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Summary	
The	autonomous	drilling	rig	is	designed	in	accordance	with	the	guidelines	and	constraints	that	are	defined	

by	the	Drillbotics	Committee	of	the	Drillbotics	2017	Competition,	hosted	by	SPE.	The	competition	involves	

designing	and	building	a	small-scale	autonomous	drilling	rig,	which	is	capable	of	drilling	through	an	

unknown	rock	sample	of	0.6m	height	in	the	fastest	period	of	time.	

	

The	drilling	machine	is	dimensioned	to	fully	exploit,	yet	not	exceed	the	strength	of	the	weakest	

component:	the	aluminum	drill	pipe.	The	mechanical	properties	of	the	aluminum	pipe	thus	define	the	

drilling	machine´s	maximum	operating	capabilities,	i.e.	the	RPMmax,	ROPmax	and	WOBmax.	To	successfully	

achieve	the	required	objective	and	avoid	any	drilling	incidence,	for	instance	damage	to	equipment,	a	key	

element	in	the	design	process	has	been	to	build	an	accurate	system,	which	is	capable	of	quick	detection	

and	adaptation	to	various	drilling	scenarios.	

	

A	three-tiered	hierarchical	control	system	was	designed	by	the	University	of	Stavanger	(UiS)	in	the	

Drillbotics	2016	competition	to	balance	the	necessity	for	fast	response	time,	sufficient	model	and	data	

analysis	and	good	decision	making.	By	having	deterministic	machines	perform	the	most	complex	analysis	

and	computations	that	are	not	time	critical	and	create	look-up	tables	which	can	be	accessed	and	

interpolated	from	by	non-deterministic	real-time	controllers,	the	drilling	machine	can	respond	to	changes	

in	drilling	conditions	and	implement	countermeasures	to	optimize	the	drilling	process.	Please	note	that	

sections	4.1.1,	4.3,	5.2,	5.3	and	6	are	the	same	as	those	presented	in	Phase	1	by	the	UiS	in	the	Drillbotics	

2016	competition,	which	will	possibly	be	revised	in	the	late	phase	software	architecture	design	and	

implementation.	In	this	report,	we	focus	more	on	the	work	regarding	the	mechanical	design,	

components´	selection	due	to	the	safe	window	operations,	real	time	data	acquisition	and	modelling	and	

simulations.		

	

In	the	first	phase	design,	a	hollow	shaft	power	transmission	system,	which	provides	rotational	velocity	is	

designed.	Through	the	use	of	a	brushless	motor	rather	than	a	stepper	motor,	vibrations	which	originate	

from	the	top	drive	and	further	propagate	down	the	drill	string	will	be	kept	to	a	minimum,	even	at	high	

RPM.	In	addition,	advanced	non-contact	torque	sensing	equipment	allows	for	direct	torque	

measurements	on	the	drill	string,	permitting	the	drilling	machine	to	operate	close	to	its	full	potential.	

Three	actuators,	individually	controlled	and	connected	to	the	top-drive	of	the	drill	string	using	tri-axial	

load	cells	will	allow	for	accurate	WOB	onto	the	formation,	and	ensure	verticality	of	the	drill	string	through	

off-set	detection	on	all	three	axes.	The	circulation	system	employs	a	three-tiered	bucket	collection	solids	

removal	concept.	A	shaker-style	system	was	considered,	but	not	utilized,	since	a	gel-based	system	will	not	

be	run.		The	drilling	fluid	will	likely	be	an	oil	based	fluid	based	on	its	lubricity	and	effectiveness	in	real-

world	applications.	Regarding	the	drilling	of	the	rock	sample;	a	fully	packed	bottom	hole	assembly	has	



	 	 University	of	Stavanger,	2016-12-31	

	 	 	VII	

been	selected	based	on	the	recommendations	of	last	year´s	UiS	entry	and	good	industry	practice.		This	is	

to	ensure	the	well	is	drilled	with	the	most	possible	control	over	deviation	and	to	achieve	the	most	vertical	

well-path	possible.	An	assessment	of	the	total	cost	to	build	the	rig,	and	the	power	consumption	required	

to	run	it,	is	approximately	US$	9.800	and	1.6	kW.	
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Nomenclature	(common)	
''(	-	Confined	compressive	strength		

)*+,	-	Bit	diameter		

ID	-	Internal	diameter		

OD	-	Outside	diameter		

12	-	Young’s	modulus		

3	-	Force		

345,6754	-	Lateral	force	to	destabilize	the	structure		

38+64)	-	Maximum	allowable	axial	force	on	drill-pipe		

F*+,	-	Force	between	the	bit	and	the	formation		

G	-	Shear	modulus		

g	–	Gravitational	acceleration		

=		-	Buckling	effective	length	factor		

4	-	Length	of	drill-pipe		

>(1	-	Mechanical	Specific	Energy		

?@	-	Buckling	critical	load		

7@A	-	Distance	from	the	center	of	rotation	to	the	center	of	gravity		

74	-	Distance	from	the	center	of	rotation	to	the	point	of	application	of	the	lateral	force		

B'(	-	Uniaxial	compressive	strength		

C*+,	-	rate	of	penetration		

DEF	-	Weight	on	bit	

GHIJ −	Ultimate	strength		

GLM −		Ultimate	shear	strength		

GLNO −	Shear	yield	point		

GNO −	Tensile	yield	strength		

τHIJ −	Max	torque		

τQRSTUIVST −	Tolerable	torque	as	a	function	of	the	response	to	avoid	exceeding	the	yield	torque		
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τNWTSX −	Yield	torque		

θIZ[ST −	Angle	

µVWQ/UR^_ −	Coefficient	of	friction	

ρ −	Density	

ωVWQ −Bit	angular	velocity	
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Abbreviations	(common)	
ROP	–	Rate	of	penetration	

WOB	–	Weight	on	bit	

RPM	–	Revolutions	per	minute	

ID	–	Inner	diameter	

OD	–	Outer	diameter		

SPE	–	Society	of	Petroleum	Engineers	

DSATS	–	Drilling	Systems	Automation	Technical	Section	(Section	of	the	SPE)	

UiS	–	University	of	Stavanger	

WBM	–	Water	Based	Mud	

OBM	–	Oil	Based	Mud	

PV	–	Plastic	Viscosity	

SF	–	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	–	Heavy-Weight	Drill	Pipe	

SPP	–	Stand	Pipe	Pressure	

MSE	–	Mechanical	Specific	Energy	

CCS	–	Confined	Compressive	Strength		

MAOP	–	Maximum	Allowable	Over-Pull	

RO	–	Rated	Output	

SNR	–	Signal-to-Noise	Ratio	
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1. Problem	Description	
The	team	will	design	and	build	an	autonomous	drilling	machine,	which	physically	imitates	the	

functionality	of	full-scale	rig	machinery.	A	rock	sample	measuring	12”	width	x	12”	length	x	24”	height	

(30	cm	x	30	cm	x	60	cm),	is	to	be	drilled	as	vertically	as	possible,	as	quickly	as	possible.	The	rock	

sample	will	be	“manufactured	using	cement,	varying	soil	samples	and	possibly	other	materials	not	

typically	encountered	during	regular	drilling.	All	simulated	formations	may	not	be	parallel	to	each	

other	(e.g.	formation	dip)”1.	A	time	constraint	to	penetrate	the	rock	sample	is	set	to	a	maximum	of	

two	hours	(120	minutes),	i.e.	a	minimum	rate	of	penetration	(ROP)	of	0.5	cm/min.	The	rock	sample	

shall	be	drilled	using	a	PDC	micro-bit	with	an	outer	diameter	(OD)	of	1.125”	(28.575	mm),	braced	

cutters	with	a	cutter	backrake	angle	of	20	degrees,	a	cutter	diameter	of	0.529”	(13.4366mm)	and	two	

nozzles.	The	nozzles	each	are	2.35mm	in	diameter	i.e.	a	total	flow	area	(TFA)	of	8.6747mm2.		

The	drill	string	is	comprised	of	a	single	aluminum	tube	of	36”	(914.4mm)	length,	with	an	OD	of	b
c
”	

(9.525mm)	and	a	wall	thickness	of	0.016”	(0.4064mm),	i.e.	an	inner	diameter	(ID)	of	8.7122mm.	In	

designing	the	bottom	hole	assembly	(BHA),	stabilizers	are	permitted.	Stabilizers	shall	however	not	

exceed	a	total	length	of	3.5”	(88.9mm),	and	may	not	be	used	in	a	matter	to	stiffen	the	drill	string.		

Sensors	can	be	applied,	both	on	the	drilling	rig	and	the	drill	string,	but	are	not	permitted	to	log	the	

rock	sample	(provided	by	the	DSATS).	The	drilling	rig	will	work	autonomously,	meaning	calibration,	

drilling	and	problem	handling	is	to	be	fully	automated	without	human	interaction.	This	applies	to	

both	sensors,	motors,	pumps,	etc.2	All	remote	operation	and/or	intervention	is	prohibited.	

The	power	consumption	is	limited	to	2.5	horsepower3	(1.8643	kilowatts).	This	is	to	include	all	the	

components	and	monitoring	systems	in	place.	The	official	guidelines	also	encourage	all	teams	to	

spend	less	than	US$	10,000.	Exceeding	this	budget	limit	may	lead	to	penalties	from	the	DSATS	

committee.	

Differing	from	competitions	in	previous	years,	there	is	no	limit	on	the	weight	on	bit	(WOB)	that	can	

be	applied.	

	

																																																													
1	Drillbotics	Guidelines;	International	University	Competition	2016-2017	
2	A	series	of	set	abort	criteria	in	our	control	system	will	be	specified	in	the	final	report,	to	ensure	the	safety	of	
both	personnel	and	equipment	(resembling	a	real	drilling	situation).	
3	 The	 official	 guidelines	 for	 Drillbotics	 2017	 states	 that	 the	 total	 power	 consumption	 is	 not	 to	 exceed	 25	
horsepower	(18.643	kw).	As	this	is	ten	times	higher	than	in	previous	years,	we	assess	that	the	intended	power	
consumption	is	limited	to	2.5	horsepower.		
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2. Rig-	and	Control	System	Architecture	

2.1	Rig	Systems	

The	rig	is	constructed	focusing	on	mobility,	rather	than	the	machine	being	purely	stationary.	To	

ensure	the	stability	of	the	rig,	high-quality	strut	profiles	are	utilized,	connected	by	brackets	and	

lockable	joints.	The	rig	is	mounted	on	heavy	lifting	wheels	as	depicted	in	Figure	1.	

	

	

A	hollow	shaft	power	transmission	system	has	been	chosen	to	provide	the	required	rotational	

velocity	to	penetrate	the	rock	sample.	The	brushless	hollow	shaft	motor	allows	for	circulation	

through	the	motor	and	is	connected	directly	on	top	of	the	top-drive	using	a	rotary	union.	The	rotary	

union	is	attached	on	top	of	the	motor,	rather	than	beneath,	to	overcome	the	challenge	with	small-

Figure	1:	The	drilling	machine	will	be	mobile,		with	an	approximate	height	of	2.5m.	Acrylic	plastic	sheets	will	protect	personnel	
and	equipment,	and	is	installed	to	allow	for	using	both	oil	based-	and	water	based	drilling	fluids	for	testing.	Please	note	that	
wiring,	hoses,	and	several	components	are	not	included	in	this	figure.	
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scale	rotary	unions	producing	high	amounts	of	viscous	friction	when	performing	in	low-pressure	

conditions	at	high	RPM	beneath	the	motor.	

For	the	drilling	to	be	performed	as	vertically	as	possible	and	with	an	accurate	WOB	at	all	times,	three	

actuators	are	connected	to	the	steel	plate	where	the	top	drive	is	mounted.	The	actuators	are	

connected	to	the	frame	of	the	drilling	rig	constitute	the	hoisting	system	of	the	machine.	The	hoisting	

system	will	provide	us	with	the	WOB	needed	to	effectively	penetrate	the	rock	sample,	thus	

controlling	the	speed	of	bit	elevation	and	ROP.	The	decision	to	utilize	three	actuators	in	the	hoisting	

system	allows	the	drilling	machine	to	counteract	forces	in	the	x,y,z-directions	acting	from	the	

formation	on	the	bit	while	drilling.	By	monitoring	and	adjusting	the	elevation	of	each	individual	

actuator,	drill	string	verticality	throughout	the	entire	operation	is	achieved.	To	measure	these	forces,	

not	limited	to	those	acting	in	the	z-direction,	tri-axial	load	cells	are	applied	between	each	actuator	

and	the	top	drive-plate	in	which	the	top	drive	is	mounted	to.	By	using	real-time	controllers,	the	

drilling	rig	can	detect	and	correct	for	an	offset	in	drill-string	verticality	if	said	forces	acting	from	the	

formation	to	the	bit	create	an	inclination	in	the	drill	string.	

