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Abstract

1 Abstract

The increase in the demand of energy worldwidedgdted in the expansion of the drilling
activities, particularly in deviated and extendedch wells. One of the major challenge
while drilling these type of wells is the transpoircuttings in inclined section of the annulus
when angle exceeds 30° (degrees) of inclinatiaffitrent hole cleaning will cause cuttings
bed formation, which if not handle lead to problesush as premature bit wear, high torque
and drag, high non-productive time and drillingtcetick pipe, lost of the well.

In the inclined wells, cuttings settle verticallyedto the gravitational force, but the fluid
velocity has a reduced vertical component. Dritletlings settle than quickly in the low side
of annulus and have less distance to travel bef@g hit the borehole wall. Here the
velocities are negligible and particles tend tood#pn the annulus leading to the formation
of cuttings bed. The first approach when facedh wiich a situation is to optimize the
controllable drilling parameters such as flow mateannular velocity, wellbore inclination,
mud properties, drill string rotation and rate ehetration. It is showed in this work that for
the same drilling condition, the directional we#sjuire significantly higher flow rate which
is the most important operating parameter thanvérécal ones in order to remove or
prevent the cuttings bed formation. However for yneeses the required flow rates are not
always practically achievable due to pump limitagi@nd borehole washouts. The positive
effect of drill pipe rotation on the cuttings trangt is not always applicable because of the
sliding mode while drilling which make things martemplex. Theoretically, the rate of
penetration is usually kept on the highest possialeie mostly because of economics
reasons

The second part of this thesis deals with the eoamevaluation and performance analysis
of wells drilled with specific drill strings compents such as Hydroclean (HDP) in
comparison to the Standard Drill Pipe (SDP). Twalises, 12 %4” and 8 %2" of three wells
(well P, well G, well H) drilled with SDP and oneelivC drilled with HDP were analyzed.
The well G and H shows a significant high NPT dug@aor hole cleaning which increase
the drilling cost and the well C shows less NPTe Tésult led to the conclusion that with
good drilling practice and HDP, the drilling timedacost in deviated can be reduced but not
for all the wells. Alternative mechanical cuttingsmoval aids such as Cuttings Bed

Impellers, Helical Drill Pipe and their characteds were also highlighted in this work.
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Zusammenfassung

Zusammenfassung

Der Anstieg des weltweiten Energiebedarfs hat zereierheblichen Zunahme der
Bohraktivitateten im allgemeinen und von geneigterd weitreichenden horizontalen
Bohrungen im besonderen gefihrt.

Beim Abteufen dieser Bohrungen ist es relativ sehigj den Bohrkleinaustrag in mehr als
drei3ig Grad gegen die Vertikale geneigten Bohdablkchnitten sicherzustellen. Wird die
Losung dieser Aufgabe nicht ernst genug genommem, lkes infolge nicht aureichender
Bohrlochsreinigung zur Ausbildung von "Cuttingsbegtnannten Ablagerung von Bohrgut
an der Bohrlochsunterseite kommen, die ohne rasotiezielfihrende Gegenmassnahmen
zu Problemen wie vorzeitigem Meil3el- verschleiBer hohen Anteil an nicht produktiver
Zeit und dadurch erhohten Bohrungskosten, hoherhrmenten und Zuglasten,
Festwerden des Bohrstranges und zum Verlust eimestd durchteuften Bohrabschnitts
oder im Extremfall der ganzen Bohrung fihren.

In geneigten Bohrungen sinkt das Bohrklein unter Emflul? der Schwerkraft vertikal ab,
wahrend die Vertikalkomponente des Bohrspllungsetngisgeschwin- digkeit abfallt.
Cuttings erreichen sich schon nach einer kurzen sthéstke die Bohrlochsunterseite.
Zwischen Bohrlochswand und Bohrstrang , wo die Besalig-keit der Bohrspilung gegen
null sinkt wird das sich ablagernde Bohrgut nichéhm weiterbewegt und bildet ein
sogenanntes "Cuttingsbett”. Seit dieser Zusammenleskannt wurde, versucht man
verschieden EinfluRgrossen derartig zu verdndeafd dadurch der Cuttinstransport
verbessert wird. Gelegentlich wurde der Bohrlochdaef gedndert um nicht in den Bereich
kritischer Bohrlochsneigungen zu gelangen. Es wurdimpraten und damit die
Ringraumstrémungsgeschwindigkeiten erhoht, dielUdg8eigenschaften verandert, die
Drehzahl des Bohrstranges angehoben und / odeBatefortschritt reduziert um die je
Zeiteinheit anfallende Bohrgutmenge in beherrs@rb&renzen zu halten.

Hohere Fliel3geschwindigkeiten der Bohrspulung eredi abgelagerte oder sich ablagernde
Cuttingsbette und stellen somit die wichtigste IERgrosse zur Verbes-serung des
Bohrkleinaustrags in stark geneigten Bohrabscimit@dar. Die erforder- lichen
FlieRgeschwindigkeiten sind aber, wie in diesereftraufgezeigt wird, wesentlich hdher als
sie fur vertikale Bohrlochsabschnitte erforderliebiren. In vielen Féallen kommen diese

Pumpraten wegen Limitationen der vorhandenen Spipa oder wegen des Risikos von
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Zusammenfassung

Bohrlochsauswaschungen nicht in Frage. Der pesitizinfluss der erhohten
Bohrstrangdrehhzahl kommt z.B. wahrend des Gleidimodon Richtrbohrungen mit
Spulungsmotoren nicht zum Tragen. Aus wirtschafic Griinden wéare es aulierdem
winschenswert den Bohrfortschritt nicht zu redezriesondern so schnell wie mdglich zu
bohren.

Der zweite Teil dieser Diplomarbeit beschaftigt hsienit der technischen und
wirtschaftlichen Bewertung von in geneigten Bohnkabschnitten eingestezten speziellen
Bohrstrangkomponenten wie das von Vallourec Manaasnmangebotene HydroClean im
Vergleich zu herkdmmlichem Bohrgestange.

Die 12-1/4" und 8-1/2" Abschnitte dreier mit kontienellem Bohrgestdnge abgeteuften
Bohrungen ("well P", "well G", "well H"), und dienter Verwendung von HydroClean
gebohrten Bohrung "well C" wurden miteinander irengn. Als Folge schlechter
Bohrlochsreinigung hatten die Bohrungen (“well Glgll H") einen signifikant héheren
Anteil an nicht produktiver Zeit (NPT) als die Bahg "well C". Das Ergebniss meiner
Diplomarbeit fihrte zum Schluf3 dass mit guter Botreaxis und HDP, der bohrenden Zeit
und kosten in geneigten Bohrungen kann reduzienden aber nicht fr alle Bohrlocher.
Auf alternative mechanische Hilfsmittel zur Verlmsslg des Bohrgutaustrags wie
"Cuttings Bed Impeller" und spiralig verformtes Bgésénge und deren Charakteristik

wurde in diesem Werk ebenfalls hingewiesen.
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Introduction

2 Introduction

As the need for directional and horizontal well lasreased, the interest in cuttings
transport has changed from the vertical to theinedl and horizontal well geometries
during the last decades. When a well is drilleds iblways necessary to transport the
cuttings up to the surface. With increasing measdepths and horizontal displacements in
deviated wells, good hole cleaning remains oné®intajor challenges in the Oil and Gas
Industry. To this end, fluid is pumped down throubl centre of the drill pipe, through
nozzles in the drill bit, and back up to the sweftmough the annular gap between the drill
pipe and the drilled hole. The drilling fluid issebus, non-Newtonian (shear-thinning), and
will typically have a gel strength. The flow up tenulus might be laminar, or it might be
turbulent, depending on the situation.

It has been recognized from researchers and frbordeories teét*'®*that removal of
the cuttings during drilling of high inclined wellsthe range of 30-60° and horizontal wells
presents specials problems which affect the cosg, tand the quality of the directional
drilled wells drastically. Poor hole cleaning casuit to expensive problems like stuck
pipe, lost circulation, slow rate of penetratioighhtorque and drag, poor cement jobs and
some other effects. If the situation is not handiedhe right time and properly, these
problems can lead to a loss of a well. Brandlesd.estated that the combined stuck pipe
cost of the industry is in a range between 100 deerthan 500 millions dollars per y&ar
Usually, to avoid this problem in the field, dnij operators often include such practice as
“washing and reaming” wherein the drilling fluidagculated and the drill string is rotated
as the bit is lowered into the wellbore, and “beedening” wherein the drilling fluid is
circulated and the drill string is rotated as thasopull out of hole. Others Operations like
“wiper trips“ and pumping out of the hole are ofigarformed to attempt to control the
cuttings accumulation in the wellbore. All theseergtions required time and can
significantly increased the cost of the drillingdeviated and horizontal wells.

As a result, the search for more effective dnihgt components like Hydroclean, Cuttings
Bed Impellers, Helical Drill Pipe are needed toiaye directional and horizontal borehole
cleaning. These drill string components will maxenithe mechanical cuttings agitation

process of the cuttings bed which will probably@ase the cuttings transport.
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Introduction

Having understood the drilling parameters and th&ractions, the aim of this thesis will be
to establish an economic and technical compari$aheomechanical removal cuttings aids

used to limit the thickness of cuttings accumutaiiodeviated and horizontal wells.
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Objectives and structure of the Thesis

3 Objectives and structure of the Thesis

3.1 Objectives

The objectives of this thesis are the following

Determine from literature the major operating patms influencing the transport of the

cuttings while drilling deviated and horizontal beke.

Determine from previous work, the section of cigtirbed problems in the wellbore and
estimate based on mathematical equation the minirfiosm rate required to keep the

wellbore clean during the drilling operation.

Estimate based on the end of the well drilling refiee non-productive time due to poor
hole cleaning while drilling with Standard Drillgé in deviated part of the wellbore above

30° of inclination.

Having given the features of the Hydroclean Drifie? the non-productive time due to poor

hole cleaning while drilling with this hardware Wik determine and analyse.

Based on real field data of four wells, an econosw@luation while drilling with both drill

pipes will be made and compared.

Alternative mechanical cuttings transport aids vercome cuttings accumulation in high
inclined and horizontal wells such as Cuttings Begellers and Helical Drill Pipe (still not

commercial) will be mentioned and developed inwosk.
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Objectives and structure of the Thesis

3.2 Structure of the thesis

Chapter 1 Abstract Chapter 2 Introduction

= L

Chapter 3 Objectives and structure of the thesis

- L

Chapter 4 Cuttings transport in vertical wellbores
- Literature review & theory
- Moore-, Chien-, & Walker and Mayes correlation

- L

Chapter 5 Cuttings transport in deviated and horizontal wellbores
- Literature review

- Factors influencing the cuttings transport

- Hole cleaning and cuttings bed formation

- Methods to determine bed thickness

- Critical angle in deviated wellbores

- Modes of cuttings transport in horizontal section

- Cuttings tranport models

- L

Chapter 6 Drill String component influencing cuttings transport in deviated
wellbores

- Standard Drill Pipe and field experience
- Hydroclean and field experience

- Cuttings Bed Impellers

- Helical Drill Pipe

- L

Chapter 7 Conclusion and Recommendations

Figure 1: Structure of the thesis
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Cuttings transport in vertical wellbores

4 Cuttings transport in vertical wellbores

Cleaning the hole is one of the most importantatives of the drilling fluid during the drilling
process. This problem is since the early sevetupia for researchers in the oilfield industries

and at universities.

4.1 Literature Review

Zeidler et al (1972) conducted one of the piongestudies in cutting transport. A
laboratory setup consisting of 15 feet long, 3.6hi@s inner diameter glass tube was
employed to study and correlate the settling vilaoi particles based on measurable
properties. This correlation was based on the dm@efficient-Reynolds number
plots. He derives correlations for drilled particdeovery fractions and studies the effects
of various parameters such as flow rate, fluid @ty and inner pipe rotation on
transport mechanisms. It was observed by the audlttarturbulent flow and drill pipe

rotation increased the cutting transport rate.

4.2 Theory behind the cuttings transport in vertical
wells

In vertical and near vertical wells from 0° to 38¢lination®?2 the transport of the cuttings
generated at the bit is not very complex. In thisecthe cuttings particles generally remain in
suspension the whole time they are in the wellbbne. drilling fluid rising from the bottom

of the well must carry the drilled cuttings to thaface. Under the influence of the gravity,
these cuttings tend to settle. This phenomenoefisedl as the slip velocity. Slip velocity
depends upon the density and the viscosity of i@ ihis necessary to analyze the cuttings
transport mechanism and the factors that affet¢ingsttransport in the wellbore such as:
fluid velocity in the annulus as function of anmadeea and pumping rate, rate of penetration
of the drill bit, drill pipe rotation speed, holeametry, drilling fluid rheology, and average
cutting diameter, to increase the cuttings removal.

There are mainly three effects which result from¢httings transport in the vertical section

of the well, namely:
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Cuttings transport in vertical wellbores

= The slip velocityV;, , the critical velocity wherein cuttings start ® ¢ieposited
= The cuttings transport veloci¥,, , is the velocity of fallen cuttings

= The minimum velocity . is the sum of the slip velocity and cuttings tpors

velocity where cuttings can be lifted to the swefac
The annular velocity, the cuttings size, and tlseasity of the drilling fluid are the most
important parameters when drilling a vertical walldrilled cutting that must be carried out
have four forces acting on it:
= A downward gravitational force
= An upward buoyant force due to the cutting beingheérsed in the drilling fluid
= A drag force parallel to the direction of the miwhf due to the mud flowing around
the cuttings particle
= Alift force perpendicular to the direction of theud flow also due to the mud flowing

around the cutting particle.

Many hole problems in the verticals wells occur tuexcessive ROP (Rate of Penetration)
overloading the annulus. Overloading the annulubk wuttings can lead to a number of
problems. In deepwater, where the fracture graslienmat typically low, a high ROP and large
concentration of cuttings can result in and EqengCirculating Density (ECD) greater than
the fracture gradient, leading to formation breakad@nd loss of fluid. A second problem
that can be associated with high ROP is cuttingéngearound the BHA (Bottom Hole
Assembly) during the connections. If the concelainadf cuttings is high, the settled cuttings
can lead to pack-off around the BHA during the emtion and subsequent breakdown the

formation when drilling start.

4.2.1 Particle settling mechanisms

The hole cleaning process must counteract grantatiforces acting on cuttings settling
during both the dynamic and static periods. Invégréical wells the basic settling mechanism
can occur, a process called free settling.

Free settling occurs when the particle falls throagfluid without interference of other

particles or container walls. The “terminal segflivelocity” depends on the density
difference between fluid and particle, fluid rheptpparticle size and shape, and the flow

regime around the particle. But in case of a temuulflow, the settling velocity is
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independent of the rheology of the fluid. In lamiflaw around the particle, Stokes’ law
applies for free settling, and was developed fdregpal particles, Newtonians fluid and
non-Newtonian fluid.
Stokes’ law can be used for the Newtonian fluid and the eqnasi expressed as follow:
2
i =L D;éf;;‘ o) Eq.1)
Where:

Vi, - Slip or settling velocity in ft/sec

g: Gravitational constant in ft/sec
Dy: Diameter of the solid in inches
Ps: Density of the solid in Ib/gal
p, - Density of the liquid in Ib/gal
M : Viscosity of the liquid in cp
This equation is a mathematical expression of eveatnmonly observed, and can be

summarize as follow:

* The larger the difference between the density eflituid (os- o, ), the faster the

solid will settle

= The larger the particle is, the faster the solitisettle

= The lower the liquid’s viscosity, the faster thélsey rate will be.
Understanding free settling is important becausdatm the basis for the relationships
which apply to vertical hole cleaning. Generallypkes’ law is modified to incorporate
equivalent viscosity for circulating Non-Newtoniflnids and non-spherical cuttings. The
term of settling velocity under free settling il@@ slip velocity.
Besides Stokes’ law, slip velocity can be calcdateth other correlations like Moore
correlation, Chien correlation, and also Walkeid lsiayer correlations mostly used for non-

Newtonian fluid will be briefly described in thisapter.
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4.3 Moore Correlation’

According to Moore’s correlatidnthe slip velocity can be approximated by theofeihg

three equations which depend on the particle Rdgnaimber.

498xD *(p. -
Vgip = £ (,Op med) for Ng <1 (Eq.2)

u

175x D, %(0, = Py )**
gip = p’:md Olss‘;ﬂo_m for N =10to 100 (Eq.3)
1/2
D —_
Vg, =113, M for N > 200 (Eq.4)
1'510mud

And the Reynolds number is calculated as follow:

_1545% p,,4 XVXD,

(Eq.5)
= U
U= 24v 2n+1 nFOOK(Dhole - Dpipe)} (Eq.6)
(Dhole - Dpipe) 3n v
With n= 332Iog% (Eq.7)
300
0.
And K = 2% Eq.8
517 (Ea.8)
Where:

M =the mud viscosity at shear rate in flow strearcp

Y/

sip = Slip velocity, ft/min.
v = annular velocity, ft/min

Pma = Mud weight, ppg

P, = particle density, ppg

n = derived parameter of mud, dimensionless
K = derived parameter of mud, dimensionless

0300 = 300 viscometer dial reading
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Gs00 = 600 viscometer dial reading
Ox00= PV + YP

0600 = 0300 + PV

PV = plastic viscosity of mud, cps
YP = yield point of mud, b/100ft

D,..= hole diameter, inches

Dyipe= drill pipe outer diameter , inches

D, = particle diameter, inches

The first equation applies only to very slow raiésettling or slips velocity in laminar flow.
The third applies to cases where the flow is tahiuhround the particles and the second one
applies to the transition range between laminartarimilent. When there is a doubt about
which equation to use, the one giving the lowastwalocity should be used.

