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ABSTRACT

Rate of penetration (ROP) is one of thestncritical parameters affecting virtually all drilling
characteristics including technical, operational, economical, safety and other aspects of it. ROI
evaluation may provide important information which can be applied to improve drilling
efficiency anddecrease the cost of drilling per meter.

The choice of ROP for every single case is dependent on variety of factors such as diameter c
the well, target depth, present geological formations, pressure, water depth, hole cleaning, type
of drilling tools that will be used. Additionally, there are different requirements depending on
what country or state the well is located in. All these factors must be considered while choosing
the proper ROP for drilling of every oil well interval.

In this master thesiseveral subsea wells of Norwegian Continental Shelf and severalofell
Sakhalin Offshore location in Russia have been reviewed. Last technological and scientific
trends and tendencies have been analyzed. A literature study of related topics has &éeen dor
Possible solutions have been suggested for every analyzed case based on well design, depth, ¢
of work and technologies and geological environments. Analysesean carried out primarily

by means of mechanical, hydraulic, stress, loads and saittylations in different software
applications including Landmiarsoftware applications, Weatherfl software applications as

well as calculations in Matlab software with applying different calculation methods.

Based on the results of calculations, impéeed models and analyses of the related materials
possible well designs and methods of increasing and optimizelgOP were found for every
considered case.

Keywords: Rate of Penetration, Hole Cleaning Efficiency, Pressure Window, Drilling Safety
Drilling Optimization, Well Design, Loads, Drilling TogI®SS, Mud motors, TBS.
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1. INTRODUCTION

In this master thesis we analyzed how the rate of penetration can be affected by different factor
of the drilling process and how it can be optimized to obtain as high ROP as possible without
losing of drilling efficiency, quality and pwiding the highest safety standards. In several
chapters of this thesis we discussed how ROP is relatétetype of the directional drilling
method and tdhe type of tools used during drilling, hotke drill bit choice affects ROP, how
hydraulic and mad parameters may influence ROP and finally how ROP may be related to well
path of the well. In the last chapter, ROP model has been developed with consideration of all the
information from previous chapters.

In the second chapter of the thesis detailealyais of thethreedirectional control technologies
currently available in the market provided Steerable mud motors, targeted bit speed systems
and rotary steerable systems. The main objective of this chapter is to show what the differenc:
between thge three technologies, what advantages and disadvantages they have and how the
technologies can affect ROP. For every technology there is separate subchapter with sever
sections where technological and operational aspects of technologies are deSzdueul
chapter includes two case field studies where real drilling data from several wells provided anc
analyzed.

In the first field case we compare TBS technology with conventional mud motor steering
technology. For this case 13 similar \l8dfom the sameoilfield have been chosen, 8 drilled with
TBS method and 5 drilled with conventional method.

In the second case we compare RSS technology with conventional mud motor steering
technology. For this case 18 similar wells from one oilfield have beereich&8 drilled with

RSS method and 5 drilled with conventional method. Drilling parameters from these wells
analyzed in the same way like in the previous case.

In the third chapter we analyzed factors of BHA construction and its characteristics that may
affect ROP. Special attentigsrovided to drill bit characteristics and MWD system properties. In
the section related to drill bits researched effect of bit design and its wear on ROP. Field dat:
provided which shows how important to choose proper bit ddergevery particular case.

The fourth chapter analyzes effectsiug well path design on ROP. In this chapter several types

of well paths considered and description for optimization of typical drilling intervals is provided.
Also, in this chapter effeé®f build rate or DLS is researched. For this research drilling data from
six wells has been used. Again, all wells were from the similar environment.

In the fifth chapter we considered properties of drilling fluids which can influence the ROP. In
this chapter next properties are analyzed with relation to ROP: density, viscosity, mud filtration,
solids content and lubrication properties of the mud. In every subchapter provided detailed
information about ROP and mud properties relation.

The goal of the sth chapter is to summarize the data obtained from previous chapters and
provide a ROP model with reasonable accuracy comparing to real drilling data. For ROP
simulation in this chaptehreewells have been chosen. Multiple regression analysis of drilling
parameters from these wells has been applied. Drilling variables have been obtained and drillin
model has been developed.



2. MUD MOTORS, RSS, TBS
2.1. Mud motors
2.1.1.Introduction into mud motors

Well drilling and drectional drilling in particularis the vita part of the modern oil and gas
industry Over 50% of all money spent on oilfield development is the money fasedell
drilling and well completion operations. Directional drillinged towide range of purposes
including offshore drilling from platforns, facilitation of oil reserves undeenvironmentally
sensitive areasuch as national parks, increasifilgration areain a pay zone by drilling
horizontalwells thusenhancingproductionrates from these wells and also allomsiltilateral
completionsand geasteerng.

First directional oil wells were drilledn 1933 in the California[l]. Soon after that,
directional drillingstartedin the Gulf of M&ico offshore waters. Such wells were maidfled
by using technologies and tools likehip-stocksor jetting to provide deviation of the well
trajectory in the preplannedirectionfrom the beginning. After thasome level of controfor
well patls was achieved by using bottom hadssembliegBHAS) with several stabilizers
designedn the wayto provide passive control for well trajectory without possibility to change
the direction during the drilling process itself

In 1962 the firssystembased on using a mud motors with positive displacement and bent
subs was introducedwhich provided the first oppominity and practical capability tostart
developng an ofshore field from an offshore platform. Tlsgstemfor directional drilling with
mud motorwas introduced ithe California and soobegins to spread dahe oil rigs of Gulf of
Mexico. Eventually, itevolved into thanodernsteerable motor systenthat are widelysedall
around the worldoday|[2].

Most of the early directional wells have been drilled by asinip@6 s haped or
(also calledi b u-antthdo 1) tfagectories By utilizing such knd of trajectories well maype
kicked off with themud motorwith bent sub, after that BHA could be changed on the rotary type
and drilling process can be continued in a rotary mode. The main goal for such well paths was
not the precise drillingo the closen target but thdisplacenent of the final bottom hole
coordinatedrom theinitial coordinates of the top of the drilled well to some preplanned target
area.In case of necessity of furtheorcections in trajectoy sclination angle and azimutih
was necessary to make additional -wijt of the rotary BHAandthen runin the hole a BHA
with bent submud motor to carry out sliding witthis motor and change direction of drilling to
desired one. Usually, BHA with mud motors were run in for some digtance and then it was
run out of the hole and replaced with rotary BHA ag&io, maintaining th@recisecontrol for
trajectorywas a quitdhardexpensive and not very practical procgls

Bent sub mud motors were used for directional drilling amigorrection runsintil the end
of 1 9 8 OnAl985the steerable motors technology was introdugéds technology dramatically
increased the effectiveness of directional drilling by providing the opportunity to control the well
path while drilling withow additional runs. In the same tim&ther technologiescreasing the
efficiency of well path trajectory control were introducelich greatly improved capabilities of
directional drilling. Applying BHAs with MWD systems andteerablemotors providedto the
industry the possibilityo drill morecomplexand more prolonged well path trajectories



Horizontal wells were found to be an efficient way of enhancing production from certain types of
reservoirs. D seismic technology began to give resource mandberability to define much
smaller and more complicated reservoir traps. LWD capability provided the ability to evaluate
the formations as the well was being drilled. This ultimately led tesggering that allowed the
wellbore to be guided based on réaale measured formation parameters rather than simply
relying on a predetermined geometrical trajectory.

