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Abstract

High torque and drag create problems in directional wells. Directional wells have increased in
inclination and length over the years, whereas the extended reach wells (ERW) are
particularly prone to torque and drag limitations. Using friction models during well planning,
drilling, and completion of the well will ease these issues by predicting and preventing

problems at an early stage.

In this thesis, an analytical model, and a numerical model for drag prediction will be
compared. Normally, the normal force consists of two components. One component is due to
weight, and another component is due to tension effects (Capstan effect). In the numerical
model, the normal force contribution due to the weight component perpendicular to the pipe
axis is taken into consideration. The analytical model has been simplified where this term is

neglected.

When comparing the models, results show that the models calculate equally for both straight
inclined sections and vertical sections. The deviation between the models is within curved
sections, as the friction in curved sections is modeled differently. The models increase in
difference when having a large friction coefficient. A large friction coefficient increases the
tension effect (Capstan effect) within a bend. The Capstan effect also increases as the bottom
force increases. However, the difference between the models is maybe not very large when
one takes into account that the friction coefficient is a calibration factor that can change the

model results more than maybe the choice of the model.

The analytical model was implemented in Excel while the numerical model was implemented

in MATLAB. More details can be found in the appendix.
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1 Introduction

1.1 Background

Torque and drag is a limiting issue for the oil and gas industry and needs to be considered
during the planning and drilling of the well. Drag is the needed force to be able to trip out, or
trip into the wellbore [1]. Torque is the rotational force required to rotate the bit and drill
string. Implementing torque and drag models is important to drill the well successfully and

reach the target of interest [2].

Wellbore friction, especially in extended reach wells, is an issue and a critical parameter [1],
[3]. This 1s not only important to take into consideration during drilling but also during the
completion of the well and workover operations [3]. Analytical solutions have been created to
calculate wellbore friction. A numerical model for calculating torque and drag was developed
by Johancsik et al [4]. This was based on dividing the well path into small segments and then
force balances are solved for each segment and then aggregated. The friction is modeled as a
friction coefficient multiplied by the normal force. The normal force is composed of two
parts. One part is the normal force contribution caused by the weight of the string. The other
normal force component is caused by tension effects taking place in curved sections in the

well (Capstan effect).

This numerical model must be solved using a computer. However, there has also been
developed a simpler analytical model [3], [5]. Here, equations are derived for larger segments

like build-up sections or hold/sail sections.

Both models are examples of so-called soft string models, but there are differences with

respect to how the friction is modeled in curved sections.



1.2 Statement of the Problem and Objective of the Thesis

The objective of the thesis is to compare the analytical torque and drag model with the
numerical torque and drag model. Only drag calculations will be compared. In the analytical
model, the friction force related to the normal force contribution due to weight in bends is
disregarded. One only considers the friction caused by the normal force due to tension effects
(Capstan effect) [3]. By comparing the analytical model with the numerical model, makes it
possible to see how large effect this simplification has since the numerical model both

contains friction related to the normal force due to weight and normal force due to tension.

2D well profile examples such as Build and Hold (B&H) well profile and S-profile are used
for calculations of axial forces (drag forces). The friction coefficient will be varied to see how
the forces on top of the drill string will change for a tripping out scenario (pick-up), tripping

in scenario (slack-off), and rotating off bottom scenario (static).

1.3 Structure of the Thesis
The organization of this thesis is as follows:

- Chapter 2 describes the theory of directional drilling used in this thesis. This chapter
includes topics like the role of directional drilling, directional drilling concepts, well
profiles, dogleg and dogleg severity, survey methods used for wellbore trajectory
calculations, and well profile calculations for a B&H well profile and S-profile.

- Chapter 3 describes the drag models. Topics like torque and drag models in well
design, buoyancy, friction, Capstan effect, and the projected height principle are also
included here.

- Chapter 4 represents the results and discussion of the thesis.

- Chapter 5 presents the conclusion.

- The appendix covers screenshots of the analytical calculations and the MATLAB code
of the simplified Johancsik torque and drag model.