For the fluid to lift cuttings to the surface, th&d annular average velocity/(,, ), must be

in excess of the cuttings average slip velodiy,(). The relative velocity betweevi,,, and

Vqi, IS termed as the average cutting transport (reepityV, , that is:
V _ Vdip _
V=V -Vg, and v L= l—V— =R (Eq.9)

ann ann

Where, R is the cuttings transport ratio as defined by 8ifanri* et al.
And the sum of this slip velocity and the cuttivejocity (V,,) give you the Minimum
velocity (V,,;,) needed to carry the cuttings out in the verseation:

Vmin =cht +Vs|ip (Eq.lO)
Conclusion:

This equation is the most used in the oil industswadays for the calculation of the slip
velocity in the vertical wells. Most of softwarereday on these equations. In this method, the
YP and PV of the drilling fluid must be adjustedimoorder to increase or decrease the

carrying capacity of the mud.
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4.4 Chien Correlation’

Chien correlatiohinvolves calculation of the Reynolds number usheyapparent viscosity
of the fluid. For the mixture of bentonite and watke plastic viscosity can be used as
apparent viscosity, while for the polymer type liohg fluid, the apparent viscosity is
calculates as follow:

ryd
My =M, +5
v

S

(Eq.11)
The Reynolds number is then calculated like in Mamrrelation, and if the above 100, the

slip velocity becomes:

Vsnp - 00073 /’la ) ( 3680m3 (Ios _Iof )+1) _1 (quZ)

Pdg Ha 2 Ps
( )
P d,

However for the lower Reynolds number, the slipeiy can be calculated as:

=144 dsM (Eq.13)

P

Y/

siip
Where,

r, = shear stress in Ibf/sqft

P, = solid density in ppg

p, = fluid density in ppg

MU, = apparent fluid viscosity in cp
V.., = annular velocity in ft/min

d, = solid diameter in inch

Conclusion
In this correlation the author doesn’t take thasitzgonal flow regime into consideration. He
assumes the flow regime to be either laminar doutent which make the correlation less

accurate but more easy to use.
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4.5 Walker and Mayes correlation’

For Walker and Mayes, the apparent viscosity isrdghed by using an empirical relation

for shear stress due to particle slip. The cormadipg equation for apparent viscosity is:

u, = 479% (Eq.14)
Where,

T, Is the shear stress in Ibf/sqft
V. is the shear rate in 1/sec.

For particles Reynolds number bigger than #@9slip velocity can be computed as:

Vy, = 219 dSM (Eq.15)
P

While for the lower Reynolds number, it isureeld to:

V,, = 0020, dsys (Eq.16)

Jou

Conclusion
As already mentioned in the Chien correlation, fleev regime is not taken into
consideration but also the wellbore geometry igalahg into account for the calculation of

the slip velocity. All this failed parameters make correlation less accurate and less used.
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5 Cuttings transport in deviated and
horizontal wellbores

5.1 Literature Review

On the commissioning of various flow loops, a digant amount of experimental data was
collected on the effect of different parametergwitings transport under various conditions.
The observations made and subsequent analysis dfth collected provided the basis for
the work towards formulating correlations and med&eanwhile, field experiences and
drilling data of inclined and horizontal wells prded practical operational guidelines and
the necessary basis for evaluation and improverokthe laboratory and theory based

models.

5.1.1 First experimental studies

Tomren et al (1986) performed a comprehensuaysif steady state cutting transportation
in inclined wells by means of a flow loop. The stuehas conducted with a 5 inch and 40 feet
long transparent section. He investigated numeamgges of inclination, flow rates, drill
pipe rotations and pipe hole eccentricities. Hatifled visually the occurrence of cutting or
sliding beds based on various parameters. It wastesl that the major factors that should
be considered in directional wells are fluid veigcihole inclination, and mud and
rheological properties.

Okranjni and Azar (1986) studied specificallye teffects of field measured mud
rheological properties like apparent viscositysitaviscosity, yield value and gel strength in
inclined wells. Since different muds could have flaene rheological property, a ratio of
yield point (YP) to plastic viscosity (PV) was atitatally used to distinguish the mud. The
study was done on the same flow loop as Tomreh €386) using 15 different types of
mud systems including water. They noted that irtuhgulent regime, the transport capacity
of mud was found to be independent of its rheoldgicoperties. The transport is affected
most by momentum forces which are mainly a functibmud density. Also in horizontal
wells, it was deduced that the turbulence would lpositive factor in the cleaning of the

annulus while the rotation of the drillpipe didattually contribute to the cleaning of the
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bed, but it inhibited the formation of the bed. Yleestly provided some field guidelines for

directional well drilling.

Sifferman and Becker (1992) performed experisw@sing an 8 inch 60 foot long flow
loop. They studied the effects of annular veloaiyd density, mud rheology, mud type,
cutting size, ROP, drill pipe rotary speed, difigoeccentricity, drill pipe diameter, and hole
angles (45to 9@ versus the vertical). The experiment was split thtee phases to be able
to conduct a statistical analysis of the drillingrameters and validate the existence of
interactions between them. They found that cuttisige, mud weight have moderate
influence on the cuttings transport and showedttigatransport ratio increases rapidly with
increase in annular mud flow rate then beginswvel leut or increase more slowly in the mud
flow rate range of 200 to 400 gpm.

Belavadi and Chukwu (1994) used an experimental fiop with transparent acrylic
casing drill pipe annulus. Four different weighfsbentonite mud samples 8.9 ppg,
9.3 ppg, 12 ppg, and 13 ppg with cutting chips Hdgd sizes small, medium and
large were introduced into the annular column frdime bottom section of the
transparent acrylic pipe. The used a non-dimensiapproach and observed that an
increase in the flow rate at higher fluid densitggeatly increase the transport ratio
l.e. the ratio of the net cutting velocity and t#neerage fluid annular velocity. This
effect is almost negligible when using low densilyids to transport large size
cuttings. They reported that the fluid density tscesity ratio concept can be applied
to control drilling through sensitive formations. sinall increase in the fluid density
to viscosity ratio results to a rapid decreasehm transport ratio. Similarly, a small
increase in the drag coefficient on the cuttingsults to a large increase in the
transport ratio.

Kenny et al (1996) defined a lift factor that thesed as an indicator of cuttings transport
performance. The lift factor is a combination o ftuid velocity in the lower part of the
annulus and the mud settling velocity. A flow loafp8 in wellbore simulator, 100 ft long,
with a 4 in. drill pipe, was used in their studyeTvariables considered in this work were
drill pipe rotary speed, hole inclination, mud rlogy, cuttings size, and mud flow rate.
Results have shown that the drill pipe rotation dnaffect on hole cleaning in directional
well drilling. The level of enhancement in cuttingsnoval as a result of rotary speed is a

function of the combination of mud rheology, cusrsize, mud flow rate, and the manner in

Trésor SONWA LONTSI 16



Cuttings transport in deviated and horizontal wellbores

which the drill string behaves dynamically. Theyrid out that, smaller cuttings are more
difficult to transport. However, with high rotangeed and high viscosity mud, small cuttings
become easier to transport. Low viscosity mud énhble cleans better than high viscosity
mud with no pipe rotation.

Sanchez et al (1999), investigated the effect itif glpe rotation on hole cleaning during
directional-well drilling. For his study, an 8 miameter wellbore simulator, 100 ft long, with
a4 1/2 in. drill pipe was used. The variables wtamed in this experimental work were:

pipe rotation, hole inclination, mud rheology, mgs size, and mud flow rate. Over 600
tests were conducted. The rotary speed was vaoed @ to 175 rpm. High viscosity and
low viscosity bentonite muds and polymer muds wesed with 1/4 in. crushed limestone
and 1/10 in. river gravel cuttings. Four hole inations were considered: 40°, 65°, 80°, and
90° from vertical. His results show that drill pipgtation has a significant effect on hole
cleaning during directional-well drilling if the g is freedom to spin around the hole axis.
This result is contrary to what has been publigheg@revious researchers who forced the
drill pipe to rotate about its own axis. The leeélenhancement due to pipe rotation is a
function of the simultaneous combination of mucbtbgy, cuttings size, and mud flow rate.
Also it was observed that the dynamic behaviouhefdrillpipe plays a significant role in

the improvement of hole cleaning.

5.1.2 Theoretical studies

Gavignet and Sobey (1989) presented a two-layeting transport model on slurry
transport. They assumed that the cuttings hadnfdatlethe lower part of the inclined
wellbore, and had formed a bed that slides up tinellas. Above this bed, a second layer
exists of pure mud. Eccentricity is taken into artoin the geometrical calculations of
wetted perimeters and an apparent viscosity cacaleellated for Non—Newtonian muds
using a rheogram written in polynomial form.

Sharma (1990) extended Gavignet and Sobey's modelling approach by separating the
particle into two separate layers. This allows hgwoth a stationary and sliding bed at the
same time, and a bed sliding up inside the anmutup and a bed sliding down at the

bottom.
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Martins and Santana (1992) presented a two laa@el that is more versatile than
Gavignet and Sobey’s model because it allows pattidoe in suspension in the upper layer.
The mean particle concentration in this layer Iswated form a concentration profile that
has been obtained from solving a diffusion equation

Clark and Bickham (1994) developed a mechanistbdel to describe hole cleaning.
Their model considers the various mechanisms ieebin the transport of cuttings out of a
well i.e. rolling, lift and particle settling. Thrgpublication concurs with industry opinion in
classifying flow rate as the most important fagtothole cleaning, and it considers fluid
density and rheology as the most important drilflogl properties that affect hole cleaning.
The Herschel-Bulkley rheological model is also ysedh the fluid yield stress being
dominant factor. But the influences of other rhgalal parameters like consistency index
and flow index are unclear.

Larsen et al (1997) developed a new mathenhatiodel for estimating the minimum
fluid transport velocity for system with the in@ion between 55° and 90°. They found that
the model worked fairly well within inclination 556 90°, and there were no correction
factors yet for the inclination less than 55°. Froansen method it was known that there are
three parameters which affect the determinatiormofimum fluid annular velocity for
inclined hole: (1) inclination, (2) ROP and (3) nmiehsity.

Kamp and Rivero (1999) developed a two-layered miod@ear horizontal wellbores. The
model consisted of a stationary or a moving bedvbel layer of heterogeneous cuttings
suspension. They assumed that there was no sagiftip velocity difference between the
particles and the mud. They took into accountmgstisettling and re-suspension, but not the
vertical motion of the particles in the liquid. $hsimplified the model by assuming the
liquid and cuttings had the same density hencéakotg into account the pressure and the
temperature effects. The model predicted thicknéfise uniform bed as a function of mud
flow rate, cuttings diameter, mud viscosity, pipeantricity and other properties of the flow.
The results of the model were compared to a prewiourelation based model. The closure
terms in the model were based on the experimeatallits. And Kamp et al.(1999)
suggested possible improvements to the model imgudolving separate momentum
equations for the solids and mud suspension layer.

Pilehvari et al (1999) carried out a review of iogis transport in horizontal wells. The
advancement in cutting transportation researchswasnarized and suggestions were made

for much more work on turbulent flows of non-Newson fluids, effects of drill pipe
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rotation, comprehensive solid-liquid flow model ae development of a hole cleaning
monitoring system that receives all the availablevant data in real time for quick analysis
and determining the borehole status.

Hyun et al. (2000), formulated a mathematicaleHager model to predict and interpret the
cuttings transport in deviated wellbore from vettio horizontal. The model considered the
following layers: (1) a stationary bed of cuttingsow side of the borehole, (2) moving bed
layer above the stationary one, (3) a heterogensaspension layer at the top. They
modelled three segments to deal with the well diewiahorizontal segment from 60° to 90°,
transient segment from 30° to 60°, and a vertieghgent from 0 to 30°. For every segment
they set up continuity equations and momentum emstThey analyzed the interface
interaction using the correlations. They reportielces of annular velocity, fluid rheology,
and angle of inclination on cuttings transport. Wedel predictions based on the simulation

are in good agreement with the experimental ddthgmed by other.

5.2 Factors influencing the cuttings transport

They are several factors that affect the transgdite cuttings while drilling deviated wells.
Cuttings transport is affected by several inteteelanud, cuttings and drilling parameters, as
shown in the table below. For the hole cleaninguéar and mud viscosity are generally

considered to be the most important parameters.

Well profile and geometry * Hole inclination angle and doglegs
» Casing/hole and drill pipe diameters

 Drillstring eccentricity

Cuttings and cuttings bed » Specific gravity
characteristics « Particle size and shape
* Reactivity with mud

e Mud properties

Flow characteristics e Annular velocity
* Annular velocity profile

* Flow regime
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Mud properties e Mud weight
» Viscosity, especially at low shear rates
* Gel strengths

* Inhibitiveness

Drilling parameters * Bittype
e Penetration rate
« Differential pressure

* Pipe rotation

Table 1: Drilling parameters influencing the cugsrremoval

5.2.1 Annular velocity

In case of an inclined annulus, the axial compoménparticle slip velocity play a less
important role, and one could conclude that to teatsfactory transport, the annular mud
velocity in this case may be lower than in theigaltannulus. This however is a misleading
conclusion. The increasing radial component ofpiagicle slip velocity pushes the particle
toward the lower wall of the annulus, causing diragg bed to form as already mentioned.
Consequently, the annular mud velocity has to Hecismt to avoid the bed formation. It is
expected that an increase in flow rate will alwegsse more efficient removal of the drilled
cuttings out of the annular space. However, anrdppi of the flow rate is dictated by:

* Rig hydraulic power

= Equivalent Circulation Density

= Susceptibility of the open hole section to hyd@atiosion

5.2.2 Wellbore Inclination angle

It has been well established from previous laboegowork that as hole angle increases
from zero to about 65 degrees from vertical, hdémrang becomes more difficult and

hydraulic requirements increase, likewise. The fl@ate requirements peak around hole
angles between 65°-75° (degrees) from verticalstigttly decrease toward the horizontal.
Also, it has been shown that at angles betweer6@D{degrees) from vertical, a sudden
pump shut-down causes sloughing of accumulatethgsitbed to bottom and may cause a
serious problem of pipe sticking. Although, holelimation causes difficulties in hole

cleaning, its choice is mandated by the anticipajedlogical conditions and by field
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development company objectives. Reservoir inadaiési offshore drilling, avoiding
troublesome formations, and horizontal drillingitthie reservoir are some of the geological
conditions that dictate hole angle. Company ohjestin the total development of a field,
such as primary production objectives, secondamydymtion objectives, economic
objectives, environmental objectives, etc., are gts/erning factors in hole angle selection.
But in order to reduce the inclination effect thenping of the wellbore trajectory must be as

straight as possible.

5.2.3 Mud Properties

The functions of the drilling mud are many and hesmpeting influences. These include
» cleaning the bottom hole and annulus
» wellbore stabilization (mechanical and chemical)
» cooling and lubrication of the drill string
» formation evaluation
* Prevention of formation intrusion into the wellbadaring conventional drilling

(i.e., over-balanced).

Generally speaking, different drilling fluid typpsovide similar cuttings transport if their
downhole properties also are similar. However, &ada of optimum properties requires
careful consideration of all related parametersafl}, mud properties must be maintained
within certain limits to be effective without beingdestructive or counter-productive.
Properties of particular interest to hole cleanimude mud weight, viscosity, gel strengths
and level of inhibition.
1). Mud weighthelps buoy cuttings and slow their settling ¥4#s shown by Stokes’
law in the first chapter), but it is really not dst® improve hole cleaning. Instead, mud
weights should be adjusted based only on pore yeeskacture gradient and wellbore-
stability requirements. Vertical wells drilled witireavy muds normally have adequate
hole cleaning as compared to highly deviated dweet wells drilled with low-density
fluids.
Wellbore instability is a special case where mudteclearly targets the cause, rather
than the symptoms, of hole-cleaning problems. Asle formations drilled directionally
require higher mud weights to prevent bore-holufaiand sloughing into the annulus.

What can appear as a hole-cleaning problem atutiac®, in fact, can be a stress-related
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problem which should be corrected by increasingntivel weight? Alternative actions to
improve cuttings transport may help but will natrehate the basic problem.

2). Mud viscosityhelps determine carrying capatityfor vertical wells, yield point
historically has been used as the key parametahwiias thought to affect hole cleaning.
More recently, evidence concludes that Fann 6-3aR&M (Rotation per Minute)alues are
better indicators of carrying capacity (even inticat wells). These values are more
representative of the LSRV (Low-Shear Rate VisgPsivhich affects hole cleaning in
marginal situations. Coincidentally, most viscessi (clays, for example) added to increase
yield point also increase 6- and 3-RPM values. €@memon rule of thumb is to maintain the
3-RPM value so that it is greater than the hole @xpressed in inches) in high-angle wells.

The Low-Shear Yield Point (LSY®)calculated from 6- and 3-RPM values, has alsoeghai
broad acceptance for quantifying LSRV:

Lsyp=(2x8,,..)- 8,

stpm (Eq.17)

LSYP can play an even more important hole-clearofegin directional wells, if it is applied

in accordance with the specific well conditionsr Egample, in laminar flow, there is a
clear correlation between improved hole-cleaningfopmance and elevated LSYP,
especially in conjunction with the rotation of eairie pipe. On the other hand, low LSYP
values are preferred for turbulent-flow hole clegnbecause turbulence could be achieved
at lower flow rates. Elevated LSRVs make it possiiol achieve superb hole cleaning at
much lower flow rates than conventional systems.

3).Gel strengthsprovide suspension under both static and low-sta@reonditions.
Although closely related to viscosity, gel streisgtometimes are overlooked with regard to
their effects on hole cleaning. Quickly developyads which are easily broken can be of sig-
nificant help. Excessively high and/or progresggts, on the other hand, should be avoided

because they can cause or exacerbate a numbeoags#illing problems.