Today, most of the directional wells drilled with usiofa steerablanud motos. Thistype of
bottom holeassembly uses ffuid power and bent sulw tapply some hydraulic pressure to the
drilling bit, so that it becomes possible to drill in the wand@ection with necessary dolgg
severity Thedirectional control or steering is providég sliding operations In the process of
sliding the drill sting is oriented in some particular direction called #@ale direction. During
sliding only drilling bit is rotatingoy the hydraulic power ofmud motorwhile the rest of the
drilling string stays without rotation nnovati ons i n mu,dnatenals and 6 s
technologies of its application continue to be one of the important questions in the drilling
industry for more tha®0 yearsnow. Steerablenotorshave becomene ofthe mosteffective

and reliable toolsdby which effective directional driling process can be providednother
important trait of mud motor application is its low price comparing to other directional drilling
tools such as RSS. In total, drilling motor today is an effective, reliable well tested and relatively
cheap toofor directional drilling control.

ROP ofdrilling with motors is both a strong and a weak tfaitthe mud motoi depending on
some particular circumstances. Directional conlbplcarrying outsliding operationscan be a
quite slow process ROP can be twicéower than in rotational mod&houghthe total rate of
penetration for on@HA run usually still issubstantial enougbecause most of the time we
dondét have to slide and apply s iAdte comectibre o n
with sliding is completedit is possible to continue drilling straight sectiom rotationalmode

with higher ROPsIn rotational mode mud motor provides additional ROP bedaubes mode
hydraulic power from motor and rotappwerare combined thus providinggher horsepower
valuesat thedrilling bit on the bottom. Thisadvantageof mud motors means that in other
competing technologies such as R®® similar principle of hydraulic energy use must be
applied in some way. Otherwise, ROP of drilling longisestn s wi t h tr aj ect
stabilization will be higher with steerable mud motors duestmall amount of direction
correctiors or absence corrections at[all.

2.1.2. Mud motors construction
Drilling mud motors consist of five major elements
1. Dump Sub Asembly
2. Power Section
3. Drive Assembly
4. Adjustable Assembly
5. Bearing SectiofMud Lubricated or Sealgd

The gear reduced type of matbtormay also contain gear reducer assembly locatadide the
bearing section. Somenotorshavemud lubricatedearirgs sections.



C.V. Connections > Power Section

Bearing Assembly Adaptor

Drive Sub (Bit Sub)

Bearing Housing and Stack

Figure 2.1. Mud motor construction dump sub assembly

Dump sub assemblig usedto preventproblems with pressure and wet trips. The assembly is
activated by hydraulic power. The main elementhef assembly is the vahat the topside of

the mudmotor. During RIH operations iallows to fill the drill string with mud as well as drain
the string during ROOH operations. When the drilling pumps work, dump sub valve
automatically closes and drilpmud flows through the mud moti&].

1 Power Section

The power section ofnud motors is an adaptation of one of tiyees of hydraulic pump with
positive displacemenBasically, power sectionan convert hydraulic power of the drilling mud
flow into meclanicalhorsepower of the dribit.

There two main components of tpewer sectiorit is the rotor and the stator. The stator is a
metal tube (typically steel tube}hat containgnside itsomeelastomerbonded to it wallsThe
elastomer has lobes bklical patternon its body. The rotor is laelical steel rodvith lobes that

fits the pattern othe elastomer. When the stator and rotor are assembled together it become
possible for drilling fluid flowing through the mud motor to provide s@ressure drop@oss

the lobes andcause the rotostemt o t urn around inside stator
mud motor work.

Output characteristics of the power section are dictated by the length and pattern of the lobes
The fundamental feature of the design &ny stator and rotor that rotor always has one less lobe
comparing to the motolllustrations in Figur®.2 show different lobe crossection from 3:4 to

9:10 loberatio. Generally, when lobratio is lower, the motor rotation speed is higher but the
torque on the drill bit is lowgB].
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Figure 2.2. Stator and rotor cross-sections

Another characteristic gfower section i#ts length.Power sections can leescribedoy amount

of stagesOne stage is ane helical rotation of the stator. power sectiorwith three stages
contains one more fulelicalrotation comparing to a twstage.The pressure differentian the
power section becomes greater with more stages included which provide higher valtgseof to

These characteristics aneed tovary thecharacteristics ofnud motorslt is possible to change
power section on one motor to change its characteristics.

1 Drive Assembly

Drive assemblys utilized to compensate eccentric rotation of rotor insid®sand convert it to
concentric rotation. The drive assembly main elements are the drive shaft and drive joints
connected to the shaftds ends. These Joint:
of the power sectiofb].

1 Adjustable Assembly

The adjustable assembly allows setting the mud motor dog leg build rate from 0 to 3 degrees
This design provides the opportunity to vary build rate of the motor for every particular drilling
case depending on the well path. Wear pads are located balmabave the adjustable assembly
bend to minimize adjustable components wWBar

1 Bearing Section (Mud Lubricated or Sealed)

The bearing section includes bearings (thrust type and radial type) and bushings. They are use
for transmission of loads to theiltstring from the drill bit. The bearing section may contain oil
filled, sealed, mud lubricated or pressure compensated assemblies. Bearing in the seale
assemblies are not interacts with drilling mud and as mud flow is not used for lubrication, all of
it can be directed straight to the drill bit thus maximizing its hydraulic efficiency, providing
better bottorrhole cleaning and as a result longer drill bit life and increased ROP. If bearing are
mud lubricated then-40% of the mud is used to lubricateetbearings. The mud then exits
directly above the drill bit to the annul[.

2.1.3. Mud motor technologies

Impossibility of providing trajectory correctionwith steerablemotor while rotating § a main
drawbackof this technology. Anothedrawbackit is theinability of amudmotor to drill straight
sectionswithout carrying out corrections by sliding time to time. When tdoggent sections
drilled with higher ROFbegirs to deviate from its course, it becomes necessary to aliilyg
correctionsdecreasinghte ROP and consequently increasing the cost of drilling. These issues
have been considerexhd as a result different types of motors that can provide high level of
stabilization in tangent section have been developed. Truseed for slidingperationsn
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tangent sections was decreased. Eventualtijustable gauge stabilizers (AGS) haveen
introduced. AGS became valuable in a variety of situations by allogonmgcton of well path
while rotating awhole drilling string with drilling motor. Althoughthe AGShas one serious
drawbacki it may provide corrections only in two dimensipong or dowrthus it is impossible
to control azimuth direction bgneans of AGS without slidingHowever,it is still possible to
avoid considerable amounts of sliding lpplying AGS, in some cases slidiogn beavoided at
all. Another benefit of the AGS & high reliabilityof operatiors with this tool and relatively low
cost of AGS. Additional reliability is achieved considering the fact that AGS and mud ametor
sepaate BHA units. Thusjf AGS fails it is stillwill be possible to steghe wellbore according
to the planned trajectory by sliding with muagbtor if it will be necessary3p].

