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Abstract

Managed pressure drilling (MPD) has been knowiéoindustry for a few years. MPD with
the ability of coping with risky down-hole presswsitiations has gained a great deal of
attention. Compared to MPD, the drilling methodigeated “through tubing drilling”

(TTD) is considerably younger. StatoilHydro, as oh¢he TTD pioneers, has drilled TTD
wells in its North Sea assets, of which the majdrdave been the “"through tubing rotary
drilling” (TTRD) wells.

The aim of initiating this technology was to accessll and by-passed oil pools in mature
assets in a cost effective manner, since TTRD mlé¢she need of pulling the well
completion. From StatoilHydro’s experience we e TTRD is one of the complex drilling
methods. Drilling by this technique has seen a rermobchallenges and drilling problems. In
fact, the majority of these problems are linkedystem and down-hole pressure
environments, and thus to drilling hydraulics.

Pressure induced drilling problems can be solveddpfication of MPD. The idea in this
study is that the simultaneous application of TT&id MPD will enable us to mitigate
problems relating to pressure conditions and dodit effective TTRD. Therefore, this thesis
was initiated to study the hydraulics of “throutylbing rotary managed pressure drilling”
(TTRMPD).

In this study two specially looked at MPD methdoisck pressure and continuous circulation
system allow for the reduction of the static mudghiein order to manage circulating mud
weight and stay within available drilling window.

This study looks into hydraulics of the TTRMPD agiérn in terms of equivalent circulating
density (ECD), hole-cleaning, extended reach gbilit the TTRD, ECD management is
particularly challenging due to narrow annular cheae.

This master thesis focuses on the feasibility afilciming MPD and TTRD to improve the
ECD management in TTRD. We will look into the etfethat the reducing mud weight may
have on drilling parameters.
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Abbreviation

API
API RP
AFP
BOP
BPT
BHA
BHP
CPPPS
CPP
CTD
CCS
CTR
DAPC
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DBR
ECD
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IPM
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MW
MPD
MD
NPT
NRV
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PWD
RCD
ROP
TTD
TTRD
TD
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TTRMPD
TVD
Warp

American Petroleum Institute
American Petroleum Institute Recommendedtite
Annular Friction Pressure
Blow-Out Preventer

Back Pressure Technique

Bottom Hole Assemble

Bottom Hole Pressure

Crown Plug Profile Protection Sleeve
Crown Plug Profile

Coiled Tubing Drilling

Continuous Circulation System
Cuttings Transport Ratio

Dynamic annular pressure control
Down-Hole Safety Valve

Daglig Bore Repport

Equivalent Circulating Density
Hydraulic Impact Force

Integrated Pressure Management
Kick-Off Point
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Mud Weight

Managed Pressure Dirilling
Measured Depth

None Productive Time
None-Return Valve

Open Hole

Polycrystalline Diamond Compact
Pressure While Drilling

Rotating Control Device

Rate of Penetration

Trough Tubing Drilling

Trough Tubing Rotary Drilling
Total Depth

Total Flow Area

Through Tubing Rotary Managed Pressuii#imy
True Vertical Depth

Weighting Agent Research Project
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List of symbols

a = constant

A = Robertson and Stiff model parameter similak {tbf se€/100 ff)
Ac = characteristic area of the particle’Jin

b = constant

BHP = bottom-hole pressure

B = Robertson and Stiff model parameter similam {dimensionless)
C = Robertson and Stiff model correction factoséty)

Ca = cuttings concentration (%)

CTR = cuttings transport ratio (%)

dp = diameter of cuttings (in)

pressure loss per unit length of pipe (psi/ft)

7\
Q.|Q_
- |o
N
he)

1

pressure loss per unit length of annular sedpsiift)

7N\
o_|o_
[l e
N—
Q

1

Dp = pipe diameter (in)

Dy = bit diameter (in)

D; = ID of annulus (in)

D, = OD of annulus (in)

Dp = hydraulic diameter for annulus (in)

Dn = bit nozzle diameter (in)

e = eccentricity (dimensionless)

E = Young’s module (psi)

ECD = equivalent circulating density (ppg)

F = net force exerted on the particle as a resujravity and buoyancy
fo = friction factor in pipe (dimensionless)

fa = friction factor in annulus (dimensionless)

fo = particle friction factor (dimensionlgss

k = consistency index (Ibf s¥t00 ff)

Ko = consistency index in pipe (Ibf S&00 ff)

Ka = consistency index in annulus (Ibf %460 ff)

L = length of pipe or length of annular section (ft)
n = flow behaviour index (dimensionless)

Np = flow behaviour index in pipe (dimensionless)
Ny = flow behaviour index in annulus (dimensionless)
N = rpm (rotation per minute)

Pop = back pressure (psi)

Pmw = pressure exerted by mud weight (psi)

Par = annular friction pressure (psi)

Po = pore pressure (psi)

Ps = fracture pressure (psi)

AP, = pressure loss in pipe (psi)

AP, = pressure loss in annulus (psi)

AP, = pressure loss across bit (psi)

APy = total pressure loss in drilling system (psi)
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AP, pore pressure change (psi)

APy = fracture pressure change (psi)

APr = pressure loss due to rotation (psi)

Q = flow rate (gall/min)

Reoo = reading from rheometer at 600 rpm

Rso = reading from rheometer at 300 rpm

Rs = reading from rheometer at 6 rpm

Rs = reading from rheometer at 3 rpm

Rigg = reading from rheometer at 100 rpm

Re = Reynolds number (dimensionless)

Re, = particles’ Reynolds number (dimensionless)

Rg = laminar boundary (dimensionless)

Rer = turbulent boundary (dimensionless)

R = multiplication factor accounting for eccentrjc{dimensionless)

Ram = multiplication factor accounting for eccentrcib laminar zone

Rub = multiplication factor accounting for eccentncih turbulent zone

ROP = rate of penetration (ft/h)

TVD = true vertical depth (ft)

Tp = particle thickness (in)

TFA = total flow area (if)

Vo = fluid velocity in pipe (ft/s)

Va = fluid velocity in annulus (ft/s)

Vae = annular critic velocity (ft/s)

Vs = slip velocity of cuttings (ft/s)

Vi = nozzle velocity (ft/s)

V; = cuttings rise velocity (ft/s)

Vip = transition velocity in pipe (ft/s)

Vi@ = transition velocity in pipe (ft/s)

y = shear rate (1/sec)

Vmin = minimum shear rate value of data (1/sec)

Vb = boundary shear rate (1/sec)

Yp = shear rate correspondingrf1/sec)

Ymex = maximum shear rate value of data (1/sec)

¥ = shear rate value corresponding to the geonreiein
of the shear stress$ (1/sec)

Ua = apparent viscosity (cp)

U = viscosity (cp)

o = plastic viscosity (cp)

D = weight of drilling fluid (ppg)

Pe = effective weight of drilling fluid (ppg)

Pl = effective weight of drilling fluid due to cut@ys (ppg)

Pp = weight of rock particles (ppg)

Tnin = minimum shear stress value of data (Ibf/16p ft

Tmax = = maximum shear stress value of data (Ibf/1€)0 ft

Tp = shear stress developed by particles (Ibf/1§)0 ft

* = geometric mean of the shear stress (Ibf/19)0 ft

T = shear stress (Ibf/10G)t

7y = yield stress (Ibf/100%
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yield stress in Herschel-Bulkley, Unified and
Robertson-Stiff models (Ibf/100%t
lower shear yield stress in Unified model (I601ff)

To

Ty|_ =

Exyz = strains along, Y, Z axis (dimensionless)

Oxyz = stresses along, Y, Z axis (psi)

OHho = maximum horizontal, minimum horizontal and ovwexen stresses (psi)
% = Poisson’s ratio
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1 Introduction

Slot recovery drilling in mature fields has becoanehallenge because of tight pressure
margins caused by reservoir depletion. LikewiseRIDTenables reduced cost of accessing by-
passed reserves in mature fields that is likelyg@hallenged by narrow pressure envelops.
Narrow drilling window and high pressure losses ttusmall annular clearance make it a big
challenge to manage the ECD within narrow operatienvelop. Two major consequences of
exceeding fracture gradient by ECD are lost cittoiieand unintentional formation
breakdown. To avoid occurrence of these problénesMPD as an advanced drilling
technique has come to play.

In this work, we look into the hydraulic issuescofipling MPD with TTRD. Focus is on
drilling problems concerning hydraulics during bind) of a TTRD well and on how to
eliminate these problems by integrating MPD intdRDI. Our concern is platform TTRD and
MPD techniques suited for platform applications.

ECD management, pressure loss issues, hole-clepaifmymance, wellbore stability and
extended reach ability of TTRD are studied in anac® coupled with MPD. For this purpose
Wellplan, Drillbench and Matlab softwares have begised.

Structure for this thesis starts from providingessary theoretical and practical background

and moves towards problem description, analysi®paed, discussion, conclusions and
recommendations for future work.

10
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2 Through Tubing Drilling (TTD)

2.1 General Insight into TTD

The oil industry has always been searching for temhinologies, particularly within the
drilling engineering sphere. TTD is one of thessht®logies aimed to overcome the
economic constraints of conventional drilling intore assets. TTD is accepted by the
drilling industry as a cost-effective method of @esing accumulations of hydrocarbons in
some mature fields. It has proven to be an impotta in maximizing remaining recovery
through low cost infill drilling for previously urm®nomic and therefore bypassed pockets of
oil and gas. The technique involves running a winaailling assembly through an existing
Christmas tree and completion. No components otdnepletion are removed and drilling
takes place through the existing completion tulaingd that is why the technique is called
through tubing drilling. A slim-hole is drilled iotthe reservoir of the interest. Often a liner is
run, cemented and perforated. All of the operatamescarried out through the existing
completion, eliminating the time and cost assodiatéh pulling the old completion and then
running a new completion and tree when the drilphgse is complete.

TTD is split into two categories, “Through Tubiiptary Drilling (TTRD) and “Through
Tubing Coiled Tubing Drilling” or in short “Coild Tubing Drilling” (CTD). TTD can
therefore be conducted by using jointed pipe deeddiubing. Throughout this study, the
reference to the methods of TTD is TTRD and CTDthBif the methods have been used in
the oil industry across the world. In the North Seawvever TTRD is the most common
technique. In this study, only operations conduatetie North Sea are looked at, particularly
on the Norwegian sector. StatoilHydro can be saioet one of the pioneers of the TTRD
operations in the Norwegian sector of North Sea.

2.2  Through Tubing Rotary Drilling (TTRD)

TTRD is a drilling technique that utilizes jointddll pipe, components of rotary drilling and
conventional sidetracking. To drill a sidetrackngsrotary drilling equipment is well known
to the drilling industry. However, the operationRD entails is different from conventional
drilling and sidetracking in many ways. There areumber of requirements to be met for a
TTRD well to be drilled as safely and cost effidlgras possible. TTRD is most often
performed from drill rigs such as platform, semisdosible and jack-up, however can
potentially be conducted from drill ship as welheldrilling equipment is rigged up on top of
the Christmas tree up to the drill floor. The dsilting passes through the Christmas tree,
tubing hanger and tubing down to the predetermkigdoff point (KOP). Typical TTRD
operations have been performed through 5” anduliing. The following is a drawing of a
TTRD well drilled by KCA DEUTAG Dirilling Ltd in theUK sector of North Sea.

11
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Figure-2.1: Through tubing rotary drilling schematic’

As seen from Figure-2.1, the mother well-bore heentplugged and abandoned. After having
whip-stock set in place, a directional TTRD hasrbéelled through the 7” liner, where the
completion string consists of 7”°x5 %" tubing. At kicking off, the sidetracked well path
continues to its intended target.

2.2.1 Dirillpipes Used in TTRD Operations

Drill pipe size that is typically being used in TDRvaries from 2 7/8” to 3 ¥2”. In the

selection of drillpipe, the main determining faci®tubing size and as big as possible
drillpipe is to be used. Likewise, while selectihg drillpipe apart from its size, pipe strength,
stiffness, operability and availability issues néethe looked at. In TTRD, drillpipes must be
fatigue resistant (because of high doglegs) andsssdamaging as possible to the completion.

12
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The pipe handling procedures and requirements agnfkom company to company. In
StatoilHydro, there are dedicated documentatiodsesding this matter. For instance, the
document titled “ Best Practice — Through Tubinglling and Completion” details this
matter even further.

2.2.2 Drilling BHA and Its Components in TTRD

BHA used is pretty much the same as it is in thenad directional drilling. However, the size
of it is limited by inner ID of the completion tuig in place. Typical BHA used in through
tubing rotary drilling is listed as below:

» Bit (largest size utilized in TTRD wells is 5 7/8”

* Mud motor (today, in StatoilHydro rotary steerabystems are used)

* Measurement/logging while drilling tools, pressteeiperature sensors and etc
» Hydraulic Jar

* Heavy weight drill pipe

* Piggy back sub (running tool for wear sleeve)

BHA handling procedures and requirements need follmeved up carefully because of fact
that BHA components may be more vulnerable thancdgimgr components of drill string.
Before running in hole, OD of all BHA and drill stg components must be checked and
verified that, it will pass through the minimum epted ID within the borehole.

2.2.3 Window Milling

Milling a TTRD window is done in the same mannefasa normal drilling operation. First,
the mother well-bore is plugged and abandonedi®purpose of well control and well
integrity. In addition to plugging the main welll@picement isolation against reservoir needs
to be verified (usually in the annulus of 7” linemhis will reduce the complexity of well
control whilst drilling through tubing. Without thisolation the well will likely be in a one-
barrier situation, both in the drilling and prodoat phases. After having the main wellbore
plugged and isolated, whip-stock is run in to atdey interest and set. Usually, in TTRD
operations the KOP (exit point) is linked to protioic packer setting depth.

StatoilHydro’s policy concerning TTD operationstdies thakOP shall be below the packer
to maintain well integrity. The requirement is thanulus isolation from exit point up to the
previous casing shoe needs to be 200 m good cem&6tm cement verified by the cement
bond log. Otherwise, wellbore pressure barrierslikiély not be met as required. However,
recently evolving project ("exit over productiomgker”) in StatoilHydro shows that there is
a potential for kicking off above the productiorcker in TTD wells and still being able to
sustain well integrity. Figure-2.2 illustrates wigfock placement and window milling
process.

13
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. Down-hole
Brine -~ oressure
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Tubimg entry guide
Top 7" liner

Mud
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Plug
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| ]

Figure-2.2: Window milling schematit?

Window milling process should be done with as fewsras possible and several systems are
designed for one trip only. The milling BHA needsie designed for the worst case scenario
that can be expected in the well. Three main tgbesilling tools are used for TTRD wells
that are listed as follows:

* Crushed carbide
* Tungsten carbide inserts (can be combined with RISEXts)
* PDC (and diamond speed mill)

Depending on hardness of the formation to be driibe rat-hole purpose, crushed carbide is
used for soft formations, tungsten carbide indertsniddle hard and PDC for hard
formations. While designing window milling, partlan attention should be paid to choosing
components that are as little damaging as postititee completion, wellbore seals and its
integrity. The above mentioned milling tools cancoeenpared against one another in terms of
their cost, down-hole performance and destructisem@gainst well completion elements. On
another hand, the formation will most often dediue mill selection.

2.2.4 Protection of Completion Elements

14
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During a TTRD operation, there is a strong neegfotecting a number of completion
elements against wear and tear scratch. Leavimgralble completion components
unprotected could lead to further well operatioasause of risk of damaging well integrity.
The most susceptible elements of completion whelégoming a through tubing drilling are:

¢ Christmas tree
* Well head area
» Down-Hole Safety Valve (DHSV)

The tool called wear protection sleeve is instaifesiide the DHSV to preserve it. By the
experience of StatoilHydro, one of the known prbtecsleeves and reliable to use is the one
produced by Red Spider. In Figure-2.3, the pictarthe left is a demonstration of the down-
hole safety valve in place, the picture to the tridgmonstrates the protection sleeve run and
set. The sleeve is run on a dedicated running ¥duth has been designed for use with
through tubing rotary drilling and is used to rae Red Spider safety valve TTRD protection
sleeve in a piggy back mode. The running tool Egteed to function as a part of the
drillstring. It carries TTRD protection sleeve irtee well and picks it up upon retrieval from
the well. The device was developed specificallydse on TTRD operations but can be used
in a number of other applications where the prodeadf seal bores is required. In Figure-2.4,
the illustration to the left shows the alreadysdeeve and drill string working through it.

:
-
i
!
!

T 1) O P B i

:
)

Figure-2.3: Safety valve and wear protection sleewdrop off 3!