The	proposed	circulation	system	enables	drilled	cuttings	to	be	transported	away	from	the	bit	to	

surface,	whilst	the	biggest	solids	are	filtered	out	using	a	multi-tiered	filtration	screen	system.	An	oil	

based	mud	(OBM)	is	proposed	as	the	final	drilling	fluid,	however	water	based	mud	(WBM)	will	also	

be	tested	to	compare	differences	in	behavior	and	advantages	when	operating	a	small-scale	rig.	

	

2.2	Control	Principles	

Given	the	complexity	of	a	system	operating	autonomously,	the	control	system	is	rather	advanced.	

The	drilling	rig	needs	not	only	to	execute	a	pre-set	drilling	strategy,	but	adapt	to	several	different	

scenarios	and	conditions.	Figure	2	depicts	a	simple	outline	of	the	proposed	control	hierarchy	

intended	to	detect,	interpret	and	adapt	to	these	various	drilling	conditions.	The	most	complex	

functions,	which	are	not	time-critical	to	carry	out,	will	be	processed	by	the	strategic	decision	

controller.	Such	functions	are	drill-off	testing	to	determine	initial	values	where	no	WOB	is	applied	to	

the	formation,	excessive	vibration	in	the	drill	string,	damage	to	the	rig	etc.	The	strategic	decision	

controller	can	be	allowed	to	operate	slower	than	the	real-time	decision	controller	and	may	be	

subject	to	a	non-deterministic	latency	which	minimizes	the	risk	of	twisting-off	the	drill	string	or	

damaging	equipment.	
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Figure	2:	Outline	of	the	three-

tiered	control	hierarchy	where	

each	tier	requires		faster	response	

times,	with	the	Strategic	decision	

controller	being	the	slowest	and	

the	response	time	in	the	hoisting-,	

power	transmission-	and	

circulation	systems	the	fastest.	

	

The	real-time	decision	controller	on	the	other	hand,	has	to	execute	commands	of	less	complexity	

with	a	deterministic4	latency	and	critical	loop	times	to	avoid	damage	to	the	drill	string.	The	hoisting,	

power	transmission	and	circulation	systems	all	need	to	be	accelerated	and	decelerated	depending	on	

the	various	conditions	encountered.	The	individual	system	controllers	need	to	operate	with	the	

fastest	response	times	to	carry	out	commands	instructed	by	the	real-time	controller.		

The	various	sensors	(load	cells,	torque	sensor,	pressure	sensor,	height	sensor)	need	to	provide	high	

enough	sampling	rates	to	the	real-time	decision	controller.	This	is	so	that	the	loop	times	of	the	

control	systems	do	not	exceed	those	required	to	handle	a	worst-case	scenario	without	twisting	off	

the	drill	string.	

	 	

																																																													
4	In	a	deterministic	system,	the	output	(future	state)	can	be	predicted	with	100%	certainty.	In	a	critical	system	
such	as	the	real-time	controller,	repeatability,	constant	loop	times	and	constant	outputs	is	a	necessity.	
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3. Rig	design	

3.1	Drill	String	Calculations	

The	strength	of	the	drill	string	is	limited	by	that	of	the	weakest	component;	which	is	the	aluminum	drill	

pipe	(DP),	specified	to	be	used	in	the	competition	guidelines.	Metallurgical	calculations	will	be	applied	

with	a	1.1	(or	10%)	safety	factor,	to	allow	for	deficiencies	in	pipe	strength	and	longer	than	expected	

loop	times	to	cease	rotations	when	problems	are	encountered.	Please	note	that	calculations	will	be	

covered	more	in	depth	in	later	monthly	reports,	as	we	have	yet	to	conduct	destructive	testing	of	the	

drill	string,	both	with	and	without	fluid	circulation.	

3.1 .1	Preliminary	Metallurgical	Considerations	for	Torque	

Aluminum	in	its	purest	form	has	a	yield	strength	(YS)	of	34	MPa	and	a	Ultimate	Tensile	Strength	(UTS)	

of	89	MPa.	The	assumption	is	made	(Sheasby	et.	Al.,	2001).			

2dHIJ = 89	>?5	

B4,+h5,6	dℎ657	d,76dd	 = 	0.65	l	2(	HIJ = 	57	>?5	

We	will	assume	a	(3	no	1.1	

Therefore,	the	maximum	torque	that	can	be	applied	before	the	pipe	shears	is:	

qrHIJ =
	B((
7

		
s
32
()R

v − )W
v) 	= 	3.01	hx	 = 	y. z{	|}	~�ÄÅ	ÇÉ	

Maximum	applicable	torque	that	can	be	applied	before	the	pipe	yields	is:	

qr	NWTSX = 	
	2?
7
		
s
32
()R

v − )W
v) 	= 	1.73	hx	 = 	Ñ. Öz	|}	~�ÄÅ	ÇÉ	

	

Therefore,	with	the	SF	in	place,	the	rig	needs	to	provide	a	minimum	torque	of	1.57mN	in	order	to	

work	at	the	maximum	operating	limit.		These	figures	assume	a	pure	aluminum,	and	that	there	are	no	

impurities	within	the	metal.		Certain	Al	alloys	may	strengthen	or	weaken	the	properties	shown	

above.	
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3.1.2	Drill	String	–	Twist-Off	

During	drilling,	where	stick-slip	conditions	prevail,	any	sudden	stop	in	rotation	may	twist	the	drill	pipe	

to	its	shear	point	if	loop	times	are	not	sufficient	to	cease	rotation.	

	

We	know	the	shear	modulus	of	Aluminum	is	64	GPa.	

The	torque	generated	by	the	twisting	of	the	DP	is	given:	

qr	NWTSX = 	
Üá
à
		â	,ℎ6,5 = 	Ñ. z{	|}		

	

Where:		 Üá	 = 	 ä
ãv
()R

v − )W
v)	,	which	is	the	second	moment	of	area	

à	 = 	91.44	@h	

	

The	consideration	must	also	be	made	for	drill	string	twist-off	as	a	function	of	twist	angle	and	also	as	a	

function	of	time.		The	results	of	these	calculations	are	shown	below.		The	calculations	for	these	two	

results	can	be	seen	in	the	appendix.5	

	

Figure	3:	Drill-string	twist	angle	vs.	torque	for	an	aluminium	pipe	

																																																													
5	See	“Twist-off	–	Aluminium	Pipe”	for	full	calculations	and	presentation	of	results.	
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Figure	4:	Drill-string	twist-off	time	vs.	operational	torque	for	an	Aluminium	pipe	

	

3.1.3	Maximum	Allowable	Overpull	

Maximum	Allowable	Overpull	(MAOP)	can	be	determined	by	knowing	the	tensile	strength	of	the	DP,	

setting	an	appropriate	SF	of	1.1:	

3	NWTSX = 	
s
4
)R

ç − )W
ç 	2(	 = 	395	x ≅ 	40	=A	 = 	{è	êë	~�ÄÅ	ÇÉ	

This	means	the	entire	string	weight	cannot	exceed	36	kg.			

Note:	Buoyancy	has	not	been	taken	into	account	in	these	calculations.	

	

3.1.4	Maximum	Allowable	WOB	

MAOP	can	be	determined	by	knowing	the	point	at	which	the	DP	will	buckle	and	applying	a	SF	to	prevent	

this	from	happening.		Then,	we’ll	need	to	calculate	the	relationship	between	WOB	and	torque	at	the	

bit	and	find	the	maximum	allowable	WOB	for	a	given	UCS	(rock	strength).	

'7+,+@54	Fí@=4+ìA	3n7@6	 = 	
(sç1NÜî)
(=à)ç

	= 	yïÑ	}	ñ�óóòô, yõ	}	ú~ùû�óë	

	

Hence,	the	WOBmax	(applying	SF	=	1.1)	=	182	N	pinned,	22N	swaying	(WOBinterval	=	2kg	to	18kg)	
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The	k	value	varies	from	0.7	to	2.0,	i.e.	One	end	pinned	through	to	one	end	swaying.		Ey	for	Al	is	69	GPa.	

In	 our	 case,	 we	 have	 the	 DP	 pinned	 to	 the	 BHA	 and	 the	 TD,	 but	 we	 need	 to	 account	 for	 lateral	

movement	when	drilling	commences.	 	Good	drilling	practices	can	minimize	 this	effect,	by	ensuring	

maximum	RPM	and	flow	rate,	combined	with	a	low	WOB	are	applied	before	commencing	drilling.	

	

3.2	Bottom-Hole	Assembly	Design	and	Conceptualization	

3.2.1	Basis	of	Design	

It	is	uncommon	for	a	drill	bit	to	drill	a	straight	and	true	vertical	hole	without	some	assistance	from	

the	bottom-hole	assembly	(BHA)	above.		In	particular;	BHA’s	can	be	designed	to	achieve	numerous	

desired	well	paths.			

In	the	case	of	the	Drillbotics	2017	venture,	the	guidelines	have	stipulated	that	a	small-scale	drilling	

rig	be	built	in	order	to	drill	a	vertical	well	in	a	30	x	30	x	60	(cm)	sample	of	rock	as	quickly	as	possible.		

In	previous	years,	some	success	has	been	found	in	using	what	is	known	in	industry	as	a	“pendulum	

assembly”	(discussed	further	below).		While	this	design	is	often	successfully	implemented	in	real-life	

surface	hole	sections,	particularly	where	low	weight	on	bit	(WOB)	is	required,	on	the	scale	in	

question	for	the	Drillbotics	Rig,	high	WOB,	complete	with	an	improper	rig	design	has	been	shown	to	

lead	to	issues	with	lateral	and	torsional	drill	string	vibrations,	among	other	downhole	issues.		

Another	issue	this	presents	is	the	possibility	of	a	deviated	wellbore	section.		This	is	because	high	

WOB	acting	on	one	stabilizer	can	have	a	buckling	effect	on	the	string	above.		Where	this	is	apparent,	

tri-axial	loading	is	increased	on	the	drill	string	and	bit,	which	results	in	sub-optimal	drilling	

parameters	and	can	ultimately	lead	to	problems.	

The	drill	string	design	which	is	being	proposed	is	outlined	on	the	next	page	(see	Figure	5	and	sketch	

provided)	and	has	been	designed	in	accordance	with	the	guidelines	provided	in	Sections	4.6	–	4.9	in	

the	Drillbotics	Guidelines	2017	document6.	

																																																													
6	Drillbotics	Guidelines;	International	University	Competition	2016-2017	
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8						7	 						6																													5																																															4																									3																															2									1	

Figure	5:	Proposed	BHA	design	depicting	the	individual	components	and	their	dimensions.	

	

The	reason	of	a	fully-packed	drilling	assembly	has	been	chosen	over	a	pendulum	assembly	is	outlined	

below	(See	Figure	6).		A	packed	assembly	is	in	effect,	a	stiff	drilling	assembly	which	usually	consists	of	

two	or	more	stabilizers	(or	reamers,	depending	on	the	scenario),	drill	collars	and	HWDP.		The	

purpose	of	this	design	is	to	allow	for	the	minimum	possible	rate	of	change	in	deviation	of	the	well	

path.		A	typical	packed-assembly	has	been	shown	below,	on	the	right	hand	side	of	Figure	6.		

Pendulum	assemblies	(as	exemplified	by	the	sketch	shown	on	the	left	hand	side	of	Figure	6),	are	

typically	designed	for	wellbore	sections	where	the	natural	tendency	of	the	formation	has	the	bit	

drifting	away	from	vertical.		A	pendulum	assembly,	thanks	to	the	unsupported	section	of	the	drill	

collar	will	swing	to	the	left	or	right	of	the	low	side	of	the	hole	and	can	usually	correct	natural	

deviations	in	the	well	path.		For	the	case	of	the	Drillbotics	project,	it	is	assumed	that	a	formation	
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sample	will	not	present	the	usual	large-scale	formation	inconsistencies	over	a	long	enough	period	to	

need	to	correct	for	natural	wellbore	drift	and	hence	the	selection	of	the	packed-assembly.	

	

Figure	6:	Typical	BHA	designs	for	vertical	wells	

(Drilling	Engineering	-	Heriot	Watt	University,	2005)	

	

One	of	the	biggest	hindrances	of	drilling	performances	in	previous	years,	has	been	the	issues	caused	

due	to	string	vibrations.		Pendulum	assemblies	have	been	shown	in	the	Drillbotics	arena	(and	in	real-

life	situations)	to	cause	significant	vibrations	when	improper	parameters	are	applied	to	the	drill	bit.		

The	drill	 string	vibrates	as	a	 result	of	 load	excitations	applied	at	various	 locations	and	 frequencies.		