2.1.4. Mud motor control techniques

Using a bent sub mud motor to dridingent sectias is comparabledn some wayto usingthe
older rotary BHAs which wereften used for directional drillingn the past. Upper stabilizers
(usually 1 or 2)placed above thenud motor in the assembly will increase drop raded
stabilizersplaced below the otor close the drill bit will increase build rafé]. But if we will
look closer at theotation principle of a bent sulbmotor assembly, we will se much more
complex applicatios of oscillating lateraldrill bit forces. These forcegary as the drillstring
with mud motor bent sub i®tated These forces have the net effecstbilization building or
dropping trajectoriesjust the same way like theirotary assemblycounterparts.Though,
differently from their assemblypredecessors, the forces apglito thedrill bit are changing
seriously within one rotation of a drilling string and discontinuous in general.

AGS used to be thene of the common methosito control inclinationwhile using a rotating
assemblywith a mud motarAGS typically installedabove thenud motor, work bythe principle

of applying continuous force ae drill bit in the given direction,but only up or down. This
principle is very similarto principles howsome of theotary assemblies/ork on dropping or
building intervals One of the advantage of AGSis that theAGS stabilizer diametemay be

changedvhile BHA is down on the bottonthusthere is no need iadditionalROOH operation

Everytime when bent sub is in usesar thedrill bit, forcesare applied to the drill bit itateral

directiors while rotation happens. So, rotating the motor with bent houssngot similar to a
rotary assemblynovements the process may be described as periodical

The motor bent sub pointdown, and the stdlizer is usedabove such motoWe cansum and
resolvefull string rotation of these forcaa some final direction which may be called thet
drop.

When theAGS is in retractedosition, the collaplacedabove themud motortypically may lie
on the bottorrhole and thecollars weight hato be lifted ifthe motor bent sub with a bgointed
upward. In sucttonfiguration thedrilling bit usuallybuilds anglein periods when lateral als
applied to the bitlf the motor bent sub position points downhadds some distortion to the drill
string. The finaldirection of rotation of thedrilling string is upward. lateral loadsmay vary
functionally depending on orientation tdfe motor bent sulor tootface. If collarsnear the
bottonthole thedrilling bit tends to be leveraged in the upwalitection. To sum that upye
may say that the drillingpit below amotor bent sulundergoeglifferent periodic variations in
forces (lateral forces) and theet effectof these variationsd¢op or build) may becontrolled by
means of changinthe stabiliz r 6 s abdvatkernotorbent sub.



The necessityo steer anud motor along thgivenwell trajectory may be duplicated by varying
other drilling parameters within a single bent sub rotation, if this variable (a) was powerful
enough to influence a chamgn the motor drilling direction and (b) could be accurately triggered
to occur at any bertousing angular position #éise string is rotating. Usingf an AGS is onef

the method to accomplish it [7]By application ofperiodic lateral loaslto thedrill bit, the
drilling collars work against the pull of gravity, resodiinan upward force.

2.1.5. Mud motor problems

Although, in many cases it could be favorable to carry out directionally oriented drilling with
hydraulic steerable mud motor, there are soases and situations where mud motor cannot be
applied in an efficient way. In some particular applications, carrying out a well path correction
with a steerable motor may become a slow and expensive process. For example, if the trajectol
is complicated ah corrections must be carried out by sliding of relatively long intervals through
abrasive or hard rock, this may subsequently lead to considerably lower ROP on extended tim
periods. Eventually this even can lead to a complete impossibility to contineetiahal
steering. In such situation, mud motors may be abandoned in a favor of other rotary system
which can deliver trajectory deviation without stopping rotation of the drill string. Though, it
worth to mention that such rotary steerable systemsfame much more expensive and usually

not so reliable like mud motors, they often may become the only possible measteffective
directional drilling process.

2.1.6. Steerablemud motors operational and technological aspects

Many constructive and technologigenprovementshave beersuggested angrovidel for the
directionalmud motorssince itsfirst introduction. There are several importanitestonesf this
evolutionFigure 2.3

Wireline Steerable Even Wall
Steering Tool Motor Power Sections
Mud Motor & i} Near-bit
Bent Sub \ MWD \ Instrumentation
I [ I I [ I [ [ [ I |
1960 1970 1980 1990 2000

Figure 2.3. Technology to mprove the performance of positive displacement directional motors has steadily improved.

St eer abl e mvadtagesmud onotdrssare aisesdith MWD systems to control the well
path in real ti me. It 6s cheap chamderisiasAlse,l v
these toolsre easy to operatand maintainthere areelatively fewamount of moving parts and

level ofreliakility is quite high [9].

Fundamental limitationor motors steerable mud motors are better suited for building simple
well trajectories. Motors have limitatioragfecing their ability to maintain the proper level of
directional control in some particular environment.

Drilling with mud motors is divided by intervals of sliding. On these intervals trajectory is
guidedin preplanned direction while during periods of rotation there is no active trajectory



control Problemsrelated to this are grouped Table 21. The ROPis usually reduced during
sliding by40-60% and at soméepthit maybecome impossible to continue efigetsliding

Bulk part ofinefficienciesand Imitations are related to the fact théte well isneeded to be
drilled without rotation of the drilling string or withtechnicallimitations of themud motors
including rotation limits for particular doglecales. Upgrades of the mud motor construction
and parameters canneblve many ofthe problems since these problems are based on the
fundamentatteerable mud motor characteristics

Common sliding problems

Common Rotating problems

Inability to slide

Vibrations (motor failures, MWD failures)

Maintaining orientation

Accelerated bit wear

Poor hole cleaning

Poor hole quality logs

Limited bit selection

Poor performance in air

Low effective ROP

High tortuosity

Build rate formation sensitive

ECD fluctudions

Differential sticking

Buckling and lock up

Table 2.1. Deficiencies of steerable motor directional drilling systems

Steerable motorsiprovements:

- New power sectionsvith higher performancéhat can deliver more hydraulic power to
thedrill bit.

- Drill bits with a special desigto improvesteerable mud motor performan&uch bits
allow higher WOB while drilling with motorsGoal for dherdrill bit improvements is to
providebetter stabilizationvhile drilling with steerable motors especially in sliding mode
[11].

- Mechanical systems have been introducedetuce friction especially while sliding.
These systems providmergy to the string to reduce the frictional contacheborehole
wall and hedrill string.

- Sensordor monitoring formation properties and inclinatioloser tothe bit. Thisopens
opportunity to geesteeringand provides drilling data that helps the drilling engineer
optimize the performance of their todi].

Steerablenud motors in conjunction with MWD systenssill capableto successfully drill most
of the borehole types typical for modern oil and gas indu$tigse motors are also capable to
drill some of tle 3D-designed wells. Howeveit worth to remember that just teuse these
motors can drill a well according to the planwesll pathdoes noautomatically mean that using
such motors is always the most efficient and cost effective médhdral it.