The demonstration to the right in Figure-2.4 shtvesretrieval of the wear sleeve while
pulling the drill string out of hole. The runningal both installs the sleeve on the way in
and retrieves it on the way out. The Red Spiderufesntured wear sleeve is used to protect
seal bores located within down-hole tubing mours&iety valves, safety valve nipples or X-
mas trees

15
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Figure-2.4: Wear protection sleeve set and retrievd

2.3 Coiled Tubing Drilling (CTD)

Coiled tubing is a continuously-milled tubular poatl manufactured in lengths that requires
spooling onto a take-up reel. CTD has been usdtéwil industry for quite a long time and

has been extensively used in many parts of thedweslpecially in Alaska, USA. Tubing size
typically ranges from 1 inch to 4 inch in diamefBne basic BHA components used in CTD
are:

* Bit (tri-cone and PDC)

* Mud motor

* Measurement/logging while drilling and other direnal drilling equipment
» Temperature and pressure and other down-hole sensor

* Orienting sub

Use of CTD has got a number of positives. For mstaoperational time is considerable
reduced in CTD by eliminating pipe connections.gjavith this, CTD has the following
advantages:

* Small foot print

e Quick trip time

* Potentially lower cost mobile rigs (on platform, RD is less expensive than CTD)

» Can operate simultaneously with the rig
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However, as naturally CTD has got its drawbackslanitiations as well. In formations prone
to sloughing or washing out coiled tubing is noprapriate. If the wellbore stability problems
develop coiled tubing cannot be rotated nor cavitlistand the stress that conventional drill
collar and drill pipe can. Due to strength and weigf coiled tubing horizontal drilling reach
and hole size are generally less than for the aaiowgal equipment. Within the frame of
limitations disadvantages of CTD are

* Inability to rotate

* Limited weight on bit

* Limited extended reach capability
* Tubing fatigue

e Easyto stuck

Apart from this, portable capability of CTD equipmie&an be difficult in offshore
environments and can require modification of riglfaes.

2.4 SubseaTTD

Development of a TTRD technology provides a mo effective method to increase
production from subsea wells compared to drilling aompleting new wells. Subsea TTRD
is more challenging than the platform based opmnatiOne of the major challenges in subsea
TTRD is the rig movement. This makes rig heaveraet centralization problems that are
crucial for proper protection of completion whilenning in and out with the drillstring and
even during drilling. In subsea wells a pre-instlalé nipple protector is used to preserve the
well head components against scratches from nullanwhen running in with the BHA.
Nipple protector is run and retrieved on a deditatee-line or drillpipe running and
retrieving tool. However, nipple protector is napposed to withstand continuous rotation
forces since it is very thin in thickness. To cepth the rotational forces Crown Plug Profile
Protection Sleeve (CPPPS) has been developed. OftBteSts the crown plug profile area
of the X-tree. It is usually conveyed in a piggxkaub on TTRD running tool together with
the safety valve TTRD protection sleeve. The rugriovl is designed to function as a part of
the drillstring. It carries both the CPP and TTRDtpction sleeves into the well and retrieves
them on the way out.

Another problem in subsea TTD is heave compensagiecause of the light weight of string,
rig heaving challenges landing and pulling of pectiten sleeves. To address this, a careful

planning is needed. For handling the optimum heavepensator training the rig personnel
should be considered.

2.5 TTD Summary

In TTD drilling equipment are topped upon the Cimigs tree. The sequence of equipment to
be rigged up varies from subsea to platform weils ia as follows (bottom to top)
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For platform wells
» High pressure riser

* Drilling BOP

* Bell nipple
For subsea wells

* Drilling BOP

e Marine riser

* Bell nipple

For subsea wells (new)
* Low Riser Package
» High pressure riser
* Subsurface BOP
* Bell nipple

TTD has been known as a cost efficient infill dindj technique commonly applied in matured
fields. However, it is evolving as the time passew equipments and experiences are
emerging. In North Sea and across the world martlgeobil companies have gained an
appreciable experience on this sphere. This innavdtilling method enables operators
around the world to increase their recovery by ssicg to by-passed and isolated reservoir
pockets. TTRD technology enables new drainage pdiam an existing well through

» Safer operation (No additional tree required aisd tebular handling)

* No pulling of the tubing or X-mas tree saves timd aost. (reuse of initial capital
expenditure)

» Deeper kick off point (saves drilling and completicosts)

While various benefits from several angles can be

Financial benefits
* Lower cost than conventional drilling operation
* Increased income from each well
» Extended well life
* May enable production from marginal fields
* Maximizes production from mature fields

Operational benefits
* Less time spend for operations
* No anchor handling required if dynamical positi@niressel is utilized
* Time effective, typical operation 3 weeks 1000 0Qrd horizontal reservoir drilling
* Possible to combine multilateral wells with TTRD

Environmental benefits
» Environmental friendly (smaller drilling fluid volaes required)
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» Safe infill drainage points

Risk benefits
* Less handling of heavy equipment
» Campaign based operations with well trained crew

To detail all available TTD technology, equipmentl &xperience step by step is beyond the

intention of this study, therefore those who atenested can refer to the StatoilHydro Best
Practice TTD&C and some other relevant TTD literature.
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3  Managed Pressure Drilling (MPD)

3.1 Introduction to Managed Pressure Drilling and finitions

Managed Pressure Drilling, as a discipline or ieigiltechnique is the result of high cost of
Non-Productive Time (NPT) caused by drilling probkoriginating primarily from the close
proximity between pore pressure and fracture pres84PD is a general description of
methods for well-bore-pressure management andaloMPD includes a number of ideas
that describe techniques and equipment developkaitavell kicks, lost circulation and
differential pressure sticking. It may also redtloe number of additional casing strings
required to reach the Total Depth (TD) since it rmbgw for longer open-hole sections to be
drilled. Field of well-bore pressure managementbrasad application in the drilling industry
and supplies solutions to problems:

* Number of casing strings and subsequent hole sthgction.

* NPT associated with differentially stuck pipe

* NPT associated with lost circulation — well kiclgeence.

» Dirilling with the total lost circulation

» Limited rate of penetration.

» Deepwater drilling with lost circulation and watkws.

* Enable drilling where normal drilling is not podsibi.e. where the window between
pore pressure and fracture pressure is small.

The International association of drilling contrastsubcommittee on the underbalanced and
balanced pressure drilling has made the followorgngl definition of managed pressure
drilling: MPD is an adaptive drilling process ugednore precisely control the annular
pressure profile throughout the well-bore. Henbe,dbjectives are to ascertain down-hole
pressure boundaries, control and manage annulssyreeprofile accordingly and within the
pre-defined pressure margin. This may include abwtrback pressure by using a closed and
pressurized mud return system. Though not statéteiformal definition but implied is that
this enabling drilling technology uses a singlegehdrilling fluid treated to result in as low
annular frictional pressure drop as possible. MP@ipes a valuable help in managing
massive losses associated with drilling fractuesibrvoirs. It enables us to reduce ECD
(equivalent circulating density) problems whilelldrg extended reach wells and particularly
wells with narrow operable pressure margin. Thignigwn as drilling window between pore
and fracture gradients. As stated in the definjtdPD is anadaptive process of drilling that
suggests that the drilling program, plan and praoedre changeable and will be changed as
the conditions in the wellbore dictate so. MPD oanmon name standing for a drilling
method under which several existing techniqueseadable. These techniques are:

» Back pressure technique that basically implies tsort$ottom-hole pressure
maintenance adjusting back pressure by choke fatcsur

* Continuous circulation system which means thauéton is also maintained during
pipe connection.
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* ECD reduction tool, this is a special tool desigtedse as a part of drilling string to
reduce ECD.

* Pressurized mud-cap drilling that refers to dnglimithout returns to the surface.

» Dual gradient technique, this is the general tesrmafnumber of different approaches
to control up-hole annular pressure by managing ECi®eepwater offshore drilling.

Except first two the rest will be briefly mentiondd general, any of the above MPD
techniques aims to control and manage annulartargottom-hole pressure.

3.2 Back Pressure Technique (BPT)

3.2.1 General

In this technique of MPD, the purpose is to mamtaconstant Bottom-Hole Pressure (BHP)
throughout drilling. The idea behind the technitgi apply back pressure in annulus to
maintain BHP at desired level both during drilliaugd pipe connections. The narrow operable
window between pore and fracture pressures is lysaiabse in mature fields. In many cases
this is caused by reservoir pressure depletionid¢iaals to close proximity between pore and
fracture pressures over time. This phenomenondseaded in Section-5.

A small pressure margin for the drilling can alsotbe result of abnormally or sub-normally
pressurized subsurface formations and reservaiithelse cases, we need proper pressure
management technique and procedure to sustain E®ihwrilling window. Pressure
challenging wells may not be drilled in a convenéibmanner or if drilled they become cost
ineffective because of drilling problems such ad trculation, differential sticking. Back
pressure technique allows for a reduction in muyateand compensates for this reduction
while drilling and making connections accordinghdaherefore manages BHP at desired
level.

3.2.2 BHP in Conventional Drilling Mode

In conventional drilling, BHP is defined by two pareters when mud is in circulation. One is
the static Mud Weight (MW) and the other is the Alan Friction Pressure (AFP). In this
case, BHP equation is defined as follows:

BHPgynaric = Py + Par (3.1)
When circulation ceases for pipe connection thevaleguation reduces to

BH Pstatic = PrnN (3 . 2)
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AFP is function of a number of parameters such&#dvilling string geometry, flow rate,
cuttings loading and fluid rheology. In conventibdalling, mud weight needs to be greater
than the lower pressure boundary defined by passpire. In wells having a small operable
window ECD will easily exceed the upper pressunenolary defined by fracture pressure that
consequently leads to loss circulation and NPTufggl.1 shows how this occurs while
drilling a particular reservoir section having ghti margin.

Pressure (bar)

Conventional Drilling

Static
Circulating

Depth (m)

Reservoir

PP| IFp

Firgure-3.1: Conventional diting and BHPs

3.2.3 BHP in MPD Back Pressure Drilling Mode

In back pressure drilling, a reservoir might berbatanced, balanced or even underbalanced.
That is, mud weight may be greater than pore pressqgual to it or slightly be less than it
depending upon the situation. The philosophy igtluce the mud weight and BHP while
drilling through a tight widow. In this case, th&lB equation is written as:

BHPgynamic = Pmw + Par + Ppp (3.3)

When the drilling is stopped for making pipe cortret, Eq. (3.3) simplifies to the following
equation.
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BHPgatic = Prw + Pbp

(3.4)

Back pressure at the surface can be adjusted tkechanifold with presence of back
pressure pump to maintain BHP at needed level.r&48(2 illustrates the drilling process
where MPD used to drill through tight drilling widathat was not drillable conventionally.

BP

Pressure (bar)

Depth (m)

Reservoir

PP

Managed Pressure Drilling

Static
Circulating

PP

Figure-3.2: MPD and BHP amagement

In this case back pressure applied is dependattteodown-hole pressure conditions. In
situation of a stopped circulation the engaged &wykirs model automatically defines back
pressure based on pore/fracture pressures valeéaeD back pressure is applied by use of

choke manifold and back pressure pump.

3.2.4 Equipment for Back Pressure Technique

In conventional drilling, drilling fluid return iseceived at atmospheric condition on surface.

For this reason conventional drilling is an opessat system. Annular pressure management

is primarily controlled by the mud density and npwomp flow-rate.

In addition to conventional drilling MPD uses selasther equipments. It uses a specialized
manifold that includes redundant chokes, flow-medata acquisition and control electronics.
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Some sources presents that MPD leaves small fobtpiie experience of StatoilHydro
shows that footprint issue has been a problemnmessituations.

MPD equipments add a modification to rig-up seqednem well head up to drill floor and
facility layout on the derrick. Special equipmefits MPD back pressure technique in
addition to normal drilling equipment are:

* Rotating Control Device (RCD), also known as romgttontrol head
* Back pressure pump

» Choke manifold

* Non-return valve

* Pressure While Drilling (PWD) tool

Rotating Control Device: RCD is a common to all MPD techniques since ieguired that
the annulus must be packed off at the surface. lanpueventer or a pipe ram can do this as
temporary measure. The industry has come to depemdotating control device or rotating
annular preventer to limit rotational wear duringlithg. There are special versions of the
RCD for use in different drilling applications.

Morden RCDs typically operate at pressures up @D3isi (344.7 bar) static and 2500 psi
(172.4 bar) when rotated. RCD is a rotating patkat uses an annular seal element or
"stripper rubber” that is 1/2” to 7/8” (12.7 -2.2 mm) diameter undersize to the drill pipe. It
forms a seal in zero pressure conditions.

The sealing element also serves as a barrier betwekbore fluid and rig floor personnel.
The illustration to the left in Figure-3.3 showsogating control head - HOLD™ 2500 made
by Smith International. The rubber element sednack colour seals around drill pipe and
prevents fluid movement upwards through annulus.

Figure-3.3: Rotating control devicé® %3
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The element is exposed to well-bore pressure ama sealing is done by the force of annular
pressure (well pressure actuation). Build-up ofud@npressure against the element exerts a
direct sealing pressure on a per-unit-area basisisithe stripper rubber. The annular seal
element is forced onto joint of pipe using a spguianted sub. The annular seal rotates with
pipe and is locked into the bearing assembly. Tgeibg pack is lubricated and cooled by a
circulating hydraulic system.

Driller doesn’t need to take any action duringlom or stripping operations. The seal rubber
responds to annulus pressure. When stripping lemger required the rotating seal assembly
is released from the bearing pack and drill-pipadtholding the assembly is set aside. When
stripping in hole the seal element is lubricatekégping the bowl on top of the rotating
element full of water (or oil).

The illustration to the right in Figure-3.3 disptaglacement of RCD. The device is usually
landed over the BOP. RCD are available in diffedagign and specifications. For instance,
the high pressure RCD introduced by Weatherford dsel stripper rubbers; upper element
and lower element. The upper stripper is a backamnat seal leak from wear in the lower
element. The lower stripper rubber takes the predditferential, does most of the sealing
and has about 60% of wear in comparison to therupgpe RCD’s main components include
the flow spool or lower bowl with inlet, outlet figes, the bearing assembly and drive
bushing assembly.

Note that two forms of RCD are known such as pasand active. In active RCD sealing is
more effective than in passive RCD. By use of w& tnydraulic forces active RCD can force
sealing elements to be squeezed on the pipe thakdiice any leakage chances. Passive
RCD lacks this ability and the sealing elementsfareed onto the pipe by the wellhead
pressure present.

Back Pressure Pump(BPP)This is an auxiliary pump installed on the rig. Witiee mud
pumps at rig are being ramped down slowly for catina purposes the back pressure pump
is turned on and ramped up when the mud pumpsloktopv a defined threshold.

This is to achieve cross flow via RCD and choke ifoéthand therefore build back pressure
at surface. Alternatively, the back pressure puray tirectly be attached to choke manifold
on the rig. Figure- 3.4 illustrates the back presgwmp used for MPD operations

BPP is usually turned on when making pipe connedtdouild a pressure in annulus that will

compensate for the loss of annular friction pressBressure will have to be trapped in
annulus by adjusting the choke.
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High pressure triplex pump

Figure-3.4: Back pressure pump

Choke Manifold: Choke manifold is a unit made of a set of valvegadorm pressure
control while drilling. Choke manifold is also usedhandle well control issues. Apart
controlling fluid flow back from well to the mudtgi particular function of choke manifold in
MPD is to control annular pressure and ECD. Chokeifuold is opened to a certain level
while drilling. When mud pumps are turned off amdwalation is stopped for connection BPP
and choke manifold are automatically engagedtheBPP is being ramped up while choke
is being closed gradually to trap back pressuradmtain the bottom-hole pressure at the
same level as in circulation phase.

DAPC automated choke manifold

Figure-3.5: Choke manifold used for D>
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Choke manifold can be operated by manual, semirgatio or fully automatic means.
Because of the need for eliminating wellbore presspikes full automatic choke is most
preferred. The manually handled choke is not Soiefft compared to automatic one. It is
operated by a choke operator and the impropemdégpening of valves can result in
pressure spikes in wellbore pressure. However naatioally operated choke system is very
sensitive and more accurately controls pressurgsnuivellbore. Figure-3.5 displays a
dedicated choke manifold for the managed pressubhagl which is operated automatically.

Non-Return Valve: Drill pipe Non-Return Valve (NRV) is essential td?® operations.
Looking at the U-tube principle so commonly dis@agss well-control activities it is evident
that any positive overbalance in the annulus fodrgng fluid back up the drill pipe. The
drilling fluid may carry cuttings that can plug dovole motor or measurement while drilling
tool. In the worst case blow out through drill pipay occur. To avoiding this NRV is used in
drillpipe.

Only, downwards
flow is supported
by the NRV

Non-Return Valve

=— Drill String

In-lim=s RNon-retouarm walwe

Figure-3.6: NRV and its illustration wihin drill string **

The non-return valve is a one-way valve. Figureshéws a NRV mounted in the drill string,
to the left is a picture of NRV. The dart mountedtbe spiral is pushed downwards when
pressure inside the drill string is higher thanghessure in annulus and thus opening for
downward flow. If the pressure in annulus beconreatgr than in drillstring, the dart is
pushed upward by the spiral into its dedicated gequeventing upward flow through
drillstring.

Integrated Pressure Manager:While drilling a MPD well, measurement, monitoring,
analysis and control are integrated into the Irgtesgl Pressure Manager (IPM). IPM consists
of a control computer, a programmable logic corggatem, a real-time hydraulics model and
data communications network. Accurate BHP con&qlires a steady stream of accurate
data. Regularly updated drilling parameters antitneee data from the pressure-while-
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drilling tool are transmitted to the IPM and therefito the hydraulics model to adjust the
surface and system pressures appropriately. The fomaction of PWD tool is to record real-
time down-hole pressure data and transmit it téaserwithin a reasonable amount of time.