2 Directional Drilling

2.1 The Role of Directional Drilling

Directional drilling is basically “*all activities that are required to design and drill a wellbore
to reach a target, or a number of targets, located at some horizontal distance from the top of
the hole”” [6]. Directional drilling has been an essential application to the oil and gas industry
since the late nineteenth century [7]. According to [8], the applications of directional drilling

are many. These applications can be divided into different categories:

- Side-tracking

- Drilling to avoid geological problems
- Controlling vertical boreholes

- Drilling beneath inaccessible locations
- Horizontal drilling

- Offshore development drilling

In general, the easiest accessible oil is produced first, but with new and improved technology
it is possible to drain existing fields and produce new fields in a more efficient way. During
the last decades, the wells have increased in both length and inclination [9]. The wells are
drilled with more complexity where high inclinations are more common, making it possible to

drill the so-called extended reach wells (ERW) [6].

Extended reach wells are both drilled onshore and offshore and can be between 20,000 ft
(6096 m) — 40,000 ft (12 192 m) long or more [6]. The record today, as of 2021, is 15 000 m,
with a step out of 14 129 m drilled within the Sakhalin-1 project [10].

For a well to be classified as an extended reach well, the depth ratio (MD/TVD) is at least at
the ratio of 2:0 or having an HD/TVD ratio larger than 2.0 [11], [12]. The depth ratio is also
an indication of how complex the ERD well is. The ERD well is difficult and more complex

the higher the depth ratio [12].



2.2 Directional Drilling Concepts
Before representing the analytical drag models in chapter 3, some basic directional drilling
concepts will be represented to ensure a better understanding of the terms and abbreviations

used in further chapters of this thesis.

Definition of well trajectory concepts and terms in directional wells:

- KOP (kick-off point) is the depth where the wellbore trajectory departs from the
vertical in the direction towards the target [6].

- Build-up rate is the rate at which the hole inclination angle changes along the well
path [6].

- TVD (true vertical depth) is the vertical distance from the RKB to a certain point or
target as shown in Figure 1 [6].

- HD (horizontal displacement) is the horizontal distance from the well center to the
target of interest.

- MD (measured depth) is the distance from the RKB to a certain point or target
measured along the wellbore as shown in Figure 1 [6].

- Azimuth is in the horizontal plane and is the measured angle between 0-360 degrees

measured clockwise from the magnetic north as shown in Figure 1.

A
TVD
North
Inclination o /¢ —
plane S
Inclination
angle /{

9

Azimuth
/ Direction plane
B

Figure 1: [llustration of azimuth, MD, TVD, and hole inclination. Modified from [6].
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Most wells today are designed and drilled in 3D. Constructing well trajectories in 3D makes it
possible to avoid obstacles like salt domes, faults, or formations that can be difficult to drill
through. Wells are drilled three-dimensional offshore to avoid wells intersecting, and onshore

to minimize the footprint of drilling rigs, making it more environmentally friendly [6].
In some cases, 2D wells are drilled when possible. The 2D wells are restricted to the vertical

plane. The basic well trajectory profiles for 2D wells are a build and hold (B&H) well profile,
an S-shaped well profile, and a J-shaped well profile as shown in Figure 2 [6].

B&H Profile S Profile J Profile

A

VERTICAL VERTICAL
. VERTICAL
E +«—SECTION
R ,— SECTION
KOP KOP BUILD
BUILD
; . SECTION
SECTION / -

+— SECTION

HOLD

/ SECTION

o 1 KOP BUILD
4+ SECTION 4 SECTION

Figure 2: The basic 2D well profiles. Modified after [6].

2.2.1 B&H Well Profile

The B&H well profile is the simplest and most common type when it comes to directional
wells [13]. For extended reach wells, the B&H well profile will be the basic build block [11].
When there is a need for large horizontal displacement, the B&H well profile is often applied.
The B&H well profile can be used for both wells located at a moderate depth and for deeper
wells [11].

Down to the KOP, the well is drilled vertically. The well is then deviated into the required
inclination by a build-up section. The required inclination is then maintained throughout the

hold section until intersecting the target [ 13].



There are few problems connected to this well profile. This is because, after the build-up
section, there are no changes in azimuth or inclination. For a given target, the inclination

angle will be reduced if the KOP is made shallower [13].

2.2.2  S-Profile

The S-shaped well profile is used when the target of interest is located deep and the horizontal
displacement is small [13]. The well is drilled in a similar way as the B&H well profile down
to the lower part of the hold section. After the hold section, there comes a drop section where

the inclination is reduced or becomes vertical until reaching the target of interest [13].

The S-shaped well profile is more difficult to drill than the B&H well profile because of the
drop section located above the target. Since this drop section is adding an additional bend,
there will be expected extra torque and drag for this well profile, compared to the B&H well

profile [13].