5.2.4 Drill String Rotation

It has been demonstrated in laboratory studieggmaited in field cases, that drill string
rotation with the induced modes of vibrations (fmnal, longitudinal, and lateral) has
moderate to significant effects on hole cleaningdirectional wells. The level of
enhancement in drilled cuttings removal due td dtring rotation is a function of the

combination of mud rheology, cuttings size, flomeraand the dynamic behavior of the
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string. It is believed that the whirling motion tife string as it rotates is the major
contributor to the cleaning process. Mechanicataéigh of the cuttings bed and its
exposure to higher fluid velocities are the bemafies of this motion.

Although there is a definite gain in hole cleandwge to drill pipe rotation, it must be
recognized also that there are limitations that rnaye to be imposed as well. For
example, pipe rotation cannot be activated durregsliding mode while building hole
angle. Also, pipe rotation induces cyclic stresdb@s$ can accelerate pipe failure due to
fatigue, causes excessive casing wear and in sases e¢nechanical destruction of the
walls of open hole sections. Additionally, in slimde drilling (hole diameter less than
6"), high pipe rotation may cause an increase enattnular friction pressure losses and
therefore and increasing in ECD. Also very impartanhighlighted that all the changes
of such parameters as RPM must be done accowlihg tapacity of the tools used like,
motor, RSS, MWD and LWD tools.

1. RoRTon moves oy iNgs mom yndameat ppe.
3. To e mpor e crdags bad.
4. Upinb be mydiow sFeam.

4Fnd 5. TraRsporing he cuiings along e wel pat.

Cuttings bed

Figure 2: Lifting of the cuttings due to pipe rooat°

5.2.5 Drilled Cuttings Properties

The size, the shape, and the specific gravity dfedrcuttings are what affect their
dynamic behavior in a flowing media. The specifiavgty of most rocks that are drilled

is on the average of about 2.6 and therefore, eaasbumed to be known. However, the
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cuttings size and shape are functions of the tygmet@roups that are being used (drag
bits, roller cone bits), the regrinding that maletgplace beneath the bit after they are
generated, and their bombardment and further bgeal the rotating drill string. Thus,
it is impossible to control their size and shaperevf the right bit is selected to
generate a specific geometry. In directional wellsis documented that generally
smaller cuttings are more difficult to transporttb@ surface. Although, when drilling
with some fluid viscosity and then rotated the pifieer particles seems to stay in

suspension in the méid

Figure 3: Picture of some dry cuttifigs

5.2.6 Drill String Eccentricity

The position of the drill string in the inclined ion of the hole has a dramatic effect
on the drilling mud efficiency in the removal ofld cuttings in the annulus space. Due
to the nature of gravity, the string always hagradéncy to be on the low side of the
hole especially in the sliding mode. Unfortunatehjis is the worst position (so call

positive eccentricity) which causes very low fluidlocities in the narrow gap below

the drill string where most of the cuttings ared &mgher velocities in the widened gap
above the string. The problem worsens as mud viydosreases due to the increase in
fluid flow divergence from the narrow gap to thedesi portion. This is the main reason

to why low viscosity mud, in general, perform befte directional hole cleaning than
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high viscosity mud. Since eccentricity is governley the pre-selected wellbore
trajectory and the dynamic behavior of the drilling, its adverse impact on hole

cleaning is unavoidable.

p—
i
—.

I

Figure 4: Comparison between concentric (left) aockentric (right) drill pipe annular flow
distributior?

5.2.7 Rate of Penetration

Under equal conditions, an increase in ROP causescaease in the drilled cuttings
concentration in the annulus. Therefore, to manta acceptable and effective hole
cleaning, other controllable variables such as dakirs and rotary speed must be
adjusted. If the limits of these variables havenbeached then the only alternative is to
decrease the rate of penetration. Although, a dseren ROP will have a negative
impact on well cost, the benefits of avoiding dnij problems such as pipe sticking

and excessive torque and drag can outweigh thedoss

5.3 Hole cleaning and cuttings bed formation

Based on laboratory researches and on field exjpese deviated and horizontal wellbores
lead to some of the most troublesome hole clegmiaglem. Removing cuttings from the
deviated part of the wellbore trajectory (see Fduris a big challenge and will be discussed

in details in this chapter
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5.3.1 Cuttings bed formation

This graph gives a general idea of where the ggtstart to accumulate in the inclined
wellbore trajectory.

0 to 25 degrees

7 TOREITITC G -

sbuiues|) Jeujwe] —»

Figure 5: Well trajectory in directional drilling

During the drilling of the deviated part of the éothe directional driller must slide for
changes in direction and/or inclination, and rotatelrill the hold part. The sliding is the
worst operation because the drill pipe lies agamstiow side of the hole which increases
hole cleaning problem. The flow of the cuttingghe annulus is a dynamic process and is
subject to many forces that were already mentiagmede previous chapter for the vertical
section. The forces and the velocity componentagaon a cutting are shown in the figure

below in the figure 6 and 7.
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Figure 6: Force component acting on a cutting

Figure 7: Velocity components acting on a cutting

The proper hole cleaning depends on two aspects:

= Optimizing the drilling parameters and their intgi@n

= Optimizing the quality of the downhole drilling egment used.
In this chapter we will focus on the drilling pargers influencing the cuttings transport, on
the cuttings bed formation, and on the descripibsome models used to describe the
cuttings transport.
One more common type of carrying capacity problerthe ability of the fluid to lift the
cuttings or slough and to carry them out of theshtflthe hole is beginning to slough, the

amount of shale coming across the shaker may afgpbarnormal, while large amounts are
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being collecting in the hole. Sometimes the appearaf the cuttings will indicate poor hole
cleaning. If the cuttings are rounded, it may iatidhat they have spent an undue amount of
time in the hole. The condition of the hole is llsuane of the best indicators of the hole
cleaning difficulty. Fill on bottom after a trip sn indicator of inadequate hole cleaning.
However, the absence of the fill doesn’t mean thate is not a cleaning problem. Large
amounts of cuttings may be accumulating in washggblaces zones in the borehole. Drag
while pulling the drill string to make a connectioray also indicate inadequate cleaning.
When the pipe is moved upward, the swab effect beagufficient to dislodge cuttings
packed into a washed-out section of the hole. Tidden dumping of even a small amount a
material is often enough to cause severe dragc&irg}.

The ability of the fluid to lift a piece of rock &ffected first by the difference of density of
the rock and the fluid. If there is no differenoedensities, the rock will be suspended in the
fluid and will move on a flow stream at the samieiy as the fluid. As the density of the
fluid is decreased, the weight of the rock in tfis increased and it will tend to settle.
The shear stress of the fluid moving by the surfdi¢be rock will tend to drag the rock with
the fluid. The velocity of the rock will be somewhess than the velocity of the fluid. As
already mentioned before, the difference in vakxiis usually referred to as slip velocity.
The shear stress that is supplying the drag faregfunction of shear rate of the fluid at the
surface of the rock and the viscosity of the mutthiatshear rate. A number of others factors
as wall effects, inter-particle interference, pgoeentricity, hole angle and the turbulent flow
around the particles make exact calculations oflipaselocity impossible.

When drilling in an inclined annulus at an andlefrom the vertical, there will be two

components for the slip velocity:

Vaipa = Vaip cosé

(Eq.18)
Vyipr = Vgip SING (Eq.19)
WhereVy;, ., Vg, are the axial and radial components of the aveslge velocity,

respectively as shown in the Figure 8 below.
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\2

Vs Vdip.a

=V, cosfd Vo =Vs

ip.t =

Vs Vyipt =V, SING Vy

ip.a =

Vdip.t = ip.a =0

Figure 8: Particle settling vétgén an inclined annulus from TOMREf

When the angle of inclination is increased, thealakpmponent of the slip velocity
decreases, reaching zero value at the horizontsitiggo of the annulus. When these
conditions are taken into account, all factors thay lead to improved cuttings transport by
a reduction of the particle slip velocity will hawe diminishing effect while angle of
inclination is increasing. When reaching the heletisn with an inclination between 30 and
60 degrees, the cuttings accumulation in the asradigds a further problem to the drilling
process. An equilibrium between cuttings bed eroaind cuttings settling at the low side of
the hole results in a “stable” cuttings bed umhi# thud circulation is interrupted e.g. when
making a connection. As soon as the dragging foofethe flowing mud discontinue,
cuttings beds may slide down the low side of thé Hike an avalanche leading to
mechanical sticking at the lower portion of thd! dtring (see Figure 9).

Cuttings accumulations can be difficult to eroderesuspend, so mud properties and
drilling practices which minimize their formatiohauld be emphasized. Clearly, cuttings
which remain in the flow stream do not become péara bed or accumulation. Mud
suspension properties are important, especiallyoat flow rates and under static
conditions. Cuttings beds, such as those formetiéational wells, can take on a wide
range of characteristics that impact hole-cleamqmegormance. For example, clean sand

drilled with clear brine will form unconsolidate@éds which tend to roll rather than slide
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downwards, and are conducive to hydraulic and nmecélaerosion. On the other hand,
reactive shale drilled with a water-base mud camfthick filter-cake-like beds which

are very difficult to remove without aggressive tgalynamic and mechanical action.

Drill pipe

Figure 9: Cuttings bed in highly inclined well

In horizontal sections, the particles settle intied and do not move from that position until
drill string rotation is reapplied. The slip velycin this interval is perpendicular to the flow
direction of the drilling fluid. One important poimust be recognized, to have a horizontal
interval one must have drilled a build section, #ngs the same challenges and potential
dangers still exist higher up the well. The tramspfficiency or solids removal rate is still
low in horizontal section. Drill pipe rotation aadequate flow rate like already mentioned
in the previous chapter are also essential parenfide transporting the cuttings in the
horizontal sections.

In this section of the hole we have the followitayf patterns:

Stationary bed flomwhen the total flow rates does not generate@luttevelocities required

for the transport of the cuttings, the cuttinggiplas start to accumulate at the bottom of the
hole and create a “stationary cuttings bed” as shiovthe Figure below. The equilibrium
bed height is reached when the fluid viscosity bezestrong enough to transport the cuttings

downstream, not allowing further accumulation.
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Figure 10: Stationary cuttings bed

Moving bed flow When increasing the volumetric flow rates, thisr@ point which the

cuttings break into a slowly moving cuttings bedlaswn in the Figure below.

- G ¢
el Ea e

5 T .
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i

Figure 11: Moving cuttings bed

Dispersed bed flowThe dispersed bed flow normally occurs when oted t7olumetric flow

rate high enough to suspend all the solids pastidéhe liquid as you can see in the figure

below.

Figure 12: Dispersed cuttings bed

Although particles cannot avalanche in the horalosections, pack-offs can still be induced
if the drill pipe is moved axially in the intervalith a cuttings bed present. Hole cleaning
should be perform prior to tripping out of the hale that the drill string isn’t dragged
through a cuttings bed or the cuttings are not gaighp into the build section where
avalanching can occur. Drill pipe pulled througbuttings bed will act like a “bulldozer”,
accumulating cuttings across tool joints, the BHAtthe bit.

The Figure 13 below illustrated the pack-off effiaett appears when tripping out of the hole

in the horizontal section:

Figure 13: Pack-off while pulling the BHA out oftiole
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5.3.2 Hole cleaning during the drilling operations

Hole cleaning problems start when the emploptating parameters fail to efficiently
circulate cuttings to surface. Experience Bhswn that this can occur whether with
rotary drilling or drilling with motors is empyed. The problems have further been
identified in both the drilling phasenda the tripping phase.
These two modes represent two different configematiof cuttings bed build up processes
and hole cleaning practices in the wellbore.
Drilling phase
During the drilling phase, there ian equilibrium cuttings bed height that can b
used as an indication of the efficiency of lloée cleaning by measuring the amount
of cuttings at surface versus the -caledlavolume of cuttings expected to be
generated when drilling out the formation Bgrithis mode even though the bed reaches
a steady state (provided parameters remain unatiariipe cuttings bed height is not
necessarily regularly distributed along dné string. For example, the section
directly above the BHA encounters high volume$ cuttings as the smaller annular
clearance in the BHA generates high mud veloc#pd therefore avoids cuttings
accumulation but this effect is greatly reduced tie drill pipe section resulting in the
immediate settling of the cuttings into beddames.
For this mode then, the hole cleaning performammeesponds directly to the final
equilibrium bed height (provided parametersain unchanged).
Tripping phase
During tripping phase, cuttings can build-up ursiareral conditions:

= Natural sedimentation of solid particlesewimud flow stops

= Dragging of the drill string through etlexisting cuttings bed creates

localized “dunes” of cuttings
= Avalanching of the cuttings when the bedsablished in the critical angle
section (30 - 60 degrees) of the well

For this mode, the hole cleaning performance mtadlto the speed at which the system

decays the cuttings and to the final cuttings teagit
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5.4 Some methods to determine the bed thickness

Two methods are presented in this thesis to highlige determination of the cuttings
bed thickness in the wellbore. The first methodhis empirical correlations and the
second one is the method of Artificial Neural Netksodeveloped by Ozbayoglu et al
(2002). In order to develop a more general emgdiccarelation, which will be valid
for a wide range of conditions, it is essentiatiescribe the variables in dimensionless
form. Thus a dimensional analysis is conductetb d¢fenerally believed that the height
of a cuttings bed is the essential information fowntrolling hole cleaning
performance and a successful drilling operdtién Major independent drilling
variables, which control the development of a agii bed in a wellbore, considered
in these methods are inclination angle, feed cgdtinoncentration, fluid density, a
term representing the apparent fluid viscosity,rage velocity and dimensions of the
pipe and wellbore.

A dimensional analysis is conducted by using thagependent variables in order to
develop dimensionless groups that can be correfatedstimating bed height. After
applying the Buckingham -7 Theorem which is a key theorem in dimensional
analysis, five dimensionless groups are developeddafined as:

71,= C, = volume of cuttings/volume of annulus

n,=a (Eq.20)
7T, = Pret (Eq.21)
A,
m, = D Nge (Eq.22)
U
= g _1 (Eq.23)
\ Nge

5.4.1 Empirical correlation using Least Square Method

The relation between the dimensionless bed areatlamaest of the dimensionless

groups can be written as:
% = f(C.,a,Ng.,N.,) (Eq.24)

Where:
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A, Cross-section flow area of the cutting bed in sqgft
A, Cross-section flow area of the wellbore in sqft
C. Feed cuttings concentration

a Angle in degree versus vertical

N.. Reynolds number

N, Froude number

The relation between each dimensionless group haddimensionless bed area is

presented in the Figure ¥4

Cc

~"h = = = =MNre
/ Nifr

Cc, Nre, Nfr

a 0.2 0.4 0.6 0.8 1
Bed Area f Wellbore Area

Figure 14: Change of each dimensionless group with the dinoshesss cuttings bed area

Flow loop experiments with a simulated drill-strihngve shown that the inclinations
up to 65° degrees do not affect the bed heightsThgclination angle is removed
from the equation above. From the analysis (seer€id4), it is observed that a
possible relationship among these dimensionlesspgie the multiplication form.

Thus, a general representation of the dimensioftledsarea is expressed as:
A)ed - kz ks Ky
A ki (Cc)™ (Nge) ™ (Ng,) (Eq.25)

In order to determine the coefficiekf, experimental data collected at the Tulsa

University flow loop are used. Information estabés from the cuttings experiments
with different muds was analyzed. A set of empiricarrelations was developed
using multivariate regression (Statisfith The least square method is used during

this analysis.
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The following equations are obtained:

For N> 09

A)ed - 4123ZCC )0.0035( N Re) —0.2198( N . )—0.2164 (Eq.26)
A,

For 06 <N <09

A)ed - 07113CC )0.0697( N Re) —0.0374( N o )—0.0681 (Eq27)
A,

For N <06

'ﬁA)(:/d - 10484CC )0.0024( N Re) —0.1502( N o )—0.0646 (Eq28)

The correlation coefficients R= estimated variation/ total variation) for these
equations are 0.8612, 0.9318 and 0.7966 respegtii¢h the perfect match if & 1.
The result of the experimental results and the @ogdicorrelation is compared in the

graph (Figure 15) below, which shows is less acgued N > 0,9 .

|
GB ﬁﬁ:ﬂJ
g 08 : + N=09
£ m 0.6<N<0.9
» 04 ; a N<0.6
b o i
02 JettamepmEeT
- 1
I:I T
0 0.2 0.4 0.6 0.8 1

Experimental

Figure 15: Experimental results versus empiricedetation result$

5.4.2 Artificial Neural Network (ANN) "¢

Another method used to estimates the cuttings bedghh is using the ANN. The
popularity of ANN is increasing due to its wide ganof possible applications, and its
capability of handling the nonlinearities that cahme described by conventional

mathematical functiod& A neural network has a parallel distributed amttiare with
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a large number of nodes and connectfd@onnection points are connected from one
node to another and are associated with a weighsindple view of the network

structure and behaviour is given in Figure 16.

bias

Figure 16: Schematic view of a basic Neural Netw®yktem

Network layers

The input layer: the nodes in this layer are called input unitdiich encode the
instance presented to the network for processingekample, each input unit may be
designated by an attribute value possessed by#tance. In this study, the inputs are
feed cuttings concentration, Reynolds Number amuuée Number; thus, there are
three input nodes.

The hidden layer: The nodes in this layer are called hidden unithjch are not
directly observable and hence hidden. They prowidiglinearities for the network. In
this study, a single hidden layer is used with hatden nodes. The number of hidden
layers and nodes are determined by trial and error.

The output layer: the nodes in this layer are called output umitisich encode possible
concepts or values to be assigned to the instanderiwconsideration. Here, the only

output is the cuttings bed area; thus, there ig oné output node.