3.2.5 Back Pressure Operation

MPD rig-up is different from over balanced drillimga way that it requires extra equipments
to be added to the already existing conventiondirgdy equipment. Back pressure rig-up
configuration is case and company specific. A nunob@endors are available Halliburton,
@ balance, Weatherford and etc. Nevertheless, emgunpspecifications and procedures for
performing MPD may change from company to compaagklpressure pump, choke and
RCD are needs for a back pressure technique of MRy case. RCD is located below the
drill floor and over ROP. Annulus outlet is throutite flow spool that is the lower most
component of RCD. BPP can be attached to flow spodirectly to the choke depending on
the vendor. Throughout drilling back pressure buidand drawdown are performed by
engaging the BPP and choke manifold. The autonwb system is preferred for use.
StatoilHydro uses fully automatic system. An adwhhydraulics model built in the system
calculates back pressure to apply and adjusts #ufige, swab, pump rate change,
temperature effect, mud density change and rpm

Required and actual EHP

Back pressure
= Annular friction pressure

Flow rate increases Contstant flow rate Flow rate decreases

Bottomhole pressure

Figure-3.7: Constant operational BHP @r flow rate change in MPD

BPP and choke work interactively. When mud pumpsffidack pressure pump is ramped
up interactively with the flow rate decrease fromdpumps. Choke starts closing in such a
way that AFP loss is smoothly compensated by trdjyaek pressure at surface. The opposite
takes place when drilling resumes again. BPP islglcamped down with the flow rate
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increase from mud pumps. Choke in this case stpdaing to a certain level allowing mud
return to flow through the choke without trappingnecessary pressure. As a consequent of
such pressure management BHP is being maintaimedard throughout drilling as shown in
Figure-3.7. Figure shows the automatic pressuré&@an MPD with flow rate change.

3.3 Continuous Circulation System (CCS)

3.3.1 Introduction

CCS is dedicated for maintaining circulation durdrdling. It eliminates the bottom-hole
pressure changes during connections.

Pipe guide ———a=

Snubbing
head

Snubber
slips

Torque spin
gear

Upper pip=
ram

Snubbing
cylinders

Blind ram

Lower pipe
ram

Lower slips

Figure-3.8: The main CCS uriit

This system has a potential to increase drillirfiggciehcy in places where maintaining annular
friction pressure is the key to achieving objectiget. With this system a steady equivalent
circulating density (ECD) can be maintained.

CCS minimizes positive and negative pressure swagssciated with making connection
under normal drilling conditions. This enables aenstable well bore with improved hole-
cleaning and removal of connection gas. Dependimte situation and professionalism of
CCS crew may reduce connection time. The CCS laggrto be a safe and reliable system
that allows operators to drill high pressure-higimperature and tight drilling window wells
without drilling problems.
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3.3.2 CCS System

CCS is a pressure chamber through which drill gtpasses. It can form a seal on each side of
drill-pipe tool joint. Figure-3.8 illustrates theam unit of CCS. As seen from Figure-3.8, the
unit has been built in a BOP style. This desigavedl pressure inside and outside drill string
to be equalized by introducing drilling fluid at@iulating pressure into the chamber between
the seals. The pressure equalization and diventind between chambers is done by mud
diverting manifold tied to high pressure deliveinel between mud pumps and stand pipe.
Mud diverting manifold is a part of the CCS syst&onnection is broken and the pin is
backed out and raised clear of the box before teégspre chamber is divided into two
sections by a sealing device closing above the Asxabserved from the picture, the seal
function is obtained by the blind ram in betwe&hessure is then bled off in upper section
allowing the pin connection to be removed. At thme time, uninterrupted circulation is
maintained along the side of chamber and down ple& ¢ool joint box.

Figure-3.9: The cut away vieaf CCS* (P-#27)

To add a new joint or stand of drill pipe connediethe top drive it is run into the upper
chamber which seals around pipe body and is filled drilling fluid at circulating pressure.
Having equalized pressures the dividing seal campeaed tool joint pin and box brought
together and the connection made up with circutatealirected through the top drive into the
drill string. When pressure in the chamber is [f#dhe seals are opened and drilling can
resume. At the top of pressure chamber a combmatiever tong and snubbing device are
attached to control pipe handling in the chamber.

Figure-3.9 displays cutaway view of the CCS. Itwdtow the connection is done and
circulation is being kept while connection. Makeamu breakout of connection and the
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movement of drill pipe into and out of the uppettsmn are performed under circulating
pressure conditions. After division of chamber itite upper and lower sections by blind ram,
circulation is maintained through the flow lineaathed into the unit. The lower pipe ram must
always be closed and so does the upper pipe ranma. iBlpumped down the drill string that
exits through bit and comes up the annulus. Muarmegxits through outlet that is below the
drill floor. CCS itself is located on the drill t@. Note that CCS unit can also be used
together with the choke manifold and RCD.

3.3.3 CCS Control System

Control system is fully automatic enabling trairiedhnical personnel to safely and efficiently
operate CCS. The system has built-in safety alamtmasiual interlocks between activities and
ability to reverse or undo steps in operating ptdoces. Operating system is controlled from a
touch screen. It is self-checking but it can berntpted at any stage and activity can be
reversed by the operator. Most important of a gafe for all personnel involved. All pipe
handling (by snubbing jack) and break-out/makehypQCS unit) are done without direct
manual interference.

It is extremely important to train the personned @nsure proper communication between the
driller and CCS operator. The operations done ingkygrn (StatoilHydro) shows that having
the crew trained on how to make connections hasrbet¢he most time consuming part of the
training.

3.3.4 Application

CCS has been particularly effective when used itbfdrmations where making connections
conventionally is difficult due to narrow drillingindow. Balanced pressure drilling is unique
among managed pressure drilling techniques. It tai@is uninterrupted circulation during
connections to establish constant BHP regime througdrilling. This steady-state
circulating condition eliminates the transitory doWwole pressure effects experienced during
conventional drill-pipe connections. Using CCS oasult in improved hole-conditions and
may reduce connection time.

3.3.5 Pressure Management

CCS is a dedicated system aimed at maintainingt@onECD throughout operation. Unlike
back pressure method CCS neither increases synfassure nor decreases it. However, these
two have a common target of sustaining constarbiyehole pressure. Figure-3.10
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illustrates the existing pressure difference betwd®D back pressure and CCS techniques
while pipe make-up or breakout

Pressure (bar)

\ Applied back pressure
The difference in the annular
pressure profile for two MPD
variations
— CCS === Back Pressure Method

E

—

=1

a

]

Reservoir
PP iFP

Figure-3.10: Pressure profildifference during pipe connection

In back pressure technigque once circulation reswanealar pressure profile shown in green
line will gradually shift towards left at the sucabut stay constant at the bottom. However,
in CCS annular pressure profile will remain uncrethgs shown.

3.3.6 CCS Rig-Up

CCS unit is pretty massive and a heavy equipmeisttherefore landed on the drill floor.
Flow lines, hoses and other related equipmentlacchandled on the drill floor. The system
is operated by trained drill crew using automateams. Manual interference of any member
of drill crew is possible if necessary. Dedicatelits and procedures should be followed up if
manual interference necessitates. Below the dibrfis rig-up of conventional drilling
equipment and system.

CCS unit is very expensive and there is only omppler (National Oil Varco) for the time
being. CCS unit has the following dimensions

* Base:5x6ft(1.5x1.8m)
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* Height: 6 ft (1.8 m)
» Extended height : 12 ft (3.6 m)

System requires enough space and height in theagk of enough height for CCS may
allow for drilling with singles or two pipe jointsut not pipe stands. In such circumstances,
more time may be spent for drilling and drillingoppedures may need to be changed. Due to
such reasons, CCS may not be applicable in alindyitigs.

3.4 ECD Reduction Tool

Another cutting-edge MPD technology is WeatherfefdCD reduction tool shown in Figure-
3.11. The tool developed in collaboration with BRiiturbine pump down-hole tool that
produces a “pressure boost” to the return fluidnnulus. This results in dual gradient
situation in annulus return. It is designed to ¢deudown-hole pressure increases caused by
friction in annulus by reducing equivalent mud weig

ECD REDUCTION TOOL CONCEPT
MUD FUMPED DOWHN
|___DRILL DRILL PIFE DRILL FIFE
TURBINE —] STRING
MOTOR ARG MUD ENTERS THE
MOTOR
CIRCULATIN(
FLUID MOTOR
RETREMNABLE
PUMP —— gty EXITPORTS.
—_CASING RETURH
STRING o MUD EXITS THE
MOTOR
PUMP
ANNULA SECTION
SEALS ANNULUS RETUN
RETURN ANMULAR ENTRY PORTS
FLUID SEAL
ORILL PHPE
|

Figure-3.11: ECD reduction todl 43

The ECD reduction tool consists of three sectidwghe top is a turbine motor that draws
hydraulic energy from circulating fluid and conweittinto mechanical energy. The turbine
drives a multi-stage pump in middle which adds gnéo return fluid creating required
pressure differential in annulus. Turbine is matcteethe pump and both run at the same
speed. The lower section of ECD reduction tool mia®f annular seals to ensure that all
return fluid and cuttings pass through the pumg ahnular seals remain in constant contact
with casing. They are supported on bearings salieadnnular seals do not rotate with
respect to casing when drillstring is rotated. Tis@xpected to have a broad range of drilling
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applications including narrow pressure marginsaamvater environments, wellbores prone
to instability, pressure depleted reservoirs artdreded reach wells. It has not been used in
StatoilHydro yet.

3.5 Pressurized Mud-Cap Dirilling

This method of MPD uses two different drilling lisito manage severe lost circulations.
One of the drilling fluids is called sacrificial @most to formation during drilling while the
other is a heavy and viscous fluid that is pregsdrin annulus and serves as an annular
barrier. If drilling through reservoirs of interesill lead to loss of dedicated and expensive
drilling fluid and is not possible get returns baktud cap drilling is used with the aim of
drilling with full loss. Heavy-viscous mud is pungpdown to some depth and placed in
annulus. In a very simple form mud is pumped (belkded) in annulus until the well goes on
vacuum. After this, drilling resumes by pumpingrdasal fluid down the drill string with no
returns to surface.

The sacrificial fluid should be cheap and environtably friendly. Usual fresh water is used
for this purpose. Annular fluid is pressurized watpurpose of keeping well on state vacuum
so that drill cuttings and sacrificial fluid wilesily be lost into the formation.

3.6 Dual-Gradient Drilling

Dual gradient drilling is one of the MPD techniquleat primarily relates to deepwater

drilling applications. As the name implies two flsihaving different densities are utilized.
One is drilling fluid the other is riser fluid. Rasfluid is lighter than drilling fluid and in many
cases seawater is used. The idea here is thanglfillid doesn’t travel through the riser. Mud
return is diverted to a subsea pump installed erséda bed. Subsea pump delivers mud up to
the rig and it is further pumped through a flowelito mud pits. Based on down-hole
conditions, the level of riser fluid is arrangedtlsat the bottom-hole pressure is kept and
control at a desired level.

Application of dual gradient in the TTD may be relat for subsea TTD but not for platform
wells. In this study our purpose has been to loo& MPD techniques that can be integrated
with platform TTRD. For this reason, further dedaof dual gradient drilling will not be
pursued here.
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4  Drilling Hydraulics

4.1 Introduction

This Section addresses drilling hydraulics. Witthiae Section academic basis for further
calculations, analysis and investigation is esshleld. Pressure drop calculations, ECD
concept, hole-cleaning issues and some of bit hideaare covered. Pressure loss
calculations are based on a preferred model, résgmr df the fact that details of all available
rheological fluid models can be found. For pradtmapose the equations will be provided in
flied units.

4.2 Rheological Models

There exist several rheological fluid models ugetluid hydrodynamics. Some of them are
utilized to characterize drilling fluids while soraee not applicable to drilling fluids. During
the study it was found out that there are abouttaigpdels such as

e Newtonian Model

* Bingham Plastic Model
 Power Law Model

e API Model (RP 13D)

» Herschel-Bulkley Model
* Unified Model

* Robertson-Stiff Model

e Casson Model

Each has its own application and depending on ¢tiondiand operational parameters all can
be compared on one another. Drilling industry heedumany of them, except Newtonian and
Casson models the rest have been used to chazadteiling fluids. Details of all models
above are given in Appendix-D.

It has been observed in this work that power lavd@ehonore closely represents behaviour and
characteristics of drilling fluid used in the fieddse chosen for this study. However, we
refrain to state that power law model is the bestse for drilling fluid.

Since the power law model suited the field datawith be shown in Section-6, in the
following we will address pressure loss calculatibased on this model.
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4.3  Friction Pressure Drop Calculations and Flow Rgimes

Different equations and procedures have been pegpasd used in the drilling industry for
the aim of pressure loss calculations. Service @mes providing software packages and this
sort of services to the oil industry have dealhwitis matter from various angles in their
programmes and internal books. Unfortunately, tieeret a straightforward solution and
commonly recognized procedure and model for adorggsessure drop issue in drilling.
Different companies and institutions have suggegiierent equations to calculate power
law constantsik(andn), apparent viscosity and eventually Reynolds nutrbehe following,

a different procedure is recommended by use ofuthéamental power law fluid model.

Power law constants to be used in the followingcaraputed by

n= 332Iog(hj (4.1a)
00
k= 51;.?:00 (4.1b)
511

4.3.1 Pipe Flow

Regardless of rheological model in use, velocitflutl flowing through a pipe is given by

v._0

= 4.2
 2448D (2
Fundamental Reynolds number for Newtonian fluidgiven as
D, oV
Re=928—¢ "1 Yp (4.3)
Hy

To account for non-Newtonian character of drillihgds, apparent viscosity for a power law
fluid is presented as

1-n
D n
g =X[Pe (3”’”) (4.4)
96 Vp 0.0416

Substitution of apparent viscosity given by Eg4j4nto Eq. (4.3) yields to Reynolds number
for power law fluid flow through a pipe that is egpsed by

891000, V.>" (0.0416D "
Re= Pr Vo ( "j (4.5)

k 3+1/n
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For Newtonian fluids, say for water in whiohs 1.0 anck becomes equal to viscosity of
water then Eq. (4.5) easily reduces back to orldtoa (4.3). Based on Reynolds number to
determine flow regime power law model sets follogvaonditions™

Laminar: Re< Rg = 3470-137(M (4.6a)
Transition:  3470-1370< Re < 4270-137@ (4.6b)
Turbulent: Re Rer = 4270-137( (4.6¢)

Once the Reynolds number and flow regime are knéwation factor is calculated B¥

16

Laminar: f =— (4.7a)
Re

Transition: f = 16 +[Re_ ReL} a == 16 (4.7b)
Re, 800 | Re” Re

Turbulent f =—2_ (4.7¢)
Re

Wherea andb are given by

a= logn+ 393 and b= 175-logn

50 7 (4.8)

Having friction factor computed for any flow regiroee can easily calculate frictional
pressure drop through a drillpipe using

f\V?
(@j = loYs P (4.9a)
dL), ” 2581D,
dp
Ap :(—j L (4.9b)
P L),

In the following, an example is highlighted to shpipe friction factor behaviour.

Example-4.1

Assume drilling 8 %2” hole with 5” drillpipe. Drling engineer becomes curious of
calculating pipe friction factor. Necessary infotioa is provided in Table-4.1

Drilling fluid data Drillpipe data Hole size
O600 | O300 | Density (s.g.) OD (in) | ID(in) | Grade | Weight (kg/m) (in)
90 60 1.600 5.000 | 4.000 | E75 38.000 8.500

Table-4.1: Drilling fluid, drillpipe and wellbore d ata for example-4.1
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Use of the above computational steps and given ttedollowing analytical result given in

Figure-4.1 is attained by Matlab program.