Potential	excitation	sources	are:	

• Mass	imbalance	

• Misalignment	or	kinks/bends	in	the	string	

• Cutting	action	of	the	bit	
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• Friction	 factor	 between	 bit	 and	 borehole	 (which	 can	 be	minimized	with	 a	 lubricated	 fluid	

system)	

Assuming	 the	 above	 excitation	 sources	 have	 been	 accounted	 for	 and	 with	 minimal	 stick-slip,	 the	

pendulum	assembly	is	still	the	most	likely	of	the	two	possible	designs	to	experience	lateral	vibrations.		

These	can	be	brought	on	due	to	either	the	buckling	effect	of	the	string,	or	the	unrestrained	nature	of	

the	drill	 collars	above	 the	bottom-most	 stabilizer	as	 string	drills	deeper	 (Schlumberger	Drilling	and	

Measurements,	2010).	

Further	considerations	with	regards	to	vibrations	and	stabilizer	placement	/	drill	collar	lengths	will	be	

made	 when	 the	 Drillbotics	 Rig	 and	 its	 associated	 ancillary	 equipment	 is	 fully	 constructed	 and	

optimization	testing	begins.	Further	information	on	the	drill	string	basis	of	design	will	be	provided	in	

the	forthcoming	Bachelor’s	Degree	Thesis	for	this	project,	through	the	University	of	Stavanger	and	in	

any	other	future	reports	on	the	topic.	

	

3.2.2	BHA	Manufacturing	

The	 BHA	 components	 are	 intended	 to	 be	 fabricated	 from	 steel	 using	 a	 lathe	 and	 CNC	 machine,	

available	to	students	at	the	University	of	Stavanger.		Each	component	will	also	be	manufactured	with	

the	appropriate	thread	profile	to	match	the	next	 joint.	 	A	consignment	of	extra	3/8”	NPT	Pin	x	Box	

connections	will	be	ordered	as	backup.	

	

	

Figure	7:	CAD-sketch	of	the	proposed	BHA-design.	
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3.3	Circulation	System	

To	transport	out	cuttings,	lubricate	and	cool	the	drill	string	and	wellbore,	a	common	fluid	circulation	

system	is	used.	In	the	building	and	testing	stage	of	the	drill	rig	WBM	or	OBM	will	be	used	as	the	

circulating	fluid.	It	is	likely	that	a	simple	oil	based	drilling	fluid	will	be	tested	and	used	for	the	

Drillbotics	competition.	As	part	of	the	BSc-thesis,	a	discussion	of	advantages	and	disadvantages	using	

both	OBM	and	WBM	in	small-scale	rigs	will	be	presented	based	on	results	from	tests	run	with	the	

built	rig.	

	

Figure	8:	Outline	of	the	circulation	system.	

	

3.3.1 Pump	

When	choosing	a	pump	there	are	several	different	parameters	which	need	to	be	taken	into	account.	

These	are;	fluid	type,	pressure	range,	flow	velocity,	handling	of	particles,	physical	properties	of	the	

type	of	pump	and	temperature	range,	etc.	Assuming	a	water	based	mud,	the	flow	velocity	needs	to	
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be	greater	than	or	equal	to	0.5	m/s,	based	on	preliminary	calculations	and	assumptions	for	our	

proposed	circulation	system.	This	gives	a	minimum	flow	rate	of	8.82	l/min,	and	further	implies	that	

the	pump	should	be	able	to	provide	pressure	head	of	at	least	2.26	bar.	For	our	purpose,	we	have	

decided	to	go	with	the	ITT	Flojet	Electric	Pump.	This	pump	is	powered	by	a	12v	DC	output,	and	

provides	a	flowrate	of	up	to	18,5	l/min,	has	a	cut	out	pressure	of	3.1	bar	(45	PSI)	and	can	handle	

liquid	temperatures	of	up	to	54˚C.	A	Gems	Pressure	sensor	supporting	0-10	bar	will	be	installed	to	

ensure	that	pressure	in	the	circulation	system	do	not	exceed	the	wanted	parameters.	

	

3.3.2 Rotary	Union	

A	rotary	union	is	a	device	that	provides	a	seal	between	a	stationary	supply	passage	and	a	rotating	

part	to	permit	the	flow	of	a	fluid	into	and/or	out	of	the	rotating	part.	In	our	case	the	rubber	hose	

from	the	motor	to	the	rotary	union	is	the	stationary	part.	While	the	drill	string	is	the	rotating	part.	

The	rotary	union	that	will	be	used	for	this	system	is	a	Deublin	3/8”	NPT	RH	(D55-000-001).	This	

rotary	union	has	a	low	torque	rating	and	can	handle	both	WBM	and	OBM.	

	

Figure	9:	The	Deublin	rotary	union	is	
assembled	on	top	of	the	hollow	shaft	motor	
using	closing	stoppers.	A	D6075-201	Deublin	
Cartridge	will	be	installed	with	the	rotary	
union.	
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3.3.3 Multi-Tiered	Filtration	System	

	

Figure	10:	CAD-sketch	of	the	multi-tiered	filtration	system	

	that	will	allow	for	removing	solids	both	in	WBM	and	OBM.	

	

3.3.3.1 Design	Principles	

The	filtration	system	is	a	multi-tiered	filtration	screen	system	to	remove	biggest	solids,	as	fluid	flows	

from	one	bucket	to	another.		Mesh	screens	were	initially	considered	to	be	used	for	solids	control.		

This	may	or	may	not	be	trialed,	as	it	might	be	more	appropriate	for	a	gelled	fluid	system	(which	this	

project	will	not	be	incorporating).		For	the	time	being,	the	design	on	the	next	page	will	assume	use	of	

the	mesh	screens,	but	may	be	omitted	in	future	design	work	depending	on	the	results	of	the	

practical	tests,	when	built.	Fluid	will	be	pumped	from	the	last	bucket	back	through	the	system.	

	

3.3.3.2 Design	Considerations	

The	drilled	hole	volume	is	known,	so	the	screen	sizes	will	be	designed	to	accommodate	for	the	volume	

drilled,	plus	some	extra	amount	so	as	not	to	clog	up	the	screens.		Assume	a	mud	weight	(MW)	of	0.7	

specific	gravity	(SG),	and	a	cuttings	density	of	2.6	SG	(average	for	limestone	–	sandstone).	
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3.3.3.3 Proposed	Layout	

	

• Hole	Volume:	3.847	l	10üv	cubic	metres	=	

384	cm3	

• Maximum	possible	flow	rate	=	9	liters	per	

minute	(LPM)	=	9000	cm3/min	(Assumed!	–	

based	on	pump	specs)	

• Initial	volume	in	tank	3	=	22.5	LPM	

• Area	of	Rock	=	900	cm3	

• Rock	vol	drilled	=	384	cm3	

• Max	allowable	flowrate	=	9000	cm3/min	

	

	

Minimum	required	mesh	areas	and	box	lengths	for	the	entire	duration	of	drilling:	

• H1	 = 	Öï	†|	

• °h+ì1	 = 	Ñ¢ï	†|{	

• °,n,541	 = 	180	 + 	°7n@=	 = 	Ñï¢ï	†|{	

• à1	 = 	{y	†|	

• §1	 = 	z. y	•	(5ddíh+ìA	7íì − noo	5,	40@h)	

• ¶2	 = 	õï	†|	

• 	°h+ì2	 = 	yyÖ	†|{	

• °,n,542	 = 	225	 + 	°,n,541	 = 	Ñ{ïÖ	†|{	

• à2	 = 	36	@h, §2	 = 	è. z	•	(5ddíh+ìA	7íì − noo	5,	30@h)	

• ¶3	 = 	{ï	†|	

• °h+ì3	 = 	{ïï	†|{	

• °,n,543	 = 	300	 + 	°,n,542	 = 	ÑèïÖ	†|{	

• à3	 = 	õï	†|	

• §3	 = 	¢. ß	•, ®ℎ+@ℎ	®+44	ì66)	,n	*6	+ì@765d6)	,n	22.5à	

Figure	11:	Birds-eye	view	of	proposed	drilling	fluid	circulation	
system.	
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3.3.3.4 Flow	Profiles	

The	dashed	lines	resemble	a	divider,	which	will	have	an	off	bottom	clearance	of	10-15	cm.		This	has	

been	proposed	by	the	team	for	good	solids	control.	The	dividers	will	be	secured	at	each	corner	of	the	

box	to	the	floor	of	the	box.	

	

Figure	12:	Drilling	fluid	circulation	system	flow-path	and	proposed	layout	

	

3.3.3.5 Tank	3	initial	Minimum	Startup	Volume	

One	needs	to	calculate	the	initial	volume	at	commencement	of	drilling	that	will	be	contained	in	Tank	

3,	which	we	are	calling	the	suction	tank.			

The	following	assumptions	are	made:	

• The	well	will	be	drilled	in	two	hours	(worst	case	scenario)	

• The	maximum	possible	flowrate	is	9LPM	=	150	cu.cm/s	

• Total	fluid	volume	pumped	over	the	course	of	drilling	is	1080	L	if	drilling	takes	two	hours	

One	also	needs	to	know	the	“fill	up	rate”	of	tank	3	and	understand	how	many	litres	per	minute	are	

coming	back	from	the	well	into	tank	3.		Also	need	to	know	how	long	it	will	take	for	first	fluid	to	flow	

back	once	drilling	commences.	

• Time	to	fill	Tank	1	=	47	seconds	

• Time	to	fill	Tank	2	=	44	seconds	
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• Time	to	fill	Tank	3	=	59	seconds	

• Total	time,	on-bottom	to	suction	tank,	first	fluid	~=	2	minutes,	30	seconds	

	

The	final	tank	will	require	an	initial	startup	volume	of	22.5	liters	to	allow	for	full	circulation.	

	

3.3.3.6 Circulation	System	Advantages	and	Disadvantages	

Advantages:	

• Smooth	fluid	overflow	from	rock	to	collection	pits	on	all	axes	of	the	area	of	the	rock	

• “Screening	up”	(ie.	Going	from	a	mesh	screen	with	more	open	flow	volume,	to	one	with	less	

open	flow	volume)	will	allow	for	excellent	solids	control	

• Each	tank	is	designed	so	as	not	to	“run	out”	of	clean	fluid	from	the	suction	tank	at	any	one	

time.	

• Setting	the	overflow	slots	flush	with	the	max	height	of	the	next	tank	and	inserting	a	divider	in	

each	tank	(dotted	lines	on	slide	previous)	allows	time	for	gravity	separation	of	drilled	solids	

• Optimization:		

• Increase	 the	 mesh	 areas	 with	 shallow	 pit	 heights	 to	 avoid	 unwanted	 spillage	 of	

“unclean”	fluid	into	the	next	pit.	

• Run	pressure	drop	 calculations	 to	 know	exact	 flow	 rates	 and	 then	 tweak	once	 the	

system	is	completely	built	

	

Disadvantages:	

• Relies	heavily	on	the	calculations	being	accurate	for	circulation	volumes,	pump	pressures	and	

ROP’s.		I.e.	A	lot	of	assumptions	have	been	made.		This	can	however	be	avoided	by	starting	

with	double	the	required	fluid	volume.	

• Potential	for	spillage	of	“unclean”	fluid	from	one	pit	to	another	if	drilled	mud	is	“spitting”	out	

of	the	wellbore	

	



	 	 University	of	Stavanger,	2016-12-31	

	
	 	 	

18	

3.4 Power	Transmission	

Power	is	transmitted	to	the	drill	bit	via	a	APM-HE09ACH	hollow	shaft	brushless	motor	providing	2.86	

rated	torque	during	operations	from	0	to	3000	rpm.	The	motor	draws	900	Watt	from	the	grid	requiring	

130	 Volt	 DC.	 Since	 the	 grid	 in	 Norway	 is	 230	 Volt	 AC,	 the	 current	 needs	 to	 go	 through	 a	 power	

supply/converter	via	a	controller	to	the	motor.	The	motor	is	bolted	to	the	top	plate	with	4	machine	

screws	which	ensures	a	solid	and	stable	platform.	A	maximum	of	37	kg	axial	load	can	be	handled	before	

straining	the	motor,	which	is	more	than	the	maximum	WOB	the	drill	string	can	handle.	Furthermore,	

the	 drill	 sting	 and	 fluid	 system	 is	 connected	 to	 the	 hollow	 shaft	 with	 six	 M5	 machine	 screws	 to	

connection,	machined	by	the	team	in	a	lathe.	The	connection	is	a	funnel-shaped	piece	of	metal	with	a	

flange	depicted	in	the	figure	below.			