Backpropagation

The backpropagation network is a technique thaptadably the most well known and
widely used among the current types of neural netwsystems availabté A

backpropagation network is a multi-layer feed fomivanetwork with a different
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transfer function in the artificial neuron and m@eewverful learning rule. The learning

rule is known as backpropagation, which is a kihgradient descent technique with
backward error propagation. The training instane¢ for the network must be

presented many times in order for the interconpnaciveights between the neurons to
settle into a state for correct classification aput patterns. While the network can
recognize patterns similar to those they have kxhthey do not have the ability to
recognize new patterns. This is true for all supsEd learning networks. In order to
recognize new patterns, the network needs to aimed with these patterns along
with previously known patterns. If only new patterare provided for retraining, then
old patterns may be forgotten. In this way, leagni not incremental over time. This
is a major limitation for supervised learning otwerks.

Reynolds number, Froude number, feed concentratierused as inputs for training
the network. The network determines dimensionlesd lrea using the weight
functions obtained during training.

Comparison done by Ozbayoglu et al (2002) betwesth Imethods describe shown
that ANN estimates the cuttings bed thickness nameurately than the empirical

methods at lower bed thickness. As it is shownhe Eigure 17 below the ANN

estimation follow the perfect match from zero te thigh value of the ration between

the bed area and the total wellbore area.

Estimated

0 0.2 04 06 08 i

Experimental

Figure 17: Experimental results versus ANN re8ults
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5.5 Critical angle in deviated wellbores

Range Angle in degrees
Near-vertical | 0-10

Low II 10-30
Intermediate IlI 30-60

High IV 60-90

Table 2: range based on hole angle

Their keys of consequences are listed here acgptaiangle range:

= Near-vertical and low ranges: cuttings concentnatiare little and there is not

cuttings bed formation.

» Intermediate range: cuttings concentration, bezkti@ss and property for slumping.

= High range: bed thickness and physical charadtevist
The limits of each range should be considered anlguidelines, since all are affected by
bed stability, borehole roughness, cuttings charnatics and drilling fluid properties, among
others. Figure 8 illustrates relative hole-cleandtiifculty based on angle. In vertical
and near-vertical wells, cuttings beds do not fdouot, failure to properly transport and
suspend cuttings can cause fill on bottom or briggn doglegs. In directional wells, the
build section in the intermediate range typicalythhe most difficult to clean, because
cuttings beds can slide or “slump” opposite thealion of flow. Boycott settling which is
explaining on the next page can exacerbate thdgonol$liding tendencies start dissipating
at angles greater than about 60°, due to the pomedsg decrease in the gravitational force

vector.
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Difficulty

0 30 60 90
Inclination (degrees)

Figure 18: Hole cleaning diffiguiersus inclinatioh

All four ranges may co-exist in the same directiomell. For most cases, fluid properties
and drilling practices should strive to minimizeolglems in the most critical interval.
Hole-cleaning factors considered optimum for orterial may be inadequate in another.
For example, requirements differ for large-diamei&sing (which severely limits annular
velocity), the build interval (which promotes cogs-bed formation and sliding) and the
production formation drilled horizontally (which snde shear sensitive and tend to wash
out).

Boycott settling?, an accelerated settling pattern which can occimdiined wellbores, is
named after the physician who first reported tlzatigles in inclined test tubes settle 3to 5
times faster than in vertical ones. Boycott sejtlis the consequence of rapid settling
adjacent to the high (top) and low (bottom) sidesolined well-bores. This causes a
pressure imbalance which drives the lighter, ufipél upwards and any cuttings beds on
the low side downwards. Angles from 40 to 60° adiqularly troublesome At rela-
tively low flow rates, mud flows mainly along thgh side and accelerate or enhance the
Boycott effect. High flow rates and pipe rotati@andisrupt the pattern and improve hole

cleaning.
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Boycott Settling Effects, 1) Cuttings particles are suspended when drilling with
pipe rotation. 2) Once circulation and drill pipe rotation stop, cuttings begin to
settle to the low side of the annulus. 3) Once a critical mass has been
exceeded the cuttings avalanche, leading to a pack-off.

Figure 19: lllustration of the Boycott Settling &tfs in the range of 40 to 60° inclinafion

5.6 Modes of Cuttings Transport in horizontal
section

Based on visual observations of the laboratory mxjgats done in the past work, the
transport process can be categorize while assumpeyfect concentricity of the pipe into

the following flow patterns as shown in the FigR@ebelow :

VELOCITY NCREASES »

THREE-LAYER FLOW

TWO-LAYER : SINGLE-LAYER
FLOW FLOW

NO SOLIDS

MOVEMENT AL ST ot i SUSPENDED
SUSPENSION BED WITH
SUSPENSION
(a) (b) (c) (d) (e)

Figure 20: Schematic representation of differerti@scof transport
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At high flow velocity, mobile particles on the upp®st layer of the bend tend to glide
forward on the top of a stationary bed forming latdd dispersed layer; thus, we have a
three-layer-flow pattern: a stationary bed of plet of uniform concentration, a dispersed
layer in which particle concentration is variedd @m essentially clear fluid flow region on
top as shown in the Figure 20(b). As the flow viyas increased, the intensity of turbulent
eddies grows in strength and eventually reachéage st which these turbulent eddies are
strong enough to lift the topmost particles of dmgpersed layer into the fluid flow region
and carry them in a turbulent suspension modehidistage, we also have a three layer flow
pattern but with a slightly different compositidrah that shown in Figure 20(b). The figure
20(c) shows a heterogeneous suspension layer aoptied a dispersed layer and a uniform
concentration bed that can either be stationargawing in a king of “bloc®. As more and
more particles are picked up by turbulent eddiethadlow velocity further increases, the
bed will get thinner and eventually the bed wiappear, leaving behind a dispersed layer
and a heterogeneous suspension layer. This floierpas hereafter referred as two layer
flow pattern as we can see in the Figure 20(dgllyinwith further increases in the annular
flow velocity, all particles will be transported ithe heterogeneous or homogeneous
turbulent suspension mode. This flow pattern iséfger referred as a single layer flow

pattern as illustrated in the Figure 20(e).

5.6.1 Wellbore geometry in horizontal interval

In order to solve the equations for the determamatif the bed height in the borehole, the
area and contact surfaces for each layer are eeljuMl possible wellbore configurations
can be categorized into six major cases as showreifigure 21. For each layer case, the
area, contact surfaces, etc can be determined ibg basic trigonometry and geometry
equations. The cases 4-6 can normally not happeheirhorizontal section because we
assume that the pipe will be almost every timehatlow side of the borehole wall. The
symbol “e” in the graph below represents the ecioitiyt Eccentricity can be positive if “e”

bigger than zero or negative if “e" smaller tharoze
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Figure 21: Possible wellbore configurations in bamtal intervaf’

5.7 Transport Models used to describe cuttings
phenomena

5.7.1 Model for the prediction of the minimum transport
velocity

This model basically developed by Larsen et al T12hd updated by Mirhaj et al (2007)
describes the calculation of the minimum transpekacity required to ensure efficient hole
cleaning in highly deviated wells.

Experimental setup and procedure

The correlations that have been developed are losiserperimental study in 5 in. full scale
flow loop, which was 35 ft long with a 2.375 intating inner drill pipe. All the drilling
parameters where taking into consideration. Thut#ngs sizes 0.275 in. (large), 0.175 in.
(medium), 0.09 in. (small) and three cuttings besbgities 41, 36, and 39% were used. The
drillpipe eccentricity varied from negative (-62%)positive (+62%) and the three cuttings
injection rates of 10, 20, 30 Iom/min, which copasd to a ROP of 27, 54, and 81ft/hr were
investigated. At the end the model was compardd tivé experimental results giving a good

match.
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Cuttings velocity®
A simple mass balance is assume, where,

Mass of cuttings generated at the bit is equatrtass of cuttings transported to the surface.
Iocut 'qinj = cht 'Ahole'Cconc 'pcut (qug)
From this equation, we can derive the cutting vgl¢¥/, ) as a function of the ROP.

ROP
= (Eq.30)

A 2
1- (p"’e j 36% Cypy,
Ahole

And the same equation can be calculated by ingartithe equation 25 by the pipe and hole

cut

diameter. So, the new equafiamill be:

= ROP (Eq.31)

D. 2
1—(”'”] 36xC,,,
Dhole

Based on the regression analysis a relation wakttuoalculate the cuttings generated as a

cut

function of the ROP Figure 10 can be expressed in terms of cuttiogsentration and
ROP by the equation

C,e = 0.01902x ROP + 0.495 (Eq.32)

The cuttings velocity can now be expressed bytingethe equation 27 into the equation 26

as:

V.. = 1 (Eq.33)

cut D 2
1-| —pee (0.685+ 1782)
D.. ROP

Where,

Y/

cut

is the minimum cuttings transport velocity in fiyfm

D, .. is the hole diameter in inches

hole

Dyipeis the pipe diameter in inches
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ROP is the rate of penetration in ft/min

25

-
-_ o Mo

Concentration %

o
o

0 20 mROP {m'hr]m 80 100

Figure 22: Cuttings Concentration vs Rate of Patietr at the Minimum Transport
Velocity with Positive Eccentricify(+62%}.

This equation confirms that the experimental testse performed according to the
definiton  of the minimum fluid velocity reqeid to maintain cuttings movement. This
equation confirms that the experimental tests vperformed according to the definition
of the minimum fluid velocity required to maintainttings movement. That is the reason for
the interdependence of the mud rheology, the mudhiyeand the angle of inclination
between 55 and 90°.

Equivalent dip velocity (ESV) and itscorrectionsfactors

Using a linear regression of the figure below,E$/ can be represented by:

ESV =0.0052x i, + 310 for p,<55cp (Eq.34)
ESV =0.025% u, + 326 for 1, >55cp (Eq.35)
And the apparent viscosity is given by:

-D

hole pipe )

5YP(D
U, =PV + (Eq.36)

min
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Where

V... Is the minimum transport velocity in ft/sec

PV is the plastic viscosity of mud, cps
YP is the yield point of mud, 1b/106ft

This equation is not a general equation for differaud weights, cuttings sizes and angle of

inclinations. So for this reason the correctiontdex for these parameters have been

introduced.

4.5

ESV (ft/isec)

0 5 101520 25 3035 40 45 50 55 60 65 70 75 80 85 90 95 10
Apparent Viscosity, cp 0

Figure 23:Equivalent slip velocity vs. apparent viscosityeiage of 55, 65, 75, and 90°.

Correction factor for inclination angle

The angle of inclination correction factor was fduoy dividing the experimental Minimum
Transport Velocity mean for the individual anglé§,75, 65, and 55°) by the average of
all angles, as shown in Figure 24 (which shows #mafies ranging from 65 to 80° are

slightly harder to clean) or the equation:

C.yy = 00365x4,, —0.0002x 8, * - 020 (Eq.36)
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55 60 65 70 75 80 85 90
Angle (degree)

Figure 24: Correction factor in inclination aegl

Cuttings size correction factor
The cuttings-size correction factor, shown in Fég5, is generated by dividing the average
results of large, medium, and small cuttings by ¢fithe large cuttings. It is also represented
by the equation:
C,,. = —102x D50, + 127 (Eq.37)
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Figure 25: Correction factor for cuttings Size
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Mud weight correction factor
The correction for mud weight has been based on (#.65 Ibm/gal) and 4 (11.0
Ibm/gal). The test results for mud 5 (15.0 lbm/ga@re not incorporated into this

correction factor since the plastic viscosity,() could not be kept at 14 cp, as the case was

for the two other mud, but rather rose to 28 cpusThhe effect of density was not totally
isolated. Figure 26 below can be used to find threection factor for mud weight, as can
the equations:

Cyw =1-0.333%(p, , — 865) for o, >8.65 (Eq.38)

Cyw =10 for p,, <865 (Eq.39)

The general equation of the equivalent slip vejoeitl be expressed as:

Vgp = ESV.Cyy Cam Cony (Eq.40)

dip

Therefore the minimum transport velocity can bentbiy adding the cuttings transport

velocity and the equivalent slip velocity.

Vmin :cht +Vs|ip (Eq-41)

1.25

=
5]

—_
.

—_
o

Correction Factor

8 9 10 1 12
Mud Weight, ppg

Figure 26: Correction factor of the mud weight
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Resultsand conclusion
Prediction of the model versus the experimentallt®ss examined and the effect the
variables are as follow:
» A higher viscosity requires a larger flow rate &wach the minimum transport
velocity
»= To reach minimum transport velocity a higher veios needed for an increase in
ROP
»= Anincrease in mud weight will improve cuttingsisport
Based on an extensive experimental testing proggathered in a full-scale flow loop,

simple empirical correlations have been developegredictions o/, andV,, .

A sample for the calculation minimum transport egiocan be found in the Appendix B.

5.7.2 New cuttings lifting equation Model

To match the previous work of Larsen, the new egudior the calculation of the minimum
transport velocity in the entire trajectory fromad90° was developed by Rudi Rubiandi et
al*. At angle bigger thafi> 45°, Larsen equation and the new equation of Rudi tjiee
same result, but at the angle lower than45° , the new equation is more accurate than that
of Larsen et al. This new equations take the pfion into considerations.

By the linear regression of the dimensionless iplpttangle correction is obtained as
expressed below, whe@ is the corrected angle:

f<45  Ci= (1+2—3j (Eq.42)
45

6>45, Ci=2 (Eq.43)
Based on the dimensionless plotting between tpevslocity and the inclination for varied

mud density, it is found that density correctioctda can be expressed as:

me:—3+'0rnUd
15

Meanwhile, the RPM correction factor is determirfiemm dimensionless plotting from

(Eq.44)

between the slip velocity based on peden’s metboudaried RPM (rotation per minute) by
linear regression. This correction factor is:

600- RPM
( = Eq.45
Fov ( 600 j (Ea43)
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Minimum velocityV,,, for, vertical, horizontal and deviated well coutelwritten as:

Vmin =cht + (1+ Ci X Crrwv X CRPM )ES/ (EQ-46)

Hence the new equation can be expressed as:

For 6 < 45°,
I - +

V.. =V, +|1+ 9 (600= RPM) X 3+ Prun) ESV (Eq.47)
L 202500

For 8 > 45°,
i - +

V. =V, +|1+ BT RMIX B+ fiy) e, (Eq.48)
L 4500

5.7.3 Annular cuttings concentration prediction

For a given flow rate or operating flow rate, augs will start to deposit in the well bore.

The cuttings accumulation, or cuttings bed, wibwgruntil the open area to flow above the
bed is restricted that the fluid is capable ofgporting out all the cuttings from that area.
Steady state is achieved whenever the cuttingsmikedeither grow nor erode. Then, the

velocity in the open area above the bed is asstonee the same velocity corresponding to
the minimum cuttings transport flow rate to keep liole clean. By first neglecting the flow

through the cuttings bed itself, the assumptionbeamade that:

Vopen = Vinin (Eq.49)
Where,

Vyen 1S the average fluid velocity above the cuttingd bt steady state

V_., is the velocity at which the is no cuttings acclation possible.

In terms of flow rate and the corresponding aremndp flow, the above equation becomes:

QPUmP — Qmin (Eq.50)
A\)pen Aann
Where,

Q. IS the pump or operating flow rate

Q.. Is the flow rate at which the is no cuttings acalation possible.

A, Is the area open to flow above the cuttings bed
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A, is the total area of the annulus.

The area occupied by the cuttings,(, ) can be calculated by the equation:

At = Aamn = Popen (Eq.51)
Q
= Agy| 1- =2 Eq.52
Ao Aann( 0. j (Eq.52)

When taking the cuttings bed porosity)(into consideration the equation 46 becomes:

Au = %{1—%} (1-¢) (Eq53)

The cuttings bed concentratioa((m ), or average cross-sectional area of the cuttmgjse

annulus can be estimated by the following equation:

~ - A:ut - qumpJ
Can = =|1- 1- Eq.54
! ( Q. (1-¢) (Eq.54)

n

This equation 49 is the basis for cuttings conedintr calculations for any given fluid flow
rate that corresponds to a velocity lower then rtiieimum transport velocity. A more
accurate result can be obtained by incorporatingomection factdt from the linear

regression analysis:
Cer_an = 097-0,0023, (Eq.55)
So the cuttings bed concentration becomes:

Ccutt = ECUH X Ccor—cutt (Eﬁ)

The estimated how much of this cuttings are stagsg cuttings bed, we have to assume of

percentage X of cuttings remaining. So,

Cbed = X%x c:cutt (Eq57)
Ay =0 x A Eq(58)
-9 ™
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Having calculated the bed of the cuttings that keithain in the hole, the new hole area and

the hole outer diameter in above the cuttings lbedoe calculated as follow:

Aann—naN = Aann - Abed

2 _Nn2.
Aann—naN = n(D neN_hO;.e D plpe) (Eq59)

Based on the new hole diameter, we can calculageaddiocity of the cuttings flowing above

the cuttings bed and then estimated the minimunsp@rt velocity in that area.

(1- X%)ROP
X% Apipe i
36 1- 1- Coonc
1_(0 Ahole

The flow chart below (shown in Figure 27) summatittee calculating steps needed for the

(Eq.60)

cut-new

estimation of the minimum transport velocity. Tieimum flow rate in the wellbore to
keep the hole free of cuttings and the flow ratevalthe cuttings bed in case of cuttings
accumulation at the low side of the wellbore in deeiated part is also calculated. All this

steps are summarized in the excel sheet in thentippd as a VBA program.
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A 4
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Figure 27: Flow chart of cuttings bed estimation
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6 Drill String Component influencing Cuttings
Removal in Deviated wellbore

In this work, three wells drilled with StamdaDrill Pipe, and one well drilled with the
Hydroclean Drill Pipe are analysed. Others usevarel like Cuttings Bed Impellers and

Helical Drill Pipe will also be discussed.