Laminar zone

lojoe] uonoL

10°

Reynolds number

Figure-4.1: Pipe friction factor

4.3.2 Annular Flow

For flow through annulus, velocity of fluid knows annular velocity is calculated by simply

writing Eq. (4.2) for annulus as

(4.10)

2.448(D,” - D,%)

V, =

To write Reynolds number for annulus flow, Reynatdsber for pipe flow is extended to

(4.11a)

annular geometry by introducing hydraulic diamet@ncept. Four expressions are available

to estimate hydraulic diameter that are giveff by

38



B
tavange

Universitetet
i S r

Drilling Hydraulics

2 _ 2
D, =./D,” + D/’ -5, =D (4.11b)
In(D, / D,)
D, = 0.816(D, - D,) (4.11c)

In(D, / D,)
2

2 _ N 2)2
‘{/D24+D14_(D2D1)+ DZZ_Dl2
D, =

(4.11d)

All of the above have been used in practice toasgmt annular flow. Eq. (4.11a) and (4.11c)
are perhaps most broadly used in petroleum indusknig is probably because of their
simplicity rather than being superior precise.doently appearing literature Eq. (4.11c) is
used so intensively and will be used here as Relplacing pipe diameter in Eq. (4.3) by
hydraulic diameter given by Eq. (4.11c) Reynolds benfor annular flow is arrived at

D,-D V
Re:757( 2 1) Pr V, 12)

Hy

Likewise, apparent viscosity of power law fluidwilmg through annulus is expressed by

k (DZ—DIJ' (2+1/nj" 413

Ha =124 " v 0.0208

a

Substitution of Eq. (4.13) into Eq. (4.12) resuftfRkeynolds number as

1090000, V,*™" -D)Y"
Re= 0; V, 0.0208(D, — D,) (4.14)
k 2+1/n

Having Reynolds number calculated annular flowmegis defined based on

Laminar: Re< Rg = 3470-137( (4.15a)

Transition:  3470-1370< Re <4270-1370 (4.15b)

Turbulent: Re Rer =4270-1370 (4.15c¢)

Annular friction factors are calculated as

Laminar. f _ 24 (4.16a)
Re

Transition: f = 24 +[Re_ ReL} a == 24 (4.16b)
Re, 800 Re,” Re

Turbulent f :ib (4.16c)
Re
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Constant& andb are computed with the same expressions supplighby4.8). Annular
frictional pressure loss is calculated by

[%j it @)
d.), 211(D,-D,) '

dp
Ap. =| 2| L 4.17b
e e

During drilling frictional pressure loss in annulissone of the most significant parameters to
control and manage. Since any potential increas@mular pressure loss results in increase of
bottom-hole pressure with the same value. To view AFP loss changes in annulus as flow
rate rises, the following example is given.

Example-4.2
Assume drilling of the same well given in Exampl&-dontinues and the same data applies.
Drilling engineer intends to find out annular prassloss vs. flow rate to estimate achievable

flow rate. Flow rate directly relates to annulaloegty and thereby to hole-cleaning issues.
Figure-4.2 illustrates analytical behaviour of ge® loss with pumping rate.

05 T T T T

0451 - ’

0.4 --------q-mmmmm -

0.35) - Ammmmmee-

I e e

025 -————__ Transition zope .

] e G e L

(dP/dL)a (bar/m)

0.15--------

0.1f--------

0.05F--------7---- NI -

0 1000 2000 3000 4000 5000 6000
Flow rate (Ipm)

Figure-4.2: Annular pressure loss vs. poping rate
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4.4  Eccentricity, Rotation and Tool Joint Effects a AFP Loss

Accurate determination of pressure loss is imposarce it relates to bottom-hole pressure.
For this purpose, taking all affecting factors iatount helps to precisely define AFP.
Eccentricity, pipe rotation and tool joint influen&&P. In the following, the most widely
used methods will be highlighted to account fosstheffects.

4.4.1 Eccentricity Effect

Even vertically plan and drilled wells will have seas slightly deviated from vertical. Due

to its weight drillstring is always expected to die the lower side of wellbore in inclined
holes. In these situations annular becomes ecceRtessure drop in eccentric annulus will
be different from that of concentric. Pressure drogccentric annulus can be as low as 40 %
of that in concentric annulus. A widely used meffiod estimate the magnitude of this
reduction is based on product of concentric-annptessure loss and empirically derived
ratio R depending on flow regimeR (s the ratio of AFP in concentric annulus to ARP i
eccentric annulus). Equations to calcuRtare given as

D 0.8454 3 D 0.1852 D 0.2527
R, =1- o.o72§ (Flj -3 e? \/ﬁ(glj + 096€° \/ﬁ(glj (4.18a)
2 2 2
e D 0.8454 2 D 0.1852
=1-0048=| 1| -Ze*Jn =
R[urb n ( D j 3 ( D2 ]

2

D 0.2527
+0.285¢° \/E(D—lj (4.18D)

2

For transition zone, estimation Bfis more complex. Linear evolution BfbetweerRam and
Rmax can be assumed for Reynolds numbers falling mstti@n zone or Eq. (4.18b) can be
used for transition zone as wellin fact is a multiplication factor for Eq. (4.17&)por
concentric annuluf} will become one while for eccentric annulus itlwypically range
between 0.6 and 1.

4.4.2 Rotation Effect

Annular pressure loss has been found to increaseodwtation. Here we will demonstrate a
simplified method” to estimate rotation effect on pressure loss. Tneeation is

2
AP, = 0.0000IN | -1.079 Dy +17.98 Dy L (4.19)
R D D

2 2

As seen, method simply accounts for geometry feamdrrotation speed. The drawback could
be that fluid rheology effect is not included asgmaeter.
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4.4.3 Tool Joint Effect

Tool joint is a necessary part to extend drillpipkee gap between tool joint and casing/open-
hole is narrower than between pipe body and casgpeg)-hole. Fluid flowing through annulus
experiences a geometry change in tool joints. Bredess in tool joint body is calculated as
in pipe body since only flow area change occursthrtefore annular velocity.

Calculation of pressure losses at the end sidasobjoint is rather complex. This is
sometimes ignored due to fact that pressure logsoirjoint body is larger than at the tool
joint end points. For this reason, pressure injmiak can be calculated based on flow area
change. Tool joints will increase pressure lossimuus.

4.5 Equivalent Circulating Density (ECD)

Pressure imposed upon subsurface formation whilendris equal to annular frictional
pressure losses from the depth of interest to anmuwitlet plus hydrostatic pressure exerted
by effective mud weight. Resultant bottom-hole pues is expressed as an equivalent mud
weight that will result in the same pressure. Thysiealent mud weight is termed as
equivalent circulating density and mathematicalgressed as

PAF

ECD=p +— 2
0.052 TVD

(4.20)

Accurate calculation of ECD is required to knowtbot-hole pressure and prevent drilling
problems caused by excessive bottom pressures.

4.6 Hole-Cleaning

In the following, important elements of hole-claagthat are relevant for this work will be
looked into. Cuttings settling mechanisms and attarsstics, flow patterns, mud properties
and cuttings concentration will be focused on. lkemtnore concentration will be on slip
velocity.

4.6.1 Hole-Cleaning Introduction

Hole-cleaning is one of the basic functions of dnifing fluid. Cuttings generated by the bit,
plus any cavings and /or sloughings must be cahyeithe drilling mud to the surface. Failure
to achieve effective hole-cleaning can lead tooserproblems.
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These include stuck pipe, excessive torque and drawlar pack-off, lost circulation,
excessive viscosity, gel strength, high mud cgsisy casing and cement jobs. Cuttings

transport is affected by several interrelated nouttings and drilling parameters as shown in

Table-4.2. Annular velocity, mud viscosity, welliednclination and string rotation are

considered to be the most important ones. Primatphods used to improve hole-cleaning are
to increase flow rate (annular velocity), mud vistpand pipe rotation particularly when in

laminar flow.

Well profile and geometry

Hole angle and doglegs
Hole/tubular geometry
Drill string eccentricity

Cuttings and cuttings-bed
characteristics

Specific gravity
Particle size and shape
Reactivity with mud

Flow characteristics

Annular velocity
Annular velocity profile

Flow regime
Mud properties Mud weight

Viscosity

Gel strength
Drilling parameters Bit type

Penetration rate
Differential pressure
Pipe rotation

Table-4.2: Parameters affecting hole cleang® (P°'%)

Viscosity and annular velocity are most importamd aritical parameters. Cuttings and

particles that must be removed from the well h&wed forces acting on them as shown in

Figure-4.3a.

Figure-4.3a

wellbore wall

w flow

Pipe outer wall —»

Figure-4.3b

wwellbore wall

\ud flow

Pipe outer wall —»

Figure-4.3: Velocity components and forces actingroa patrticle
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The Shown are (1) a downward force due to gray®yan upward force due to buoyancy
from the mud, (3) a force parallel to the directadnmud flow due to viscous drag caused by
mud flowing around the particle. These forces causengs to be carried in the mud stream
in a complex flow path that is often helical be@oéthe combination of upward and
circumferential flow. A simplified illustration ofelocity components of a particle is
displayed in Figure-4.3b. (1) a downward slip vélpdue to gravitation force, (2) a helical
velocity due to peripheral and axial flow profileda(3) an axial velocity driven by axial mud
flow. Vertical hole-cleaning phenomenon is perhapl understood and easy to visualize
and optimize compared to tilted holes. Hole-clegngnwvery complex in inclined holes.

4.6.2 Particle Settling Mechanisms

Hole-cleaning process must counteract gravitatidoaln-falling of particles to minimize
cuttings settling tendency during both static apdaanic periods. Three basic settling
mechanisms have been reported and can apply irctedaing. (1) free fall, (2) hindered
settling and (3) Boycott settling. All three canstxn directional wells while first two can
also relate to vertical wells.

Free settling: Thisoccurs when a single particle falls through a flwithout interference of
other particles or any obstacle. Falling velocigpends on density difference between fluid
and particle, fluid rheology, particle size andshand flow regime of fluid. In turbulent flow
settling velocity is believed to depend on rheoladyle in laminar flow Stokes’ law applies
for free settling. The larger the difference betw#ee cutting and the fluid densities, the
faster the particles will settle. At the same tiligger particles will settle faster than small
particles.

Hindered settling: This mechanism is considered a more realistitirsgimode, particularly

in slim-hole drilling and where high cuttings contrations are present. The idea behind this
mechanism is that fluid displaced by a falling méetcreates upward force on adjacent
particles and thereby mitigate slip velocity of @mther. During a continuous drilling
process the annulus is full of cuttings. The likebd for hindered settling to occur is high in
these circumstances. Net result is still an ovel@nward movement. However, settling rate
will be less (hindered) than single particle (ffak).

Boycott settling: This is an accelerated settling pattern that canma deviated holes and
bears the name of the physician who first repatti@tisolids in tilted tubes tend to settle 3 to
5 times faster than they can in vertical tubes.ddttysettling is a consequence of rapid
settling to the adjacent and lower side of devidelés. This process causes pressure
imbalance that leads to the upward flow of liglikeid on the upper side of wellbore and
downward movement of particles to the lower sidaalé. At low flow rates mud flows
mainly along the high side of hole and enhance8theott effect. Pipe rotation and high
flow rates are recommended that will disrupt thiéggga and result in better hole-cleaning.
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4.6.3 Drill Cuttings and Their Characteristics

Specific gravity, particle size and shape and re#gtwvith drilling fluid are some of the
important drill-cutting and cuttings-bed charadgds. Specific gravity depends on
formations drilled and ranges from about 2.0 tq 88newhat denser than most drilling
fluids.

Drill string

Wellbore wall
Floating particles

Drill pipe
Cuttings bed Wellbore walll

Figure-4.4: Cuttings bed in a highltilted well

Bit type, penetration rate and bottom-hole diffél@rpressure determine initial size and
shape. Larger cuttings are generated by long-toitghhigh penetration rates and lower
differential (or underbalanced) pressures.

If not properly supported and removed cuttings @acumulate at the bottom of the well (fill).
They also may accumulate in doglegs, washout z@dmekyes) and on the low side of
inclined intervals (beds). Figure-4.4 shows a ngtibed formed on a highly deviated well.
This kind of cuttings accumulations can be difftdol erode or re-suspend. Therefore mud
properties and drilling practices that minimizetimgs bed formation should be emphasized.
Cuttings remaining in flow stream do not become paa bed of accumulation. Mud
suspension properties are important, especiallynatates and under static conditions.

4.6.4 Flow Characteristics

Cuttings transport efficiency is strongly dependamannular velocity and its profile.
Increasing annular velocity will always improve &aleaning. In a concentric annulus flow is
evenly distributed around drillstring as shown igufe-4.5. There is an equal distribution of
flow energy for cuttings transport regardless oifdirheology. This profile is generally
assumed while drilling vertical wells. However, igedre rarely vertical even planned and
drilled as vertical. TTRD well typically has a dated well path. In this case, drillstring tends
to lie on the low side of hole and thereby disraiphular velocity pattern as shown in Figure-
4.6.
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Figure-4.5: Concentric drill pie and annular velocity distribution® % °

Figure-4.6: Eccentric drill pipe and anular velocity distribution ** &*2

Irregular motion Whirling motion

Drillstring Wellbore wall Drillstring Wellbare wall
Drillstring motion path Drillstring motion path

Figure-4.7: Drillstring motionwithin wellbore while rotating
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Resultant velocity profile is not instrumental farttings transport. Cuttings accumulate on
the low side of hole where annular velocity is mial. In this situation, rotation of drillstring
is critical for achieving efficient transportationh cuttings and effective hole-cleaning.

Drillstring rotation lifts cuttings from the lowde of hole back into flow stream and promotes
helical flow pattern. This sort of flow shape caery effective for hole-cleaning even at
low annular flow velocities. In high angle wellslgtring does not remain stable on the low
side of hole while rotation. The string tends tiontd the wall of wellbore and fall back as
shown in Figure-4.7. This sort of motion even hetpkole-cleaning

Rotation may not be possible as in coiled tubinthrly and sliding mode of directional
drilling. Turbulent flow is considered by some t® & prerequisite for good hole-cleaning in
such applications.

4.6.5 Mud Properties

Three main categories of drilling fluids are (1)terabased muds, oil-based muds and gaseous
drilling fluids in which a wide range of gases d¢apresent. Primary functions of drilling
fluids include

» Cool and lubricate bit and drillstring

» Clean the bottom of hole beneath the bit

» Transport cuttings to the surface

* Suspend drill cuttings in the annulus when cirdalats stopped
» Support the wall of wellbore

» Control subsurface pressure

» Stabilize wellbore

Various drilling fluids provide similar cuttingsainsport if their down-hole properties are also
similar. Selection of optimum properties requirasedul consideration of all concerning
parameters. Important parameters especially fa-blglaning include mud weight, viscosity,
gel strength and carrying capacity. In the follogvinud weight and viscosity are briefly
touched

Mud Weight: Exceptional significance of drilling fluid mud vght for hole-cleaning is that it
helps buoying drill cuttings and thereby slowinguihatheir settling velocity (as dictated by
Stokes’ law). It is really not used to improve holeaning. Instead, mud weight is to serve its
primary function of exerting hydrostatic pressunel ahould be adjusted based on pore
pressure, fracture gradient and wellbore staliétyjuirements. Wellbore instability is a
special case where the mud weight targets the catlser than the symptoms of hole-
cleaning problems.

Mud Viscosity: Viscosity plays particular role in hole-cleaniagd aids defining the carrying
capacity. As an old practice, rotational viscomegaxdings at 600 and 300 rpm are used to
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define the plastic viscosity and yield point of mietails of these equations can be in
Bingham plastic model given at Appendix-D.

Viscosity of drilling fluid is affected by down-helconditions especially in circumstances
where high pressures and temperatures are pr&sscosity decreases as temperature rises.

4.6.6 Cuttings Concentration

Cuttings concentration is perhaps the best indidatacuttings transport. Drilling problems
start escalating when cuttings concentration excedtireshold value. General drilling
practice is that cuttings concentration shouldexateed 5 % to ensure good hole-cleaning.
Cuttings concentration is calculated by

_ 1,667ROPD,’
60(Db2 - Dp2) (\/a _Vs)

(4.21)

a

During drilling effective mud weight differs fronriginal mud weight. Change in hydrostatic
head depends upon density of cutting, original megjht and concentration of cuttings.
Effective mud weight due to cuttings concentrattan be given by

Ca Ca
Ioe(c) :ppﬁ)-'-pf (1_10 j (422)

Practical parameter to control cuttings concerdrats annular velocity. There is an annular
critic velocity in annulus at which cuttings conttion reaches its threshold value. Annular
critic velocity to maintain a specific cuttings @amtration is obtained by solving Eq. (4.21)
in terms of annular velocity. Equation to calculatenerical value of annular critic velocity is
obtained as

_ 1667ROPD,’
60(D,” - D,")C,

(4.23)

ac

Annular critic velocity is one of the most importggarameters for hole-cleaning. Annular
velocity should always be higher than the crititoegy. As seen from Eq. (4.23), slip
velocity of participles is a part of equation. Talaulate annular critic velocity slip velocity of
cuttings should be computed too.
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4.6.7 Cuttings Transport Ratio

The difference between annular velocity and slilpeigy is known as the transport or rise
velocity that is

V. =V, -V, (4.24)

Eq. (4.24) applies for vertical wells but not imeld holes. Best hole-cleaning is achieved
when rise velocity approaches annular velocity.rlmde-cleaning occurs if rise velocity is
low. Cuttings Transport Ratio (CTR) is an applieahhd a significant technique to normalize
rise velocity. As a function of slip and annulatogties, the CTR is expressed as

CTR(%) = WmO 4.75)

a

Hole-cleaning performance in different parts of iwete can be directly compared by use of
CTR. CTR ranges from 0 % (for very poor) to 10016 perfect) hole-cleaning. For vertical
and near vertical wells, having CTR values gretiten 50 % can be sufficient for hole-
cleaning.