2.2. TBS technology
2.2.1. Introduction for TBS technology

Targeted bitspeed technology has been derived fromoaventionaldirectional drilling with
mud motor bent housing aconjunction vith some MWDtools. This technology has the similar
advantages to RSS (rotasteerable systendrilling, and allows fulldirectional control in all
three dimensions, without the need of quittnogating for sliding operationsSteeringof the
drilling string is carried out by modulating tfflew of the fluid insidethe driling string. This
flow modulation creates smatbiscillations inthe mud motor flow rate. This technologllows
high-frequencyvariations inparametersf drilling to control drill bit speed which meantime
allows steering the well in anyarget direction. In some cases thanned DLS cannot be
achieved by means of T8Bdrilling technology, so in such situation it is possible to use the motor
in a conventional way it still can be oriented in the target direction and sliding can be carried
out using standard steerable mud motor techniques for directional drikihg

The primary goal of the targeted bit speed (TBS) method of drilling is the repeatability of a
drilling speed modulated in some patrticular direction of drilling. The rate of penetration (ROP)
of the bit must be controlled with precision so each segmeatcodf string rotation is divided

with the same variations of speed throughout drilling string rotations. To carry out consistent anc
precise ROP target boundaries, the lowest and highest drill bit speeds are targeted at the sar
tool-face values, with evg revolution of the drilling string and motor bent sub. Drill bit speed
modulation repeatability will equate a ROP modulation with high level of precision which in its
turn should maximize the efficiency of this method. If the targets start to vary aothée
inconsistent and not clear, then the outcome well bore trajectory direction will be changed aftet
of each rotation and the tendency of direction build will become unpredictable and wandering
between different toeflace values.

High quality of the welpath is a vital property to considaptimizingperformancef any tool in

the drilling string and BHA. Well path shape dnaréhole size seriously effect drill bit loads
especially when stabilizers enter in the sections with unstable parameters oldtnaghctory.

Such factors impact negatively on the steerability of the BHA in what could otherwise be a
properly controlled drilling environment. It is especially important when chosen drill bit does not
suitwell to chosen mud motoin such situationfluctuations in drill bit load may occur

Bits with gauges of longer length have shown considerably better building rates, better well patt
and borehole quality and better directional drilling control than drill bits with short gauges in
multiple cases. dsting shows thatby means of proper drill bit stabilization, mud motor
assembly which employed by the targeted bit speed (TBS) method could definitely provide a
high quality trajectory of borehole withoudges and other negatifectors[8].

In this clapter we will research the real field results from #everal wells, wherdBS
technologyhas been used to drill wells withshaped well paths.-§haped trajectories are some
of the most challenging fodrilling with continuous drill string rotation andottom hole
assembly witha steerable mud motdrecauset is necessary tdrill the curvesection, provide a
firm hold of the angle irthe tangensectionandthendrop theboreholeangleby using thesame
drilling tools. Suchconceptof one single BHAfor drilling whole well was not possibleefore

the TBS technology has been introducéthis chapter is focused on the possible improvements



that can be achieved in the directional control and in the resultant ROP by using the TBS
method.

2.2.2. TBStechnologybascs

Targeted bit speed (TBS) is one thie periodic steering methods. TBS method employs an
oscillating flow rate applied to the mud motor with bent sub to provide a well path control while
drilling with rotation. Timing flow rate changes to some spegfiedefined berhousing too
face,soit becomes possible to drill well paths of any complexity. Flow variations is a cause for
small differences in the axial drilling rate and when combined with a motor bent sub, the drilling
bit drills actively further e¢ward the target direction. These flow differenca® applied
continuously to the same position of the angle of the mud motor bent housing. Drilling string
rotated such way that anyddmensional well path may be chosen by the drilling engineer. In
someways, this method is quite similar to the method of sliding by intervals of thesuinig,

but the highlight is that we do not have to stop rotation ofitiieng string to provide the well

path control during drilling. Instead, drilling string rotteontinuously with the same speed
while the drilling bit speed alone changes depending on the angular position in tfishole

The periodical flow is accomplished by application of simple fluctuations of pressure within the
drilling string which is genated by a telemetry device (MWD system). Pressure pulses typically
are timed to a mud motor housing position. Such pressure changes manage oscillations of tt
fluid volumes entering the drilling mud motor so the rotation bit speed can be varied as a tool
faceds function. It all ows the mud motor t ¢
specific tootface segment in the hole thus causing the well path to follow in the higher bit speed
direction.

The mud motor bentypically equal to 1.18.5 degreesat the adjustable mud motor bent sub
and the borehole trajectory is curved down to the ((iglgure2.4). It is the typical borehole and

mud motor position if the mud motor slides in a downward well path. In such situation the
drilling bit turns ound while the motor bend holds it toward particular side of the borehole or
tool-face. As well as, when we use TBS, the angular position at which the drill bit speed should
be maximal if the string is continuously rotated. The mud motor can be rotatel@di@&@s from

the planned well trajectoryF{gure 2.5). In such position, mud motor speed will be minimized
while the TBS method is applied. As we repeat the sequence, it is become possible to maintai

inclination angle drop of the trajectofys].

Figure 2.4. Rotated motor pointed in the direction of borehole curvature

R

Figure 2.5. Rotating motor pointed against thedirection of borehole curvature
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Figure 2.6. Bent sub and motor shown dropping inclination using upper stabilizer

“
(=

Figure 2.7. Bent sub and motor shown building inclination without using upper stabilizer

Considering the different applications of the rotary BHA principles in the way they are typically
applied to motors with bent housing, we may say that method of periodical variations of some
particular drilling parameters as a tdate function isnot totally a new technique; although,
TBS applies such pattern to provide control on trajectory -gin&nsions instead of two
dimensions. Thus, this technology has all the benefits of proven products like RSS technology
while the cost of drilling is lowe

TBS method was invented and tested in the USA. It was quickly accepted as a loasBBIR
tool. Original test confirmed that small drill bit sizes show higher builp rates (BURS), when
larger drill bit sizes show lower BURs in the same environntemt.example, a 4.75 inch TBS
tool with a 6 inch drill bit can provide buHdp ratearound2.5- 3.0 degrees per 100ft. Larger
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TBS tool sizes, like 8.5 inch tool with 12.25 inch dbiit for instance, can achieve BUR equal to
0.5- 1.0 degree in the sane@vironmen{16].

Applications of TBS methoflL4]:

1. Control of TVD (Vertical control)

2. Drilling horizontal sections

3. Hold of the angle in tangential sections
4. Drilling wells with Stype trajectories

TBS methods especially effectivdor tangentiband horizontal intervalsyhere it is necessary

to hold the current anglenly correcting it time to time. Low build up rates are very helpful in
such situations and can provide very high precision of dri[lli&j. Long tangential sections as

well as heizontal tangential sections are difficult to drill with a hold since the drill string is
fighting geological and other natural tendencies which can lead to a naturabaitgjlelrop or

turn in any direction, and sometimes geology can severely affeciritheg tendency. Wells

with a Stype trajectory are one of the most complicated cases for applying TBS method, since
the same BHA has to be used to drill all of the wellbore sectimestical section, build section,
tangent section, drop the angle tsmt and finally a vertical section again. In the process of
drilling all of these sections proper directional drilling control for azimuth and inclinationld

be provided whilecontinuously rotatingThough, in some situations it is possiblepi@vide

some amount of sliding. But if the amount of sliding will be too high then it may be assumed that
applying TBS technology on the particular well was failed.