		

	

	

Advantages:		

• Rigid	and	solid	design		

• Allows	for	flow	through	the	motor	

• High	RPMs	allowing	for	increased	ROP		

• High	WOB	supported	

• Assessed	to	produce	less	vibration	than	a	stepper	motor,	which	is	ideal	for	our	purpose	

• Allows	the	mounting	of	a	ferro-magnetic	steel	shaft	through	the	motor,	so	that	torque	can	be	

measured	under	the	motor	(rather	than	measuring	the	counter	torque	in	the	motor)	

Disadvantages:		

• Vibrations	can	propagate	from	the	motor	through	to	the	top	plate	and	interfere	with	the	load	

cells	or	the	torque	sensor	

Figure	13:	CAD	depiction	of	how	the	brushless	motor	will	be	mounted	on	the	top-drive	plate	attached	to	
the	actuators	and	how	the	rotary	union	will	be	fitted.	
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3.5 	Hoisting	System	

3.5.1 Hoisting	System	Principles	

The	effective	ROP	relies	heavily	on	how	much	WOB	we	can	apply	to	the	formation.	Since	there	is	no	

limit	this	year	on	maximum	WOB,	the	aluminum	drill	string	critical	buckling	force	(CBF)	determines	

the	maximum	WOB	our	hoisting	system	will	provide	(CBFmax	=	182	N	pinned,	22N	swaying).	Through	

continuous	torque	measurement,	and	data	collection	from	the	load	cells	in	the	z-direction,	the	

system	is	able	to	operate	close	to	the	maximum	CBF.	By	using	an	analogue	infrared	height	sensor	

(0.2	to	1.5m	distance),	the	rig	is	allowed	to	operate	with	higher	RPMs	and	ROPs	in	the	top-	and	mid	

section	of	the	rock,	before	lowering	the	ROP	in	the	end-phase	of	the	drilling	operation.		The	

estimated	weight	of	the	moving	platform,	including	the	hollow	shaft	motor,	swivel,	top	plate,	the	

drill	string,	BHA	and	sensors	are	estimated	to	be	25	kg,	well	below	the	maximum	axial	load	of	37	kg	

the	top	drive	motor	can	provide.	

To	counteract	a	possible	inclination	of	the	drill	string,	three	actuators	–	each	connected	to	the	top-

drive	plate	through	tri-axial	load	cells	supporting	0-100N	on	each	x-,y-,z-axis,	are	utilized.			Through	

initial	system	calibration	and	testing	without	applying	a	force	onto	the	formation,	the	strategic	

decision	controller	establishes	a	set	of	initial	values	defining	a	perfectly	leveled	top-plate	resembling	

a	vertical	drill	string.	If	an	off-set	is	detected	in	the	x-,y-directions,	the	real-time	controller	will	feed	

the	proper	actuators	with	commands	to	re-establish	a	situation	of	force	equilibrium	between	the	

load	cells,	thus	allowing	to	continue	drilling	with	a	vertical	drill	string.	Testing	with	the	completed	rig	

will	determine	whether	this	operation	can	be	done	while	drilling	or	whether	one	will	need	to	trip	out	

of	the	well,	adjust	and	commence	drilling.	The	three	stepper	motors	(one	for	each	actuator)	will	

provide	enough	torque	and	lift	power	to	trip	in	and	out	with	high	enough	speeds.	

	

Figure	14:	Outline	of	the	hoisting	system	and	a	simplified	sketch	showing	how	off-set	detection	will	
correct	drill-string	inclination	
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3.5.2 Hoisting	System	Components	

The	hoisting	system	is	required	to	respond	quickly	and	precisely	to	a	scenario	where	the	drill	string	

starts	to	deviate	from	being	completely	vertical.	Therefore,	each	actuator	is	equipped	with	a	

NEMA23	2,80A	stepper	motor,	each	with	a	step	angle	of	1.8	and	a	torque	of	1.236	Nm	giving	the	

hoisting	system	a	total	torque	of	3.71	Nm.	To	decelerate	and	hold	inertial	loads,	each	stepper	motor	

is	equipped	with	a	Huco	Brake	FSB015,	supporting	a	static	torque	of	1.69	Nm	(total	of	5.07	Nm).	

	

	

	

	

	

As	the	rock	sample	to	be	drilled	has	an	estimated	

height	of	0.6m,	the	chosen	actuators	have	a	travel	

length	of	0.9m,	allowing	for	fully	penetrating	the	

rock	sample	as	well	as	tripping	in	and	out	of	the	

hole	if	required,	to	level	the	top	plate	and	

commence	drilling	vertically.	C-beam	Linear	

actuator	bundles	(1000mm)	are	used.	Two	C-

beam	riser	plates	are	used	to	connect	each	of	the	

actuators	to	the	load	cells	attached	on	the	top-

plate.	

To	not	only	measure	WOB-forces	and	hook	load	in	the	z-direction,	it	

was	decided	to	use	tri-axial	load	cells.	The	FNZ	load-cells	provided	by	

Forsentek	support	0-100N	on	all	three	axes.	The	use	of	three	load	

cells	thus	allows	for	a	total	of	300N	in	the	Z-direction,	and	similar	in	

the	x-	and	y-direction	(these	forces	are	estimated	to	not	be	nearly	as	

high	as	in	the	z-direction).	With	an	estimated	maximum	weight	of	

25kg	(approx.	245	N),	there	should	be	no	risk	of	damaging	the	load	

cells.	Given	that	the	real-time	controller	system	needs	to	have	a	

deterministic	latency,	and	fairly	quick	loop-times	to	be	able	to	react	

quick	enough,	load	cells	with	a	hysteresis	of	+-	0.2%	of	the	rated	

Fx	

Fy	

Fz	

Figure	15:	NEMA23	Stepper	Motor	 Figure	16:	Huco	Brake	(FSB015)	
with	a	static	torque	of	1.69Nm	
for	each	brake.	

Figure	17:	C-beam	Linear	actuator	bundle	
equipped	with	a	NEMA23	Stepper	motor.	

Figure	18:	Forsentek	FNZ	tri-axial	load	
cell	(x,y,z:	0-100N).	
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output	(1.0	mV/V)	have	been	chosen.	The	load	cells	analogue	signal	output	will	be	connected	to	an	

analogue	amplifier	and	run	through	an	Arduino	Due	32-bit	microcontroller	(acting	as	an	analogue	

digital	converter)	before	processed	by	the	real-time	controller.	By	using	Arduinos,	processing	is	done	

with	low	enough	loop	times,	allowing	us	to	operate	with	higher	RPMs	and	ROPs	during	the	drilling	

operation.	Three	Arduino	Dues	will	be	used:	one	for	the	power	transmission	system,	one	for	the	

hoisting	system	and	one	for	the	pump.	

	

Figure	19	depicts	how	the	electrical	system	will	be	configured	for	the	stepper	motors.	

The	three	Huco	Brakes	(one	for	each	motor)	will	also	require	similar	electrical	configurations.	The	

Arduino	Due	microcontrollers	will	be	powered	using	a	USB-hub,	as	these	only	require	10W	of	total	

power	to	run.	

	

Advantages:	

• Accurate	and	precise	WOB,	with	a	fast	response	system	if	needed	to	change	WOB	rapidly	

• System	can	handle	and	correct	an	inclination	of	the	drill	string	thus	ensuring	vertical	drilling	

• Allows	for	high	RPM	and	ROPs	

• Fast	response	times	to	real-time	controller	reducing	risk	of	twist-off	scenario	

• Combined	with	the	ferro-magnetic	torque	sensor,	the	design	allows	drilling	operations	fully	

exploiting	the	capabilities	of	the	rig,	rather	than	operating	with	very	high	safety	factors	due	to	

slow	response	time	and	long	loop	durations	

• Single	components	easy	to	assemble	and	connect,	chosen	components	also	allow	for	tweaking	

if	design-alterations	are	required	

• Can	trip	in	and	out	of	the	well	if	this	is	required	to	balance	the	top	plate	

	

Figure	19:	Electrical	configuration	for	the	three	stepper	motors	controlling	the	actuators.	



	 	 University	of	Stavanger,	2016-12-31	

	
	 	 	

22	

Disadvantages:	

• Advanced	control	system	and	programming	

• Due	to	high	sampling	rates,	some	components	might	be	exposed	to	damage	if	a	major	leakage	

in	the	circulation	system	occurs.	

	

3.6 	Construction	of	Framework	

To	ensure	stability	of	the	mobile	rig,	high-grade	aluminium	strut	

profiles	are	to	be	used.	Bosch	Rexroth	Strut	Profiles	90x90L	/	

45x45L	are	evaluated	to	give	us	the	best	overall	stability,	

defending	the	high	cost	of	these	components.	90x90L	Strut	

Profiles	will	be	used	in	the	lower	sections	of	the	rig	supporting	the	

overlying	construction.	45x45L	strut	profiles	will	be	used	in	the	

upper	section	of	the	rig	and	to	connect	tables	to	each	side,	in	

which	the	pump,	computer	(incl	monitors)	and	electrical	control	

system	will	be	mounted	on.	

With	90x90	and	45x45	brackets,	and	lockable	45x45	joints,	the	construction	will	not	be	exposed	to	

creep	over	time,	which	often	can	be	seen	in	small-scale	rigs	and	builds	where	under-dimensioned	

strut	profiles	are	utilized	without	proper	joints	connecting	them.		

The	main	construction	rig	will	be	mounted	on	lifting	

wheels,	also	provided	by	Bosch	Rexroth	

(3842547890).	They	allow	for	movement	of	the	rig,	

and	can	be	de-attached	at	the	scene	where	the	

drilling	will	be	conducted	to	avoid	movement	and	

instability	when	drilling.	Acrylic	plastic	sheets	will	

be	bought	at	Biltema,	and	mounting	tables	are	

provided	by	the	University.	The	acrylic	plastic	sheets	

will	allow	for	safe	drilling,	in	front	of	an	audience,	

and	will	also	protect	the	electrical	components	

wired	and	connected	outside	of	the	rig.	

	

	

Figure	20:	Outline	of	the	framework	of	the	
drilling	machine.	

Figure	21:	Brackets	and	lockable	joints	will	prevent	the	
construction	from	creeping.		
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3.7 	Torque	Sensing	

3.7.1 Design	Principles	

The	torque	sensor	is	a	device	for	measuring	and	recording	the	torque	on	a	rotating	system.	The	

sensor	will	not	measure	the	torque	coming	from	the	motor,	but	only	the	actual	DP-torque.	This	

allows	us	to	operate	close	to	maximum	mechanical	properties	of	the	drill	string.				

	

	

	

Since	the	torque	sensor	can	only	measure	torque	in	a	ferro-magnetic	shaft,	we	will	install	a	

ferromagnetic	DP	with	an	equal	OD	and	ID	as	our	aluminum	drill	pipe.	This	will	be	attached	between	

the	hollow	shaft	motor	and	the	Al	shaft.	The	torque	sensor	provided	by	TAM	will	provide	a	digital	

sampling	rate	of	2000Hz	(i.e.	2000	samples	/	second).	This	configuration	will	allow	us	to	operate	with	

RPMs	>	300	revolutions	per	minute	of	the	drill	string.	The	torque	sensor	is	delivered	with	software	

that	can	be	integrated	into	Matlab	and	Matlab	Simulink,	thus	making	assembly	and	integration	into	

the	control	system	simple.		

	

The	ferromagnetic	steel	shaft	will	be	made	in	a	lathe,	where	one	end	has	a	flange	which	will	be	

attached	to	the	motor	shaft	with	six	screws,	with	a	seal	between	the	flange	and	the	shaft.	The	torque	

sensor	will	be	installed	as	shown	in	figure	22.	As	the	OD	and	ID	will	be	equal	to	that	of	the	DP,	and	

Figure	22:	Torque	Sensor	provided	by	Torque	and	More	GMBH,	modified	to	provide	a	sampling	rate	of	2000Hz	and	
supporting	integration	into	Matlab	and	Matlab	Simulink.	
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the	torque	sensor	is	fitted	to	our	intended	ferromagnetic	shaft,	the	distance	between	the	steel	shaft	

and	the	torque	sensor	will	be	less	than	2mm	(which	is	a	working	requirement	for	the	torque	sensor).	