4.7  Slip Velocity

Several particle slip velocity correlations havemeéeveloped for predicting hole-cleaning
performance of drilling fluids. Except the one deped by Walker and Mayes, the rest of

these correlations are based on Stokes’ law. 11,188orge Gabriel Stokes expressed slip
velocity of an object (a particle) falling (creegidown) through a viscous fluid as

d (o, -
V, :138M (4.26)
U

Particle Reynolds number is determined by

pf deS

Re, =9282
u

(4.27)

If flow pattern is different from free fall cuttirglip velocity determination can be based on
empirical correlations. The known correlations laased upon dimensionless quantity known
as the friction factor which is defined by
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Slip velocity correlations can be split into twagps, the first of which assumes drill cuttings
to be spherical while the second assumes drilinggtto have a shape of circular disk.
Friction factors for spherical and circular diskapkd drill particles are given as

pp_pf

P

d
f =357—% for spherical shape (4.29a)
p V 2

V.2

S

f,=536-"2 Te (pp pr for circular disk shape (4.29b)
P

Slip velocity correlations proposed utilize onelod above friction factors.

4.7.1 Moore Correlation

Preston Moore used Eq. (4.27) & (4.29a) for a dphkgrain falling through a Newtonian
fluid. To account for the non-Newtonian behaviotidolling fluids, Moore suggested use of
apparent viscosity concept. Apparent viscosityttgimed by equating annular frictional
pressure loss expressions for Newtonian and Pawmeflliid models. The apparent viscosity
derived in this regard is expressed by

u =K k (D Dj (2+1/nj (4.30)

144( V 0.0208

a

If particle Reynolds number is equal to or lessithd flow regime is considered laminar and
friction factor is approximated to be

Solving Eqg. (4.27), (4.29a) & (4.31) together imts of cutting-slip velocity leads to

dpz(pp _pf)

a

V, =8286 (Rg < 1.0) (4.32)

For transition flow regime friction factor was apgimated by

f:22

p
Re,

(4.33)

In transition flow regime where particle Reynoldsmber falls between 1.0 and 2000
particle’s slip velocity can be calculated by
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0.667

(lop - lof )
0.333,, 0.333

f a

d
V, = 290" (1.0 < Rg < 2000) (4.34)

If particle Reynolds number is greater than 2008iém remains essentially constant at a
value of around 1.5. For this condition, flow pattes considered to be fully turbulent and
slip velocity of particle is given by

V, = 154 /w (Re > 2000) (4.35)
f

4.7.2 Chien Correlation

Chien correlation is similar to Moore correlatiantbat it also implies calculating apparent
viscosity to determine the Reynolds number. Chmmnetation utilizes Bingham plastic fluid
model. For polymer-type drilling fluids, Chien s@gtied computing apparent viscosity by

d
o= py +50 (4.36)

a

For bentonite mud systems, he recommended useasti@Viscosity instead of apparent
viscosity. Slip velocity equation proposed by Chen

36804, ( p, -
V, = 0.0075{;’3I 3 (ppp Pr J+1—1 (4.37)
f~p ,Ua f
_ [pf dpJ

Use of this equation is recommended only when ib&ous properties of drilling fluid are
abnormally high, i.e. whem/p:d, > 10.

Chien also proposed much simpler equation to caedlip velocity of cuttings in normal
drilling fluids used in practical applications whics expressed as

d —
V, = 144 /M ()38
f

This equation is the same with Eq. (4.35) excepiilimerical factor involved. This
corresponds to using friction factor of 1.72 in Meaorrelation for turbulent flow regime.
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4.7.3 Walker and Mayes Correlation

Slip velocity correlation proposed by Walker andyds assumes drilling cuttings to have
shape of circular disk and fall through drillingifi on flat face horizontal. Particles are
believed to have two settling regimes, laminar tamdulent. Shear rate called as boundary
shear rate at which a particles’ movement switéteea laminar to turbulent is calculated by

186

yb:dp\/,07f

The shear stress developed by particles whileHedugh drilling fluid is expressed as

r, =797, (0, = P;) (4.40)

Once the shear stress created by particles islisbtadh, the corresponding shear rate can be
calculated by using annular power law constants as

r 1/n,
Vo= (—pj (4.41)

Annular power law constants are calculated as ihrA&ological model (RP 13D).
If y0< 0, Where slip velocity of a particle is in the lamirzone and is determined by

(4.39)

Jo

If y0> 70, Where slip velocity of a particle is in the tuldt zone and is given by

05
y.d
Vs = OOZTP(MJ (442)

TP
Jor

Based on the Reynolds number when it is greater 108, Eq. (4.43) is used to calculate slip
velocity of a particle. Otherwise, slip velocitydemputed by Eq. (4.42) if Reynolds number
is less than 100.

V, = 028 (4.43)
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4.8 Bit Hydraulics

In the following, relevant bit hydraulics for theovk will be briefly highlighted. Focus will be
on bit pressure loss, nozzle velocity and hydrauipgact force. The equations to be given in
the following will be used in Section-6 for purpasfecalculation.

4.8.1 Bit Pressure Drop

Objective of any hydraulics programme is to optenmessure drop across the bit such that
maximum cleaning of bottom-hole is achieved. Pnesduop across the bit is greatly
influenced by size of bit nozzles. The smallerhifienozzles the higher the pressure drops
through it. Pressure drop across drill bit is cotegdwith

1565 2
AR = Q2 ’ (4.44)
(D" + D" + D" +..)
If coring or diamond bits are used the above equnat modified by introducing the total
flow area (TFA) and fitting conversion factor. P3ese drop equation for diamond and coring
bits is
p; Q°

P=— "= 4.45
® 10858TFA)? (4.45)

Percentage of pressure loss occurring across tiedmple expressed by

OR, () =22

t

100 (4.46)

In addition to bit pressure loss, several otherraytics calculations are done to optimize
drilling performance. These include hydraulic hpaser, impact force and nozzle velocity
computations. In the following, only hydraulic ingtdorce and nozzle velocity are defined.

4.8.2 Nozzle Velocity

Despite the fact that more than one nozzle cam ligei bit, nozzle velocity will be the same
for all nozzles unless sizes are different. Nox&lecity ranges between 76 to 137 m/sec for
most drilling operations. Nozzle velocities highiean 137 m/sec may be aggressive for bit
cutting structure. Flow velocity through nozzledlué bit is known as nozzle velocity and
computed as
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4172Q

V, =
2 2 2
D, +D,,” +D, +....

n

(4.47)

Or it can be simply expressed as flow rate dividgd FA of the bit.

4.8.3 Hydraulic Impact Force (HIF)

Per unit time momentum rate change of fluid flowithgough the bit nozzles expresses
hydraulic impact force. Hydraulic impact is a fogenerated by fluid exiting nozzles. The
equation for calculating impact force is easilyided from IsaadNewton’s second law. His
second law tells that velocity change per unit trmdtiplied by mass results in force. If mass
replaced by density multiplied by volume then wd ap with hydraulic impact force as

\Y
HiF = 2PV (4.48)
193(
If expressed per square inch of bit area impackfos written as
(HIF /in?) :ﬂ (4.49)

b
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5  Reservoir Depletion and Drilling Window

Over time the pore pressure of reservoir decrdasesuse of the production. This reduction

of reservoir pressure is known as reservoir degiednd causes change of down-hole pressure
and stress environment. From drilling perspectigservoir maturation leads to tighter

"Drilling Window”. In mature fields drilling hasbeen challenged by tightness of available
margins. Reservoir depletion resulting in narrovilidg window is not well understood and
misinterpreted at times. In the following, thoroug#planation of this process is given from
drilling and rock mechanics perspective.

5.1  Drilling Window

Drilling Window is known as a pressure margin beswéracture and pore pressures as shown
in Figure-5.1. As a drilling practice wellbore psasge should always be greater than pore
pressure both in static and dynamic conditionse Lellbore pressure shall not surpass
fracture gradient otherwise costly drilling probkesuch as loss circulation and formation
breakdown will occur.

Pressure [har)

Fore pressure
Fracture pressure

Depth (m)

Figure-5.2: Drilling windowllustration
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During drilling, ECD varies and curve of which meveack and forth between pore and
fracture pressures. To drill a well as safely affidiently as required a certain margin is a
need. In virgin fields and reservoirs there exisilggh margins for drilling unless abnormal
and subnormal pressures are encountered. Respratiration results narrower drilling
window that will challenge drilling. The tighterehdrilling window the tougher the drilling
will be.

5.2 Rock Mechanics Aspect of Drilling Vihdow

Some may interpret the situation as if while prdotur fracture pressure reduces faster than
pore pressure so that the result is narrow driNimgdow. The opposite is true i.e., during
production fracture gradient reduces slower thae poessure. The result will be enlarged
drilling window.

To prove this and clarify the situation we lookoithe matter from a scientific and practical
aspect. A reservoir in production compacts oveetgimce pressure within pores decreases.
For an isotropic material deformation along onesaxill also result in deformation along
other axes. Generalizing Hooke’s law into threeatisions the following equations are
obtained.

_ 1 - -

Ex —E_UX‘V(Uy+Uz)_ (5.1a)
_ 1 - -

£, —E_Jy—v(ax +0,) (5.1b)
_ 1 - -

P _E_O-Z_V(O-x-i-a-y)_ (510)

These expressions can be used for any materidbéhatves linearly elastic and represents
strains induced alony, Y andZ axes. For a formation the set of Eq. (5.1a, b,@rwhn be
written as

£, =%[0h -v(0, +0,)] (5.2a)
£, =é[aH -V (o, +ao)] (5.2b)
£, = é[ao -v(o,+0, )] (5.2c)
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For a subsurface reservoir lateral strains arenasguo be equal and zero. For this reason,
equal horizontal stresses can be assumed. Solgn(pRa) and (5.2b) together horizontal
stress is obtained as

v
g, =—a,
h 1-v ] (5.3a)
Eq. (5.3) is usually written as
Ao, = d Ao,
h 1-v (5.3b)

For the purpose of calculation Eq. (5.3b) is useéstimate change in horizontal stress due to
change in overburden stress. In the following, &da) will be used.

Vertical strain is different from zero since thesasts a compaction and taking into account
that horizontal stresses are equal from Eg. (28d)(5.3a) the following is obtained.

o (1-v-27

—_ [o]

o~ E 1-v (5.4)

Reservoir compaction during production can be dated by Eq. (5.4). Stresses introduced so
far are total stresses. Effective stresses ara@sgindexe stands for effective)

Ohey =0h~ Py (5.5a)

Jo(e) =0,~ P (5.5b)

Effective horizontal stress can also be written as

Vv
g, =—-a0
h(e) 1-v o(e) (.6

vV
On ~ P :—V(JO - po) (5.7)

Fracture propagation of reservoir takes placetieation of maximum horizontal stress so that
its magnitude is equal to minimum horizontal stré&ace equal horizontal stresses were
assumed, Eq. (5.7) can be expressed as
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_ v
Pi =B, = 1-v (Jo - po) (5.8)
The right hand side of Eq. (5.8) expresses driimgdow then Eq. (5.8) may be written as
- i v
Drilling window = 1—(00 -p,) (5.9)
-V

Eq. (5.9) shows that pore pressure decrease inupirgglreservoir leads to enlargement of
available drilling window within reservoir. The & is that fracture gradient reduction
occurs slower than pore pressure decline.

Compaction model given by Aadrf8ylso shows that reservoir depletion results igdar
drilling window rather than smaller. Equation prepd by him to calculate fracture pressure
change based on the Poisson’s ratio and pore pessisange is

ap, =dp, ==Y (5.10)
1-v

As Eq. (5.10) supports, drilling window within regeir in production enlarges. The question
how drilling window becomes narrow as a resultesfarvoir depletion is clarified in the
following.

5.3 Process of Drilling Window Contraction

During drilling all the overlying reservoirs regéeds of their productivity and non-
productivity are penetrated through to reach thgetareservoir. After being completed, well
is put on production through the commercial resembile other non-commercial formations
are isolated from wellbore. Before any productiegihs there exists certain distribution of
pore and fracture pressures.

After production commences pore pressure of pradu@servoir starts declining over time
and so does fracture pressure. Overlying and widgrformations stay undrawn and virgin
thus no pore pressure and fracture pressure cluages in these formations.

Fracture pressure profile of reservoir being predumoves against pore pressure curve of
formations being undrawn as shown in Figure-4.tlethonstrates down-hole pressure
distribution in well 34/11-A-13 of Kvitebjgrn fiel(North Sea, Norwegian continental shelf)
after being in production for a while.

As seen, fracture pressure profile within the drdireservoirs has moved towards the pore
pressure curve of the undrawn formations. As altiebe available drilling widow has
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substantially narrowed. This is what happens wherptoductive reservoirs are exploited and

depleted over time.

3900 '
4000 -
Draupne ‘
9 7/8" csg
— Heather
&)
= [
E 4100+
o
= {
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4200 -
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Grafisk 080002_4
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Figure-4.1: Down-hole pressure distribution in Kvitebjgrn well: 34/11-A-13 after being

on production for a while*
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6  Hydraulic Issues of Conducting Through Tubing Roary
Managed Pressure Drilling

6.1 About This Section

StatoilHydro has a valuable experience with TTRSrmature assets in the North Sea.
TTRD campaigns have experienced several drillirdplgms. One of the problems seen in
TTRD has been with ECD and its management. ECEralos challenged by narrow annular
clearance present in TTRD. For example, TTRD w&1l8-B-4B drilled on Gullfaks field
experienced severe loss circulations caused by dighng window and therefore didn’t
reach its drilling target. In the following, posl&tapplication of MPD in TTRD wells will be
discussed from drilling hydraulics standpoint. Foedll be on the ability of MPD for
reducing mud weight and its effects on drillingaraeters.

For this purpose, well 34/10-B-4B has been chosemfeeld case to describe problem and
highlight solutions. The following investigationéanalysis will use field data of this well.

6.2 Problem Description

The TTRD well 34/10-B-4B was planned and drilledzaillfaks field on the date of
09.05.2007 - 21.05.2007. Well was kicked off fr@étliner of the mother wellbore 34/10-B-
4A at 2578 m MD / 1780 m TVD RKB. The plan was tdl& 7/8 hole to the 3268 m MD /
1960 m TVD as shown in Figure-6.1.

1700 Planned
B-21A proj. B-4B J’

Base Cretaceous / M" 7
S %000000000000000555 wbe"/ Tarbert-1B

Tarbe! 1B ’
Tarbert i ,‘/ TmbeﬂAA - T%rgfbe 11‘\ _—
__Tarbert-1B— A~/§Oh. O ¥
Ness-2 208

1900 — g
Uameﬂ*m“:gg/ p— ,
Ness- 2/3 N /
- —* o= NER
2000 4 NER

B-4A proj.

2200 2200

punlin

Dunlin

2100 — ~ 2100

Figure-6.1: Planned wellpath (dashed red line) andxpected stratigraphy before
drilling. Targets have been marked with white circes"

The primary objective of B-4 B was to prove andduce oil in Ness-3D formation in the
segment G4 on Gullfaks field. The secondary objeatras to prove and produce oil in
Tarbert-1A formation in the segment H2 and Tarligrtand Ness-3D formations in the G4
segment. Drilling was performed using Warp oil ltasaud with a mud weight of 1.68 s.g.
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Unfortunately, from 2680 m MD down to 2920 m MDdadrculation incidents challenged
drilling and at the depth of 2920 m loss rate istied.

In Table-6.1 is the quotation from well report tkelts about the lost circulation incident
experienced in well B-4B

Duration | Depth MD

Wellbore ID Interval Rig name Start time| End time
(hours) (m)

Description

Drilled/oriented 5 7/8" hole from 2918 m to 2920
m with 658 I/min, 243-247 bar, 1-5 ton WOB,
ECD 1.760-1.765. Still having problems getting
35 2920 weight down to bit. Manage to drill 0.1-0.2 m
each time we picked off bottom and slide back {
bottom. Average loss during this report 0.4 M3/l
and total loss 10 M3.

Table-6.1: Quotation from DBR (StatoilHydro’s internal drilling data base)

NO34/10-B- | 57/8" | o o | 15052007 | 15.05.2007
4B TTDRIL (02:00) (05:30)

=0

Any attempt to re-establish drilling parametertes depth was unsuccessful due to increased
losses with increased flow rate. For instance, whenping rate was raised up to 155 Ipm 83
% loss was experienced and thereafter it was de¢alset TD at 2920 m MD as shown in
Figure-6.2.

Reducing mud weight was not an alternative optinnoesmud weight was higher than pore
pressure just by 0.02 s.g. and because of therfdzibgas content was observed in mud
return.

Drilled B-4 B
1700 7 — 1700
B-21A proj.
1800 — Base Creta — 1800
Tarbert 2
_ Tarbert-1B O\ B =
1900 —E;Taj.be,ﬁ%,,jl:; — 19002
- Ness-2/3 "\
2000 ——  NER — 2000
Dunlin Dunlin
un!
2100 — .@ — 2100
2200 2200

Figure-6.2: Actual wellpath (red line) of well 34/D-B-4B on Gullfaks*

The reason for loss circulation was that ECD hamkeded minimum fracture gradient
between 2780 m MD and 2920 m MD. This was noticaither during planning phase nor
drilling because of overestimated (prognosed) fna&cgradient. Post drilling re-evaluation
showed that actual values of fracture gradient Wes® than the prognosis. Actual available
drilling window was much narrower than the progrtbas shown in Figure-6.3.

