cost.
A useful tool for this is finding the aplient of the costunction. Finding global minima is an
immensely omputationally demanding task.

Gradients can instead be used to find thieedtion of a local minima where 6 Tt This
approach does not guarantee finding the global minima but is niamgs less comptationally
expensive. Finding the local minima from multiple different starting points is relatively fast as follows.

ro
1 T_-(bnq

Whereg] is the error. Using matrices, the same calculation can be done in bulk.
| nos , @ w ws$, a

The error can also be found in terms of the error in the next layer. This is essential for adjusting the
weights and biases backwards in the system.

! 0 1 $ ., a
Therate of change of the cost with respect &ny bias is exactly equal to the error when both
current layer and specific neuron is considered.

5
—
w

—a

The rate of change of the cost can also be calculated with respect to a sp&igid vgiving the final
building block for backpropagion.

Using these building blocks a neural network basedrs drilling control system should be feasible.
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21  Downholeclosedloop steering

The concept of closelbop steering in the control system is currently limited to inclination steering
through active management of knuckle joint bend in BidA (through WOB setpoint manipulation).
For every 1 mm MD that gets drilled belowetivhipstock KOP (at 108.908 mm for the 10 degree
whipstock), the relationship between horizontal build and TVD gets calculated so that

@1 QAEEOOADOQAQ
Yo 'O

NG ,OU O p m&p mapa
A look up table has been created which contains thE€\HDvalues foreither a 5, 7 or 10 degree
whipstock. This is illustrated Figure57 which shows a section of the downhole envinoent GUI

with actual values for the well trajectory and ppeogrammed values for the planned build. The look
up table values are then datl every mm, and the relationship between the actual build and planned
build is checked by the equation:

YO WO O SACKY
‘X'Yw'O
If the build statusi® 1, t he system wil/l be in a drop angl e

machine will be in a build angle mode and needs to increase the-tatddy incrasing the WOB.

Figure57: lllustration of how the machine uses a look up table to confirm dratr not sufficient build is achievetiaay
given depth.

Based on analysis of experimentsthave been conducted regarding builte by adjusting the

WOB, the following ranges for weight on bit have been identified: WOBdroplInclination = (5,]12) [kg
and WOBDuildiInclination = (12, 18) [kg]. While downhole RPM only depends on the gradient search
algorithm and the different phases of the operation, the voting system in the control system will
continuously evaluate whether or not the system is in acdail drop mode. If for example the ROP
gradient search proposes 14 kg WOB, but the system should be in a drop mode, the WOBsetpoint
will be overwritten to 12 kg, which is the highest permissible WOB in the drop mode. While a higher
WOB from experiments hawielded a higher ROP, another control algorithm exists that evaluates
whether the recommended controller setpoint (within the range identified for build or drop mode)
gets forwarded to the PID controller, or whether an even lower setpoint should beingbkd event
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of severe downhole vibrations or if the system is in a critical phase (such as passing KOP with the
components in the BHA that have the highest OD).

With regards to azimuth control, the top drive can be configured to move a certain numbiepsf
through pulsing. While implementing active azimugtieering can be highly beneficial to the current
laboratory setup, a challenge exists with regards to the accuracy of the magnetometer sensor that is
currently installed in the sensor sub. Such Emge is likely the result of the sensor house being

made from a ferromagnetic material, and a possible solution can be to use-Eerronsmetal in the
future.
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22  Budget

22.1 System Components and Hardware
NB! Yellow fields arequipment purchases not inckalinto the budget (as they are not
essential/being used during competition drilling.

Estimated value foexisting rig/system 4,000
Drill pipes 300
BHA 3,000
Pneumatic motor 1,000
Connetors ( 3/ 8" NPT) 250

Bit 50
Whipstock 200
Signal wires 500
Surface arm / device for inserting whip stock etc. 100
RTS DAQ 6,000
Sensor sub (incl. development and labor costs) 1000 (250—actual cost equipped on rig)
Electrometer and fiberoptics 300
Total Estimate 6 all Hardware 16,700

Figure58: Planned Rig Expenditures for 2019 Competition.

Evens

PR Events 500
Autonomous drilling seminar at UiS (Lunch, coffe 3,500
etc.)

Transport of rig for demonsdtions at J&&vagen 2,300
1-3 times.

Drillbotics conference in Celle (Transport, 4,600
accommodation)

Promotions

Seminar flyers 230
2x RoHup 570

Teamuniforms w/ Aker BP logo 2,300

Figure59: Planred total organizational costs related to UiS Drillbotics in 2019.

In total, our total budget costs f&@020amounts to3070 USD (270,000 NOK).

Labor costs iexcluded fron this estimate.
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22.2 Labor Costs (in team anoutsourced)
23 Thesis students
Andreas 40 8000
Magomed 40 8000
Hakon 40 8000
Jonathan 27 5400
Joachim 27 5400
Joakim 27 5400
Jon 27 5400
Extra help
Ekaterina 5 1000
Larissa 5 1000
Magomed 5 1000
Supervisors
Dan 3 900
Robert 2 600
Tomasz 2 600
Outsourcing

48 15000

Hours 236 Cost 52500

Figure6O: lllustrative eimate of labor costs associated with having a full team working on the
project for a semester. Values are giva NOK andre per week.