	

3.7.2 System	Advantages	and	Disadvantages	

Advantages:	

• Out-of-the-box	measurements	immediately	

• Non-Contact,	allowing	for	some	vibration	in	the	drill	string	without	damaging	the	torque	sensor	

• Works	on	any	Ferromagnetic	object	/	shaft	making	the	sensor	suitable	to	most	torque-

measurement-purposes	

• No	shaft	magnetization	required	

• Any	shaft	size	(>5	mm	diameter),	no	upper	limit	

• Reliable	performance	

• Not	affected	by	over-load	

• Not	damaged	by	magnetic	stray	field	

• Insensitive	to	water,	oil	and	dust	

• Insensitive	to	air-gap	changes	

• Insensitive	to	shaft	speed	

• +5	Volt	analogue	signal	output	

• USB	serial	digital	communication	with	PC	

• Automatic	and	manual	initialization	

• Bi-directional	measurement	range	

• Built-in	data	logger	and	signal	filter	

• Very	wide	range	of	material	where	it	can	be	used	

	

Disadvantages:	

• Sampling	frequency	is	limited	to	10000	Hz	raw	data,	2000	Hz	after	filtering	(to	ensure	a	high	

enough	signal	output	to	overcome	signal	noise)	

• RPM	limitations	

• Equipment	is	expensive,	even	with	the	special	price	TAM	GMBH	offered	to	the	University,	and	

may	be	too	expensive	for	low-cost	rigs.	It	does	however	fit	well	into	our	budget,	since	accurate	

torque	sensing	is	one	of	our	highest	priorities	to	avoid	a	twist	off	situation	
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3.8 Pressure	Sensing	

As	seen	in	section	3.1.1	Pump,	based	on	preliminary	calculations	and	assumptions,	the	pump	should	

be	able	to	operate	with	a	pressure	head	of	at	least	2.26	bar.	With	the	proposed	design,	the	pump	has	

a	cut	out	pressure	of	3.1	bar,	and	in	order	to	not	sustain	damage	to	the	pump	and	other	equipment,	

it	is	therefore	a	necessity	to	include	a	pressure	sensor	in	the	control	system.	For	this	purpose,	we	

plan	to	use	a	Gems	Sensors	Pressure	Sensor	that	measures	0-10	bar.	

	

The	pressure	sensor	has	an	

analogue	output	of	4-20	mA	and	

runs	on	a	supply	voltage	of	10-

30	V	dc.	Although	we	do	not	

plan	to	operate	with	different	

pressures	and	flow	velocities,	

the	pressure	sensor	is	a	

necessity	in	initial	calibration	

and	the	test	off	phase	before	

drilling	can	begin,	to	detect	any	

leak	or	system	fault	that	can	

effect	the	drilling	operation.	

	

Advantages:	

• Easy	to	fit	into	the	rig	design	and	operate	

• Can	use	existing	microcontrollers	(Arduino	Due)	to	do	analogue	digital	converting	of	the	output	

signal	

• High	accuracy	and	response	time	

• Good	experience	in	previous	UiS-projects	

• Operates	at	most	temperature	ranges	

	

Disadvantages:	

• Expensive	due	to	its	high	accuracy	and	performance	

• Signal	needs	to	be	converted	

Figure	23:	The	Gems	analogue	pressure	sensor	has	a	response	time	of	1	ms,	
and	an	accuracy	of	within	0.25%.	



	 	 University	of	Stavanger,	2016-12-31	

	
	 	 	

26	

3.9 Analogue	Infrared	Elevation	Sensing	

In	the	Drillbotics	2016	competition,	the	UiS-rig	had	no	capability	to	determine	the	elevation	of	the	bit	

accurately	at	all	times.	To	allow	for	higher	ROP	during	drilling,	and	as	a	tool	to	increase	accuracy	in	

calibration	and	drill	off	testing,	an	analogue	infrared	height	sensor	is	proposed	in	our	phase	1	design.	

The	Sharp	distance	sensor	(GP2Y0A02YK0F)	provides	distance	measuring	between	20-150	cm	which	

is	highly	acceptable	for	the	design	and	control	system.	The	rock	is	to	be	drilled	0.6m,	and	the	

additional	distance	allows	for	accuracy	if	tripping	in	and	out	of	the	well.	The	distance	sensor	will	be	

fitted	beneath	the	top	plate	(where	the	top	drive	is	mounted),	and	will	receive	a	reflection	off	of	the	

plate	that	lays	on	top	of	the	rock	sample	to	prevent	spillage.	The	distance	sensor	has	an	analogue	

output	voltage	of	0.4	to	2.45	V	and	should	not	require	an	additional	amplifier.		

	

	

	

	

	

	

	

	

Advantages:	

• Easy	to	fit		

• Infrared	sensing	is	cheap	compared	to	a	laser	and	provides	enough	accuracy	

• Allows	for	elevation	measurements	throughout	the	entire	drilling	operation	

• Integrates	well	with	the	Arduino	microcontrollers	

	

Disadvantages:	

• Reflector	can	be	soiled	by	drilling	fluid	(WBM	or	OBM)	if	a	leak	occurs,	possibly	rendering	the	

sensor	inaccurate	in	the	end-phase	of	the	drilling	

	

	 	

Figure	24:	Depiction	of	the	proposed	sharp	distance	sensor.	The	sensor	will	need	an	
amplifier,	as	the	output	voltage	will	decrease	as	the	distance	increases.	
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3.10 Load	Cell	Force	Sensing	
The	total	weight	of	the	assembly	is	estimated	to	be	less	than	25	kg	(approx.	245.2	N).	Given	a	

perfectly	vertical	drill	string,	with	zero	forces	acting	in	the	x-,y-directions	and	a	perfect	weight	

distribution	between	the	three	load	cells,	each	load	cell	will	need	to	support	82N	in	the	z-direction.	If	

a	safety	factor	(SF)	of	1.2	is	chosen:	

	

x6@6dd578	4n5)	@5©5@+,8	+ì	á − )+76@,+nì = 1.2 ∗ 82x = 98.4x	

	

For	this	purpose,	our	proposed	load	cells	each	support	100N	on	the	z-axis.	

	

If	the	drill	string	begins	to	incline,	i.e.	from	a	dip	in	the	layered	rock	formation,	forces	will	act	on	the	

bit	both	in	the	x-,	and	y-direction,	which	likely	will	propagate	up	the	drill	string	to	the	top-drive	plate.	

On	a	small-scale	rig	with	a	fixed	drill	string	and	BHA,	it	might	be	difficult	to	achieve	a	perfectly	

vertical	drilling	operation	in	the	event	of	inclination.	Our	proposed	solution	to	ensure	vertical	drilling	

is	to	use	three	actuators	in	our	hoisting	system,	each	connected	to	our	top	assembly	using	tri-axial	

load	cells.		

	

	

	

	

	

	

	

	

	

We	recommend	to	use	analogue	load	cells	that	can	be	connected	directly	to	the	Arduino	Due	

microcontroller	(that	also	works	as	an	analogue	digital	converter),	as	this	will	greatly	simplify	our	

control	system	and	lower	the	loop	times.	If	i.e.	load	cells	with	a	digital	USB-output	had	been	chosen,	

estimated	loop	times	would	likely	be	higher,	as	the	signal	would	have	to	go	through	the	PC	before	

processed	by	the	Arduino	Due	rather	than	directly	to	the	Arduino	Due.	For	this	reason,	FNZ	Analogue	

Tri-axial	load	cells	(0-100N	load	capacity)	are	proposed	in	our	design.	The	load	cells	have	a	capacity	

of	0-100N	on	each	axis,	work	with	a	safe	overload	of	150%	of	their	full	scale	(FS)	capacity	and	have	a	

low	hysteresis	of	only	0.2	%	of	its	rated	output	(RO).	With	a	RO	of	only	1.0mV	/	V,	an	amplifier	will	be	

necessary	to	enhance	the	signal.	

	Figure	25:	0-100N	FNZ	custom	tri-axial	load	cells	by	Forsentek	providing	an	analogue	rated	
output	1.0	mV/V	and	hysteresis	of	±	ï. y%	of	the	rated	output.	
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Advantages:		

• Tri-axial	force	measurements	highly	increase	our	operational	capability	

• A	sufficiently	high	load	capacity	on	each	axis	and	a	safe	overload	of	150%	of	FS	reduces	risk	

of	damage	to	the	sensors	

• Analogue	connectivity	lowers	loop	times	as	they	can	be	connected	directly	to	the	Arduino	

Due	

• Low	hysteresis	ensures	accuracy	in	force	measurements	

• Low	profile	and	weight	

• Easy	to	install	between	steel-plate	and	actuators	

• FNZ	load	cell	cheap	compared	to	similar	products	

	

Disadvantages:	

• Multi-axis	load	cells	are	expensive	compared	to	single-point	

o Price	allows	for	less	experimentation	with	high	loads	applied	

• An	analogue	signal,	being	transmitted	over	long	distances,	is	exposed	to	noise	adding	up	–	

degrading	the	signal-to-noise	ratio	

	

Solution:	To	circumvent	receiving	a	too	low	signal-to-noise	ratio	(SNR),	we	intend	to	position	the	

Arduino	Dues	on	the	top	plate,	next	to	the	motor,	in	a	sealed	container.	This	reduces	the	travel	

length	of	the	analogue	signal	from	approximately	2.5m	to	less	than	0.5m,	which	greatly	should	

enhance	our	SNR	
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4. System	Calibration	and	Detection	of	Drilling	Deterioration	
As	discussed	in	section	3	Rig	Design,	it	is	vital	to	know	the	individual	components´	and	the	system	

response	time,	so	that	rapid	changes	in	the	drilling	conditions	can	be	detected	and	handled	without	

risking	twist	off	of	the	DP	or	damage	to	the	drilling	machine.	The	response	time	of	the	system	

depends	on	the	loop	duration	of	the	controller	but	it	also	depends	on	its	mechanical	inertia	and	

friction.	It	is	therefore	vital	to	calibrate	the	actual	response	of	the	system	to	different	conditions.	

	

4.1	Calibration	in	Steady	State	Conditions	

The	strategic	decision	controller	is	not	required	to	be	as	fast	as	the	real-time	controllers,	so	this	can	be	

non-deterministic	with	varying	latencies.	The	calibration	needs	to	provide	values	for	zero	WOB	applied	

to	the	formation,	pump	pressure,	torque,	drill	string	verticality	and	hook-load.		

4.1.1	Steady	State	Pump	Pressure	(same	as	Drillbotics	2016,	University	of	

Stavanger)7	

As	the	provided	pressure	by	the	circulating	system	does	not	provide	a	contribution	to	the	ROP,	but	

simply	removes	cuttings	and	help	prevent	a	stuck-pipe	situation,	we	will	not	control	the	pump	motor	

speed.	The	pump	speed	varies	as	a	function	of	the	pump	pressure.	Hence,	if	the	circulation	

conditions	change,	the	pump	pressure	will	change	and	so	will	the	motor	speed	until	one	reaches	a	

new	steady	state	condition.	There	are	two	possible	reasons	for	the	changes	in	circulation	conditions.	

The	first	one	is	a	change	of	the	hydrostatic	pressure	at	the	pump	outlet.	The	highest	elevation	point	

of	the	hose	connected	to	the	swivel	changes	as	the	top-drive	is	raised	or	lowered.	The	second	factor	

influencing	the	pressure	loss	is	the	transport	of	cuttings	out	of	the	borehole.		

We	do	not	really	need	to	know	the	exact	pump	pressure	as	long	as	the	conditions	are	normal.	But	we	

do	need	to	know	when	the	pump	pressure	starts	to	get	abnormal,	such	as	if	there	is	a	pack-off	

(overpressure)	or	if	the	drill-pipes	are	broken	(under-pressure).	For	that	reason,	we	plan	to	calibrate	

the	
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Figure	26:Illustration	of	how	calibration	will	be	conducted;	a	cylinder	will	be	placed	inside	the	
water	container	and	pump	pressure	will	be	recorded	at	different	bit	depths.	
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expected	range	of	normal	pressures.	The	procedure	will	consist	in	putting	a	cylinder	inside	the	water	

container	and	record	the	pump	pressure	at	different	bit	depths.	Then	we	will	fill	the	cylinder	with	

sand	and	we	will	repeat	the	procedure	at	different	speeds	and	record	the	corresponding	pressure	

variations	(see	Figure	30).	After	several	experiments,	we	should	have	normal	pump	pressure	

variations	as	a	function	of	the	top-drive	elevation	which	can	then	be	used	to	automatically	detect	

obstructions	or	drill-pipe	washouts.		

	

4.1.2	Steady	State	Torque	Calibration	

As	we	this	year	have	decided	on	using	a	non-contact	ferromagnetic	torque	

sensor,	rather	than	having	the	top-drive	motor	is	mounted	into	a	free	

rotating	gimbal	which	has	an	arm	that	presses	against	two	load	cells,	steady	

state	torque	will	not	be	affected	by	friction	in	the	bearings	of	power	

transmission	shaft.		

This	system	design	allows	us	to	calibrate	torque	measurement,	by	having	the	

motor	controller	maintaining	different	torques	and	speeds	without	applying	

WOB	onto	the	formation.	In	that	way	we	will	obtain	a	conversion	table	of	

the	measured	torque	as	a	function	of	the	power	transmission	speed,	from	

which	the	real	time	controller	can	interpolate	during	the	actual	drilling	

operation.		