2.2.3. TBS method advantages

1. TBS systemeffect easy toprove Thus this technology became commercialyccessful
relatively fast. The technology provides combination of accurate directional control with using
MWD systems andhe PDM hydraulic horsepowewhich guarantee high level of reliability,
measurement capabilitiesd drilling effective capacity TBS method and related technologies
used in conjunction with this methade well understoolly specialistsn the oil industry. TBS
drilling concept is easy to grasp by both office aigdsite personnel even if they have minimal
experience. Minimal theorietl explanation and technical experience are reqi<d

2. TBS method allows the full-8imensionaldirectional controlwith continuous rotation of the
drilling string[16].

3. Since the fact that TBS method uses a conventional mud motor with aibentits typical

BHA, it can be used for steering while drilling by carrying out drilling in sliding mode to control
azimuth and inclination of the. Actually, it could be the biggest advartégargeted bit speed
method [14].The directional driller castop TBS drilling in any point of time and start to steer
the drill string in a conventional way by orienting mud motor in the hole and drilling by slides.
Sliding operations during TBS drilling are usually carried out when planned DLS cannot be
achievednly by means of TBS technology.

4. The ROP is considerably increased due to the lack of slides and continuous drill string rotatior
in combination with additional hydraulic horsepower from the mud motor. This significantly
increases the hydraulic powertlaé bit even comparing to RSS drillifitg].
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5. There are two possible ways to control direction of the drilling for TBS method from the

surface. The first one is sending hydraulic pulses by changing pump flow rate during short
periods of time. The secdrone is sending some RPM sequence by changing rotation rate of the
drill string [14].

6. Design of the TBS system allows transmission of formation evaluation in the same time with
the process of directional contfd#].

7. Large experience of using andpairing mud motors and MLWD systems in general
guarantees good understanding how to maintain the TBS system providing high reliability of this
system on the same level like it is for conventional sliding drilling. The tools are easy to
transport and repadue to existed infrastructure and well defined methods of tool maintenance.
Most of the TBS system elements may be transported by air, thus it is possible to use suc
equipment in remote operations and in offshore drillirG].

8. Lost in hole situatilk 6 s c o st al most the same as it i
method. It is a big advantage comparing to the cost of loss for one R$84linit

2.2.4. Comparing TBS method with conventional mud motor directional drilling method
(case studyl)

2.2.4.1 Wells cho®n for research

Chosenwells have been drilledn the same oilfieldn the same area. Analysis of the drilling
parameters on these wells can provide a great opportunity to gather the data about TBS methc
performance in a similar environment establishing etnics and researchwell-to-well
improvementsn performance. In this chapter thie thesis wewill describe in detad thedrilling
process of the wells using TBS technology and compare the data with deaszhhe wel

drilled by conventional mud matdHAs applying sliding modes. Thedmseline well were
selected with the purpose to represenycal for considered oilfield well design andin
performancen general

All the wellswere drilled using watebased mud witlalmostidentical propertiesThetargetsfor

the wells were placed in the same reservoir formatroade up of dolomitedimestoneand
anhydritesBefore the TBS technology has been introduced, such wells were drilled by means of
steerable mud motors and PDC drill bits. Sliding mogerations often was close to 30% of the
total time of drilling. Typically, the rate of penetration in the sliding mode decreases on 50% and
more from the ROP in rotating mode. Thus some reduction in time for sliding could result in a
significant bustingf the overall ROP making drilling process cheaper and faster.

2.2.4.2Wells drilled with conventional technology with sliding intervals (without TBS)

Five wells chosen for comparison have & L-shaped well pathsAverage measured target
depth (target MD) is 3ZDmeters.Most of these well drilled in four or five bit runs. During the
run 1 it is necessary to kick adindstart to build angle. Average angle ded to be achieved is
21 degree. his angle will be then held during the tangent section drilling. Duitiegruns
number2 and 3tangentsectioni s dr i |l Il ed. At the end ofop he
the angle back to o degree. Drop angle is carried out during bit run numhekdditional runs
are possible due to drill bit wear or other egsacy situations like mud losse&verage rotor vs.
slide ratiofor selected wells i84.3% / 15.7% on a mehge basis with an average ROP6¢I6
meters per houiFigure2.11, Figure 2.1
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2.2.4.3Wells drilled with TBS method

For this case 8 wells have beeresgtd. All of the wells drilled on the same ollfield with 5 wells
drilled with using conventional mud motor sliding method. Welsisisted of a builangle
section tangensection and dropanglesection.Typically most of these wells drilled folhreeor

four runs. During the T run drill stringdrills out of shoef previous casingnd then builds
angleto 10-15 degrees after what drill string pulled out to change a drill bit. Dufifigu#
angle is built upto 20-25 degreesand then held with thisnclination value during tangent
section. After ROP gets significantly lower drill string will be pulled out for another bit change
During 39 run there is usually a continuation of tangent section with angle hold. At some point
drop angle section start® she 2025 degrees angle is dropped to vertical or close to vertical
with values of inclination from 0 to 3 degrees. Drilling is continued to target d€pdre are
additional runs are possible most of all dughtedrill bit wear or other emergency sitions
Average interval length ofontinuousdrill string rotationis 98.0% On thefigure 2.11 values of
slide percentage are provided for every considered well.

2.2.5. Observationsfor TBS method

Although allof thewells have aimilar construction andlesgn and drilled on the same oilfield,
there are considerable differencefRi@Psand drilling times of these wellPossibly, one ofhe
explanations for such a difference is tha rig creve as well as directional drillers and MWD
engineers became morantiliar with technologyfrom well to well thus improvingefficiency of

their decisions and actions and by this decreasing the amount of slide and increasing the ROP

On abasisof separate drilling intervals, sonm@aprovements are recognized from well t@v
Forexample on some wells with higher values of inclination angles total ROP is higher and slide
percentage is lower than on other wells where inclination is lower. Percent of drill string rotation
increased from 84.3% in the wells drilled with convemal method to 98.06% for well drilled

with TBS method. Drilling rates of each of the TBS well show significant improvements (9.59
m/hr) comparing to the wells drilled with conventional technology (6.96 m/hr).

2.2.6. Conclusionsfecommendationgor TBS method

Targetedbit-speed method allows effective continuoudi®ensionaldirectionaldrilling control
for Stype and dype trajectories of the wells

Considering the fact that the selected wells with TBS as well as with conventional method were
drilled with essentiallyalmostthe samaypes ofequipmentsame drilling parameters amaud
propertiesallowing us to provide consistent and clear analysis of efficiency of every maxtidod
evaluate advantages and disadvantages for it.

To utilize the full potential 6 targeted bit speed technology, it is crucial to improwed
cleaning system and provide a proper control for mud parameters.