First columrshows the estimated hours used per week while the second column estimates the total
weeklycost. The esthations are based on an hourly wage of NOK 200 for the Thesis students and
Extra help. For Supervisors and Quiing an harly wage of NOK 300 is @stited. The total cost is
NOK52500(USD 6,10)er week, illustrating that costs related to project aignificantlymore
dependent on labor than actualardware costs on the laboratoscale

Thesis students

Andreas, dkon, Magomed andahkin 40hours are estimated becaaghey will write their master
thesis (30 ECTS) during the spring.

Jon, Jonatan, Joachir7 hours e estimated because they will write their bachelor theses (20 ECTS)
during the spring.

Extra help
Mainly 4" year master sidents that are required for keeping the project going after the thesis

students graduate. Therefore, there is only estimated apt®wf hours each week as they will be
occupied with ongoing courses.
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24  Funding and Sponsorships
A orporate sponsrship is most often a contribution of goods;kimd services or money given by a
company to a nosprofit organization to fund a geific project or eventAker BP showed interest in
sponsoring Ui S Drill botdwes rfedte sbotngetthisgalabardtion ¢ o mp e
again this yearAker BP want to collaborate with UiS Drillbotics to investigate the advantages of
using our rig as a test bench (to obtgiroof of conceptjor testing of new functionalities and
software. Poof of concepis key to every development process, and Drillbotics is a powerful tool to
communicate to the rest of organization with-frouse denos of autonomous drillingds part of the
collaboration, Aker BP is mentioned as a sponsor in publicationfgremces ango on in which
generated research from the project is exposed in.

The motivation in UiS Dirillbotics is to:
1. Facilitate for industal collaboration through w#ous projects based on actual industrial
demands in the E&P sector
2. Generate valuale researchhat can be presented in papers and conferences in the academic
and industrial domain

3. Ensure that graduating team members writefinat hesi s’ tcatatheirfietddofe r el ev
study,

4. Highlight ongoing digitalization / automation effortsnaong studentsat the University of
Stavanger
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Appendix A¢ Safety Case for the rig

Electrical Hazards

All electrical components that pose a risk of injuryp&rsonnel working adjacent to the rig are located
in a waterproof electrical cabinet. All higloltage/amperewires are istated.

Handling of grounding faults:

When the assembly is complete, we will establish grounding for the entire rig with help of&abias.
As an example, shown the figure belowwe will establish contact between the different frames by
attaching a 6rm? earthing cable, with cable shoe, between each frame with the help ofdsidlihg
screws. After contact between the frames isadsished, we will connect the grounding to one of the
power supplies. This will ensure that the whole ciréslitcomplete ad protected by a RCD (Residual
Currency Device).

Checking the rig to ensure a closed circuit:

After all grounding cables amgtached between the framework, it is necessary to check if the entire
system is properly grounded. To do this w#él use a Mitimeter which allows us to check if each
individual part of our rig is grounded. The way this can be done is that the multirmetds out a
signal from one multimetecable to another, and if there is contact between the two cables the
multimeter will have a closed circuit and will emit a sound. If the grounding cable is improperly
attached between the frameworks, the multimeterillasnot have a closed circuit and will not emit a
sound.

Figure61: lllustration of how the
various parts of the framework wil
be included in a closed circuit to
ensure that the entire rig and the
different systems are propsr|
earthed (grounded). 6 mm2 earthi
cables with earthing shoes will be
used.
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Other Hazards that possibly may occur

As asafety precaution, allteam members who will be involved/presenby the rig during
operations andor maintenance work have completed a Machine Workshopuse, hosted by the
IMBM at University of Stavanger. This course also gives the studantstroduction to how
different heavy machinery is operated (e.g. lathe, mill, welding etand how to behae at a
workshop to gain access to the University workshop

Some other hazards in addition to electrical hazards could for instance be;

- Noisegenerated either by heavgnachinery sah as pumps, compressors and so on, or by
actual drillingwith the rig setup. Precautionary measures sucheas protection must be
equippedwhenevernoise is expected.

- Falling objects, for instance the competition rock if not fastened prgger duringloading of
rock into or out of rig frame). Precautionary measures include always wearing protective
footwear during loading of hegvcomponents.

- Backdamagerelated toheavy lifts Precautionary measures include always ugaeg or other
available lifthg device, rather than carrying out lifting operations manually.

- Flying objects, for instance if a component comes flying off duatation of the drill bit (and
thus pipe). For this reason, any person within 15m of the rig should weaegtioe glasse
during any experiment that involvestation or potentially flying objects.

- Rotating objects, for instance the drill pipe or BiHAing drilling. As a precautionary measure,
gloves or lose sweaters are not permittacound equipment, to preent damage o fingers
and hands.

- Chemical reactions, in particul#rfor instance one igxperimenting with chemicals in the

drilling mud. Asa precautionarymeasure, equipment to handle chemicasad protective
equipment (such as glovdap coat andgoggles) musalways be worn.
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