	

4.1.3	Steady	State	Drill	String	Verticality	and	WOB	Calibration	

The	tri-axial	load	cells	measure	the	hook	load	in	the	z-direction,	and	the	calibration	of	the	hook	load	

measurement	is	straight	forward,	as	the	weights	that	are	attached	to	the	power	transmission	shaft	

are	known.	To	ensure	that	

the	drill	string	remains	

vertical,	a	set	of	values	

defining	a	perfectly	leveled	

top	plate	(i.e.	a	zero-

inclination	of	the	drill	string)	

will	be	determined.	This	

Figure	27:	Depiction	of	
how	torque	will	be	
measured	in	the	
calibration	phase	to	
ensure	no	damage	to	the	
equipment	and	
configuration.	

Figure	28:	Illustration	of	how	the	force	measurements	obtained	from	the	tri-axial	
load	cells	are	interpreted	in	the	real-time	controller	before	commands	are	issued	
to	each	actuator	to	reach	a	zero-offset	state.	
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should	be	done	with	the	power	transmission	system	operating	at	different	torques	and	speeds,	as	

rotation	from	the	power	transmission	shaft	likely	will	exert	forces	in	the	x-	and	y-directions.	By	

measuring	these	forces	while	maintaining	rotation,	one	can	determine	zero	off-set	values,	thus	

allowing	off-set	detection	while	drilling	through	the	rock	sample	that	can	be	compensated	for.	

	

4.2 	Calibration	in	Transient	Conditions	
It	is	important	to	know	the	dynamic	response	of	the	system	at	various	rotational	and	axial	

speeds.	How	we	plan	to	obtain	this	information	will	be	outlined	in	the	Drillbotics	January	Update	

2017.		

	

4.3 Detection	of	a	Deterioration	in	Drilling	Conditions	(same	as	Drillbotics	2016,	

University	of	Stavanger)8	

In	ideal	conditions,	the	ROP	varies	linearly	with	WOB	and	RPM.	However,	if	the	maximum	depth	of	

cut	is	reached,	the	ROP	will	not	increase	when	adding	more	weight:	there	is	not	anymore	a	linear	

response.	Similarly,	if	there	are	fine	particles	accumulating	around	the	cutters,	the	bit	will	not	work	

ideally	and	the	response	to	changes	in	RPM	or	WOB	will	not	be	linear.	Finally,	if	there	are	vibrations	

at	the	bit,	the	energy	provided	to	the	bit	will	not	be	solely	used	to	drill	the	borehole	and	therefore	

the	linearity	dependence	of	the	ROP	to	WOB	and	RPM	will	not	be	respected.	The	point	by	which	the	

linearity	is	lost,	is	often	called	the	founder	point.		

So	the	non-linearity	of	the	ROP	as	a	function	of	the	variations	of	WOB	and	RPM	can	be	a	good	indication	

that	the	drilling	conditions	are	not	optimal.	For	that	reason,	automatic	sweeps	of	WOB	and	automatic	

sweeps	of	RPM	will	be	performed	when	the	ROP	seems	to	be	stable	(if	it	is	not	stable,	then	it	is	hard	

to	conclude	anything).	In	case	of	non-linear	behavior,	the	drilling	parameters	will	be	changed	to	ensure	

that	the	bit	works	in	good	conditions.	
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Figure	29:	Definition	of	the	founder	point,	so	that	a	deterioration	in	the	Drilling	conditions	may	be	
detected.	
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5. Control	Strategies:	Downhole	Drilling	Problems	

5.1	Literature	Review	

One	of	the	key	criteria	of	this	project	is	that	drilling	should	be	complete	automated.		This	means	we	

have	what	is	in	effect	a	“plug	in	and	play”	system	which	drills	the	well	to	plan.		The	system,	as	a	part	

of	the	automation	process,	needs	to	be	able	to	diagnose	a	number	of	likely	drilling	problems,	and	be	

able	to	respond	accordingly	to	keep	drilling	on	track	and	without	any	damage	to	the	drill	string,	or	rig	

components.		There	are	a	number	of	drilling	related	issues	which	may	be	encountered	in	this	project,	

which	have	been	outlined	below.	

Note:	No	mention	will	be	made	at	present	on	the	programming	 language,	or	any	of	the	upper	and	

lower	 limits	on	drilling	parameters	which	will	be	used	to	be	 indicative	of	downhole	 issues.	 	Further	

discussion	around	these	aspects	of	 the	control	 systems	and	programming	design	will	 follow	 in	due	

course.		This	section	aims	only	to	provide	an	overview	of	the	most	likely	drilling	scenarios	and	how	one	

might	react	in	a	real-life	situation.		Comments	have	been	made	where	appropriate	on	how	these	issues	

may	be	applicable	to	the	Drillbotics	Rig.	

	

5.2 	Normal	Drilling	State	(same	as	in	Drillbotics	2016,	University	of	Stavanger)9	

5.2.1 Bottom	Hole	Tagging		

In	an	initial	unspecified	state,	the	system	does	not	know	whether	it	is	on	bottom	or	not	and	it	does	

not	know	where	is	the	top	of	the	block.	For	that	reason,	it	starts	to	raise	the	block	for	a	minimum	

distance	and	until	the	hook	load	has	stabilized	in	order	to	ensure	that	it	is	off	bottom.	Then	it	moves	

downward	until	the	hook	load	starts	to	decrease:	this	elevation	is	recorded	as	the	top	of	the	block.	

During	this	operation,	the	pump	and	the	top-drive	are	off.		

	

Comment:	In	the	Drillbotics	2017-design,	an	analogue	height	sensor	will	be	used	instead	for	

continuous	measurement	of	drill	bit	position.	This	is	done	to	allow	for	higher	ROPs	in	the	top-	and	

mid-section	of	the	rock	(by	known	the	bit	elevation	relative	to	the	rock)	and	for	display	purposes.	

		

5.2.2 Off	Bottom	Calibration		

This	procedure	is	used	when	the	system	is	uncelebrated	but	after	tagging	the	bottom	hole.	With	

rotation	and	pumping	off,	the	control	system	raises	the	drill-string	for	a	minimum	distance	to	ensure	
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that	the	bit	is	off	bottom.	Then	it	starts	the	pumping	and	wait	until	the	pressure	has	stabilized:	this	

will	be	the	reference	pressure.	Afterward,	it	starts	the	rotation	by	incremental	steps.	For	each	step,	

the	system	waits	for	a	stable	torque	and	records	the	period	and	amplitude	of	the	oscillations	

generated	by	the	rotational	speed	step	changes	in	order	to	gather	information	about	the	natural	

resonance	frequencies	of	the	drill-string.	The	off	bottom	top	of	string	force	is	also	recorded	as	a	

reference	value.		

	

5.2.3 Resume	Drilling	

When	the	top	of	the	rock	is	known	and	the	system	has	been	calibrated,	drilling	can	start.	If	the	bit	is	

on	bottom,	the	drill-string	is	raised	for	a	short	distance.	If	there	is	no	circulation,	then	the	pump	is	

started.	If	the	rotation	is	off,	the	top-drive	is	ramped	up	to	a	middle	range	speed	that	does	not	

correspond	to	a	natural	resonance	frequency	of	the	drill-string.	Then	the	drill-string	is	lowered	to	the	

last	known	top	hole	at	a	speed	that	is	compatible	with	the	reaction	time	of	the	control	system	for	

handling	large	variation	of	formation	strength.		

	

5.2.4 Management	of	ROP	in	an	Unknown	Formation		

When	starting	drilling	in	an	unknown	formation,	the	WOB	is	increased	as	linearly	as	possible	while	

the	ROP	is	recorded.	However,	the	WOB	shall	never	exceed	the	maximum	allowable	WOB	to	handle	

rapid	change	of	formation	strength.	The	linearity	of	the	ROP	vs	WOB	curve	is	analysed	to	determine	

the	formation	strength.	Then	the	RPM	is	changed	to	a	value	that	increases	ROP,	yet	is	safe	for	

handling	sudden	stick-slip	conditions.		

	

5.2.5 Management	of	ROP	in	a	Known	Formation		

When	the	formation	strength	has	been	estimated,	the	WOB	is	linearly	increased	and	then	decreased	

with	a	relatively	small	variation	to	verify	that	the	ROP	still	vary	linearly	with	the	WOB.	If	the	linearity	

factor	has	changed,	then	it	is	a	new	formation.	If	the	variation	is	not	linear,	then	the	bit	does	not	

work	in	good	conditions.	Alternatively,	the	RPM	is	linearly	increased	and	then	decreased	with	a	

relatively	small	variation	to	verify	that	the	ROP	still	vary	linearly	with	the	RPM.	If	the	variation	is	not	

linear,	then	the	bit	does	not	work	in	good	conditions.	

	
5.2.6 Management	of	Drilling	Parameters	Between	Soft	and	Hard	Formations		

If	the	ROP	reduces	drastically,	we	are	drilling	from	a	soft	to	a	hard	formation	and	there	is	a	risk	for	

drill-string	vibrations.	The	WOB	and	the	RPM	are	changed	to	minimize	the	risk	of	drill-string	
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vibrations.	When	the	ROP	has	stabilized,	we	have	passed	the	transition	zone	and	a	new	formation	

can	be	investigated.	

		

5.2.7 Management	of	Drilling	Parameters	Between	Hard	and	Soft	Formations		

If	the	ROP	increases,	we	are	drilling	from	a	hard	to	soft	formation	and	there	is	a	risk	for	drill-string	

vibrations.	The	WOB	and	the	RPM	are	changed	to	minimize	the	risk	of	drill-string	vibrations.	When	

the	ROP	has	stabilized,	we	have	passed	the	transition	zone	and	a	new	formation	can	be	investigated	

as	explained	in	6.1.4.		

	

5.2.8 Management	of	an	Inclining	Drill	String	

Comment:	In	the	Drillbotics	2017-design,	this	section	is	new	as	we	intend	to	use	a	three-actuator	

hoisting	system	and	tri-axial	load	cells	to	handle	an	inclination	of	the	drill	string.	The	system	will,	

depending	on	success	in	testing,	maintain	the	RPM	but	the	system	will	trip	out	of	the	well.	The	

actuators	will	be	corrected	in	accordance	with	each	other,	to	achieve	a	state	of	a	linear	top	plate	

(fully	horizontal)	resembling	a	completely	vertical	drill	string.	The	RPM	will	be	increased	to	a	higher	

RPM	than	that	which	lead	to	an	inclination,	WOB	will	be	maintained.	One	will	attempt	to	trip	back	

into	the	well,	if	drilling	can	continue	without	a	repeated	inclination	of	the	drill	string,	drilling	

continues.	If	the	DP	again	begins	to	incline,	reset	to	a	zero-offset	in	the	top	plate	position	(vertical	

drill	string)	and	attempt	with	a	higher	RPM	and	higher	WOB.	Testing	will	determine	how	the	final	

command	will	be.	

	

5.2.9 End	of	Drilling	

Comment:	By	using	the	analogue	height	sensor,	the	ROP	will	be	lowered	for	the	last	0.03m	(3	cm)	of	

the	rock	sample,	i.e.	a	57	cm	has	been	drilled	and	3	cm	remains.	The	ROP	will	be	held	constant	until	

reaching	0.6m	bit	depth	into	the	rock	sample	before	the	rig	will	trip	out	of	the	well	and	WOB	and	

RPM	will	be	adjusted	to	0.	
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5.3 	Deteriorated	Drilling	State		(same	as	in	Drillbotics	2016,	University	of	

Stavanger)10	

5.3.1 Management	of	Poor	ROP	Performance		

If	the	variation	of	ROP	as	a	function	of	WOB	or	RPM	is	not	linear	then	the	bit	is	not	working	in	

optimal	conditions.	That	can	be	due	to	bottom	hole	balling,	bit	dulling	or	vibrations	(Dupriest	&	

Koederitz,	2005).	If	it	was	the	WOB	that	caused	the	non-linearity,	then	the	WOB	is	decreased	linearly	

until	the	linearity	condition	is	reached.	If	it	was	the	RPM,	then	top-drive	speed	is	decreased	linearly	

until	the	linearity	condition	is	satisfied.	

	

5.3.2 Management	of	Drill	String-vibrations		

If	the	torque	starts	to	fluctuate	above	reasonable	margins,	the	drill-string	is	picked	off	bottom.	If	the	

oscillations	 do	 not	 stop	 after	 a	 short	 moment,	 the	 top-drive	 rotation	 is	 ramped	 down	 to	 0.	 The	

combination	of	WOB	and	RPM	that	caused	the	vibration	is	recorded	for	the	current	formation	rock	

and	will	not	be	used	anymore	until	a	new	formation	rock	is	drilled.	A	new	combination	of	WOB/RPM	

is	chosen	amongst	those	that	are	possible	and	drilling	is	resumed.	

	

5.4 	Catastrophic	Drilling	State	

5.4.1 Stuck	Pipe	–	Differential	Sticking	

Problem	definition	

The	 drill	 string	 becomes	 stuck	 due	 to	 a	 high	 differential	 pressure	 between	 the	 drill	 string	 and	 the	

formation.		Think	of	the	borehole	as	a	vacuum	cleaner,	and	the	drill	pipe	being	sucked	into	it.	