2.2.3 J-Profile
A J-shaped well profile consists of a vertical section, a deep KOP, and a continuous build
section. This well profile is used in situations like exploration of stratigraphic traps, obtaining

additional data on non-commercial wells, or side-tracking from existing wells [11], [13].

2.3 Dogleg and Dogleg Severity

When drilling a directional well, it is useful to determine the wellbore curvature along the
well trajectory [6]. When determining the wellbore curvature, the expressions dogleg (DL)
and dogleg severity (DLS) are frequently used.

“"Dogleg is the absolute change of direction, and the dogleg severity is the derivative of the
dogleg’’ [14].

When there are changes in inclination and/or azimuth or direction between two points along a
wellbore, the total curvature will change. This change in curvature is known as the dogleg
[15]. The dogleg angle is directly used in the minimum curvature method. However, the
dogleg angle does not tell directly how much the well path changes between the two points
since this will also depend on the drilled distance between the points. For describing the

change in well path, one uses the concept of dogleg severity.



The dogleg severity is the dogleg angle divided by the distance along the wellbore between
the two points [16]. The measurements for DLS are commonly expressed as degrees per 30

meters within the oil industry [14].

2.4 Survey Methods

During drilling operations, the wellbore trajectory is required to be known at all times [16].
This is especially important during critical stages, like when kicking off near existing wells
[17]. The measurements are the inclination of the borehole at a certain depth and azimuth. The
measurements are usually taken every 30-40 meters, and must not exceed intervals of 100
meters [15], [16]. These measurements must then be used to find out how the well path
changes in vertical (true vertical depth) direction and horizontal direction (East-West, North-

South). Some wellbore trajectory calculation method is used for this.

According to [17], the most used wellbore trajectory calculation methodologies are:

- Tangential method

- Balanced tangential method
- Average angle method

- Radius of curvature method

- Minimum curvature method

2.4.1 Tangential Method
The well path is assumed to be a straight line defined by the azimuth and inclination at the
lower survey point [17]. The azimuth and inclination are here assumed constant between the

survey points [6].

This method is not recommended in directional wells, since the changes in azimuth and

inclination can be significant, even for short intervals.

2.4.2 Balanced Tangential Method
The actual well path can be approximated by two straight lines (equal length) segments [17].
One line segment will have an inclination, I;, and azimuth, A, starting at point one. The

second line segments will have the inclination, I, and azimuth, A, at point two [16].



Since this method considers both sets of survey data, it is a more accurate method than the

tangential method.

2.4.3 Average Angle Method
One straight line will intersect the upper survey point and the lower survey point [17]. The
straight line is defined by using the average inclination and azimuth using the two survey

points. These are then used in the formulas derived for the balanced tangential method [16].

This is a simple method to use and gives accurate results. In near-vertical wells, on the other

hand, this method is proven to be unreliable [17].

2.4.4 Radius of Curvature Method
The well path is not a straight line but uses the inclination and azimuth values to construct
circular projections [16], [17]. These circular projections of the wellbore are projected in both

the vertical and the horizontal plane.

Where the well path is closer to a circular arc, this method gives better results than the
average angle method [17]. This method assumes a constant radius, which in long intervals
may be inaccurate. In straight hole section, where division by zero is the case, this method

may experience computational problems [17].

2.4.5 Minimum Curvature Method
The minimum curvature method will be used further in the analytical model presented in this

thesis, so a more detailed explanation will therefore be given.

In the minimum curvature method, the well path is replaced by a circular arc, instead of two
straight line segments as used in the balanced tangential method [17]. By replacing the
straight-line segments by a circular arc, a ratio factor (RF) is applied. This ratio factor is based
on the dogleg angle, which is the amount of bending between the two survey points in the

well path.



From Figure 3, the ratio factor, RF, can be calculated as:

P AB + BC
- AC
(1)
Where AB:
)
AB = BC =R*tan(§)
)
And AC:
mT*R*Q
AC = ——
¢ 180
)
When taking this in consideration, RF can therefore be written as:
wr=(5) () - an )
=|— % * —
2 - an |5
4
Where @ is the dogleg severity angle in degrees. This correction factor will be used in
combination with the formulas derived for the balanced tangential method.
The equations for the minimum curvature method, representing the incremental distances
between the survey points along the three axes are [15], [17]:
1
AV = RF *o* L * (cosly +cosl,)
)
1
AN = RF * E* L* (sinl; * cosA; + sinl, * cos A;)
(6)
1
AE = RF * E* L* (sinl; *sinA; +sinl, * sin4,)
(7)

Where L is the distance between the survey points.
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Figure 3: Model of the minimum curvature method [15].