6.1 Well drilled using Standard Drill Pipe

Drill pipe is arguably the most overlooked and tekar granted component in directional
drilling. The drill string, made up of separatenjsi of pipe, is the link between the drill unit
and down hole components. For the directionalimill pipe must withstand tremendous
forces generated during the drilling and pullbd€#ch length of the pipe must be steered
effectively, yet has sufficient rigidity not to ladeor become permanently bent. Connections
must be durable to resist wear from repeated U3exl5 inches and 5 1/2 inches outer drill
pipe diameter are the most used. The propertitisecd” and 5 2" Standard Drill pipe in

API/SI units are summarised in the table 3 and:tdlas:

5" Standard Drill Pipe
API Units Max. Rated Load (80%
Tensile Load Load)
DP Grade Weight
(in) (Ibsfft) (Ibs) (Ibs)
5 19.5|E-75 395,595 316,476
5 19.5| X-95 501,087 400,870
5 25.6 | E-75 530,144 424,115
5 19.5|G-105 553,633 442,906
5 25.6 | X-95 671,515 537,212
5 50.0 | HWDP 690,750 552,600
5 19.5|S-135 712,070 569,656
5 25.6 | G-105 742,201 593,761
5 25.6 | S-135 954,259 763,407

Table 3: 5” Standard Drill Pipe dfieation in API Units
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5" Standard Drill Pipe
API Units Max. Rated Load
Tensile Load (80% Load)
DP Grade Weight
(mm) (kg/m) (daN) (daN)
127 |E-75 29 176,000 140,800
127 | X-95 29 223,000 178,400
127 |E-75 38 239,900 191,920
127 | G-105 29 246,400 197,120
127 | X-95 38 298,800 239,040
127 |HWDP 74.4 307,000 245,600
127|S-135 29 316,900 245,600
127 | G-105 38 330,300 253,520
127|S-135 38 424,600 339,680

Table 4: 5” StandardIipe specification in SI Units

6.1.1 Field experience

For the purpose of this thesis, four case studeearaalysed to illustrate the effect of the poor
hole cleaning on the Non-Productive Time (NPT).tA#se wells are deviated wellbore and
one of them was drilled with Hydroclean Drill Pig¢DP) and the three other with Standard
Drill pipe. The directional drilling data, the opéion company end of the well report were
analysed in order to identify the problems relatgith the cuttings removal and calculated
the Non-Productive Time (NPT) per day due to thergwle cleaning. The NPT in these
analyses are obtained from the directional dailirdy report by adding the back-reaming
time, wiper trip time, sweeps utilization time, aaitithe lost time to get the drill string free
in case of stuck pipe. And all the other drillmgerations are summarized as the Productive
time (PT) and are not of interest in this thesi®ese wells are: Well P, Well H, and Well G.
In these three wells, standard S135, and G105piodis of 5 inches outer diameter were

used from the top of the BHA to the surface.

Well P

The deviated part of the well P was drilled in ®8extions, the 12 ¥4” section drilled from
450 meters to the measured depth of 1416 meterthar8l 22" section drilled from 1416
meters to the Total Depth (TD) of 2245 meters. Battom Hole Assemblies were run

from top to bottom of the hole to reach the TD.
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First section 12 %4” open hole section

* The trajectory of the wellbore is a build and htylde, and the section is drilled in

sliding and rotating mode.

* The Standard Dirill pipe of 5 inches, S 135 grade,5lppg, 4, 276 ID and Heavy
Weight Drill Pipe of 5 inches are used from the ¢adfhe BHA to the surface

* The Kick Of Point (KOP) is at the depth of aboud 40eters
* The start drilled from vertical to end up with Zginclination at 1416 meters.

* At 500 meters, the hole inclination reach 30°. Amel BHA composes of PDC bit,
Motor, MWD tool, Drill Collar, and HWDP with a letig of 330 meters were used

for the section.

e The sliding time in this section is 181, 1 hourd #me average sliding ROP is 7, 60

meter per hour. The section is drilled with a tdadays.
* The maximum Torque on bottom reach while drillihig tsection is 16000 N-m.
* Flow rate vary from 2500 to 2800 liters per minatel the rotation is around 50 rpm.

* Mud type is a KCO; polymer mud, with Specific Gravity between 1,138G
1,22SG, the PV of 20 cp, YP of 25 Ib/100 sqft dreiscosity of 55 cp.

* The pump pressure on bottom varies between 1836bars.

* The maximum dogleg severity which represents thigl/dwop and turn rates was

about 8°/30m and the average dogleg in the seati6n2°/30m.
» The formation in this well is mainly clay formation
Second sectiarB 2" open hole section

» The section is drilled with a Rotary Steerable &ys{RSS) 1416 meters to the TD
of 2245 meters.

» The Standard Dirill pipe of 5 inches, S 135 gradepfg, 4, 276 ID and Heavy
Weight Drill Pipe of 5 inches are used

» At about 2100 meters the well is horizontal, with €nd inclination of 90°.
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» The flow rate varies from 1700 to 2100 liters panute which is less than the first

section and the rotation of the Standard Drill R§gacreased at 70 rpm.
» Back-reaming rotation speed is at 45 rpm

» The mud type is the same as for the first sectiohtae specific gravity varies from
1,10to 1, 18 SG with a PV of 33 cp and YP ofld&00sqft.

» The formation type is this second section is dotethay the clay formation
* The Torque on bottom varies 14000 N-m to 18000 N-m

» The dogleg severity which represents the build/drgbturn rates of this section was
about 5, 96°/30m

» The section of this well is drilled in 10 days amdy in the rotation mode.

» The BHA is composed of PDC bit, Motor, MWD tool, Déhd HWDP with the

length of about 485 meters and three runs weretasdill to the TD.

Well H
The well H is drilled from 450 meters to R5heters with a KOP at 400 meters

« The 8 %" section will be for interest, and staonfr450 meters to 2100 meters

* The Standard Drill pipe of 5 inches, G 105 gradepfg, 4, 276 ID and heavy

weight drill pipe of 5 inches are used in this mect
* The well start at 10° inclination at 450 meters and up with 46° at the TD

e At 1100 meters, we reach 46° inclination, and whigs held till the end of the

well.
* Atthe measured depth of 500 meters we have ar ahgbout 30°.

* The flow rate is about 1800 to 2000 liters per ri@rand the rotation varies around

a minimum of 40 rpm and a maximum of 60 rpm.

* The mud type is Oil Based Mud with the specificvgyavarying from 1, 15to 1,
22 SG and the PV of 24 cp and YP of 25 1b/100 spift.
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The formations are alternated between limestond, stale and dense limestone

in this section
The pressure varies from 130 to 185 bars and theatmon is a clay formation.

The section is drilled in 9 days with 6 BHA rundtwihe length of 425 meters for

each.

The dogleg severity which represents the build/dmog turn rates of the section

was about 6, 2°/30m

The sliding time is about 170, 5 hours and theamesliding ROP is 4, 63 meter

per hour.

Well G

The well G is a geothermal well. The drilling dafahis well are summarised as follow:

The section is 12 %" open hole drilled from 1023arseto 1725 meters with a KOP

at approximately 700 meters.

The wellbore trajectory is a build-hold-drop typed at 1000 meters we reach an
inclination angle of 30°. The maximum angle ofath#6° is reached at 1500 meters

which was held till the measured depth of 1625 raete

The Drill pipe of 5 inches, S 135 grade, 19 pp@ 78 ID size is used form the BHA
to the surface, and the BHA is about 415 metergien

Up 1625 meters, the inclination angle starts tgpdmod reach 29° of inclination at
the TD.

The torque on while drilling this section variesviieen 18100 Nm to 22000 Nm.

The flow rate varies between 2300 liters per mirauteé 2800 liters per minute and

the rotation varies between a minimum of 35 rpmraagimum of 80 rpm.

The formations are alternated between limestond, slele and dense limestone in

this section

A polymer mud with the specific gravity betweer02,to 1, 09 SG, PV of 15 cp and
YP of 24 1b/100sqft are used.
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* The average dogleg severity of the section whiphesents the build/drop and turn

rates was about 8, 52°/30 m

* The sliding time is 92 hours and the average gitROP is 4, 90 meter per hour.

This section is drilled within 17 days.

6.1.2 Most related problems with Standard Drill Pipe

During the drilling process in the high deviatedtiem, following problems are common
while drilling with the standard drill pipe based dhe field experiences and field

observations:

» Poor hole cleaning at the lower part of the welisrcommon in the section higher

than 30° inclination angle
» Poor agitation of the cuttings to the high sidéhefwellbore

» Reduction of the penetration rate after cuttingsfoemation

6.1.3 Economic evaluation

Based on the both daily drilling report and endhef well report of the operation company
and the service company (Weatherford), many weiled with standard drill pipe were
carefully analysed. In order to make the economwéuation, a linear regression analysis of
the Non-productive time (NPT) of all the data otles drilling depth were performs. The
NPT in this analysis correspond to the back-rearting, wiper trip time, sweeps utilization
time, and all the lost time related to the pooehtéaning like already mentioned. A safety
margin of 20% is used in the correction of the wWlated cumulative NPT to allow more
accuracy of the results. The connection time aadtinvey time are for example considered
as PT. In this thesis two sections of the wellbeeee analyzed, the 12 ¥ inches section, and
the 8 %2 inches sections. In each section, the N&ly and PT are calculated per minute (per
hours), for a daily meter depth drilled. Havingccddted the NPT for each day, the total
NPT for the section will be calculated and conweid cost in order to evaluate the losses
(cost) due to the poor hole cleaning. As alreadytimeed into the previous chapter the

depth below 30° of inclination from the verticakisnsidered to be trouble less, and without
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cuttings accumulation problem. The section of egerfor this performance analysis is

between 30° to 90° inclination from the vertical.

wel P
12 Y4 inches sectian
The 12 ¥4” section of the well P is drilled to tlogat depth (TD) of 1416 meters and the end

inclination angle of 79° from the vertical. Frontd0500 meters, the inclination is below 30°

and from approximately 500 to the TD of 1416 methesinclination exceeds 30°. The
Figure 28 showed the change of the cumulative N&$ug cumulative drilled depth in the
12 Y4 section of the well P. The blue dotted aredus the graph to show the real NPT per
cumulative depth. The pink line represents the ipiedl cumulative NPT over the

cumulative depth after regression analysis. Andyllow line represents the corrected

cumulative NPT which takes into the consideratiom lboss none related to the poor hole

cleaning.
< real cum NPT
WELL P section of 12 1/4" —— Predicted cum NPT
80,00 corr predicted cum NPT
70,00
/

60,00
— *
%]
é 50,00 - .
|_
o 40,00
z <
£ 30,00 >
O /

20,00 .

10,00 -

*
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Cum depth drilled (m)

Figure 28: Cum NPT versus Cum depth drilled ofithé/ “section of the well P

The x-axis represent the cumulative depth drilledva 30° of inclination, and the y-axis
their cumulative daily NPT due to poor hole clegnirt the end of the section the

cumulative NPT after correction is about 53 hras B0 % of safety factor are used to make
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the analyse more accurate because not all thetedplosck-reaming, wiper trip, etc... are
due to the poor hole cleaning.

The equation for the calculated pink line ( cumualNPT) can be expressed as follows:
CumNPT (hrs) = 0,0979* Cumdepth —-15,67 (Eq.61)

And with the 20% safety factor the equation become:

CumNPT (hrs) = 0,0783* Cumdepth-1254 (Eq.62)

By comparing the factors that multiply the cumwatdepth, we can be able to deduct the
efficiency of the hole cleaning in the section.ifSee have less NPT this means that we also
have less hole cleaning problem, less time losgewdrilling the section. And the figure
below shows us the behaviour of the NPT per meigr day.

The figure 29 (below) shows how the NPT variesmeter in this section. The three first
days we have an increase of the NPT/m, and whicledse again at the end of the section.

So no conclusion can be taking actually with thigtien.

Well section of 12 1/4" ¢ Real NPT/m

0,350

0,300

0,250

0,200

0,150

NPT/m (hr/m)

0,100

0,050

0,000 * T T T
0 200 400 600 800 1000

Cum depth drilled (m)

Figure 29: NPT per meter versus Cum depth drilfetlen12 ¥4 “section of the well P

Cod analysis:
The following drilling cost due to the poor holeahing has been calculated for this critical

12 ¥,” section, on the basis of well report timeakdown analysis for the well P.
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The prices uses in the economic evaluation arstantlard, but just assume for the purpose
of this work. The 12 %" section of this well wadldd within a total of 9 days. The total
NPT during the 9 days are calculation and evalaatest in the table 6 (below):

Rig rate per day: 40,000 $/day

Daily production rate: 500 bbl/day

Days Drilled | NPT(hours) | NPT(days) NPT Cost

9 54,38 2,26 90.400%
Table 6: Cost of the NPT at the end of the section

The late oil production interest of the field matgo be estimated in order to give a good
idea about the total amount loss at end job byperation company. The table 7 (below)

give of summarize of the cost and days losses:

Actual price per Barrel 90,00 $
Late production days 3,20
Production per day(bbl) 500
Loss production interest due
to poor hole cleaning 144.000 $
Late production interest
(10%) 14.400 $

Table 7: Total amount loss for the 12 ¥4"section

The total amount loss at the end of this sectiomefwvell is about 104.80within 9 days

which represent a huge amount of money.

8 %2 inches sectian
This section of the well H is drilled from 1416 met to the Total Depth (TD) 2245 meters,
with 79° of inclination at the TD. The same lineagression analysis is made (i.e. the 12 %"

section) with the 8 %2” hole section and the Cum NRive can be generated with the

equation:

CumNPT = 01306* Cumdepth —17,609 (Eq.63)
And with the safety margin of 20 % the equatiori bl as follow:

CumNPT = 01045 Cumdepth —14,087 (Eq.64)
Where,
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Cum.NPT : represents the cumulative non-productive failked interval cumulative

Cum.depth : represents the cumulative interval drilled

The analyze of this field data start at the intedrdled above 30° of inclination which in
present situation is 143 meters. The graph in ithed 30 shows that at the end of the
drilling section, the cumulative NPT in the fieldded on the analysis used is about 65 hours.
The blue dotted are used in the graph to showedleNPT per cumulative depth. The pink
line represents the predicted cumulative NPT dwectumulative depth. And the yellow line
represents the corrected cumulative NPT which takesthe consideration the loss none

related to the poor hole cleaning.

. ¢ Cum NPT
WELL P section of 8,5 Predicted cum NPT
120,00 Corr predicted cum NPT
100,00 .
80,00
n . .
4
c 60,00 /
>
O
40,00
. *
20,00
*
0,00 T T T T
0 200 400 600 800 1000
Cum depth drilled

Figure 30: Cum NPT versus Cum depth drilled of&hé “section of the well P.

The figure 31 represents the NPT per meter of dutias. The blue dotted points are the
NPT/meter in each interval drilled per day. Theimimm NPT/meter is about 0.03 m/h for the
third day and 0.28 m/h reach in the 6 days.
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Well P section of 8,5" o Real cum m/hr
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Figure 31: NPT per meter versus Cum depth drilfetie 8 %2 “section of the well P.

Cost analysis
For this section of the well, the job was done inittll days.
The expenses due to the NPT are listed in the &lbdesed on the same input as in the first

section. The table 8 summarizes the only NPT ibkat¢he poor hole cleaning action on the

rig site in 11 days drilled, and the correspondidditional rig cost.
Rig rate per day: 40,080ay
Daily production rate: 500 bbl/day

Days Dirilled

NPT (hours)

NPT (days)

NPT Cost

11

71,21

2,96

118.400 $

Table 8: Cost of the NPT at the end of the 8 Yal@act
The table 9 resumes the calculation of the totabuanhloss in this section of the well.

Assuming the price of a barrel oil today at 9%0the late production interest after a certain

years of production will be add to the rig costdita give us and idea of the total losses.

Actual oil price per Barrels 90,00 $
Late production days 3,28
Production per day(bbl) 500
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Loss production interest due to poor
hole cleaning 147.600 $
Late production interest (10%) 14.760 $

Table 9: Total amount loss for the 8 Y2"section

The Total amount loss due to the hole cleaninglaathte oil production interest of this 8

Y5"section is 118.408 for the 10 days required to drilled the section.

wel 2: weall H

8 ¥ inches sectian

The well H is a deviated well with a TD of 2550 erstand with 67° of inclination angle at
the Total Depth. Only the 8 %2” section of this welanalysed because it is the section where
we can have hole cleaning problems based on tketofkll drilled in the region. The other
sections of this well will not be of interest fdret analysis. The daily NPT and the PT are
calculated in the same manner as in the well Hed®am the regression analysis, the
equation obtained can used for the 8 ¥2” sectiahisfwell. Per section, they are just one
equation that can be applied for the calculatiothefcumulative NPT. This predicted line
obtained with the by plotting the cumulative NPTrsuss the cumulative interval depth
drilled is a tool for the comparison of the cleangfficiency of the well.

The equation obtain for the predicted cumulativd MRhe follow:

CumNPT = 0,0470* Cumdepth — 7,345 (Eq.65)

And with the safety margin of 20 % the equatiori bl as follow:

CumNPT = 0,0376* Cumdepth - 5,876 (Eq.66)
Where,

Cum.NPT : represents the cumulative non-productive failked interval cumulative

Cum.depth : represents the cumulative interval drilled

From the equation (with 20% safety), with the cuastiué metrage drilled of 2030 meters,
the maximum NPT at the end of the section is aBo4 hours. The blue dotted are used in
the graph to show the real NPT per cumulative déftk pink line represents the predicted
cumulative NPT over the cumulative depth. And tledloy line represents the corrected
cumulative NPT which takes into the consideratiom lboss none related to the poor hole

cleaning.