Diagnostics	

Usually	a	sharp	or	gradual	drop	in	ROP	combined	with	a	proportional	increase	in	torque.		This	is	most	

clearly	seen	when	rotating	the	string	off-bottom,	where	a	torque	increase	is	indicative	of	differential	

sticking.		Cutting	sizes	will	also	vary	and	SPP	should	increase.	

Solutions	

In	our	case,	this	is	highly	unlikely	to	occur,	if	even	impossible.		
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5.4.2 Stuck	Pipe	–	Key	Seating	

Problem	definition	

The	drill	string	becomes	stuck	due	to	a	string	buckling	creating	something	of	a	keyhole	micro-borehole	

adjacent	to	the	actual	borehole.		This	causes	sections	of	the	pipe	to	become	immobile	and	is	usually	

caused	by	too	much	WOB	or	poor	directional	control	

Diagnostics	

Immobile	drillstring.		Steep	drop	in	ROP,	combined	with	a	high	torque	increase.		Need	to	be	careful	

here	as	pipe-whirl	can	easily	follow.		

Solutions	

This	 can	 be	mitigated	 by	 knowing	 definitively	 the	maximum	buckling	 force,	 applying	 a	 SF	 and	 not	

exceeding	this	value.	

Determine	 the	 stuck	 point	 of	 the	 drill	 pipe,	 by	 converting	 the	 string	 elongation	 to	 stuck	 point	

downhole,	proceed	to	pull	to	maximum	allowable	overpull	and	attempt	to	establish	string	rotation.		If	

unsuccessful,	proceed	to	jar,	but	do	NOT	do	so	with	string	rotation.		Pumping	a	lubricant	downhole	

can	also	assist	with	freeing	the	pipe,	since	the	coefficient	of	friction	is	reduced.	

5.4.3 Stuck	Pipe	–	Pack-off	

Problem	definition	

The	drill	string	becomes	stuck	due	to	poor	borehole	quality	effectively	blocking	up	the	hole.		Whether	

this	is	done	at	some	point	up	the	hole	or	down	at	the	BHA	level,	it	is	usually	the	cuttings	falling	back	

down	that	cause	this.	

Diagnostics	

No	circulation	is	likely	to	be	possible,	and	there	will	be	a	severe	increase	in	SPP.			Rotation	is	likely	to	

be	difficult	and	high	torque	will	be	a	good	indication	of	this	

Solutions	

DO	NOT	 JAR	 INTO	TIGHT	HOLE.	 	Attempt	 to	pick	up	off	 bottom	and	 circulate	 clean.	 	 Important	 to	

establish	if	pipe	movement	is	possible	up	or	down.		From	here,	it	is	usually	advisable	to	alter	the	fluid	

properties	to	remove	the	cuttings.		High-viscosity	sweeps	can	be	helpful	here,	all	the	while	attempting	

to	restore	rotation	and	circulation.		Jar	in	the	direction	the	pipe	is	NOT	stuck.	
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5.4.4 Drilling	Fluids	–	Bit	Balling	

Problem	definition	

The	blocking	of	drill	bit	nozzles	and	gradual	collection	of	mud/rock	deposits	on	the	drill	bit	blades,	

making	drilling	impossible.		

Diagnostics	

Sharp	 increase	 in	SPP,	with	a	drop	 in	 torque	can	be	seen.	 	Look	out	 for	 large	collections	of	gumbo	

coming	over	the	shakers.	 	Mud	parameters	almost	guaranteed	to	be	out	of	spec.	 	Very	common	in	

shaly	formations	where	no	shale	inhibitor	is	used	(KCl,	PAC,	KOH-	etc.)	

	

Solutions	

In	almost	all	cases	the	bit	needs	to	be	pulled	and	cleaned.		Mitigating	actions	can	be	taken	in	our	case.		

Since	 there	 is	 every	 possibility	 of	 encountering	 a	 swelling	 clay,	 ~3-4%	 KCl	 should	 be	 added	 to	 the	

system	if	a	WBM	is	used.		Using	OBM	will	likely	eliminate	this	problem	altogether.		

When	coming	back	to	bottom	in	any	situation	once	drilling	has	commenced,	low	WOB,	high	RPM	and	

full	drilling	flowrate	need	to	be	used.	

We’ll	need	to	program	the	system	to	make	a	wiper	trip	(non-rotational	trip	to	surface	and	back)	every	

x-millimetres	with	no	flow	–	essential	for	good	hole	cleaning.	

	

5.4.5 Drilling	Fluids	–	Progressive	Gels	

Problem	definition	

The	 long-term	 increase	 in	mud	PV	as	a	 result	of	drilled	solids	becoming	colloidal	over	an	extended	

period	of	time.		More	common	in	WBM.	

Diagnostics	

Any	decent	Mud	Man	will	be	able	to	spot	this,	since	his	10	and	30	min	gel	rheology	tests	should	pick	

up	the	fact	that	PV	is	rising.		On	the	rig	floor,	the	driller	will	see	a	gradual	SPP	increase	and	over	a	long	

period,	the	mud	will	start	to	look	like	a	thick	custard.	

Solutions	

Decent	shakers	and	a	centrifuge	usually	solve	this	problem	beforehand.		Dumping	a	diluting	is	the	most	

immediate	solution	after	the	fact.		In	our	case,	the	use	of	a	mesh	screen	will	be	critical	to	ensuring	tiny	
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drilled	solids	to	not	become	colloidal	too	early.		Attaching	a	conventional	kitchen	filter	around	the	fluid	

collection	bucket	can	help	with	this,	combined	with	a	tiered	bucket	collection/separation	system.	

5.4.6 Drillstring	–	Stick/Slip	

Problem	definition	

The	sticking	of	 the	drill	bit	 followed	by	 the	 release	 from	rock	“slipping”	once	 the	 torque	reaches	a	

certain	point.		This	occurs	erratically	when	drilling	certain	rocks	with	certain	parameters.	

Diagnostics	

Typically	occurs	when	drilling	soft	rock	with	a	high	WOB	and	low	RPM.		The	depth	of	cut	will	increase	

(in	layman's	terms,	this	mean	the	bit	is	taking	a	bigger	bite)	and	the	torsional	forces	likely	to	increase.	

Solutions	

When	these	diagnostics	are	spotted,	back-off	WOB	significantly,	keep	RPM	steady.		If	no	change,	back	

off	RPM.		Pick	up	off	bottom,	go	back	drilling	and	bed	the	bit	with	a	very	low	WOB	and	RPM,	full	flow	

rate.		Gradually	stage	up	parameters.	

5.4.7 Drillstring	–	Twist-off	

Problem	definition	

A	complete	shearing	of	the	drill	pipe	at	some	point	along	the	string	caused	by	excessive	string	torque.		

This	 is	what	happens	when	 stick-slip	 isn’t	 brought	under	 control,	 or	when	 the	driller	 is	 not	paying	

attention.	

Diagnostics	

Likely	when	stick-slip	is	becoming	a	problem.		Typically	occurs	when	drilling	soft	rock	with	a	high	WOB	

and	low	RPM.		The	depth	of	cut	will	increase	(in	layman's	terms,	this	mean	the	bit	is	taking	a	bigger	

bite	than	usual)	and	the	torsional	forces	likely	to	increase.	

Solutions	

Fishing!	

When	these	diagnostics	are	spotted,	back-off	WOB	significantly,	keep	RPM	steady.		If	no	change,	back	

off	RPM.		Pick	up	off	bottom,	go	back	drilling	and	bed	the	bit	with	a	very	low	WOB	and	RPM,	full	flow	

rate.		Gradually	stage	up	parameters.	
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6. Data	handling	and	Display	(same	as	Drillbotics	2016,	University	of	

Stavanger)11	
	

Last	year’s	design	is	kept	for	data	handling	and	display.		

The	control	loop	duration	shall	be	as	short	as	possible	in	order	to	have	the	best	possible	chances	to	

control,	in	time,	quick	transitions,	like	when	the	bit	stops	rotating	in	a	stick-slip	situation	or	when	

reaching	a	hard	formation	after	drilling	in	a	soft	one.	The	Omron	PLC	has	a	common	processing	time	

of	0.4	ms	and,	in	the	worst	case,	instruction	execution	time	is	0.41	μs.	Table	1	shows	the	number	of	

PLC	instructions	that	can	be	used	for	different	PLC	loop	durations.	

	

Figure	30:	Depiction	of	the	#	of	instructions	that	can	be	carried	out	with	various	loop	durations.	

	

As	the	loop	duration	should	be	kept	below	20	ms,	and	if	possible	closer	to	10	ms,	the	PLC	program	

should	not	exceed	3000	to	4000	instructions.	Yet	there	is	a	need	to	perform	relatively	heavy	

computations	like	drill-string	vibration	calculations.	So	the	most	complex	calculations	shall	be	

performed	on	the	PC	side.	But	the	PC	is	not	a	deterministic	machine	and	response	time	cannot	be	

guaranteed.	To	deal	with	the	variable	latency	problem	of	the	communication	between	the	PC	and	

the	PLC,	it	is	proposed	to	precompute,	on	the	PC	side,	look-up	tables	that	are	valid	for	a	wide	range	

of	parameters	and	let	the	PLC	interpolate	within	these	look-up	tables	of	the	values	that	are	needed	

to	control	the	drilling	process.	In	that	way,	we	can	keep	the	program	execution	on	the	PC	to	be	non-

deterministic,	while	the	PLC	program	can	be	kept	as	short	as	possible	to	minimize	the	loop	duration.	

A	similar	method	has	been	described	in	(Cayeux,	2012).	

																																																													
11	DrillBotics2016-UiS-PhaseI-v0.5	
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Figure	31:	Illustration	of	how	the		data	handling	is	performed	in	the	hierarchical	control	system	

	

The	models	used	to	generate	the	look-up	tables	have	to	be	calibrated	with	the	actual	recorded	

values.	For	that	reason	a	calibration	process	monitors	the	sensor	values	and	extract	calibration	

parameters	that	are	used	while	computing	the	look-up	tables.		

The	sensor	values	acquired	by	the	PLC	are	pushed	to	the	PC	side	where	a	data	acquisition	service	

collects	the	data	using	for	instance	OPC	(OLE	for	Process	Control).	On	the	PC	side,	the	sensor	values	

are	propagated	to	the	graphical	user	interface	(GUI),	the	process	generating	the	look-up	tables	and	a	

process	which	takes	care	of	the	calibrations.	The	calibration	results	are	feed	back	into	the	look-up	

table	generation	process.	Figure	36	shows	a	block	diagram	of	the	main	components	and	the	data	

flow	between	each	of	the	processes.	All	the	results	generated	by	the	processes	running	on	the	PC	

side	are	logged	into	ASCII	files.		

The	GUI	has	five	functions:		

• Configure	the	system		

• Setup	of	the	initial	state		

• Calibrate	the	rig	performance		

• Control	the	execution		

• Display	information	during	a	drilling	sequence		

	

The	configuration	shall	cover	the	following	subjects:		

• Description	of	the	physical	properties	(density,	Young	and	shear	moduli,	ultimate	strength)	

and	geometrical	dimensions	of	the	drill-string	(OD,	ID,	length,	nozzle	diameters,	pressure	loss	

coefficient	of	swivel,	etc.).		

• Description	of	the	fluid	properties	(density,	viscosity).		
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• Description	of	the	limits	of	the	rig	components,	e.g.	max	motor	speed,	gear	ratio,	max	

torque,	threaded	shaft	pitch	and	diameter,	max	hoisting	distance.		

	

The	initial	state	setup	is	basically	reduced	to	entering	the	current	elevation	of	the	moving	table.		

	

The	calibration	of	the	rig	performance	shall	address	the	following	topics:		

• Off	bottom	torque	as	a	function	of	rotational	velocity		

• Timing	for	fast	stop	of	the	drill-string	rotation	as	a	function	of	rotational	velocity	including	

the	effects	of	the	PLC	loop	time	and	inertia	of	the	system		

• Off	bottom	hook	load		

• Timing	for	fast	stop	of	the	hoisting	system	as	a	function	of	lowering	and	raising	speed	

including	the	effects	of	the	PLC	loop	time	and	inertia	of	the	system		

• Off	bottom	pump	pressure	and	expected	standard	variations		

	

The	control	of	the	execution	has	only	two	buttons:	Start	and	Stop.	The	system	shall	stop	by	itself	

when	the	drilling	of	the	block	is	finished,	nevertheless	there	is	a	stop	button	on	the	GUI	that	can	be	

used	in	case	of	malfunctioning.	In	addition,	in	case	of	emergency,	there	is	a	physical	button	that	cut	

the	electrical	power	on	the	whole	rig	(see	section	3.7).		