ROP increased in all of the wells with TBS method applied. Percentage of sliding vs. percentage
of rotating significantly decread on footage and time basis. Average ROP for TBS wells
significantly higher. Percent sliding decreased on 14.0%. Average rate of pendtsstibaen
increased by 27.5%. Also, several wells were drilled with TBS method with 0% of sliding which
means thagfficiency of TBS method on these wells is the same as for RSS technology.
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1 2 3 4 5 6 7 8 9 10 "
BHA Description
@ outer ;| @ inner, | ® max, | upper lower : weight,
. Sl Length mm mm mm thread : thread kg company
1 {PDC Bit MDZiB16 (Mig13) 0,32 220,70 2207 H3-117 38,72 Schiumberger
2 iMud motor 6 3/4-7/8 CTK-215.9 1.5deq. 8,921 17200 21590 M3-117 M3-133; 1386,52 NOV
3 iStabUn-212.7 0,97 172,00 52.0 2127 H3-133 M3-133 176,54 MOV
4 NMDC - 172 Paony 4,400 172,00 80,0 172,08 H3-133 M3-133] 639,85 WET
5 {DS+PDS 1,100 172,00 76,2 172,0¢ H3-133 M3-133; 159,96 WFT
6 MWD 6 3/4 HEL 946: 172,00 83,0 172,00 H3-133; M3-133) 136148 WFT
7 iNMDC -172 9437 17200 83.0 172,08 H3-133 M3-133; 135717 WFT
8 iSafety sub 046: 172,00 90,0 172,08 H3-1331 M3-133 63,89 WFT
9 HWDP 127 108,000 127,00 76,0 168,37 M3-133 M3-133) 8603.28: [oiirar
10 {Hydaulic jar 6 1/2 9.53; 16500 64.0 165,0¢ H3-133 M3-133; 97644 MOV
11 (HWDP - 127 108,00; 127,00 76,0 168,37 M3-133; M3-133; 860328 [oitar
12 iDP -127*9.19 (S-135) 2190.00; 127,00 108.6 168,37 H3-133, M3-133 [oiitar
BHA Length: 26059
Total length: 245059 Total weight: 2337213
Figure 2.8. Typical BHA for TBS drilling
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Figure 2.9. Well paths for some of theselected wells
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Figure 2.11. Percentage ofliding for the wells drilled with and without TBS method
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Figure 2.12. Percentage of otating for the wells drilled with and without TBS method
2.3. Rotary steerable systems
2.3.1. Rotary steerablesystems basics

Rotary steerable systerfiRSS)can overcomsome of the mud motor limits

=

Figure 2.13. Early rotary steerable tool concepts

RSSare the directional tool thatlews maintaining inclination and azimuth of the well path in

the targeted directiowhile continuously rotating the diiig string. Thee are differentonceps
of rotary steerableystems today.

First mention aboutnedanical RSS can be found someveher 1960s literature source§ he
fundamental concept of these systemaslots of similarities to the modern rotary steerables
figure 2.13a shows a systemonceptcreated in 1955 [17]This concept useshaccentric non
rotating sleeve which allowdirectingthedrill bit in a targetirection.

Another systens shownon thefigure 2.13b. This type of systerwas patented in the year 1959
[18]. This systenusedguide shoesctivatedby hydraulic powemith stubnear thedrill bit to
providecontrolfor the trajectory in anannerthat is quite similar to some of the modern types of
RSS. The guiding shoe was powered drgssureof the mud flowand could be retractedr
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activated without ROOH operations. The main goal of creating such haols there wasot
eliminate the necessityf additional ROOH and RIH operations for setting whipstookthe
bottom

Thereare muchmore examples of tools that were pagehwith the purpose of moreffedive
directional drilling before steerablemud motorsstarted to dminate the oil market. Tools
provided directional controby pointing thedrill bit or by pushing the drill bit in the target
direction. Modern RSS tools are very similar to these first concepts. Though, none of these olc
steerable systems wesaccessfutommercially

The early RSS tools wemechaital because such things commiomn the modern world like
hydraulicMWD systemsdownhole etctronics computersaand control systems did not exist at
the time of introducing RSS concepWork onRSSwas abandoed asmud motor directional
systems got widelpcceptedcand commercially successfulhewide spread of mudhotors as a
directional control tool over the RS®ncepts was related to the fact that mmdtors can be
oriented frommuch easier and more costsntly than the RSSleeved3].

The lack of anysuccess ofhe first RSSdid not prevent the further research attempts in this
direction. After almost 40 years of directional contrglsteerable motorsiew wave of interest
grew to therotary steerableystem concept due to the increastognplexiy of well trajectories

One of the reasons why RSS technology was resurrected after several decades of mud motc
monopoly is growing necessity in drilling ER®ells. The capability of mudnotorswas not
enough & meet the requirements of efficient and cost effective drilling of ERD wElle
horizontal limit for wells drilled by BHAs with mud motors was equall&000 ft(almost
5000m). On the lower depths quality of trajectory control is significantly wordedaaction
control itself becomes much more complicate&S tools allow to increase lateral reach of the
wells almost twice up td28,000 ft. Direction controlwas also improvedNowadays the
maximumreachMD for rotary steerable systems is more tB&00 ft[19].

Another area where RSS became higifpreciateds offshoredrilling with its complex ERD
horizontal wells with complicated geometries of well patBseerablemud motors are not
suitablefor some of suchwells andmost probably use of motossill not be economicbi
effective even if it would be technically possible

Figure2.14 showsan examplef the trajectory of thevell that can be drilled with RSS system.
According to the drilling program it was required to carry 2bf6 degree azimuthutn and hold

the inclination angle value above 88 degrees. In addition it was necessary to provide strict anti
collision control due to the lots of neighboring drilled wells.
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Figure 2.14. Well path drilled with RSS that could not be drilled with steerable motor

Extended reach wellgajectories are continuing to become more and madespreadecause
of the capabilities of rotary steerable systedslling with RSS provide serious advantages
making drilling of challengingERD wells possible These advantages will be reviewed in the
next section related to RSS technological and operational aspects.

2.3.2. Rotary steerable systemtechnologicaland operational aspects

In this thesis technological aspects of theamptsteerable systems will be reviewed on the
example of Weatht or d A Revol uti ondo .Rotary Steerabl e

Modern rotary steerable systatasignswere introducedtothe ndustry i n.Twbe e
basic RSS concepts currently exist. The first orfe js uthelb i t otheaetahd one B p o-i nt
theb i ¢omcept Pushing the bimethodrefers toexerting lateral side forcappliedon thedrill

bit during drilling processPointing the biis more complicated from the technological point of
view and invoves bending the BHAo that thedrill bit is pointed inthe planned direction
Pointthe-bit is generally considereds being superioto pushthe-bit concept resulting in
smoother well bore trajectori@sth increased dogleg capétbes [20].