Trésor SONWA LONTSI 64



Drill String Component influencing Cuttings Removal in Deviated wellbore

WELL H section 8,5"
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Figure 32: Cum NPT versus Cum depth drilled of8ké “section of the well H

The graph of the figure 33 below represents the N&Tmeter of this 8 %2” section. The

NPT/meter in this section is increasing with deptit varied depending of a lot of

parameters like formations, drilling practice, at&b poor hole cleaning. The dotted points

represent the NPT/m drilled in each day. In thigtise the NPT/m has a tendency to

increase with drilled depth and inclination.

Well H section of 8,5"
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Figure 33: NPT per meter versus Cum depth drilfeen8 ¥ “section of the well H
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Cost analysis

The 8 %2” open hole section of the oil well H walett in 17 days. The cumulative NPT is
converted into cost to be able to estimate the @oanimpact of the poor hole cleaning.
After having calculated the total NPT in this sectof the wellbore, the total losses are
calculated based on following data (See also tHhjle

Rig rate per day: 40,06@ay
Daily production rate: 500 bbl/day

Days Drilled| NPT(hours) | NPT(days) NPT Cost

9 70,44 2,94 117.600 $
Table 10: Cost of the NPT at the end of the 8 Uisec

They are addition cost due the late production h&f well that must be taken into

consideration, which can be estimated as in tHe fdb

Oll price per Barrels 90,00 $
Late production days(day) 2,40
Production per day(bbl) 500
Amount Loss due to poor
hole cleaning 108.000 $
Late production interest (10%) 10.800 $

Table 11:Total amount loss for the 8 ¥2"sectibthe well H

The total amount loss due to poor hole cleaninglatedproduction interest of this well is
estimated at 128.4G0

wdl 3: Wel G
The well G is drilled the starting depth of 1000tene to the end at the TD of 1742 meters.

The maximum angle of the well path is about 45° #rel target is reached at 30° of
inclination. The well in this section has a holendeter of 12 ¥4”, whereas the depth at about
1050 meters has 30° of inclination. The cumulati¥®T is predicted based on the equation
obtained from the regression analysis with the aua

Cum.NPT = 0,084* Cum.depth-0,410 o&7)

Trésor SONWA LONTSI 66



Drill String Component influencing Cuttings Removal in Deviated wellbore

And with the safety margin of 20 % the equatiori bl as follow:

CumNPT = 0,068* Cumdepth — 0,328 (Eq.68)
Where,

Cum.NPT : represents the cumulative non-productive failked interval cumulative

Cum.depth : represents the cumulative interval drilled

The Figure 34 (below) shows the cumulative NPT,dteglicted cumulative NPT and the
corrected predicted cumulative NPT versus the catiwel depth drilled. The blue dotted are
used in the graph to show the real NPT per cumelatepth. The pink line represents the
predicted cumulative NPT over the cumulative depihd the yellow line represents the
corrected cumulative NPT which takes into the afersition the loss none related to the
poor hole cleaning. These NPT are determined basduke drilling report and corrected by
20% of safety margin due to the less accuracy efdily for such analysis. As already
mentioned the NPT include all the losses time duke poor hole cleaning in the section. In
the analysis as already mentioned before, the gmabthat are not in the direct relation with
the gaining metrage during the drilling operatite lpump failure, top drive problem and
others, are not consider as NPT. In this case wanss the some cases the working day
(NPT plus PT) less than 24 hours. The total NP € lseabout 48, 23 hours

¢ Real cum NPT

WELL G section of 12,25" —— Predicted cum NPT
Corr predicted cum NPT

80,00

70,00
60,00

0/
50,00 /
40,00 o

30,00 /
/ *
20,00 O *

10,00 ‘7/

0,00 T T T
0 200 400 600 800

Cum depth drilled (m)

Cum NPT (hrs)

Figure 34: Cum NPT versus Cum depth drilled ofitké “section of the well G

Trésor SONWA LONTSI 67



Drill String Component influencing Cuttings Removal in Deviated wellbore

The blue dotted points represent the real cumelaWT of this well. The pink line
represents the predicted cumulative NPT above 3(hdtination and the yellow line
represents the corrected predicted cumulative I[SBTwe can see that the poor hole cleaning
really affect and increase the amount of the cost.

The figure 35 (below) represents the NPT per nadtéine section. The blue dotted points
represent the NPT/m in each day. So in the firgt @& have drilled almost 50 meters and
have lost 0, 04 hour per meter. This time lossagemelated to the ROP than the inclination
angle in this case. The maximum NPT/m is about#On/r and the minimum at 0, 02 m/hr.
This NPT/meter doesn't increase with the depthiadkéhation in this section. The goal of
this analyse is to finger out if the NPT/m will iease proportionally with the depth and

inclination?

Well G section of 12,25"

¢ Real NPT/m

0,16

0,14

0,12

0,10 R

0,08

NPT/m (hr/m)

0,06

L 4

0,04

0,02 *

0,00 T T T T T T T
0 100 200 300 400 500 600 700 800

Cum depth drilled (m)

Figure 35: NPT per meter versus Cum depth drilfetled12 ¥4 “section of the well G

Cost analysis

This well was a geothermal well, so just the mgetilosses will be consider for the economic
evaluation. The total NPT is also calculated ant/eded into cost. The table 12 shows the
total amount losses after 8 days required tottiellsection.

Rig rate per day: 40,0G0day
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Days Drilled | NPT(hours) NPT(days) NPT Cost

8 48,23 2,01 80.400 $
Table 12: Cost of the NPT at the end of the 12 tfize

The late production interest is not calculate is thell because is a geothermal well. The

total lost due to the poor hole cleaning of thikehio the 12 ¥%” section is about 80.400

Result and conclusion

The total NPT of the each of these three wellsyaeahbove 30° inclination for this work is
significantly high. This result will increase thellthg cost and bring us to the question: if
this high NPT is due to the drilling practice, e down hole drill string component used, or
both? After the economic evaluation of the thresyais in this thesis, it can be seen that the
hole cleaning must be further analyse in ordeetluced this huge amount of loss. For these
reasons an alternative has to be found such agrikwstring components to try to reduce
the drilling cost and the daily NPT. For this pwepin the next chapter an economic
comparison between the losses due to the NPT whitey Hydroclean Drill Pipe will be

analysed in the same area as well G, and H.

6.2 Wells drilled using HydroClean Drill Pipe

6.2.1 HydroClean

In order to optimize the hole cleaning performandgatherford has brought into the
industry a complete hole cleaning system. The ingmcsystem incorporates Hydroclean
technology, a tool to maximize the mechanical ©g#i recirculation system. The
Hydroclean system has been developed in thregddifféypes, each integrating both the
Hydro-mechanical Cleaning Zones and Hydro-dynanBearing Zones, or only the profile
for hydro-mechanical cleaning. These tools are:
(1) Hydroclean Drill pipe which has the main fuoas as follows:

= Optimized the hole cleaning

» Reduced the differential sticking

» Reduced torque and drag

= Improved hydraulic performance
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(2) Hydroclean Heavy weight Drill pipe with almalse same functions as the drill pipe to:

= Optimized the hole cleaning

» Reduced the differential sticking

» Reduced torque and drag
(3) and finally the Hydroclean Lo Torque Sub (Wi not developed in this thesis) which,

» Reduced torque and drag

» Reduced the casing wear and can be used in caspdrohole
Design principles
The Hydroclean profile is designed with two diffierezones, the Hydro-mechanical
Cleaning Zone (HCZ) and the Hydrodynamic Bearing&Z¢HBZ), which interact and
provide the two basic effects of the profile; holeaning and reduction of friction factor
between the bearing areas on the modified dridiggipment and the borewall.
By design principles, the Hydroclean profile is @ambination of angles that work in
harmony to provide a number of affects resultinthim cuttings being re-introduced into
the flow stream.
There are two different alterations of flowing lipatterns corresponding to the two
different zones of the profile, where there is @rbymechanical cleaning effect and a
hydrodynamic bearing effect. In order to have advetinderstanding of the effects
developed by the profiles, the following will fingtdescribe the principles of the

geometry.

Hydro-mechanical Cleaning Zone (HCZ)

The profile at the hydro-mechanical cleaning zoreatdres three construction

anglesa,., B, and y,.angles. The geometry of this profile is composedfioé
grooves, making ther,. angle relative to the x-axis of the equipment amashin the

Figure below.These grooves are set at pre-determined anglég taxis of the drill pipe
and are optimized for normal drilling rotationaksg between 80 rpm and 120rpm.The

grooves feature @,. negative angle, called negative leading edge angfming in the
direction of the rotational spe€d, while the opposite anglg,. creates a positive
angle. The maximum outside diametBy, of the Hydro-mechanical Cleaning Zone

(HCZ) is always smaller than the minimum diametethe hydrodynamic bearing zone

(HBZ). This will ensure that the hydro-mechanicahe will never be in contact with
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the bore wall, as contact is at the larger diametehe Hydrodynamic Bearing Zone
(HBZ).

High welocty zone

4"-""'-__'—-_—_—:14 annular

Hydrodean
recirculating zoné

Final cutting

bed height

Cynamic
Recirculation

Twa zones of full scooping
and lift of cuttings

Initial cutting
bed height

Figure 36: Hydroclean Cleaning Zone (HCZ)

Hydrodynamic Bearing Zones (HBZ)

The profile of the Hydrodynamic Bearing Zone alss lfive grooves, which are aligned
with the five grooves of the Hydro-mechanical Clegn Zone (HCZ). The
hydrodynamic bearing zone sections have positige eshglesd, and 8, as also shown

in the Figure 34The depth g, and width of the Hydrodynamic bearing zone grooves
decreases from inlet to outlet, in order to provadeontinuous decrease of the passage
areas inside the grooves. The inlet groove on ¥deddynamic bearing zone is aligned
with the outlet groove on the hydro-mechanical mleg zone. External grooves, at inlet
and outlet angles, enhance the geometric contifgityeen the external surfaces of the

drilling equipment and the profile itself. The hehnglen,., of the hydro-mechanical

cleaning zone will be smaller than the helix anglg of the hydrodynamic bearing

zone. In order to have a continuous axial bearifglewrotating the inclination
anglea,,, of the profile ensures a ‘tight' design configuoati This “nose coned”

shaped design are just on the second generatidheohydroclean, and are used to

decreases friction thanks to a fluid bearing eftexttveen the pipe and the borehole.
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Figure 37: Hydrodynamic Bearing Zone (HBZ)
The two zones of the profile are usually machinegether on the outside of drilling
equipment, although separate utilization of eacteze possible depending on the primary
function of the drilling tools. It should be notésbwever that the performance of the
hydrodynamic bearing zone (HBZ) will be enhancedemvhit is used with the
hydromechanical cleaning zone (HCZ), which williopze the fluid charge at the HBZ.
The Figure 37 below shows the combination of bo@zFand HBZ in a first generation

HydroClean Drill Pipe and the different positivedaregative angles mentioned before.
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Figure 38: First generation HydroClean profile

Effect of Hydroclean on solid particles

The combined action of the rotational speed, it flate and the features of tHEZ and

HBZ will produce several effects on the cuttings lyimgthe low side of the wellbore like:

o Lifting effect: As the negative angle rotates over a solid geytit is down up into

the groove by the venture effect created by thdingeangle as in the Figure 35.

The particles are then held in this vortex and resiaside the groove cavity due to

the forces created by the vortex.
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Solid particle
in the groove cavity

Figure 39: Lifting effect of a solid particle

o Scoop effect Almost similar to the lifting effect, the scoofifeet is a simple
mechanical action where the negative angle digsthi bed and the particles are
scooped up and held in place by the same ventteet.alThis phenomenon is

illustrated in the Figure 40.

rotation

Figure 40: Scooped effect of a solid particle
o Archimedian Screw Effect Once the particles have been held in place by the
venture effect, the rotation of the drill pipe vdlive them upward. This archimedian
screw effect is enhanced as a result of workingoaimbination with the negative
angle and the angle at which the angle at whiclgtbeve have been offset to the
pipes XX axis otherwise the particles would singa#jtle back to the low side of the

hole. This effect is also illustrated in the Figddebelow.
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Solid particle held
in place

rotation

Figure 41: Archimedian screw effect of a solid ichet
o Particle Boosting and Re-circulatingHere, the particles which are initially pulled

into the groove, are accelerated along the profilde sliding to the opposite side
where they are propelled and deflected back imtuletion at an increased velocity
as a result of the combination of the archimedaiavs effect, the actual rotation of

the drill pipe and the variable depth of the grooleis effect is illustrated in the
figure 42(below).

Solid particle

rotation
Figure 42: Re-circulation effect on a solid patticl
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6.2.2 Application of HydroClean

The Hydroclean Drill Pipe has been specially dexigto run in conjunction with the
standard drill pipe for use in extended reach waetl other non —conventional wells. The
tool can be run in cased as also open hole wetl®uti considerably increasing the friction
forces between the borehole wall and the pipe. filielength joint of 31 feet of the
hydroclean drill pipe has three central upset @adrtechanical strength meets or exceeds
that of the S135 standard drill pipe. The hydratlisasuitable to be place one joint every 90
to 100 feet in problem area and in the inclinatiagle above 35 degrees from the vertical.
The heavy weight drill pipe hydroclean is also gesd to be run along with conventional
heavy weight and a full length joint is composedvwad central upset. The rugged design of
the two extended hydroclean sections makes itlydsaited to assist with hole cleaning in
the BHA. Experience for the Weatherford crew hasashthat placing hydroclean heavy
weight as near as possible to the large outer derB&A components and one joint every
90 feet provides maximum hole cleaning performance.

HydroClean specification data

The hydroclean drill pipes and hydroclean heavyghtedrill pipes (shown in Figure 43) are
constructed in different sizes, ranging from 3 &hes to 6-5/8 inches body outer diameter as
illustrated in the table 13. These data are vepomant in the field to avoid fishing problem

in case of a lost in the hole of one part of thdrbglean tool during the drilling process.

HYDROCLEAN DRILL PIPE
Size
Feature 31/2in |5in 51/2in |57/8in |65/8in
A | Body OD 31/2" 5" 51/2" 57/8" 6 5/8"
B | body ID 21/2" 4" 41/2" 4 3/4" 5 5/16"
C | Tool Joint OD 5" 65/8" | 7" 71/4" 8"
D | Tool Joint ID (NC50) 21/4" 3" 31/2" 4 3/8" 41/4"
E | Dual OD 55/8" 7" 7 3/4" 8" 8 3/4"
F | Dual OD Length 6" 51" |51/2" 51/2" 51/2"
G | Bearing Zone Length 8" 8" 8" 8" 8"
H | Bearing Zone OD 5 5/8" 7" 7 314" 8" 8 3/4"
| | Hydroclean Length 12" 12" 12" 12" 12"
J | Max. Hydroclean OD 51/8" 6" |71/4" 71/2" 8 1/4"
K | Central Upset Spacing 7'6" 76" |7'6" 7'6" 7'6"
L | Joint Length(ft) 31 31 31 31 31

Table 13:HydroClean Drill Pipe spéaxition
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Figure 43: Left Hydroclean Drill Pipe and right Higdlean Heavy Weight
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And this table 14 is also represented the Hydrockgecification but in metric units.

HYDROCLEAN DRILL PIPE

(mm) 31/2in |5in 51/2in |57/8in |65/8in
A |Body OD 88.9 127 139.7 | 149.225 | 168.275
B | body ID 63.5 101.6 114.3 | 120.65 | 134.938
C | Tool Joint OD 127 168.275 | 177.8 | 184.15 203.2
D | Tool Joint ID (NC50) 57.15 76.2 88.9 |111.125| 107.95
E | Dual OD 142.875 | 177.8 | 196.85 | 203.2 222.25
F | Dual OD Length 152.4 139.7 139.7 139.7 139.7
G | Bearing Zone Length 203.2 203.2 203.2 203.2 203.2
H | Bearing Zone OD 142.875| 177.8 | 196.85 | 203.2 222.25
| | Hydroclean Length 304.8 304.8 304.8 304.8 304.8
J | Max. Hydroclean OD 130.175| 165.1 | 184.15 | 190.5 209.55
K | Central Upset Spacing 2286 2286 2286 2286 2286
L | Joint Length 9448.8 | 9448.8 | 9448.8 | 9448.8 | 9448.8

Table 14: HydroClean Drill Pipe specification intme units

And the two others table 15 and table 16 repredethie lists of the specifications of the

HydroClean Heavy Weight Drill Pipe run in the dstring and mostly run in the BHA is

used to increase the weight at the bit while dglli

HYDROCLEAN HEAVY WEIGHT
Size

Feature 31/2in | 31/2in 5in 51/2in 51/2in | 65/8"
Nominal OD 31/2" 31/2" 5" 51/2" 51/2" 6 5/8"
Connection* NC 38 WT38 | NC50 | FHDSTJ HT 55 FH
Tube ID 21/16" | 21/16" 3" 3 3/4" 33/4" | 41/2"
Central Upset
oD 5" 5" 6 5/8" 7" 7" 8"
Tool Joint OD 5" 5" 6 5/8" 7" 7" 8"
Tool Joint ID 21/16" | 21/16" 3" 3 3/4" 3 3/4" 41/2"
Weight(lb/ft) 31.15 31.15 57.97 58.42 58.42 82.97
Length(ft) 31 31 31 31 31 31

Table 15: HydroClean HeavyiglieDrill Pipe specification in imperial units
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HYDROCLEAN HEAVY WEIGHT
Nominal OD 88.9 | 88.9 0 139.7 | 139.7 | 168.275
Connection* NC 38 | WT38| NC50 | FHDSTJ | HT55 | FH
Tube ID 52.388 | 52.388 | 76.2 95.25 | 95.25 0
Central Upset OD 0 127 | 168.275| 177.8 | 177.8 | 203.2
Tool Joint OD 127 | 127 |168.275| 177.8 | 177.8 | 203.2
Tool Joint ID 52.388 | 52.388 | 76.2 95.25 | 95.25 | 114.3
Weight(kg/mm) 0.045 | 0.045 | 0.082 0.084 | 0.084 | 0.119
Length 9448.8 | 9448.8 | 9448.8 | 9448.8 |9448.8| 9448.8

Table 16: HydroClean HeavyigtieDrill Pipe specification in metric units

6.2.3 Field data analysis and result

One well drilled with HDP in the jungle of Peru America was analysed to make a
technical and economical comparison with the wehlided with Standard Drill Pipe. This

well was an oil field well and the characteristi€she well are as follow:
WELL C

The operator company of this well due to the expee of poor hole cleaning in the region
decided to use the HDP to increase the cuttingsvaimThe well is drilled from the KOP

200 meters to the TD of 3522 meters by Weatherford.
* At 880 meters we have an angle of 47° inclinatiah this is constant to the TD.