The	following	information	will	be	displayed	on	the	screen:		

• Time-based		

• Bit-depth	and	bottom	hole	depth		

• Moving	table	speed	and	maximum	allowable	ROP		

• WOB	and	maximum	allowable	WOB		

• Top-drive	speed	and	maximum	allowable	speed		

• Top-drive	torque	and	maximum	allowable	torque		

• Pump	pressure	and	minimum/maximum	tolerances		

• Estimated	formation	UCS	and	uncertainty		

• Estimated	linearity	of	WOB/ROP	and	RPM/ROP	relationships		

• Estimated	stick-slip	level	and	maximum	allowable	value		
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• Depth-based		

• Formation	UCS	and	uncertainty		

• Allowable	ROP,	WOB,	top-drive	speed	and	torque		

• Estimated	and	observed	combination	of	WOB/RPM	that	cause	stick-slip		

• State-based		

• Current	mode:	bottom	hole	tagging,	normal	drilling,	hardness	transition,	WOB	

linearity	testing,	RPM	linearity	testing,	etc.		

• Alarms:	pack-off,	twist-off,	pipe	washout		

• Detailed	information	on	current	WOB	linearity	test		

• Detailed	information	on	current	RPM	linearity	test		

	

Automatic	snapshots	of	the	screen	will	be	taken	at	regular	intervals	in	order	to	document	what	

happened	during	the	experiment.	
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7. Estimated	Costs	
The	Drillbotics	competition	allows	for	a	maximum	budget	of	US$	10,000.	Exceeding	this	budget	may	

lead	to	penalties	from	the	Drillbotics	Committee.	In	the	budget,	the	total	expected	costs	including	

those	for	self-manufacturing	are	listed.	Some	components,	such	as	acrylic	plastic	covers,	lifting	

wheels,	Bosch	Rexroth	90x90L	strut	profiles	etc.	are	not	vital	to	the	drilling	rig	and	its	performance,	

but	are	included	to	allow	for	a	mobile	rig	for	display	and	recruitment	purposes	at	the	university.	

Components	allowing	the	mobile	design	are	estimated	costing	US$	1672.		

Thus,	the	expected	budget	for	the	autonomous	drilling	rig	does	not	exceed	US$	10,000	

The	cost	of	the	drilling	rig	is	covered	by	the	University	of	Stavanger	–	Department	of	Petroleum	

Technology.	The	workshops	at	the	University	(machinery	lab	and	drilling	fluid	labs)	will	be	used	for	

self-manufacturing	and	designing	some	of	the	components.	In	addition,	Lab	E351	will	be	used	for	the	

actual	assembly	and	building,	and	testing.	

Power	Transmission	System	

(PTS):	

Supplier	 Amount:	 SUM	(USD)	 Total	cost,	PTS	

(USD):		

US$	2176	

Total	cost,	PTS	

(NOK):	18974	

Hollow	Shaft	motor	(APM-

HE09ACH)	

Motion	Control	

Products	

1	 1476	

Rear	shaft	(M5	Tap	PCD	50)	 Motion	Control	

Products	

1	 Estimate	200	USD	

Driver	Controller	(suitable	to	

the	APM-HE09ACH)	

Motion	Control	

Products	

1	 Estimate	300	USD	

Power	Supply	to	APM-

HE09ACH	

Motion	Control	

Products	

1	 Estimate	200	USD	

Hoisting	System	(HS):	 Supplier	 Amount:	 SUM	(USD)	 Total	cost,	HS	

(USD):		

US$	947	

Total	cost,	HS	

(NOK):	8258	

C-Beam	Linear	Actuator	

Bundle	(1000mm	incl	driver)	

Ooznest	 3	 567	

NEMA	23	Drivers	 Ooznest	 3	 0	(included	in	actuator	

bundle)	

C-Beam™	Riser	Plates	(2pcs)	 Ooznest	 3	 26	

Huco	Brake	M.1704.2321	 RS	Components	AS	 3	 354	
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Circulation	System	(CS):	 Supplier	 Amount:	 SUM	(USD)	 Total	cost,	CS	

(USD):		

US$	559	

Total	cost,	CS	

(NOK):	4874	

ITT	Flojet	Electric	Pump	

(R4300143A)	

RS	Components	AS	 1	 293	

Gems	Pressure	Sensor	10bar	

(3100B0010G01B000) 
	

RS	Components	AS	 1	 116	

Hoses,	valves,	screws,	

conections	

RS	Components	 	 150	

Torque	Sensor:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):			

US$	3335	

Total	cost	(NOK):		

29080	

Torque	Active	3	Advanced	

(2000hz,	10mm	OD)	

Torque	and	More	

GMBH	

1	 3335	

Load	cells:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):		

US$	1173	

Total	cost	(NOK):	

10228	

FNZ	0-100N	Tri-axial	 Forsentek	 3	 960	

Load	cell	amplifiers	 RS	Online	 3	 Estimated	69	

Arduino	Due	AT91SAM3X8E	

84MHz	clock	speed	

RS	Online	 3	 144	
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Construction	of	frame:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):	2392	

Total	cost	(NOK):		

20858	

Strut	profiles,	90x90L	 Bosch	Rexroth	 15	 946	

Strut	profiles,	45x45L	 Bosch	Rexroth	 12	 204	

Brackets	(90x90)	incl	

fastening	set	

Bosch	Rexroth	 24	 292	

Brackets	(45x45),	standard	 Bosch	Rexroth	 20	 84	

T-bolt	M8x30	 Bosch	Rexroth	 100	 57	

Flang	nut	M8	 Bosch	Rexroth	 100	 14	

Joint	45x45	lockable	 Bosch	Rexroth	 4	 132	

Cable	duct		45*45mm	

2000mm	

Bosch	Rexroth	 1	 25	

Deviding	strip	3000mm	

	

Bosch	Rexroth	 1	 6	

Wheels	-	lifting	

	

Bosch	Rexroth	 4	 364	

Screw	on	plate	

	

Bosch	Rexroth	 4	 168	

Solid	rubber	wheels	with	

lock	

Bosch	Rexroth	 2	 46	

Cap	90x90	 Bosch	Rexroth	 20	 54	

Rotary	union:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):	163	

Total	cost	(NOK):	

1421	

Rotor	3/8"	NPT	RH	D55-000-

001	

HNC	Group	 1	 120	

Sealing	stopper,	D55-617	 HNC	Group	 3	 11	

Deublin	Cartidge,	D6075-201	 HNC	Group	 1	 32	
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Other	electrical	components	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):	546	

Total	cost	(NOK):	

4761	

USB	3.0	HUB	power	supplier	

to	Arduino	Due	

microcontrollers	

University	of	Stavanger	

–	old	stock	

1	 0	(estimated	value	=	29)	

Computer	(i5	processing	

unit)	incl.	2	monitors	

University	of	Stavanger	

–	old	stock	

1	 0	(estimated	value	=	287)	

Power	supplier	to	3	stepper	

motors	(actuator)	and	Huco	

brakes	

RS	Online	 1	 0	(estimated	value	=	230)	

Self	manufacturing:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):	0	

Total	cost	(NOK):	

0	

BHA	assembly	incl	3	

stabilizers	(total	length	of	

stabilizers	<	3,5”)	

University	of	

Stavanger,	machine	lab	

	 0	

Mud	fluid	for	circulation	 University	of	

Stavanger,	Drill	fluid	

lab	

	 0	

Torque-sensing	bracket	 University	of	

Stavanger,	machine	lab	

	 0	

Other	components:	 Supplier	 Amount:	 SUM	(USD)	 Total	cost	

(USD):	153	

Total	cost	(NOK):	

1334	

Additional	screws	incl	self	

locking	

Biltema	 	 20	

Heat	sinks	 Claes	Ohlson	 	 20	

Connectors	 Jernia	 	 10	

Riser	acrylic	plastic	

manufactured	+	acrylic	plast	

covers	covering	the	strut	

profiles	

Biltema	 1	+	12	 70	

Top-plate	for	rock	sample	to	

reduce	spillage	

-	 1	 -	

Emergency	top	button	 Eaton	 1	 33	
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Mounting	tables	 University	of	Stavanger	 2	 -	

Total	cost	for	mobile	rig:	 	 USD:	 11444	 NOK:		 99	789.39	

- USD	1672	only	vital	for	mobility	purposes		

Total	cost	for		

stationary	rig:	

USD:	9,772	 NOK:	85,209.9	

	

	 	



	 	 University	of	Stavanger,	2016-12-31	

	
	 	 	

48	

References	
	

1. Drilling	Engineering	-	Heriot	Watt	University.	(2005).	Drilling	Engineering.	In	Drilling	
Engineering	(p.	S.3	P.20).	Edinburgh:	Heriot	Watt	University.	

2. Schlumberger	Drilling	and	Measurements.	(2010).	Drillstring	Vibrations	and	Vibration	
Modelling.	Retrieved	December	9,	2016,	from	
https://www.slb.com/~/media/Files/drilling/brochures/drilling_opt/drillstring_vib_br.pdf	

3. Sheasby	et.	al.	(2001).	Introduction	-	Aluminium,	its	properties,	alloys	and	finishes.	Retrieved	
December	11,	2016,	from	
http://www.asminternational.org/documents/10192/1849770/06945G_Sample.pdf/9c7a7f5
7-5508-43fa-9d8f-3e5a2dc57ec7	

4. Society	of	Petroleum	Engineers,	DSATS.	(2016).	Drillbotics	Guidelines	International	University	
Competition	2016-2017.	December	01,	2016,	from		
https://drillbotics.mst.edu/wp-content/uploads/sites/20/2016/09/2017-drillbotics-
guidelines.pdf	
	

5. Alani,	Akisanmi,	McTiernan.	(2015/2016).	Drillbotics	2016:	Rig	Design	Principles.	Available	
from	Associate	Professor	Dan	Sui	at	the	University	of	Stavanger,	Norway	

	

	

	 	



	 	 University	of	Stavanger,	2016-12-31	

	
	 	 	

i	

Appendix	1	

Calculation	of	Drill-string	Twist-off	Time	and	Angle	vs.	Operational	Torque	
clear	all		
clc	
		

%	Twist-off	Aluminium	pipe		
		

OD	=	9.525;																									%	[mm]		
ID	=	8.7122;																								%	[mm]	
		

C1	=	10^(-3);	
		

OD	=	OD	*	C1;																							%	[m]	
ID	=	ID	*	C1;																							%	[m]	
		

L	=	36;																													%	[inch]	
L	=	L	*	0.0254;																					%	[m]	
		

%The	shear	modulus	
G	=	24;																													%	[GPa]		
G	=	G	*	10^9;																							%	[Pa]	
		

%	Calculating	the	polar	moment	of	inertia		
J	=	(pi/32)*((OD^4	-	ID^4));								%	[m^4]	
		

%	Axial	yield	stress		
y_axial	=	95	*	10^6;																%	[Pa]	
		

%conversion	from	axial	yield	to	shear	yield		
C2	=	0.55	;		%	This	is	an	empirical	value	obtained	by	experimental	results.		
		

%	Shear	yield	stress		
y_shear	=	y_axial	*	C2	;												%	|Pa]?=	[N/m^2]?	
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%	Maximum	allowed	torque		
		

T_max	=	(y_shear	*	J)/OD	;										%	[N*m]	
		

%defining	a	torque	vector	

		

T	=	0:0.01:T_max;	

		

for	i	=	1:length(T);		
					

		

%	Twist-off	angle		
		

ang(i)	=	[(T(i)*L)/(J*G)]*(180/pi);	%	[degrees]	

		

		

		

%	From	this	point	we	calculate	the	responsetime	of	the	torque	sensor.		
rmp	=	1000;		
		

dps	=	rmp	*	(360	/	60);													%	[degrees/second]	

		

%	Twist-off	time	
t(i)	=	ang(i)	/	dps	;																					%	[s]	
		

end	

		

figure(1)	
plot(T,ang)	
title('Twist	angle')	
xlabel('Torque	[Nm]')	
ylabel('Angle	[degrees]')	

		

%From	this	point	we	consider	the	operation	where	we	apply	WOB	and	torque	on	
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%the	bit	to	be	able	to	drill	through	the	rock.		

		

%Operational	torque	values		
T_op	=	0:0.01:T_max;	

		

dT	=	T_max	-	T_op;	
		

for	i=1:length	(dT);		
				dang(i)	=	[(dT(i)*L)/(J*G)]*(180/pi);	%	[degrees]	
				dt(i)	=	dang(i)	/	dps;																	%	[s]	
				dt(i)	=	dt(i)	*1000;																			%	[ms]	
end	

		

figure(2)	
plot(T_op,dt)	
title('Twist-off	time	in	operation')	
xlabel('Operation	torque	[Nm]')		
ylabel('Twist-off	time	[ms]')	

	