Push-the-Bit Results Point-the-Bit Results

Figure 2.15. Comparison of push the bit andpoint the bit technologes

RSSdevelopmat was driven by the technological opportunities and economic advantages which
could beacquired due tsteering the wellborérajedory while continuously rotating the drill
string. Operatd¥y demand waslriven by the growinglifficulty of well profiles, some of which
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were notpossibleto drill usingonly conventional steering systerasailable at this time. There
are advantages prale by applying RSS in the directional drilling procgXy:

- Save time speron aligning of tool facewhile steering with motor; the RS8ol controls
it automatically.

- Over 50% increase of total ROP while rotary drilling insteadlafing with amud
motor.

- Improved hole cleaning which results in a highensisteng of ECD values comparing
to steering processith amudmotor.

- Dragis significantly reduced comparirtg motor sliding. Thaesult isamore consistent
WOB and reduced stress on deholeequipment.

- Less possibilityofthe drills t r i n g st ingrkostiofftharillingtisne.r ot at

- Deviation rate is more consistent because theraaotangsin drilling modes between
sliding and rotation for producing the required DLS

- PDC drill bits with more aggressive desigean ke appliedand optimized for ROP
performance, rather than a balance between ROP performance and ability to control too
facewhile using anud motor.

- Well profiles are smoother, withodtansition ledges redting from changedetween
sliding androtating modes.

- Improved quality of MLWD data due to continuous rotatiggrocess Slide intervals
would have to be reaméd obtain the samievel ofresults.

- Reduced possibility of wet trips. These wet trips wasult inslower trippingin and out
speeds andre associated wittmotor draining.

2.3.3. Operational overview

The Weatherford Revolution system is the 4ii6h RSS applying the poitihe-bit technology

in its construction which improvesellbore quality anddrill bit life. This RSS uses a near drill

bit stabilizerfor orienfation of the drill bit axis with the desiredorehole trajectory direction
Testingand experience showhat pointthe-bit technology drills smoother and cleaner wélis
cutting formationswith the face of thed r i | | bit . T h e sime and corepact o r d
design makes itosteffective reliableand easy to scalgp forvarioustool sizeq20].

Figure 2.16. The 4 3/4 inch rotary steerable s/stem
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A nonrotatingRSSsleeve is used witbpecialpaddles toestrict it from simultaneous rotation
with thewholedrill string. RSSdrive shaft isconstructedo sendorque through theownhole
tool to thedrill bit. Rotation between the centrBISSshaft and the noerotatingsleese drives a
hydraulic pump. Th@ump generates the force necessaryffset the drive shaft within thRSS
sleevein the required directianWhen changes itrajectorydirection arenecessaryhydraulic
pistons areenegized and thusctivated toprovide deflecion of the shaft fromthe sleeveof
stabilizer centerlineShaft deflection forces thdrill bit to point in the opposite directiga0].

Centered Deflected

Figure 2.17. Shaft defledion during steering process

The R S Siarer navigation contratystemdirecs the internal hydraulic system vasolenoid
operatedelectrically The solenoidprovides energy t@omeparticular pistons, controllingy
these meanwol-face andrajectorydeflection.

~

Figure 2.18. Deflection of RSS during testing

If the outer sleeveneeds tobegin to roll, theRSS electronics mak#he hydraulic system to
maintain the requiredeflection andool-face setting. Sensors installed on the centshhftcan
measureactual deflectionactualdrill string tool-face, and relative rpm between thleaft and
sleeve. Power for the contreystem is provided by internal lithium batteries. The electronics
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inserthouses a ra-bit inclination sensor, andlsohasa provision for neabit gamma ray and
azimuth measurementUplink telemetry can baccomplished with nd pulse via an internal
connection withtMLWD system[20].

Deviation ratesandtool-face valuesare set from thsurface usinghanges ofpm. Parameters
can be changed in@ minutes. The Weatherford RSS can operatenmodeg20]:

1) Drilling mode in whichenergized pistonsaintain preplaned deflectiorrate and directionf
drilling.

2) Pumpback node energizesall pistons making theuter sleeve rigid. It isiolding the shaft
concentric with the stabilexr sleeve. Thisnoderecommendedor backreaming andripping
operations

3) Stiff mode (similar toprevious modgthe pistons are energized up to 100% dutleiyinlike
pump-back node actuating pistons when some correction is necessary

4) Neutral mode in which allpistonsare notenergized and theuter sleeve is free tanove
relative to theRSSshaft. Any timewhendrill-string rotation stops, thRSStool auomatically
goes into mutralmode. t is not recommended to useutral mode foreaming.

2.3.4. RSSBHA configuration
The standaréRSSBHA configurationmay consisbf thenext elementg20]:

Stabilized IDS RSS Barrel Bias Unit Pivot Dog Sub Bit
Collar Collar Stabilizer (TruGauge)

Straight

For drilling in straight hole sections, the Revolution system operates in
a neutral position with its shaft concentric with the stabilizer sleeve.

Figure 2.19. BHA with RSS (drilling straight)

The RSS outer sleevelog sub andtabilizer are alhave true gauge alose to it.Testing and
experienceshow that this is the optim&HA configuration for maximundirectionaldrilling
performancewith the RSS tool. The RSSicapable to provide DLS up to 12 degrees]@ér ft
or even more in some casest 90 degrees inclinatiomalues tests havehown that with zero
deflectionparametethe RSStool tends to holdahclinationangle orprovide a slighbuild. This is
rock formation dependent and thus it may vasysome degreigom one well to another

To build inclination angle at 6 degrees per 100 ft with fREStool with little or no turn, a 0
degeetool-face and 5% deflection should be selectechd resulting surveyshould be checked
and thersetting should be adjustestcordindy to obtain the required DL8nd counteract any
azimuth turn. Better to be aware thatk formationchanges can have a consideratyipact on
RSS tool response. The BH&chieves the build byeflecting the outesleeve upwards and
internal RSS shaft downwards, which in its tupushes tharill collar above the pivot stab
downwards. The pivot stagtoints the dogsub anddrill bit upwards to buildnclination angle.
This is illustratedbn the fgurebelow:
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Deflected When changes in wellbore direction are required, hydraulic pistons
are activated to deflect the shaft from the stabilizer sleeve centerline.
This shaft deflection forces the bit to point in the opposite direction.

Figure 2.20. BHA with RSS (drilling with deflection)

To drill in any other direction it is necessarycttange the toeface. To generate different DL.S
it is necessary tehange thaleflection.The RSStool maytake some time to react @pplied
changes in settirgg but typically only a couple @hinutes.

2.3.4.1. Tool configuration considerations

The RSSis typically run with the MWD system This allows the directional drilleto see
operationaldat from the S such asactual toolface actual deflectiondown-hole rpmand
confirmation of changse in settingsRSS can beun standalone as well (without MLWD)
Although, un without the MLWD, the directional driller would not see any réale data
relatedtothe RSBer f or mance, or what és e wvezavingsetingg | m
changes by toolThe aly way to check thgerformance othe RSS willbe to analyze the
MLWD surveys This will significantlyreduce the possibilitto detecproblemsn time andthus

will decrease the ability to stay on the projeatesll path[20].