* The trajectory of the wellbore is a build and htylpe and the inclination of 30° is

reach at 550 meters measured depth.

« The BHA was about 489 meters and with that BHA, tireent section of 2952

meters MD was drilled.

e The flow rate was between 1700 and 2080 litersypeute and the rotation varied
from 80 to 110 rpm.

Oil Based Mud with the specific gravity of 1, 3& Svas used and the pressure on

bottom was about 172 bars.
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+ The formations was alternated between limestond, siale and dense limestone in

this section
e The torque at the surface was between 19000 N-r226@D N-m.

* For drilling this well, 42 joints of 5" Hydrocleabrill Pipe (HDP) and 3 joints of
Hydroclean Heavy Weight Drill Pipe (HHW) were addedhe drill string.

e 3 HHW run in the BHA and 42 HDP run from the toppdBHA 1350 meters (from

BHA) at a placement of 1 joint per stand.
12 Y4 section

The 12 ¥4” section was drilled from 200 meters ta@&eters MD and the trajectory of the
section is a build and hold type. And the HDP wasoduced at the end of the section,
because due to the poor hole cleaning, it was osgilple to drill ahead with the same drill
string. The HDP is then used from 2404 to 2810 racte

8 14" section

The 8 %2” section was drilled from 2810 meters t® Tiotal Depth of 3522 with Hydroclean
Drill Pipe. The same BHA run as in the 12 ¥4” settiath 3 HHW was successfully used for
the rest of the holding section. The formatiores aternated between limestone, marl, shale
and dense limestone in this section as in the @eln H. The figure 44 below shows the
profile of the well path of the well C and cleaslyows were the HDP and SDP was used in

the wellbore.
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Figure 44: well profile of the WEIC

6.2.4 Limitations of HydroClean

* The HDP is a very expensive tools and the pricenef joint of Hydroclean is 16

time the price of a Standard Dirill Pipe.
* The HDP can not be rented or purchased by alleivice companies

* The crew must be specially trained in order toltde 80 use Hydroclean during the

drilling process without problems.

* The placement of the Hydroclean joint in the Dsilting increased the cuttings

removal, so the placement must be carefully dortedgngineers in charge.

6.2.5 Economic Evaluation

Based on the drilling report and the drilling datsd of Weatherford, wells drilled with
Hydroclean Drill Pipe were down to the last dessidlysed. The wellbore section with open
hole section of 12 %2” and 8 ¥%” are the one of egkfor this work. Like already done for

wells drilled with the SDP, the data for each sectis grouped together and a linear
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regression analysis is obtained. Based on theieguasulting from the regression analysis,
a prediction of the NPT (%) per day can be donethacdefore the amount lost due to the
poor hole cleaning can be estimated. The NPT ®attalysis take only the time lost due the

poor hole cleaning into considerations.

el 4: WELL C

12 ¥4 inches sectian

This section of the Well C was drilled with a Startti Drill pipe, from the depth of 200
meters to 2404 meters and with HDP from 2404 mébe810 meters. The same equation
from the linear regression used for the analysth®fl2 ¥4” without HDP will be use in the

first part of this section, which is:

CumNPT =0,078* Cumdepth— 7,71 (Eq.69)

And with 20% of safety factor the equation beeom

CumNPT = 0,062* Cumdepth— 617 (Eq.70)
Where,

CumNPT is the Cumulative Non-Productive Time

Cumdepth is the cumulative depth of the section

The figure 45 shows the NPT versus time of the Welnd we can clearly see that the NPT
increased drastically. At the End of the secti@NIPT is about 55% which is more than the
half day loss due to cuttings accumulation. This lsa also remarks in the drilling report

with a lot of back-reaming, wiper trip time durittge drilling process. The blue dotted are
used in the graph to show the real NPT per cumelatepth. The pink line represents the
predicted cumulative NPT over the cumulative depihd the yellow line represents the

corrected cumulative NPT which takes into the aersition the loss none related to the

poor hole cleaning.
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Figure 45: NPT versus Depth of the 12 %4” sectiothefwell C

The used of the HDP in the last part of the 12 &&tien, as you can see in the figure 46 has
reduced the NPT considerably. The blue dotted poeypresent the NPT/meter in the section
drilled. The high fluctuations of the NPT/meter whie change of the NPT each meter while
the well is drilled. At the end of the section, BidA is changed and the HDP is introduced into
the drill string and the NPT/meter seems to bealztad.
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Figure 46: NPT per meter versus Depth of th&18ection of the well C
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Cost analysis:

The first part of the well is drilled with Standdedill Pipe to the depth of 2404 in 18 days.
And the amount of money lost due the NPT whichesgnts the wiper trips time, back
reaming time, pumping out of the hole time and tilw&t due to the practices such as
“washing and reaming” is summarized in the tabl¢hEfow):

Rig rate per day: 40.068fday

Daily production rate: 500 bbl/day

Days Drilled | NPT(hours) NPT(days) NPT Cost

18 162,4 6,77 270.800 $
Table 17: Cost of the NPT at the end of the 12 ttize

To make the calculation more accurate, the amasttdue to the late production is also
included into the total amount to give us a reahidf how much the company could have

been lost while using the Standard Drill Pipe.

Actual price per Barrels 90,00 $
Late production days 6,77
Production per day(barrel) 500
Amount lost due to the poor hole
cleaning 304.650 $
Late production interest (10%) 30.465 $
Total amount Loss 301.265 $

Table 18: Total amount loss for the 12 Y4"section
So the total amount lost as shown in the tables1l&@bout301.265 $. This huge amount
shows that something most be done to reduce tisedodue to the cuttings removal in
the high inclined wellbore.
The second part of the section was drilled from42dteters to 2810 meters with the 42
joints of HDP add in the drill string within 3 daij# the TD of the section. The cost will be
not calculated in this section but the decreaskeoturve shows give the impression to have
less NPT with the introduction of HDP. But it wide very premature to give a conclusion
based on this reduction. The economic comparistirboerimade for the next section of the

hole.
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8 Y2 inches section

The 8 ¥2” section of this well was drilled with thDP into the 9 5/8” casing from the
starting depth of 2810 meters to the TD of 3522ensefThe well was drilled within 6 days
and the cumulative NPT is predicted based on thmteo obtains from the regression

analysis. This equation is expressed as follow:
Cum.NPT = 0,014* Cumdepth — 247 (Eq.71)

And with 20% of safety factor the equation beeom
CumNPT = 0,011* Cumdepth - 197 (Eq.72)

Where,

Cum.NPT is the Cumulative Non-Productive Time

Cumdepth is the cumulative depth of the section

As shows in the figure 47 below, after the coraectof 20 % safety margin, the cumulative
NPT at the end of the section is about 11 hours. Albe dotted are used in the graph to
show the real NPT per cumulative depth. The pin& tiepresents the predicted cumulative
NPT over the cumulative depth. And the yellow Inepresents the corrected cumulative
NPT which takes into the consideration the lossnetated to the poor hole cleaning. We
can clearly see that the Hydroclean give low valube daily NPT which decrease the total

drilling cost and time of the well.
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Figure 47: Cum NPT versus Cum Depth of th&' 8ection of the well C with SDP and HDP

And the figure 48, the blue dotted points repreemtumulative metrage per meter over the
cumulative depth. This graph gives us the postsilidi identify whether or not is the NPT is
proportionally increased with the depth. In the olative depth of almost 600 meters
drilled, the NPT/meter high than the cumulativetiey 820 meters. As a conclusion while
looking at the graph and at the figure 47, the M#EIér increase even smoothly, with
increasing depth. This section is a hold sectionchvidon’t take the increase of the
inclination into consideration because the inclorastays the same till the TD. In the build

section as already mentioned before we have matiéitions of the NPT/meter.
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Figure 48: NPT per meter versus Cum Depth@BtY2" section of the well C with SDP and HDP

Cost analysis:

The economic comparison between Hydroclean andi&tarrill Pipe done in this part of
the work give us the amount saved. Based on mit tasucompany will be able to make a
good choice by using one of the two down hole egsifts. The company can either rented
or purchased the HDP depending on their interntypdoth possibilities are taken into
consideration in our calculation. The section wasleeady mentioned drilled from 2810
meters to the TD of 3522 meters in 6 days with HDO#& input data for the calculation are

presented in table 19 below:

Days required to drill the section 6

Qil price per barrel 90 $
Barrels oil production expected per day 500
Rig rate per day 40.000 $
Number of HDP joint used for the section 45
Rental charges of HDP per joint per day 48 $
Purchasing cost of HDP per joint per day 16 $

Table 19: Input data for lost cost calculation

So if the company purchased the Hydroclean, theagedife per joints is approximately 730

days and the purchasing cost per joint around 120@8ich lead to the 1€/day per joint.
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With the others given prices, the savings cost wdrdling with the HDP instead of the

Standard Drill Pipe can be calculated and sumnahiiztable 20 as follow:

Actual price per Barrels 90,00 $
Late production days 0.46
Production per day(barrel) 500
Amount lost due to the poor hole
cleaning 3.726 $
Late production interest (10%) -$
Total amount Loss 40.000 $

Table 20: Total saved with HDP

The total amount loss in this section after 6 édltdays is approximately half of a day.

This total amount is estimated at 40.000 $ whigiasent one day of rent the rig.

Conclusion:

Comparing the wells drilled in the same area ad @/eb and H, following can be observed:
In the 8 % “section, well H and C give the equation

CumNPT =0,0376* Cum.depth—5876 , drilled with Standard Drill Pipe

CumNPT = 0,011* Cum.depth — 197 , drilled with Hydroclean Drill Pipe

By comparing the two equations we can come todhelasion that in this case the HDP give
us less NPT for this section.

In the 12 ¥4” section, well C is partially drilledttvHDP, and well G totally with SDP and the
resulting equation from the linear equation are:

CumNPT = 0,068* Cum.depth — 0,328 , drilled with Standard Drill Pipe

CumNPT = 0,062* Cum.depth — 617 , partially drilled with Hydroclean iDiPipe

Even in this case we can see the effect of the idlfe 12 ¥4 section.

But this conclusion can not be valid for all thdlsydecause as we can see in the well P the 8
%" and 12 %" section, the comparison can not beemalis well P was drilled in another

country with different formations.
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6.3 Cuttings Bed Impellers

6.3.1

Definition of the Cuttings Bed Impellers (CBI)

The build up of the cuttings in high angle wells cause drill pipe wear, hole instability,

excessive torque and drag. These problems leaé ttetzelopment of the CBI. Cuttings Bed

Impeller is a down hole drill string tool intendfat use in deviated wells where excessive

build up of cuttings causes drilling problems.

The CBI is an integral drill string component catisg of a short mandrel with no moving

parts, shaped in such a way as to stimulate atiggsitvhich have a tendency to settle out of

the mud in the high angled sections of the welkebdihe high angled sections could be

inside the casing or in open hole: the tool is talde to suit several environments. The

illustration of the CBI is shown in the figure beto

The Chevron shaped blades to ensure effectivagstéigitations in both directions
The Incut zone designed as we can see in the figuencourage loosening of
cuttings beds and allow for flexibility in the maed

End the mandrel strength matches maximum stretigttllgipe toll joint.

Features

The features of the CBI (see figure 49) are asvioll

One piece mandrel with mechanical properties whideed the drill pipe in which
it is placed

Dimensions which allow the use of up to two tooithin a standard drilling stand in
most drilling derricks

Hydraulic and mechanical dual acting mechanismertwve cuttings beds

Tool can be dressed with different coatings acogrdo the severity of the down

hole conditions.

The CBI are available in the size of 3 %", stib8” outer diameter and their mechanical

data are given in the table 21 (below) and evercomgarison between a new 5” S135

string and a new 5” CBI.
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Incut helps loosen

cuttings bed, allows
mandrel flexibility

One piece body,
Ho moving parts,
a maximum af 4

Figure 49: Representation of the Cuttings Bed lepl

Chevrons agitate
curtings while

running into the hole
and pulling out

Descriptin 3-1/2” 4" 5" 5-1/2" 6-5/8"
Standard
connection 2-7/8"IF | 3-1/2"IF | 4-1/2"IF 5-1/2"IF 6-5/8"FH

Min. Make Up

Torque Ft-Ibs 13,5 15 28 43,5 54

Overall
Length(sh-sh) in| 425 45.375 40.50 40.50 40.50
Body
Tool Joint O.D. in 5.25 6 6,5 7.375 8.20
Tool Joint I.D. in 2.13 2.13 3.25 3.25 4.25
Maximum Body
O.D in 55 6.25 7.40 7.75 8.50
Length of Fish
Neck in 11 11 10,50 10.50 10.50
Tensile Yield Lbs| 802,814 | 954,317 | 1,336,600 | 1,656,900 | 1,592,100
Torsional Yield | Ft-lbs| 47,975 56,325 115,9 145,3 173,5

Table 21: Cuttings Bed Impellers speation
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New 5" New 5"
Description S135 CBI
Standard connection 4-1/2"IF | 4-1/2"IF
Min. Tool Joint O.D. in 6,68 6,5
Min. Tool Joint I.D. in 2,75 3,25
Minimum Make Up Torque Ft-lbs| 32,21 28
Tensile Yield Lbs| 1,551,706 | 1,268,900
Torsional Yield Ft-lbs| 62,387 51,4
Body
Minimum Body O.D in 5 5,25
Minimum Body 1.D in| 4,275 3,25
Overall Length(sh-sh) in] 30.00 40.25
Tensile Yield Lbs 710 1,336,600
Torsional Yield Ft-lbs 77,4 115,9

Table 22: 5” Cuttings Bed Impedlland 5” Standard Dirill Pipe comparison

6.3.2 Applications of the CBI

Basically the Cuttings Bed Impeller (CBI) is a dolwle drill string intended to agitate any
cuttings accumulation which have the tendency tileseut of the mud in deviated wells
above 30° inclinations where excessive build ugutfings causes drilling problems. The
CBI can be use inside the casing section as alfweiopen hole section. The CBI tool is
designed so that the coating over the top of theddl is suitable for both applications inside
casing and in open hole. When running the toolsauily inside casing the coating has a
low friction property to reduce casing wear. Andring in the open hole the same hard,
abrasive resistant coating allows for extendedengths in arduous wellbore condition. The
figure 50 (below) showed the typical case wherdéirgg have fallen out of the mud and
have come to rest just below the build sectionthedaction of the CBI to agitate cuttings
into the flow mud. The most effective spacing of BBl down hole tools is normally
between 91 meters and 152 métatwough the tangent section of the well trajectaityich
can ensure the re-agitation and the re-introduatitmthe mud flow of the cuttings build at
the low side. The flow pattern of the returning mardund the tool annulus has been

optimized to ensure maximum lifting of the debr@f the low side of the hole.
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Figure 50: mechanical agitation ofiogt bed with the CBI

6.3.3 Advantages and Limitations of the CB/

Some benefits of the CBI are to:

» Reduces torque and drag on the string while ifirdyimode which is not always

easy to achieve in deviated wellbore

» Reduces wear on the drill pipe and rotating equigme

» Ensures cleaner and more stable hole conditions

» Reduces the drilling costs

= Only a small number of tools are required for gffeechole cleaning

= Acts as a vibration damper in the string

= Overcomes difficulties in sliding and increasertite of penetration

» Reduces frequency of twists-off and stuck pipe
And one of the major limitations of the tools isitthve have a lot of connections due to the
short length of the CBI. This will increase firgtet connection time and increase the

possibility of losses into the hole.
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6.4 Helical Drill Pipe

6.4.1 Definition and features

The Helical Drill Pipe (HE-DP) is a future alterivat approach to overcome cuttings
accumulation problems in high angle and horizontlls. Compared to conventional drill
pipe this helical pipe requires an additional maoufring step, during which the major
portion of the pipe body is transformed into arfnally and externally helical tube, shaped
similar to the rotor of a multi lobe mud motor. IDpipe segments required for slips and
elevators, the upset areas at both ends and thgobais remain circular in shape. The
minimum internal diameter of this helical sectisrat least as large as the internal diameter
of the tool joint. The maximum outer diameter @ trelical section is close to or identical to
the outer diameter of the tool joints as you canisehe figure 51 illustrating the design of
the Helical Drill Pipe.

Figure 51: Design of Helical Drill Pipe

Helically shaped “multi-lobe” drill pipe improveké transport of cuttings in highly inclined

and horizontal sections of the well both in thatiog and sliding mode of steerable systems.

In highly inclined or horizontal sections drilleditv conventional drill pipe the annulus
between drill string and borehole wall is consibdgraeduced by cuttings deposited in the

form of cuttings beds. Helical pipe considerablguees the amount of solids deposited at
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the low side of the hole. The Figure 52 illustratesHE-DP in case of differential sticking.

Because of the unconventional shape of the hdfiged the contact between pipe and

borehole wall is only a fraction of the contactviE#n round and conventional bore hole

elements with spirally milled groves.