When it comes to directional surveying calculations, the minimum curvature method is the
most used method for this purpose. This method gives high accuracy when the survey points
along the wellbore are not too far apart, and the trajectory is approximating a plane circular

arc [11], [17].
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2.5 2D Well Profile Examples
In this thesis, emphasis will be placed on a B&H well profile and S-profile for further

calculations.

2.5.1 B&H Well Profile Calculation

By using a B&H well profile, it is possible to calculate the true vertical depth (TVD), the
horizontal displacement (HD), and the measured depth (MD) by dividing the well into
sections as shown in Figure 4. The well is divided into one section called AB, which will be
the vertical section of the well. Section BC will be the build-up bend section, followed by the
hold section CT.

Dividing the well into individual sections will also be beneficial when calculating the drag

forces in later chapters.

TVD

HD

Figure 4: The geometry of a B&H well profile.
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To be able to use the individual sections for TVD, HD, and MD calculations, some

parameters must be set:

- Vertical section down to KOP =900 m
- Hold section = 8400 m
- Build-up rate = 2°/30 m

The azimuth is fixed, so this value will be held constant at 0 degrees. The well inclination will
be stopped at 80 degrees.

From the given values, the build-up rate is constant at 2 degrees per 30 meters. From this
constant build-up rate, it is possible to assume the build-up bend to be an arc of a circle. This

gives a radius, R, as seen in Figure 4. To find R, the following relations are needed:

a Ai

BC ~ AL
Where AL is the change in length, and Ai is the change in angle.

By rewriting the equation above, it is possible to solve for BC:

AL

BC = —
Y
(%)
In addition to BC, an equation for R needs to be developed:
BC «a
2xmxR  360°
By using the equation above, it is possible to solve for R:
BC  360°
R = *
2%T a
)
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By taking equation (8) into equation (9), R becomes:

_ 360°* AL
T 2xmx Al

(10)
By inserting the values given previously, the radius, R, for this B&H well profile will be:

_360°%30m

Lo ~85944m

2.5.2 TVD Calculation
To find the true vertical depth (TVD), the sections AB, BE and ED must be added together.
The vertical AB section is already given. The BE and ED sections need to be solved using

trigonometric relations.

In Figure 4, it is possible to solve BE by using the triangle formed by CGH. Here, the BE

section will be the same as CG.

When having R, the BE section will be:

BE =R * sina
(11)
By using the value for R solved from equation (10) and a, the BE section becomes:
BE = 859,44 m = sin(80°) ~ 846,4 m
The ED section will be:
ED = CT * cosa
(12)
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By inserting the given values for CT and a the ED section becomes:

ED = 8400 m * cos(80°) ~ 1458,6 m

By adding all these sections together, it is possible to calculate the TVD of the B&H well
profile:

TVD = AB + BE + ED =900 m + 846,4 m + 1458,6 m = 3205m

2.5.3 HD Calculation
To find the horizontal displacement (HD), the sections DF and FT must be added together.

Trigonometric relations will be used to solve DF and FT here as well.

By using the triangle formed by CFT, it is possible to find FT:

FT = CT * sina
(13)

FT = 8400 m * sin(80°) =~ 8272,4m

By using trigonometric relations, it is possible to find DF. DF will, from Figure 4, be the same

as EC:

cosa =

| B

Solve for X:

X =R=x* cosa

By using the equation for X makes it now possible to solve for EC:

EC=R—-—X=R—-Rx*cosa=R*(1— cosa)
(14)
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EC =859,44 m * (1 — cos(80°)) = 710,2m

By adding the FT and EC sections together, the HD of the B&H well profile can be

calculated:

HD = FT + EC =82724m+710,2m =8982,6 m

2.5.4 MD Calculation
To find the measured depth (MD), which is the depth measured along the well, the sections
AB, BC, and CT must be added together.

Both AB and CT are given, while BC is found from equation (8).

30m

BC =
20

*80° = 1200m

MD will then be:
MD =AB + BC+ CT =900m+ 1200 m + 8400m = 10500 m

These calculations give information on where the target of interest is located. The TVD of the
target of interest is located at 3205 m, the HD is at 8982,6 m, while the MD along the
wellbore is 10 500 m.