The point-the-bit RSSs are usuallyun in a couplewith PDC bits Unlike for pushthe-bit RSS
gauge length andide cutting abilityare lesscritical, sodrill bit optimization andselection $
more similar to the principles applied ¢conventionalrotary BHAs[20]. It worth to remember
that there is no necessity to inclugatures into thelrill bit design to allow thehosen BHAt0
maintain toolface easily whid is normally required fomud motors. Thuysmore aggressive
cutting el ement 6 swithathepbirthebit RSSto maximiaepdplling ratd
More detailedinformation aboutlrill bit selectionfor RSScan be found irthapter3.2related to
drilling bits.

2.3.4.2. Drilling parameter considerations

Drilling fluid flow and pump pressure are typically selected according to the requiremehts for
MLWD tools. WOBusuallyis notanissue which can affect on the choice of the RSS. Homeve
RPMis an impotantfactor becausall signals and commands for setting changes are transmitted
by changing the RPM values. Thus it is important to know in advance ther&®Rjd that can be
provided by the drillingig equipment including

- The maximum andminimum RPM that thedrilling rig canprovide forconsistentotaion off-
bottom

- Possible or planned drilling RPM range while on the bottom
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Figure 2.21. RSS size configurations

2.3.4.3Drilling practices

The RSS BHAshauld be treated as a rotary assembly dudngling process. It is important to
optimizedrilling parameters to avoidbration, downhole shocks, and stistips.

The point-the-bit RSSis capableo operate at up to 25200 rpm, butdue tostick-slip problem
dowrthole rpommay become higher than this, as weltlasdrill bit can everstop for a period of
time that may turroff the tool. In case odignificant stickslip, directional performancsuffers
and maintainingonstantool-face anddeflectionratewil | be moredifficult [20].

If stick-slips are seen durindrilling on the bottomthedrill bit should be raised othe bottom

on 515m and after thatthe rpmshould beincreased. It may lmemenecessary to change the
rotary table otop driveto other moél providing higher RPMandthen return to drillingprocess
slowly increasing WOB, to see did the increased nmroved the sticlslip parameter. If the

i ncrease of RPM doesnoét have #&haWwOBeComematton t |
of different RPM/ WOB variations should be &d to reduce the stiellips. TheROP decrease

will be seenbutit should be remembered that it always better to have good directional control
with moderate ROP than high ROP with reduced directional control. Redireetional control

may lead to situations when the drilling interval or even the whole well may be needed-to be re
drilled.

If the stick-slip cannot beeducedby all methods stated abotteen engineers should consider
the possibility of running a diffent type of drill bit. Also, lubricants may be added in the
drilling mud to reduce sticklip generated by the drill bit.

If the stick-slip problem is seenn and offthe bottomof the well then the most probable reason
for that isa combination of th&HA interaction anddrill-string interaction vith the wellbore

trajectory. me lubricarg should beadded to thelrilling mud systemn this case to decrease
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the stickslips. Hole cleaning quality also need to be checked as a poor hole cleaning may be
anotrer reason for sticklip occurrenceBHA and drill string for subsequent bit runs should be
improved or altered according to the drilling environmetatseduce the possibility of any
components causirggick-slip andtorque & drag.

2.3.4.4 Mud and lost circulation materials

The RSS tools typically are very tolerant to adding lost circulation materials (LCM) in the mud
because there are restrictionsinside RSS small enouglb become blockethy LCM. Most
often, he limiting factorfor using LCM of some particidr size is MWD tools. MWD pulser,
normally has the smalleECM sizerestrictiors in the BHA, typically safe size of LCM particles

for adding it in the mud flow without applying pipe filters or activating valvesSsian

The RSS should beesistant to rany different mud typesBefore running the tools with some
new type of mud a rubber compatibility check must be carrietboensure that therilling mud
does not significantlgffect thediaphragms andubber seals.

2.3.4.5.Tight hole/ stuck pipe

Using RSSreduces the possibility of stuck pipe compared to directional driliiitip
conventionalmud motors sincehe drill string is rotanhg most of the time, including when
steeringis necessary anstopsonly when we need to make pipennection omwhen settinghe
RSStool (about 15 seconds)heconstant rotatioenefitsborenole cleaningBefore changing
the RSSsettingsdirectional driller musensure that torque and drag are notisaueto avoid
possiblestuck.

If the pipe isstuck the rotary steerabley st e m6 s  dwatlsstarglingmaximunoowespull
valuesaccording tats specificationsJarring on th€kSS is highly not recommendedlessif it
is reallyessential.

2.3.5. RSS andsteerablemotors

Commercid RSS tools weravailable fo about 2 years[3]. Initially it was consideredHhat the
only application for these tools itke most difficult wells However soon it was clear that RSS
can provide wide rangechnical advantages/er mud motor§21]. Thus RSS have experienced
continuousgrowth up untilnow. RSS technologynow accourg for more than 20% of the
directional drillingfootage.

The rotary steerabkeystemsare stillmore expensive comparing steerablanu motors. Costs of
manufacturinggdevelopnent, maintenance as well as operatiauatsfor RSS are still on a high
side. Rotary steerable systearemuchmore complex thamud motors and that partially means
that they less reliabld=igure 2.22 shows acomparison of rotary steerable systems reliability
with othertechnologiesised in directinal drilling[22].
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Figure 2.22. RSS reliability will follow a well established industrytrend.

Directional wellscan have construction amekll pathof different complexity from simple wells

with Jtype tajectory up to extremely complex constructions with several sidetracks, extended
horizontal reach section and complex well paths with parameters changed in all three
dimensions. Wlls with more challenges usually drilled in a high spread investment
environment. Such wells make up the main fraction of the projects where rotary steerable
systems are used. About%of all deepwater wells, more than 50%adfshore wells, and only

3% of wells on surface are using RSS technology according to ref#}s So,the coninued
growth of RSSwill require making this technology more affordable for tless expensive
drilling environmens.

2.3.6. RSS andsteerable motors comparison ¢asestudy 2)

In this sectiongathered the results of data analysis from 13 directional welled with RSS
and 5 wells drilled with mud motors. All of the wells drilled in the same area on the same oilfield
and have a similar construction and well paths.

Figure2.23 shows one of the typical BHAs used for a RSS drilling on the chosen oilfield.

15 T s 8 51 NN s o s ) s e | 530 s s

12 3 4 5 6 7 8
Bit PS BaisUnit  Short NMDC 8NBI  IDS - only MFR HEL & BAP  Reamer

Figure 2.23. Typical RSS BHA

Figure2.24shows typical well path for the selected group of wells.
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Figure 2.24. One of the well trajectories drilled with RSS

On the figure2.25shown geesteering image of the horizontal section of one of the wells drilled
with RSS.

Figure 2.25. Horizontal section of one of the wells drilled with RSS

On thefigure 2.26 shownthe graphwith average ROPs for all of the chosen wells drilled both
with RSS and mud motors. These values include only ROP data for section drilled with 6 inch
drill bit since on the selected oilfield RSS is used only for this section.

As it can be cleayl seen from the graph, average ROP for the wells drilled with RSS is
significantly higher comparing to the ROP for the wells drilled with mud motor. The main
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