Figure 52: Cross section of Helical Drill Pipe e tborehole

6.4.2

Advantages of Helical Drill Pipe

The advantages of this pipe will be comparing witindard Drill pipe like:

The net annular flow area around helically enhardrtl pipe vs. conventional pipe is

increased because of the lack of an obstructicsetiled solids, thus reducing the pressure

drop in the annulus.

Torque and Drag are minimized hand in hand withrélaeiction or elimination of
cuttings beds. Less wear an tear on surface and Hole equipment, lower energy
consumption and an increased potential to reacle ulistant targets with existing
equipment are the consequence.

Because of the unique construction the average lieteeen the generation of
cuttings at the bit and the appearance at the shaleer is considerably reduced
because of the elimination of sedimentation atltve side of the hole. Mud
rheology and density can be controlled easier anck most effective when re-
drilling of cuttings between drill string and boadéwall is reduced.

Poor cementing jobs resulting from annular sectargially filled with deposited
cuttings can be avoided.

The need for wiper trips, back reaming, pumping afuthe hole and practices

already mentioned in this work can be minimized.
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= The price of a joint of Helical Drill Pipe is le8gan one joint of HDP

6.4.3 Limitations of the Helical Drill Pipe

One of the major question while using Helical Dieilpe is the fishing of the tools in case of

lost in the holeBut this situation can be solved as follows:

External Engagement with Overshots
Helical pipe can be engaged by conventional ovégshith a bull nose attached to the top
sub that enters the pipe to prevent it againsaraeéformation when engaging the helix with

the grapple

Internal Engagement with Speatrs:
Spears can be set inside the helical sectionsamddximum pulling loads in the circular

section of a joint of pipe (tool joints, upset apealip and elevator area)

The availability of the Helical Drill pipe can bésa an issue to solve when deciding the run

it for a section.
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7 Conclusion and Recommendations

7.1 Conclusion

At the rig site while drilling deviated wells, pobole cleaning can most of the time be

identify by the following events:

» High torque on the drill string which result frohretresistance to the rotation of the

drill string

» Excessive drag on the drill string while trippingieh result from the resistance to

reciprocation
* And the type and quality of the cuttings at thdesbhaker

The major drilling operating parameters influending hole cleaning are the flow rate, flow
regime, the drilling mud properties and drill pip#ation. These drilling parameters are

controllable and can be optimized to increase titings transport in deviated wells.

So, determining the optimum flow rate for good iogh transport must be done in the well
planning phase and must be adjusted as the real dumng the driling phase of the
wellbore. If the optimum flow rate is below the iniim annular velocity, increase it until

all annulus sections have a velocity greater thaegual to, the minimum allowed.

Back-reaming and wiper trip for hole cleaning issmeust be reduced, even avoided as

possible on the rig site. The drilling operatorgehtaken them as a normal drilling practice.

The use of HDP in deviated wells must be followthy “best” drilling practice in order to
give the expected good cleaning result. But theéladrmity of the HDP must be carefully

checked before deciding to run them for a section.

Based on the analysis did in this work, when compgarell G, H and well C, the linear

regression shows less NPT for the well C drillethwdDP. The well P compare with the
well C shows less NPT. This led to the concludiat the NPT can not be reduced only with
HDP, and is also depending on the formation drilldtere are many factors like formations,

drilling practices that must be taken into consten.
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7.2 Recommendations

Based on the results from oldest studies used hisr thesis and from various field
experiences the following general guidelines carrds®mmended to partially solve the

cuttings accumulation problem in high deviated svell

= Design if possible the well path of the sectiorsia®oth as possible so that we can

avoid critical angles and high dogleg.

= Maximize fluid velocity in the annulus, while avaid hole erosion, by increasing

pumping power and/or using large diameter pipescalials.

» In large diameter horizontal wellbores, where tigbuflow is not practical, use mud

with high suspension properties and mud with higlemdial readings at shear rates

= Pump Hi-viscosity and Low-viscosity pills at thght time, and adjust the plastic

viscosity and yield point as per recommendatiahénsection.

More analysis must be done in future research deroto come out with a definitive
conclusion, of whether the HDP can be more effectly reducing the NPT in all high

deviated wells rather than SDP.
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8 Nomenclatures

A, : Cross-section flow area of the cutting bedgft s
A, :Cross-section flow area of the wellboredgft s
A, New annular area after cuttings deposition
C. :Feed cuttings concentration
C.onc - Concentration correction factor

conc

C.ny : Angle correction factor
C,,. : Cuttings size correction factor
Croy - RPM correction factor

Ci : Angle correction factor for the new cuttinigtig equation

C,w - Density or mud weight correction factor
C.eq - Cuttings bed
C

: Corrected cuttings bed concentration

cutt

C.. - Cuttings bed concentration
Coor—aut - COfTECtion factor of cuttings bed
D,.. : Hole diameter in inches

hole
Dyipe - Pipe diameter in inches

K : Consistency index, dimensionless
: Angle in degree versus vertical

a
N, :Reynolds number

N. : Froude number

Q... : Minimum flow rate to keep the hole clean

min

Qump : Pump flow rate

Rt : Cuttings transport ratio
Vdlip : Slip velocity
Veut : Cuttings velocity
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V_i-new - NEW cuttings velocity

V min : Minimum velocity

Vopen : Velocity of the open area above the cuttings bed
Vann : Annular velocity

M Mud viscosity at shear rate in flow streancentipoise
v Annular velocity, ft/min

P - Mud weight, ppg

p, : particle density, ppg

n : Flow index, dimensionless

O30 : 300 viscometer dial reading

Os0 - 600 viscometer dial reading

r, : Shear stress in pounds per square inches

P, - Solid density in pounds per gallon

P, : Fluid density in pounds per gallon

MU, : Apparent fluid viscosity in centipoise
V.. - Annular velocity in feet per minute
d, : Solid diameter in inches

T, : Shear stress

ABBREVIATIONS:

Abs  : Absolute value of

ANN : Artificial Neural Network
BHA : Bottom Hole Assembly

CBI : Cuttings Bed Impellers

Cum Depth: Cumulative Depth in meters

Cum NPT: Cumulative Non Productive Time in hours
ESV : Equivalent Slip Velocity

ID : Internal Diameter

gpm : Gallon per minute
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HBZ : Hydrodynamical Bearing Zone
HCZ : Hydromechanical Cleaning Zone
HDP : Hydroclean Drill Pipe

HE-DP: Helical Drill Pipe

KOP : Kick Of Point

LSRV: Low Shear Rate Viscosity
LSYP: Low Shear Yield Point

MD : Measured Depth

NPT : Nom Productive Time

OD : Outer Diameter

PT  :Productive Time

ppg : Pounds per gallon

RSS : Rotary Steerable System

ROP : Rate Of Penetration

RPM : Rotation Per Minute

SG : Specific Gravity of the mud
SDP : Standard Drill Pipe

TD : Total Depth

Nomenclatures
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10 Appendix

10.1 Appendix A

10.1.1 Minimum flow rate determination

INPUT DATA

Title I 6 5
9.80

Mud weight ppg
12

Plastic viscosity cps

N

Yield Point Ibl/100ft2
8.5

Hole Diameter inches
5

Drill pipe OD inches
65

Inclination angle degree

Diameter of 0.175

Particle inches
12

Density of Particle ppg
50

Rate of penetration ft/hr

|77

Assume viscosity ppg
110

Circulation rate gpm
60

RPM tr/min

[CaeueaT] [TrResa ]
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OUTPUT
VARIABLES
Cutting

concentration 2,397

Velocities (ft/min.)
¢ cuttings 1,42447312%
¢ ESV 3,257867993
¢ minimum 9,701267753
¢ Qmin(gpm) 584,1024938

10.1.2 Visual Basic Application (VBA)

Dim X As Double

Static Function Log10(X)
Log10 = Log(X) / Log(10#)

End Function

Private Sub CommandButton1_Click()

Constc =12

Dim arr(1 To c) As Double

Dim Cconc As Double
Dim Vcut As Double
Dim Vmin As Double
Dim ESV As Double
Dim Qmin As Double

Dim i As Double
Dim n As Double
Dim k As Double
Dim mu As Double
Dim NRE As Double
Dim f As Double

Appendix
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Range("B5").Select

arr(1) = TextBox1.Value ' Mud weight

arr(2) = TextBox2.Value 'Plastic viscocity
arr(3) = TextBox3.Value 'Yield point

arr(4) = TextBox4.Value 'Hole diameter
arr(5) = TextBox5.Value 'pipe diameter
arr(6) = TextBox6.Value ‘inclination angle
arr(7) = TextBox7.Value 'diameter of particle
arr(8) = TextBox8.Value 'density of particle
arr(9) = TextBox9.Value 'rate of penetration
arr(10) = TextBox10.Value 'ESVassume
arr(11) = TextBox11.Value ‘circulation rate

arr(12) = TextBox12.Value 'RMP

Dim assume As Double

assume = arr(10)

‘Calculation of Vs

Dim Cutting_Slip As Double
Dim annv As Double

Dim teta300 As Double
Dim teta600 As Double
Dim mul As Double

Dim mu2 As Double

teta300 = arr(2) + arr(3)

teta600 = teta300 + arr(2)

n = 3.32 * Log10(teta600 / teta300)
k =teta300/ (511 " n)

annv = (24.5 * arr(11)) / ((arr(4) ~ 2) - (arr(5) * 2))
mul = (((2.4 *annv) / (arr(4) - arr(5))) * (2*n+ 1)/ (3*n))) *n
mu2 = (200 * k * (arr(4) - arr(5))) / annv

mu = mul * mu2

Cutting_Slip = (175 * arr(7) * (arr(8) - arr(1)) ~ 0.667) / (arr(1) ~ 0.333 * mu ~ 0.333)
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'Calcul of Cconc

Cconc =0.01902 * arr(9) + 0.495

‘Calcul of cuttings velocities

Dim temp As Double

temp = (36 * (1 - ((arr(5) / arr(4)) ~ 2))) * Cconc
Veut = arr(9) / temp

Dim ESVsave As Double
' Assume a value
Beginn:

Vmin = Vcut + assume

mu = arr(2) + (5 * (arr(3) * (arr(4) - arr(5)))) / Vmin

If (mu < 55) Then

ESV =0.0052 *mu + 3.1
Else

ESV =0.025*mu + 3.26
End If

If (Abs(ESV - assume) >= 0.001) Then
assume = ESV

GoTo Beginn

End If

Dim temp2 As Double

Dim temp3 As Double

temp2 =1 + (arr(6) * (600 - arr(12)) * (3 + arr(1))) / 202500
temp3 =1 + (600 - arr(12)) * (3 + arr(1)) / 4500

If (arr(6) < 45) Then

Vmin = Vcut + temp2 * ESV
Else

Vmin = Vcut + temp3 * ESV
End If

'‘Caculation of Qmin
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Qmin = Vmin * 60 * 7.48 * ((3.14 * (arr(4) ~ 2 - arr(5) ~ 2)) / 4) * 0.006944444

Dim stringl As String
string1 = "*Valid value in range 6.0 to 50.0"
Range("B5").Select
i=arr(1)

Select Case |

Case 6# To 50#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string1l
End Select

Dim string2 As String
string2 = "*Valid value in range 1.0 to 120.0"
Range("B6").Select
i=arr(2)

Select Case i

Case 1# To 120#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string2
End Select

Dim string3 As String

string3 = "*Valid value in range 0.0 to 120.0"
Range("B7").Select

i =arr(3)

Select Case i
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Case 0# To 120#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string3
End Select

Dim string4 As String
string4 = "*Valid value in range 2.0 to 36.0"
Range("B8").Select

i =arr(4)

Select Case i

Case 2# To 36#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string4
End Select

Dim string5 As String
string5 = "*Valid value in range 1.0 to 30.0"
Range("B9").Select

i =arr(5)

Select Case |

Case 1# To 30#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0
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Qmin=0
ActiveCell.Value2 = string5
End Select

Dim string6 As String
string6 = "*Valid value in range 0.0 to 90.0"
Range("B10").Select

i = arr(6)

Select Case i

Case 0# To 90#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string6
End Select

Dim string7 As String
string7 = "*Valid value in range 0.05 to 1.0"
Range("B11").Select
i=arr(7)

Select Case i

Case 0.05To 1
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string7
End Select

Dim string8 As String
string8 = "*Valid value in range 1.0 to 50.0"
Range("B12").Select
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i =arr(8)

Select Case i

Case 1# To 50#
ActiveCell.Value2 =™
Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0
ActiveCell.Value2 = string8
End Select

Dim string11 As String

string11 = "*Valid value in range 10.0 to 3000.0"
Range("B15").Select

i=arr(11)

Select Case i

Case 10# To 3000#

ActiveCell.Value2 =™

Case Else

Cconc=0

Veut=0

ESV=0

Vmin=0

Qmin=0

ActiveCell.Value2 = string11

'‘MsgBox ActiveCell.Value2

'ActiveCell.Value =" * Please enter a value between 0.05 and 1"
'‘MsgBox "Valid value for the diameter of particle in range 0.05to 1 ", vbExclamation

End Select

Range("B26").Select
ActiveCell.Value = Cconc
Range("B30").Select
ActiveCell.Value = Vcut
Range("B31").Select
ActiveCell.Value = ESV
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Range("B32").Select
ActiveCell.Value = Vmin
Range("B33").Select

ActiveCell.Value = Qmin

End Sub

Private Sub CommandButton2_Click()

Range("B5").Select
TextBox1.Value ="
TextBox2.Value ="
TextBox3.Value ="
TextBox4.Value ="
TextBox5.Value =™
TextBox6.Value ="
TextBox7.Value =™
TextBox8.Value ="
TextBox9.Value ="
TextBox10.Value ="
TextBox11.Value ="
TextBox12.Value ="

‘ActiveCell.Offset(1, 0).Select

End Sub

10.2 Appendix B

10.2.1 Minimum transporft velocity (MTV) calculation®

The calculation of the Minimum transport velocitydathe minimum flow rate to keep the
well clean, very complexes calculations must beedtsing the Larsen method developed
in this work and with the given drilling parametettse critical flow rate and cuttings bed

concentration can be highlighted.
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DRILLING PARAMETERS FOR
CALCULATIONS

Drilling fluid polymer mud
Yield point Ibf/sqft 7
Plastic viscosity cp /
Pump operating flow rate gal/min 6P0
Angle of inclination degree 47
Cuttings size inches 0,175
Mud weight Ibm/gal 11,1
Rate of penetration ft/hr 32
Hole diameter inches 12,25
Pipe diameter inches 5,5
Bed porosity % 36

To calculate in this example is the minimum flowoedy, flow rate to transport all the
cuttings to the surface, and the cuttings concsmtrat the operating flow rate of 600

gal/min.
Minimum Flow rate prediction:
Cuttings concentration at the minimum flow rate barcalculated with the equation 26.

C,=0,01902 x 52 + 0, 495 = 1, 48%

Average cuttings transport at the minimum flow rate

= 52 =1, 22 ft/sec

VCUt 55 2
361- ' x 148
1225

Equivalent dip velocity calculation (ESV): to find the ESV, the apparent viscosfty has

to be calculated. The apparent viscosity will b&wated by estimating the minimum
transport velocity to clean up the halg,, and iterating until an acceptable value has been

obtained. First the ESV has to be estimated, aasxtmple 3, 3 ft/sec. This will lead to:

\Y/

min —estimated

=122ft/sec+ 33ft/sec= 452ft/sec

Than theappar ent viscosity can be calculated using the equation 31:

. 5x7x(12,25- 55)

=59,
a 452 3cp

As > 55 cp, ESV will be calculated with the equatin 3
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ESV = 0,025x59,3+ 326 = 4, 74ft/sec

For a better accuracy, the calculated ESV will sedufor a calculation of neW . and a

new 4, which lead to:

\Y/

min-calc

= 122ft/sec+ 4,74ft/sec= 596ft/sec

Based on thig/ the new apparent viscosity is calculated, , by the same equation

min—calc

31 as:

, 5% 7x(1225-55)
596

My oo =7 =46, 64cp

And the ESV,,,, have to be calculated by the equation 30 as:
ESV,, = 0,0052x 4664+ 310 = 3, 34 ft/sec

This iteration has to be done till:

absESV,,,, —ESV|< 001

For the simplicity of the example let us assumeERY ., = 334ft/sec The correction of
the angle, cuttings size and mud weight must kseng into consideration.
Angleof inclination correction factor: Using the equation 32,

C., = 0,0365x47-0,0002x47° - 020= 108

Cuttings size correction factor: Using the equation 33:

Cy. = —102x 0175+ 127 = 109

Mud weight correction factor: Using the equation 35:

Cuw =1

Thecuttings dip velocity can be now found with the equation 36 by:
Vgip = 334x 108x 109x1 = 393ft/sec

The minimum transport velocity can be calculatetheyequation 37.

V.., = 122ft/sect 393ft/sec= 515ft/sec
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And the corresponding apparent viscosity is algout,, = 438cp

The minimum transport velocity must be convertdd fiow rate in order to compare with

the operating flow rate 6Qgal/min.

Q. = (515 ft j( 60sec]( 748gal ] <A

sec/\ 1min 1ft3

The cross sectional area of the annulus can belat@d by:

_ 7T(D2hole -D i 62)
Aann - 2 pip

_ 314x (1225 - 557)

2 =082in°? = 068ft>

Q.., =1576gal /min. As minimum flow rate is higher than the operatftayv rate the
cuttings will accumulate in the borehole. The ogiiaccumulation can be calculated by:

Ecutt = [1— Mj(l— CD)

min

600
=[1-2%14_ 036) = 039=30%
( 1576j( 36)= 03 °

Correction for cuttings accumulation:
Cer-ar = 097-0,00231x438 = 087

Thecorrected cuttings accumulation is calculated by:
Ccutt = ECUH X CCF —cutt

= 039x 087 = 038=34%
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