As seen from the plot actual pressure margin has Bed8 s.g. for drilling from 2680 m MD /
1977 m TVD down to TD. ECD management within tiggt margin goes beyond the ability
of conventional drilling. In particular, in long W& drilling conventionally inside this narrow
operational envelope gives many drilling problems.
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In Figure-6.4, ECD values calculated by differdmalogical models are given with the
presence of actual field data. Observation isH@D had exceeded minimum fracture
pressure gradient below the depth of 1977 m TVBeshoth calculated and actual ECD
values shows this. The other observation from kg4 is that field data points of ECD are
more closely matched with result obtained by polaerrheological fluid model. However,
Robertson Stiff model that is a three-parameterehasd of Herschel-Bulkley model also
shows a satisfactory match with field data.

Note that actual ECD values experienced duringigihave been reported in the daily
drilling reports that can be found in DBR, Statgijthio’s internal drilling data-base.

In conventional drilling it is a must to staticattyerbalance well throughout drilling. It is
never acceptable to be balanced or underbalanaadever, successful drilling of the well in
guestion could have been achieved by employing MPD.

The problems faced during drilling this well difrgatoncerns drilling hydraulics, pressure
and ECD management. These sorts of challengelsecaiiminated by applying MPD since
the strength of MPD is to address problems relatngressure management.

1750 T T T T T
Fracture pressure gradient

Pore pressure gradient

1800

1850

TVD (m)

1900

1950

2000
1.

Pressure gradient (s.g.)

Figure-6.3: Actual pore and fracture pressure gradent distributions for OH section of
well: 34/10-B-4B
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> |
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Figure-6.4: Calculated and actual ECD fo©OH section (well: 34/10-B-4B)

Note: All data (drillstring, wellbore geometry, survapd etc.) concerning the well: 34/10-B-
B4 can be found in Appendix B.

6.3 Application of MPD from Hydraulics Point of View

TTRD is applied in fields being in decline (andftateau) period of their production phases.
As reservoirs mature down-hole pressure environsiestome tough, leaving small margins
for drilling. In StatoilHydro TTRD wells have beenilled conventionally.

Bringing in an example in the foregoing part it véa®wn that there are circumstances where
TTRD may not be applicable due to tight drillingngdows. Inability of conventional drilling

to deal with drilling problems in such circumstascan make TTRD less economic. In some
cases stopping drilling before reaching targehasell 34/10-B-4B can not be avoidable.

Alternative solution is MPD that can be appliegtdve drilling problems in mature fields
and allow StatoilHydro to maximise recovery inassets by integrating TTRD and MPD.
Two techniques of MPD may be coupled with TTRD tatfprm wells. These are back
pressure technique and continuous circulation systeual gradient drilling can also be
applied in subsea TTRD.
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This work focuses on BPT and CCS, in both of whiexdfucing static mud weight is an option
to reduce ECD. From drilling hydraulics point oéwi, reducing mud weight will affect the
following parameters

« ECD
* Frictional pressure drop across system
* Hydraulic impact force
* Hole-cleaning performance
1. Cuttings slip velocity
2. Cuttings transport ratio
» Extended reach ability
* Wellbore stresses (stability)

Throughout this section, the field case will bedgtd and investigated to show how
substantial impact of static mud weight reductian be on these parameters. These analyses
will serve as a basis to highlight potential posisybof integrating TTRD and MPD.

6.3.1 Impact of Mud Weight Reduction on ECD

The largest proportion of ECD is constituted by muedght while a small proportion is
contributed by AFP losses. Any decrease in mud hitdigs a direct impact on ECD so that it
decreases.

On another hand, as will be addressed in the fallgwection that mud weight decrease also
causes decrease of AFP loss. Thus, applying MRPDe&p to reduce mud weight and
thereby ECD can be lowered to a level at whicHidglthrough any narrow window becomes
possible.

The well B-4B was drilled with mud weigh of 1.68 swhere ECD at flow rate of 658 I/min
and ROP of 15 m/h had exceeded minimum fracturgspre gradient below 1977 m TVD.

Assume MPD were applied and mud weight to drilllwmels chosen to be 1.61 s.g. Based on
observations from this study and a discussion MiHEWACO tells that such a reduction of
mud density will not change fluid rheology. Maiiniag all other operating parameters as
before except mud weight, new ECD profile beconsesh®own in Figure-6.5.

As seen from Figure-6.5, ECD has overbalanced p@&gsure curve so that any reservoir
influx is secured. Likewise, ECD is far below minim fracture gradient. No loss circulation
risk is observed.

If BPT of MPD utilized, well is dynamically overkaiced throughout drilling. When
circulation is stopped to make connection the AdSP is automatically replaced by back
pressure at the surface. If CCS used, there isad for back pressure to be applied since
circulation is not stopped either while drillingcdaconnection time.
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Figure-6.5: ECD for OH section in MPD mode fostatic MW = 1.61 s.g.

As to how much to reduce mud weight, this is situaspecific: it will depend on narrowness
of drilling window, length of open-hole section, Nveore stability and hole-cleaning
performance.

ECD behaviour with pumping rate at both mud weigbtgiven in Figure-6.6. The right side
of arrow indicates sufficient hole-cleaning zonelw/the left side shows insufficient hole-
cleaning zone.

Observation is that there is a point in ECD cuhag torresponds to minimum bottom-hole
pressure. Probably, that is this reason that iresemarces flow rate at this point has been
called as optimum flow rate. However, this approiaahot true from practical perspective
particularly because of hole-cleaning. At flow ra@® Ipm cuttings concentration reaches a
value above that concentration of cuttings will trinute to ECD increase. For this reason
200 Ipm is citric flow rate. In fact, minimum opgional optimum flow rate will be much
higher than this.

Experience from TTRD wells shows that minimum ofierapumping rate is 600 Imp.
Below 600 Ipm hole-cleaning becomes a problem.rélason why result from simulations
performed shows such a low critic flow rate (cramnular velocity) will be clarified in Part
6.3.4.
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Figure-6.6: For two different mud weights, E® vs. pumping rate curves

6.3.2 Affect of Mud Weight Reduction on AFP

Frictional pressure loss equations are proportiimaition of mud density. Decrease in
density will contribute to reduction of pressuredes through flowlines, drillstring, bit and
annulus if viscosity is kept constant.

This will result in an overall drop of system pressloss and thereby the energy used to
circulate mud through drilling system will be loweer To calculate and compare pressure
losses at different fluid densities, a Matlab pesgrwas developed by use of the theory given
in Section-4. The actual well data was used andtrebtained for drillstring pressure loss is

shown in Figure-6.7.

66



D

Universitetet

i Stavanger Hydraulic Issues of Conducting TTRMPD

300 ———— — ———— T
@ MW = 1.68 s.g.
@ MW =1.61s.g.

250

200

150

100

Drillstring pressure loss (bar)

50

1 1 1
0 100 200 300 400 500 600 700 800
Pumping rate (L/min)

Figure-6.7: Pressure loss in the drillstring for two mud weights. (Well: 34/10-B-4B)

From StatoilHydro’s experience, TTRD wells drillddough 7" tubing/liner by 3.5”
drillpipe maximum flow rate achieved has been up30 Ipm. Operational and sufficient
flow rates for good hole-cleaning usually changriad (650-700) Ipm.

As seen from Figure-6.7 small decrease of mud tleresults in considerable reduction of
drillstring pressure loss at practical flow rategfference between two curves becomes even
substantial as pumping rate rises. At 700 |pm dbffee is around 10 bar that may be a
contribution to reducing total system pressure.loss

Pressure loss across drill bit is shown in Figu-Bifference in pressure loss across bit

when mud density reduced is 1 bar at 700 Ipm. Neekess, difference is very small but can
be more substantial depending on TFA of bit andetese in mud density.
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Figure-6.8: Pressure loss across drill bit for twanud densities. (Well: 34/10-B-4B)
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Annular frictional pressure loss is one of the mgiortant drilling parameters so that
allowable ECD, achievable flow rate (annular veigicas well as ROP are linked to it. Any
practical and acceptable technology giving less AF¢hcouraged. Pressure loss in annulus
for two mud densities is given in Figure-6.9.

Similar trend to bit pressure loss is observedearah less difference than in bit is seen.
There can be a situation where effect may be suotistdor instance if 3.5” drillpipe is used
for drilling through 5” tubing.

Lowering mud density doesn’t result in a dramagcrease of pressure loss in some parts of
drilling system such as bit and annulus. Howedras a substantial effect on total system
pressure loss. Frictional pressure loss for dglgstem of the well B-4B is given in Figure-
6.10. The shown is that pressure loss in systenibedowered up to 15 bar for this particular
case. Note that pressure loss in surface flowismest included only drillstring, bit and
annulus pressure losses are present.
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Figure-6.9: Total system pressure loss ftwo mud weights. (Well: 34/10-B-4B)

The similar results shown in Figure -6.11 are otgdifrom Wellplan software. Both
outcomes show possible frictional pressure lossedse due to mud weight decrease.

In slim-hole drilling like TTRD, pressure lossesiakare higher than that of normal drilling
operation if compared at the same pumping rate.Idiger the well the higher the pressure
losses are, and in these cases MPD can make inmpeone
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Figure-6.11: Pressure losses in drilling system ants components for two mud densities,

the result from wellplan. (Well: 34/10-B-4B)

6.3.3 Mud Density Effect on Hydraulic Impact Force

Jet impact force is significant parameter usedyniréulic optimization issues. In bit
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optimization, common assumption is that the bedtfast removal of cuttings from the

beneath of bit is achieved at maximum impact force.
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Figure-6.12: Hydraulic impact force vs. pumpig rate for two mud weights
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This force is proportional function of fluid weighltet force will be reduced when density is
lowered by applying MPD. Using Eq. (4.48), hydraufnhpact force is calculated at two fluid
densities. The results are plotted and given imféigh.12

There exists a small difference in results. Diffe® between two curves at 700 I/min is
roughly 50 Newton of force that is equivalent t@ab5 kg mass. This effect may be ignored
since it is very small.

6.3.4 Impact of Mud Weight Change on Hole-Cleaningerformance

As a drilling practice, operating parameters arapprties of drilling fluid are designed and
kept so that sufficient hole-cleaning can be attdiand maintained. From StatoilHydro’s
experience, hole-cleaning in TTRD has not beenrteg@s a serious challenge except cases
where annular velocity was limited.

Any change of mud properties can influence holedtileg that may be positive or negative.

When applying back pressure or CCS technique of MRDally reducing weight of drilling
fluid is considered as an ability to drill in tightessure margins.
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Figure-6.13: Cuttings slip velocity vs. theidiameter
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In hole-cleaning importance of buoyancy effect @ppehat depends on density difference.
Buoyancy effect assists in having cuttings floatmgl reduces their slip velocity.

The higher the density difference between fluid padicle the faster the particles will settle.
Here cuttings diameter plays a role as well. Freports of TTRD wells (StatoilHydro)
observation is that largest particles are typicallymm and on average it has been roughly
1.5 mm.

Slip velocity of particles based on their diameted particle’s Reynolds number is given in
Figure-6.13. Slip velocities of cuttings increaserosize increase as expected. In the example
well chosen, particles’ slip velocity follows theehd shown by red line. Namely particles’
Reynolds number is less than 1.0.

Concern here is to see how this trend will chaffjeid density decreased. At two various
mud weights, resulting curves for slip velocities given in Figure-6.14
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Figure-6.14: Slip velocity behaviour for two dilling fluid densities

Difference between two curves is very small e gla@est particle expected the magnitude of
this difference is 0.003 m/s. This value is impiaitto consider.

To perform further analysis concerning hole-clegnh5 mm largest particle size anticipated
in TTD is chosen.
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In the following, cuttings rise velocity in varioparts of well with presence of annular, slip
and annular critic velocities are looked into. Riséocity is net upward travel velocity of
cuttings that is usually below annular average aigto

Slip velocity of cuttings is different from zero.N&n drilling the well B-4B operating flow
rate was 658 Ipm with average ROP ranged betweemd @5 rpm. Based on these data
velocity profiles versus measured well depth armiolked as shown in Figure-6.15.
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Figure-6.15: Velocity profiles in throughout he wellbore

Note that, annular critic velocity is very smalihepared to what has been observed in
practice. Underlying reason is that slip velocitycalations assume vertical hole. However,
the well has highly deviated well path. Practiaah@alar critic velocity observed in TTRD
operations has been around 0.5 m/s.

Pink and green lines are representing annular attohgs rise velocities, respectively.
Difference between these two is due to slip veyo@&lip velocity in open hole section has
shown an increasing tenancy due to reduced viscositarrower annulus.

Figure-6.5 showed that well B-4B would have bealhedrby employing MPD and reducing

static fluid weight. Velocity profiles through weslath for two mud densities are given in
Figure-6.16.
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Figure-6.16: Velocity profiles for two dilling fluid densities

Expected differences between slip, rise and anmuilée velocities are very small so that they
are not observable in big scale plot. To see tfierdnce, velocity profiles are separately
plotted on relevant scales as shown in Figure-&118, 6.19. Figure-6.17 highlights change
in slip velocity of particles with reduced mud weig

One thing being even clear here is the increaséipfelocity in open-hole section and in
various intervals of open-hole section. This ochesause of the thinning of drilling fluid
due to less flow area in open-hole section.

Behaviour of cuttings rise velocity with respecttad density change is given in Figure-
6.18. Quite slight decrease of rise velocity isrswith decreased fluid density.
Figure-6.19 shows annular critic velocity profifes two densities.

Slip velocity increase results in increase of agfsi concentration that yields to higher annular
critic velocity. This means that the lighter thedrthe higher the annular critic velocity will
be.

The overall assessment of what happen with holeaalg can better be given by cuttings

transport efficiency. Based on change of slip amau&ar velocity profiles the cutting
transport ratio is given in Figure-6.20.
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The difference between two transport efficiencyfipgs is as low as 0.3-0.4 %. Such a small
drop in transport efficiency is neglected in preeti
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Figure-6.17: Slip velocity behaviour fotwo mud weights
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Figure-6.18: Cuttings rise velocity behagur at two different mud weights
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6.3.5 Extended Reach Ability of MPD

MPD opens ways for drilling campaigns in circums&swhere conventional drilling can not
be applicable. In reach drilling, wells may notdrséled to their target unless extra casing
points are set. Extra casing points are not acdeptslim-hole drilling as TTRD. Application
of MPD helps to address this situation so thatidglreach can be extended.

In Figure-6.5 it was showed if a lighter mud wetiized it could have been possible to

manage ECD within drilling window. AFP increase®pextended length and so increases
ECD.
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Figure-6.21: ECD profile for mud weight = 1.631s.g. over planned well-path (B-4B)

As an example case 1.61 s.g. was used in abovgsadbne. Assume MPD were employed
to drill the well B-4B with this mud weight and tkame pressure margin applies for undrilled
section (2920-3268 m MD). Concern is about ECDifdfehaviour with respect to extended
wellpath to the planned TD.

In Figure-6.21 the shown is demonstration of EC8fifg from exit point (KOP) to the total
planned MD. The observation is that undrilled 348men-hole section could have been
drilled to hit the target. The extended wellpatheigresented by red line in 3D plot given in
Figure-6.22. This wellpath in fact was the parp@inned wellpath.
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Figure-6.22: Actual wellpath and extended wellp by application of MPD

6.3.6 MW Impact on Wellbore Stresses

To determine a safe operable window for mud wetigltte used is an importance matter.
Mud weight being out of this safe margin can resultellbore stability problems.
These problems include

* Wellbore breakout, further leading to collapse eausy low mud weight
* Mud loss, lost circulation and formation fracturicgused by high mud weight
» Tight hole caused by low mud weight

During drilling pre-existing stresses are redisttéd as the supporting rock is removed
through drilling and replaced by drilling mud. REBW stresses can lead to both shear and
tensile failure within wellbore.

If mud pressure is too low, the stress on surrcupdbck becomes too high and shear failure
occurs. The opposite can lead to tensile failure.
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Mismanagement of wellbore pressure yields to hadéability. In conventional drilling,
tackling stress related drilling problems is a thajing due to improper borehole pressure
control.

MPD application will enable to manage wellbore ptes more flexibly and properly. As
talked about in Section-3, the hydraulic model greghin automated MPD system helps in
accurate pressure control.

Unlike conventional drilling, automatic pressurentol both in BPT and CCS can maintain
wellbore pressure within a safe margin. In thisardgMPD will reduce and may even fully
eliminate wellbore instability.
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7 Discussion

The results from performed analysis were giventayataulics of TTRD was investigated
from a perspective of integrating it with MPD. Plerin was addressed in terms of drilling
hydraulics parameters.

Analysis assumed back pressure or CCS technigud®Dbf. Aim has been to find out
feasibility of MPD in TTRD campaigns. Both CCS aBidT are well suited for platform
based TTRD campaigns.

Primary concern has been over ability of MPD allogvior mud weight reduction. In the
foregoing, mud weight of 1.61 s.g. was chosenudysh field case.

As seen from analytical results obtained use ¢itéigdrilling fluid does have an effect on
drilling hydraulics. Effect of reducing mud weighies observed on system pressure losses
and hole-cleaning. Use of MPD will not only enabseto drill through tight pressure margins
but also promises reduction of pressure lossegsies.

Analysis concerning hole-cleaning showed that redumud weight can influence hole-
cleaning, primarily cuttings removal. Cuttings slipd rise velocities, annular critic velocity
and cuttings transport efficiency were analysed.

Increase of particle slip velocity and reductiomrieé velocity of cuttings with reduced mud
weight were witnessed. Likewise, annular criticoo#ly was shown to rise with respect to
decreased mud density.

The overall impact of using relatively light drily fluid on hole-cleaning can be viewed in
terms of cuttings transport efficiency. Variationslip velocity directly influences hole-
cleaning performance. Removal efficiency is depanda slip velocity of fragments and
annular velocity. In the foregoing analysis, annwigocity of fluid was kept constant to see
net effect due to change of mud density.

The results gained from simulations performed illanch software showed that removal
efficiency falls with reduced mud weight as showrrigure-5.20. The difference appearing
between cuttings transport ratios is small for escific case. It can be significant depending
on amount of density decrease and annular stre&uitye

Pumping rate can be increased to compensate fogalxin cuttings transport efficiency. In
this regard, being able to have pressure lossesedddue to reduced mud density is an
advantage.

For this reason, a small amount of increase in pognte is necessary to keep the same

removal efficiency. The comparison of this resuliworiginal transport ratio (TTRD without
MPD) shows almost no difference as given in Figliuke-
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Figure-7.1: Cuttings transport ratio at two different flow rates and MWs

All these analysis were conducted based on lamy#gBhgs size expected in TTRD. Cuttings
sizes vary during drilling and smaller sized pdesdorm the largest proportion of overall
cuttings. Likewise, slip velocity of small cuttingsll be less than that of biggest particles.
For this reason, in practice difference in transpéficiencies will be disappearing.

It was shown that extended drilling reach can blsamproved by applying MPD. Ability of
adding/removing and controlling back pressure atstirface enables better management of
wellbore pressures and better control over boreinstability. Both CCS and BPT will
provide accurate pressure control. This will helpraintain wellbore pressure as close as
possible to the in-situ stresses and prevent giapiioblems.

Cost, footprint, equipment shipment, well contnetlaaccuracy of wellbore pressure
management are important issues when considerirghwlii the discussed two MPD
techniques would be more feasible. StatoilHydrousesl both techniques in the North Sea
(E.g. Kvitebjgrn application). StatoilHydro’s expaice shows that the cost of conducting
BPT of MPD is roughly the same as for CCS.

From the discussions with MPD engineers at Stataitbl it was known that there is an
alternative CCS that is under development andoffér more competition in price issue.

As for footprint it is difficult to mention a cleadvantage or disadvantage between CCS and
BPT. Both are different, CCS takes rig floor spatéle BPT requires nippling up on the
well/BOP stack.
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For well control, back pressure technique carrthsatage in that an active RCD can serve as
a well barrier. Passive RCD is neither recommeradechain well barrier element nor

accepted by StatoilHydro. An active RCD has bee uEngineers argue that combining

CCS and BPT will give better well control. l.e., 8Qnit will be used together with choke
manifold and RCD. However, this may only be reedifor drilling in highly depleted
reservoirs. CCS can’t serve as well barrier sihoaly provides continuous flow down the
drillstring.

In MPD operations the rig BOP stack is the mainima@ecal barrier with the combination of
drilling mud and MPD equipment. In some circumstmdPD can serve as a second
common well barrier.

In both techniques conventional well control praoced and equipment will be used together
with MPD equipment to handle well control issuesnl of the two can address well control
without conventional well control equipment anddglines.

CCS will give a more stable ECD since it doesropstirculation during the drilling. BPT

will have to stop and resume circulation from titogime that may result in some BHP
spikes.
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8 Conclusions

Trough-tubing rotary drilling may not always accdisip its goal because of challenging
pressure regimes that often exist in mature fidldegration of managed pressure drilling
into TTRD operations could not only increase effiay, but also enable TTRD operation
where it is otherwise not possible to conduct. Cioxatiton of these two drilling methods may
allow StatoilHydro to access unproduced reseruniits mature fields and maximize
recovery.

MPD will overcome drilling problems that can notdmved and dealt with by TTRD method
itself. TTRD being performed from platform can wnducted together with one of the two
MPD techniques discussed, back pressure or contsncieculation system.

Both of these techniques will enable TTRD in weallsere a narrow drilling window is
present. The application of which of these two teghes depends on hydraulics and pressure
management, footprint, cost and well control.

However, this study has not revealed that ongyisifstantly better than the other.

The operation costs for both are approximatelysdrae and none can be said to be
advantageous or disadvantageous in terms of fodt@PT gives better pressure control in a
well control situation than CCS and thereby haadrantage over CCS for well control.
Conventional drilling well control philosophy watill be the primary. The main benefit of
CCS is that it enables more constant ECD howewvet cantrol annular pressure. If CCS unit
is used together with the choke manifold and RCizedomes able to control annular pressure
with high accuracy.

Both of these techniques allow for reducing statid weight and thereby reduce ECD while
drilling through small pressure margins. Investigmshows that small reductions in mud
weight will not strongly influence hole-cleaningrfigmance. Sizes of cuttings in TTRD are
typically small. For this reason cuttings transpdficiency will not be much affected by
small mud weight decrease.

Using lighter drilling mud will cause pressure lesslecrease in drilling system. This can help
to increase pumping rate without exceeding ECDtl{fracture pressure). Flow rate increase
will also assist in improving cuttings transpoffi@éncy with increased annular velocity. This
may help to raise ROP due to increased flow ratghErmore, the lighter the drilling mud

the lesser the cost of it.

More accurate and proper pressure management atdldoy MPD will help to maintain
wellbore pressure as close to in-situ stressesssige. This will minimize and may even
eliminate wellbore instability. Automatic and preeicontrol will reduce pressure pulsation
and maintain constant wellbore pressure. Constatib@re pressure will reduce wellbore
stress disturbance.
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9 Recommendations

Performing more research will increase knowledg®®b and enable secure operations.
There is a need for further research for conduddi®p and TTRD together in a well. These
include economic analysis on carefully selectedsyelell control, equipment efficiency,
reliability, cost, and the cementing and complepbases.

MPD operations are expensive since MPD doesn’t coihsist of equipment but also requires
a lot of training. This means that the upfront siweent is high and that will in particular
reflect on the total cost if only a few wells atanned. For this reason, campaign consisting
of many operations should ideally be planned. &t thay the operational crews will be fully
able to benefit from the experiences and therebfippe more efficient operations.

Since the overall cost of TTRD operation condudtegtther with MPD will increase.
Economic analysis should therefore cover the paeracases and verify that the operations
are economically feasible.

Wellhead equipment especially the Christmas trdiebeisubject to increased loads since
some MPD equipment will be rigged up on conventiandling equipment. Investigation
covering this issue is recommended and it showercall stresses that can be imposed on
wellhead equipment.

Because of the narrow drilling window and small@anclearance in TTRD liner cementing
and completion have been challenging. A study shbaldone to find out if employing MPD
will improve situation and how will it address tbementing and completion phases.

If MPD equipment fails, the BHP may drop below pgoge pressure. In this case, if risk
reducing measures aren’t introduced well contmliés may arise. As risk reducing measures
such as the equipment, routines and well contret@ses to ensure capability of quickly
changing to a conventional well control situatiom &fficiently circulating a kick out is to be
considered.

Studying well control from this perspective wilciease knowledge to understand and
prevent such incidents. A research can also be doieCD reduction tool and its possible
application in TTRD. However, focus should be oa mmain influencing factors such as
reliability, safety and cost.

Studying dual gradient drilling may open perspextor its application in Subsea TTRD.
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Appendix-A

Preszsure [kbar]
150 200 250 elulu} 50
s s s

Ieasutedt depth (m)

| v —— Density = 1,61 =g W —— Density = 1,68 =g v —— Start of OH =ection

Figure-A.1: Pressure in drillstringfor two mud weights.

Preszure [har]
o a0 100 1350 200 2350 300 a0
L L L L L

heasired degth (i)

[ — pensity = 1,61 sa_ v Density = 1,66 =g v —— Start of OH section

Figure-A.2: Pressure in annulus fawo mud weights
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1.9%

S5.0%

Total Pressure Loss = 12,766 bar

B 1. Drill Pipe (10,263 bar)
3. Heawy Weight Drill Pipe
(0,207 ban

4. Mechanical Jar (0,369
bar)

B 5. Heaw Weight Drill Pipe
(0,872 bar)

B 6. Pulser Sub (0,162 bar)

B 2 Logging While Drilling
(0,643 bary

B 10, Pulger Sub (0,249 bar)

Figure-A.3: Annular pressure loss @ MW = 1.6%.g. (from Wellplan)

Total Pressure Loss = 13,216 bar

1.9% 5.0%

29%

16%

80.9%

B 1. Drill Pipe (10,626 ban
3. Heawy Weight Drill Pipe
{0,215 ban

4. Mechanical Jar {0,382
bar

N 5. HeawyWeight Drill Pipe
(0,902 ban)

B & Pulser Sub (0,167 har)
B 3. Logaing While Drilling
(0,666 bar)

B 10. Pulser Sub (0,257 ban)

Figure-A.4: Annular pressure loss @ MW = 1.68.g. (from Wellplan)
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Figure-A.5: Equivalent viscosity in dllstring for two different flow rates
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Figure-A.6: Equivalent viscosity in annulus for tvo different flow rates.

89



D

Universitetet

i Stavanger Appendlces

Appendix-B

Drilling data of well 34/10-B-4B

SURVEY LIST
(distance in meter, angle in deg.)
MD Inc AZI TVD TVDSS -®ffset Y-Offset

39.10 0.00 0.00 39.10 -41.60 0.00 0.00
21450 7.87 125.13 214.00 133.308.31 -5.85
224.60 8.28 126.48 224.00 143.309.46 -6.68
234.71 8.56 127.44 234.00 153.3010.64 -7.57
24482 8.55 127.71 244.00 163.3011.84 -8.49
25493 8.48 127.37 254.00 173.3013.02 -9.40
265.04 8.34 127.65 264.00 183.3014.19 -10.30
27515 8.09 128.00 274.00 193.3015.34 -11.19
285.24 7.77 128.00 284.00 203.3016.43 -12.04
29533 7.38 12842 294.00 213.3017.48 -12.87
30541 7.08 128.62 304.00 223.3018.47 -13.66
31549 6.91 128.81 314.00 233.3019.43 -14.42
325.56 6.89 128.96 324.00 243.3020.37 -15.18
335.63 6.98 129.87 334.00 253.3021.31 -15.95
345.71 7.11 13110 344.00 263.3022.25 -16.76
355.79 7.21 131.63 354.00 273.3023.19 -17.59
365.87 7.40 132.35 364.00 283.3024.15 -18.45
37596 7.65 133.79 374.00 293.3025.11 -19.35
386.05 7.85 135.00 384.00 303.3026.08 -20.30
396.14 7.99 135.43 394.00 313.3027.06 -21.29
406.25 8.29 135.83 404.00 323.3028.06 -22.31
416.36 8.69 136.06 414.00 333.3029.10 -23.38
426.48 9.02 136.40 424.00 343.3030.18 -24.51
436.61 9.42 137.32 434.00 353.3031.29 -25.69
446.75 9.88 138.02 444.00 363.3032.43 -26.95
456.91 10.36 138.55 454.00 373.3033.62 -28.28
467.08 10.89 138.90 464.00 383.3034.86 -29.69
477.28 11.56 139.06 474.00 393.3036.16 -31.19
487.50 12.21 139.50 484.00 403.3037.53 -32.78
497.74 12.72 140.21 494.00 413.3038.96 -34.47
508.00 13.26 140.77 504.00 423.3040.42 -36.25
518.29 13.70 140.99 514.00 433.3041.94 -38.11
528.58 13.98 141.20 524.00 443.3043.48 -40.03
538.90 14.25 141.39 534.00 453.3045.06 -41.99
549.22 14.61 141.31 544.00 463.3046.66 -44.00
559.57 15.02 140.97 554.00 473.3048.32 -46.06
569.93 15.51 140.92 564.00 483.3050.04 -48.18
580.32 16.03 141.08 574.00 493.3051.82 -50.38
590.74 16.67 141.37 584.00 503.3053.66 -52.66
601.21 17.60 141.72 594.00 513.3055.57 -55.08
611.73 18.60 142.06 604.00 523.3057.59 -57.65
622.31 19.45 142.30 614.00 533.3059.71 -60.37
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632.93
643.59
654.28
665.00
675.76
686.55
697.38
708.26
719.20
730.21
741.31
752.50
763.77
775.07
786.40
797.73
809.05
820.37
831.72
843.11
854.56
866.03
877.52
889.01
900.51
912.01
923.52
935.03
946.55
958.05
969.52
980.97
992.40
1003.85
1015.30
1026.74
1038.17
1049.60
1061.01
1072.39
1083.75
1095.12
1106.49
1117.89
1129.29
1140.70
1152.13
1163.64
1175.27

20.04
20.48
20.91
21.36
21.81
22.34
22.92
23.53
24.28
25.20
26.23
27.12
27.67
27.98
28.08
27.97
27.88
28.03
28.41
28.89
29.27
29.48
29.52
29.53
29.55
29.63
29.71
29.75
29.71
29.46
29.22
29.04
29.01
29.15
29.15
29.00
28.96
28.90
28.66
28.41
28.32
28.38
28.56
28.71
28.74
28.81
29.23
30.08
31.24

142.52
143.05
143.36
143.42
143.69
143.76
143.75
143.92
144.02
144.16
144.45
144.70
144.70
144.69
144.81
144 .81
144.73
144.52
144.06
143.59
143.30
143.16
143.22
143.36
143.28
143.29
143.48
143.50
143.62
143.82
143.84
144.05
144.25
144.23
144.41
144.80
144.93
144.77
144.61
144.33
144.17
144.34
144.38
144.25
144.43
144.73
144.75
144.73
144.66

624.00
634.00
644.00
654.00
664.00
674.00
684.00
694.00
704.00
714.00
724.00
734.00
744.00
754.00
764.00
774.00
784.00
794.00
804.00
814.00
824.00
834.00
844.00
854.00
864.00
874.00
884.00
894.00
904.00
914.00
924.00
934.00
944.00
954.00
964.00
974.00
984.00
994.00
1004.00
1014.00
1024.00
1034.00
1044.00
1054.01
1064.00
1074.00
1084.00
1094.00
1104.00

543.3061.89
553.3064.13
563.3066.39
573.3068.69
583.3071.05
593.3073.45
603.3075.91
613.3078.44
623.3081.05
633.3083.75
643.3086.56
653.3089.47
663.3092.47
673.3095.52
683.3098.59
693.30101.66
703.30104.72
713.30107.79
723.30110.92
733.30114.14
743.30117.46
753.30120.83
763.30124.22
773.30127.60
783.30130.99
793.30134.38
803.30137.78
813.30141.18
823.30144.57
833.30147.93
843.30151.25
853.30154.53
863.30157.78
873.30161.03
883.30164.28
893.30167.50
903.30170.69
913.30173.87
923.30177.05
933.30180.21
943.30183.36
953.30186.51
963.30189.67
973.31192.86
983.30196.05
993.30199.24

1003.3(202.44
1013.3®05.72
1023.3(®09.15

-63.22
-66.16
-69.18
-72.29
-75.47
-78.74
-82.10
-85.56
-89.15
-92.88
-96.79
-100.89
-105.12
-109.42
-113.77
-118.12
-122.45
-126.78
-131.14
-135.54
-140.01
-144.52
-149.05
-153.59
-158.14
-162.69
-167.26
-171.85
-176.45
-181.02
-185.56
-190.07
-194.56
-199.08
-203.61
-208.14
-212.67
-217.19
-221.67
-226.10
-230.48
-234.86
-239.26
-243.70
-248.15
-252.63

-257.16
-261.81
-266.65
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1187.04
1199.00
1211.12
1223.44
1235.95
1248.70
1261.71
1274.92
1288.25
1301.63
1315.13
1328.84
1350.00
1367.00
1397.00
1427.00
1466.00
1492.00
1519.00
1546.00
1573.00
1600.00
1627.00
1654.00
1681.00
1709.00
1762.00
1789.00
1816.00
1842.00
1869.00
1896.00
1923.00
1950.00
1977.00
2004.00
2030.00
2057.00
2084.00
2112.00
2139.00
2165.00
2193.00
2221.00
2247.00
2273.00
2301.00
2329.00
2355.00

32.56
33.85
35.09
36.29
37.61
39.06
40.41
41.25
41.49
41.78
42.61
43.72
45.09
45.45
47.50
48.41
51.20
51.70
53.50
55.40
57.30
55.30
56.30
59.00
61.40
62.70
67.00
69.80
72.50
74.80
76.50
78.50
79.00
78.60
81.10
82.90
83.00
82.80
82.20
81.80
80.90
78.60
76.00
73.10
68.70
64.80
60.70
57.90
55.50

144.43
144.19
144.06
144.22
144.50
144.55
144.22
143.84
143.71
143.78
143.75
143.40
143.60
144.70
149.20
151.20
157.00
161.30
163.90
168.40
172.50
170.30
174.60
178.50
182.20
185.80
194.30
198.00
200.40
202.90
205.70
208.30
210.50
210.70
210.50
210.90
210.90
210.70
210.60
210.50
210.30
210.60
211.90
214.20
216.10
219.00
221.60
223.70
224.90

1114.00
1124.00
1134.00
1144.00
1154.00
1164.00
1174.00
1184.00
1194.00
1204.00
1214.01
1224.00
1239.12
1251.08
1271.75
1291.84
1317.02
1333.23
1349.63
1365.33
1380.29
1395.28
1410.46
1424.91
1438.33
1451.45
1474.01
1483.95
1492.67
1499.99
1506.68
1512.53
1517.80
1523.04
1527.80
1531.56
1534.75
1538.08
1541.61
1545.51
1549.57
1554.19
1560.35
1567.81
1576.31
1586.58
1599.40
1613.69
1627.97

1033.3®12.76
1043.3(216.58
1053.3(®220.60
1063.3(224.81
1073.3®29.19
1083.3(®33.78
1093.3®38.62
1103.3@43.70
1113.3®48.90
1123.3(@54.16
1133.31259.52
1143.3®65.09
1158.4273.90
1170.3880.97
1191.08292.81
1211.14303.88
1236.32316.85
1252.5324.09
1268.93330.49
1284.63835.74
1299.528339.46
1314.5842.81
1329.76345.74
1344.21347.10
1357.63346.95
1370.75345.22
1393.31336.80
1403.25329.81
1411.97321.40
1419.29812.20
1425.9801.43
1431.83289.47
1437.1®@76.47
1442.38262.98
1447.1(@49.46
1450.86235.81
1454.05222.56
1457.3808.84
1460.91195.19
1464.81181.10
1468.87167.59
1473.49154.62
1479.65140.46
1487.11125.74
1495.61111.61
1505.887.06

1518.7(0.97

1532.9%4.67

1547.2749.50

-271.71
-277.03
-282.59
-288.41
-294.53
-300.97
-307.73
-314.72
-321.82
-328.99
-336.31
-343.85
-355.75
-365.54
-383.77
-403.10
-429.89
-448.89
-469.35
-490.67
-512.83
-535.04
-557.17
-579.93
-603.35
-628.02
-675.17
-699.28
-723.40
-746.59
-770.42
-793.90
-816.97
-839.77
-862.64
-885.63
-907.77
-930.79
-953.82
-977.70
-1000.72
-1022.77
-1046.12
-1068.74
-1088.83
-1107.77
-1126.75
-1144.46
-1160.01
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2382.00 52.60 226.60 1643.82 1563.1233.85 -1175.27

2408.00 50.00 228.50 1660.07 1579.3718.88 -1188.97

2421.00 48.50 229.10 1668.56 1587.8611.47 -1195.45

2452.00 47.60 229.40 1689.28 1608.585.99 -1210.50

2464.00 47.30 230.30 1697.39 1616.6912.75 -1216.20

2478.00 46.60 231.00 1706.95 1626.2520.66 -1222.69

2491.00 45.80 231.90 1715.95 1635.2528.00 -1228.54

2517.00 44.30 237.90 1734.33 1653.6343.03 -1239.12

2545.00 42.60 242.60 1754.66 1673.9659.73 -1248.68

2572.00 38.50 242.40 1775.17 1694.4F75.30 -1256.78

2748.65 4571 304.84 1911.91 1831.21180.49 -1245.65

2788.21 50.50 299.77 1938.33 1857.63205.38 -1229.97

2847.18 61.75 298.86 1971.14 1890.44248.01 -1206.06

2901.22 75.71 299.82 1990.70 1910.00291.79 -1181.43

2920.00 75.71 299.82 1995.33 1914.63307.58 -1172.38

Drillstring data Bit data

grDoTnpggti;:i to top) ID tin} OO (iny | Length {m} Bit(iﬁ;ZB CIRTE l?ol:zig manu?a:tcturer e :JDDXZnﬂBS (nfoi?] TFA (in" )

AATEMTEIENP 3.780 4780 7.440 5876 | HCM405 | M333 Cht'ius?::ssen 7206842 | 2x10 211 0.240

Float Sub 1.750 5.000 0.480

5 172" NM Stah 2660 4750 2.300

ADOS 2.810 4760 0.750

2%4-3/4" Pony 2810 4750 4.500 Wellbore info

Impulse MYWD 2.250 4.750 10,720 7" tubing to 2578 m, 5.875" open hole section to 2920 m (6.184" x 5.875" @ 2578 m)

WPWO 2350 4750 4.540

ADN-4 2250 4750 7620

T3 172" NMHWDP 2.060 3.500 28.400

I3 172" HWDP 2.060 3.500 28.080 Drilling fluid data

Hydraulic Jar 2280 | 4780 | 930 e E[i)ziesito;l d\‘;vnastﬁ;f SR ORI T d::i?ty ?Eiﬁfﬁé? R,ﬁfsfﬂff
{=.0.) (=.0.) (=9) faho (s.9.) ure (DC) ( bar)

&3 172" HWDP 2.060 3,600 46,980 OBM 0.760 1.000 2 600 8317 10680 | s0.000 | 1.000

Crossever NC3G to XT 34 2280 4.750 1.130 Rheogram readings

3 1/2" 15.55 DP 2.600 3.410 189.370 | [600 RPM [300 RPM [200 RPM [ 100 RPM [ G0 RPM [ 30 RPM | 6 RPM [ 3 RPM

31/2"15.55 DP 2.600 3.410 | 2578.000 63 | 3w | 27 ] 16 [ 1 | 8 | 4 [ 3

Table-B.1: Drillstring, wellbore and drilling fluid data

FRPG max FPG min
LB SIADH ) values (s.9.] values (s.9.)
2575.000 | 1779.5830 1.661 1.890
2E75.000 | 1859.266 1.655 2.0=0
2675.000 | 1858, 266 1.521 1.921
2747 .000 | 1910.705 1.507 1.874
2747.000 | 1210.706 1.507 1.874
2750.000 | 19125802 1.507 1.872
2750.000 | 1912802 1.507 1.872
2824.300 | 1959.509 1.496 1.861
2824.300 | 1958 509 1.491 1.866
2847.000 | 1971.010 1.456 1.856
2847 .000 | 1971.010 1.435 1.829
2861.000 | 1977.253 1.433 1.816
2861.000 | 1977.253 1.445 1.748
2920.000 | 1995 2587 1.441 1.745

Table-B.2: Pore/fracture pressure data
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Mean Sea Level (80,70m)
Welhead (30,70 m)
Mudine (223,30 m)

7" shoe 7 n, 45 pof, L-80 [SH], 2578,00m

OH 5875
578,00 m

2920,00m

Figure-B.1: Striing and wellbore diagram for well 34/10-B-4B
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Appendix-C
Accuracy of Pressure Loss Calculations Given in Sggn-4

The actual well data given in Appendix-B applieg.use of the pressure loss equations and
procedures provided in the Section-4 a spread slad®ilation was performed to calculate
pressure losses in different well sections. Rdsuth this computation has been tabulated as
follows.

Drillstring Components Ar_‘mular genmetr'_-,-'. Length (m) | &P, (bar)
ifrorm bottorm to top) oD in) 1D (in)

Ad7EMTESERF 5.675 4.750 7.440 0.335
Float Sub 5.675 5.000 0.430 0.041
5 152" MWk Stab 5.675 4.750 2.300 0.103
ADDS 5.675 4.750 0.750 0.033
274-344" Pany 5.675 4.750 4.500 0.z202
Impulse WWD 5.675 4.750 10.720 0.453
W EWYD 5.675 4.750 4.540 0.215
ALM-4 5.575 4.750 7.620 0.543
375 12" MNWHWDP 5.575 3.500 25.400 0.159
375 12" HWDF 5.575 3.500 25.080 01587
Hydraulic Jar 5.875 4.750 9.390 0.423
5*312" HWDF 5.875 3.500 46980 0.314
Crossever NC33 to XT 34 5.5875 4.750 1.130 0.050
3 1/2"15.55 DP 5.5875 3.410 189.370 1.155
3 152" 15.55 DP G.154 3.410 2575.000 11.127
S=um 15.210

Table-C.1: Calculated annular frictional pressure bss

Calculation shows that total pressure drop has hé&drar as seen in the table above.

Known:

MW = 1.68 s.g (effective mud weight during drilling

TVD = 1995 m

ECD = 1.76 s.g (actual ECD value from daily dridjireport posted in DBR)

Now ECD is calculated using above data and caledlptessure loss for the comparison with
actual ECD value.

ECD = MW+Rx /(0.098*TVD) = 1.688+15.210 / (0.098*1995.300) 78 s.g
Note that the result fully matches the actual E@i2esdigits more than two ignored.
Note: While performing this calculation, we made anuasgtion that pressure loss reduction

due to eccentricity is compensated by pressureihgssase because of tool joints and string
rotation. Therefore, these were not included indéleulation above.
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Appendix-D
Rheological Models

In the following, the rheological fluid models tHave become known during this project will
be provided. API, Unified, Robertson-Stiff and Gas#/lodels to be given below have been
inspired by Marilyn’s work®. For further details on these model readers arewraged to

refer this work.

Newtonian Model

A fluid that has a constant viscosity at all shedes at a constant temperature and pressure is
called a Newtonian fluid. The shear stress for widaian fluid is related follows as

L=y (D.1)

Shear Stress

Shear Rate

Figure-D.1: Néwnian Fluid Rheogram

Figure-D.1 analytically displays the behaviourlu £q. (D.1). The seen is direct
proportional of shear stress with shear rate. TéetNnian viscosity is the slope of this
resultant curve that is straight line. The modevag as a basis from which other fluid models

are developed.
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Bingham Plastic Model

The Bingham plastic model was the first two-paranetodel that earned widespread
acceptance in the drilling industry and it is fasimple to visualize. However, it doesn’t
accurately represent behaviour of drilling fluidsary low and high shear rates. The
mathematical relationship for model is

T=1,+UY (D.2)

The parameters indexed wigandp in Eq. (D.2) are yield point and plastic viscosity
They are sometimes called Bingham parameters #mabe read from a graph representing
the model or calculated by the following equations.

My, = RGOO - RSOO (D-Ba)
Z-y = R300 - /'Ip (D3b)

The parameters shown on the right hand side dEth€D.3a) are the readings from
viscometer at rotational speed of 600 and 300 gBpectively.

Shear Stress

Yield paint

Shear Rate

Figure-D.2: Byham Plastic Fluid Rheogram

Figure-D.2 illustrates the graphical behaviourtef Bingham plastic model. The shear stress
at which fluid stays stationary under certain agfiorce is named the yield point. Some
drilling fluids follow this model.
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Power Law Model

The Bingham plastic model assumes a linear relshiprbetween shear stress and shear rate.
Practical understanding of drilling fluids is thmhaviour of these fluids fall between those
described by the Newtonian and the Bingham plastidels. This behaviour is classified as
pseudo plastic. The relationship between sheassstned rate for pseudo pladtiads is

defined by a model called power law or pseudo glasbmetimes referred as Ostwald fluid
model too. Mathematical expression for this model i

r=ky" (D.4)

Shear Stress

Shear Rate

Figure-D.3: Powkaw Fluid Rheogram

The curve shown in Figure-D.3 illustrates the polaer fluid. As seen from the graph the
relation is non-linear. However the Eq. (D.4) canibearized as

logr =logk + nlog y (D5)

Then andk factors are known as power law constants andadcelated by using

n= 332Iog(hj (D.6a)
00
k= 51;.?:00 (D.6b)
511

Drilling fluids are better represented by the povesr model than The Bingham plastic
model.
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API Model (RP 13D)

API RP 13D [41] published in 1995 recommends usiregmodified power law model to
calculate pressure losses in a drilling system. AlRemodel attempts to match shear rates
from viscometer readings with shear rates expeei@mside drill-pipe and annulus. In drill-
pipe, the 600 and 300 rpm readings are used fotabeal and hydraulics calculations. In
this modeln andk are calculated as

n, = 3.32Iog(hj (D.7a)
00
k, = 5P (D.7b)
102z "

The indexp in the Eq. (D.7a) and (D.7b) stands for pipe.

In annulus, the 3 and 100 rpm readings are usedhémlogical and pressure loss calculations.
The power law index and consistency factor are adetpby

n, = O.657Iog(hj (D.8a)
R,
k, = S11Rg, (D.8b)
17C.2™

API model is a modification of the power law modelwhich the power law parameters
andk are calculated in a different manner for pipe andulus. In this model andk manifest
themselves to depend upon the geometry.

Herschel-Bulkley Model

This model is complex than the four models discdisd®ve. The Herschel-Bulkley model is
a three parameter model expressed as

r=r1,+ky" (D.9a)
log(r —7,) =logk +nlog y (D.9b)

As observed, the model is the power law modeliti@dtides a yield stregs as a third
parameter. The yield stress in the Eq. (D.9a) rsnadly taken as the 3 rpm viscometer
reading. There is a more complex expression to cbenpas well.

In this model as in the power law th@ndk factors can be calculated from 600 and 300 rpm
viscometer readings or graphically. The model edu® describe materials such as concrete,
mud, dough, and toothpaste for which a constabsisy after a critical shear stress is a
reasonable assumption when a log-log plot is make.model can also exhibit a shear-
thinning or shear thickening behaviour dependinghewvalue oh.
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Unified Model

This model is an improved version of a simplifiedrbthel-Bulkley model. Calculation of the
power law constants andk for the unified model involves previous determioas of plastic
viscosity, yield point and yield stregsexpressed in Herschel-Bulkley model. Plastic
viscosity and yield point are determined by the g3a &D.3b) respectively. For the
Unified model, to estimate yield stresghe following alternative is given: Take low shear
yield point @y asz.that is calculated using

r, =1066(2R, - R;) (D.10)

The equations proposed to calcula@ndk for pipe and annular flows are

2u. +T1

n, = 332log Tl (E)

" Ho ¥,

+T7

K, = 1.06{%] (D.11b)
2 +7, T

n, = 332log 7l (D.11c)
lup + Z-y - z-O
+ -

k, = 1.066{%] (D.11d)

The ratioz /7yis another important parameter to help characterize fluids rheologiSaliye
fluids may exhibit plastic and pseudo plastic behaviour. iBhimportant for hole-cleaning
and barite sag considerations. As the ratioyapproaches 1.0 the fluid takes on Bingham
plastic behaviour if the ratie /zyapproaches 0.0 the fluid behaves more like pseudo plastic
(power law) fluid. For example if the ratio is 0.3, clearly thedflwill behave more like the
power law fluid.

Robertson-Stiff Model

Robertson-Stiff developed a more general model to describe rheolodieaida of drilling
fluids and cement slurries. The equation for the model is

r=A(y+C)" (D.12)

A andB can be considered similar to the parameteasdk of the power law model. The
third paramete€ is a correction factor to shear rate and the te#€) is considered as
effective shear rate. Yield stress for the Robertson-Stiff model is giwen

r, = AC® (D.13)
When logged the Eq. (D.13) becomes
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logr =log A+ Blog(y +C) (D.14)

Thet is plotted versusyt C) on log-log coordinateB is the slope of the resultant curve aad
is the intercept where{C) = 1. TheC is defined by use of

—_ k2
C - (ynlinymax y )
(2y “Vimin T ymax)

(D.15)

Wherey* is the shear rate value corresponding to the geometric mean oktiresstess*
that is calculated by

* = (TyinTmad) ™ (D.16)

Robertson-Stiff model is also used in today’s drilling istriy

Casson Model

The Casson model is widely used in some industries but rardijlling engineering. The
model sometimes is used by petroleum engineers in characteriziat@ment slurry.
However, use of it for pressure loss calculations is a difficultcantplicated process and
rarely attempted. Itis a two-parameter model written as

r=(1,” +(4N")? (D.17)

The point at which Casson curve intercepts shear stress axis vinieatio of yield point to
plastic viscosity. The intercept gives yield point also calladson yield point and plastic
viscosity is the slope of the curve resulting and also named asrCalastic viscosity.
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Appendix-F
Transition Velocity

Transition velocity is a velocity at which flow regime changemftaminar to transition.
Some authors have termed this velocity as critic velocity. Homvevéhis study we noticed
that it is not necessarily a critic velocity for drilling. Fostance, when we say annular critic
velocity it is meant a velocity below which hole-cleaning peofid start escalating. Annular
critic velocity is based on cuttings concentration in annulugraktan flow regime shift. To
avoid confusion velocity indicating flow regime change is termddaaisition velocity. This
velocity for pipe flow is easily obtained from Eq. (4.5) by repigdReynolds with Eq. (4.6a)
and solving it in terms of velocity parameter. Final expression i

1 n
_ (k(347o— 13701)}2-” ( 3+1/n JH
va _2rAn

= F.1
@) 89100p, 0.0416D, (F-1)
Similar equation for annular flow is obtained that is
1 -n
_ [ k(3470-137) |*™ 2+1/n 2
@ = (F.2)
109000p; 0.0208D, - D,)

The annular transition velocity is an important parameter sirveid alert driller about
annular flow regime. It influences AFP loss, washouts and foormagrosion. Turbulent flow
results in higher AFP loss, washouts and formations erosion.
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