To be able to connect this well to an ERD context, the depth ratio can be calculated to see if

the depth ratio is at least 2:0 as mentioned earlier [11].

MD _ 10500m

DEPTH RATIO = VD~ 3205m 3,27
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2.5.5 S-Profile Calculation

By using an S-profile, it is possible to calculate TVD, HD, and MD by dividing the well into
sections as shown in Figure 5. The well is divided into one section called AB, which will be
the vertical section of the well. Section BC will be the build-up bend section, the CD will be

the hold section, followed by the drop section DT and an inclined section TS down to target.

Dividing the well into individual sections will also be beneficial here when calculating the

drag forces in later chapters.

TVD
=

HD

Figure 5: The geometry of an S-profile.
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The set parameters for TVD, HD, and MD calculations are as follows:

- Vertical section down to KOP = 900 m
- Hold section = 6600 m

- Inclined section down to target = 150 m
- Inclination down to target = 10°

- Build-up rate = 2°/30 m

The azimuth is fixed as mentioned earlier, so this value will be held constant at 0 degrees. The
well inclination will be stopped at 80 degrees. Both the build-up rate and drop-off rate are
constant at 2 degrees per 30 meters. From this constant build-up rate, it is possible to assume

the build-up bend and drop bend to be an arc of a circle here as well.

The S-profile has both a build-up bend section and a drop section, giving us a radius R; for
the build-up section and R> for the drop section. Both the build-up rate and drop-off rate, are
as mentioned, set constant at 2 degrees per 30 meters, giving us an equal R for both R and

Ro. For further calculations, equation (10) will be used for the calculation of R.

By inserting the parameters given previously into equation (10), the radius for this S-profile

will be:

_360°%30m

S PTRT ~ 859,44 m

2.5.6 TVD Calculation
To find TVD, the sections AB, BE, IC, DF, and FG must be added together. The vertical AB
section is already given. The BE, IC, DF, and FG sections need to be solved using

trigonometric relations.

In Figure 5, it is possible to use equation (11) to solve for BE since BE in the S-profile is the

same as BE in the B&H well profile:

BE = 859,44 m = sin(80°) ~ 846,4m
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The IC section will be the same as ED in the B&H well profile, so by using equation (12) it is

possible to solve for IC:

IC =CD * cosa

By inserting the given value for CD and a, the IC section becomes:

IC = 6600 m * cos(80°) =~ 1146,1m

To find DF, the inclination of the hold section and the angle after the drop section need to be

taken into consideration when solving for DF:

DF =R * (sina; —sina,)

(15)

DF = 859,44 * (sin(80°) —sin(10°)) ~ 697,1m

To find FG it is possible to use equation (12).

FG =TS xcosa

Here the inclination is 10°, and by inserting this angle and the given value for TS, the FG

becomes:

FG = 150 * cos(10°) = 147,7 m

By adding all these sections together, it is possible to calculate the TVD of the S-profile:

TVD = AB+ BE +IC + DF + FG

=900m + 846,4m+ 1146,1m + 697,1m + 147,7 = 37373 m
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2.5.7 HD Calculation
To find HD to the target, the sections EC, ID, FT, and KS must be added together.

To solve for EC, it is possible to use equation (14):

EC=R—-—X=R—-Rx*cosa=R*(1— cosa)

EC=R*(1—cosa) =859,44m* (1 —cos(80°)) = 710,2m

When solving for ID, it is possible to use equation (13). But instead of CT we have CD:

ID =CD * sina

ID = 6600 m * sin(80°) =~ 6499,7 m

To be able to find FT we need to use trigonometry and take into consideration both the angle

after the drop section and the inclination for the hold section:
FT =R * (cosa, — cos a)
(16)

FT = 859,44 m * (cos(10°) — cos(80°)) =~ 697,1 m

When solving for KS it is possible to use equation (13). But here one needs to use TS and an

angle of 10°:

KS =TS *sina

KS = 150 m *sin(10°) =~ 26 m

By adding the EC, ID, FT, and KS sections together, the HD of the S-profile can be

calculated:
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HD = EC+ 1D + FT + KS

=710,2m+6499,7m+697,1m + 26m =7933m

2.5.8 MD Calculation
To find MD, the sections AB, BC, CD, DT, and TK must be added together. AB, CD, and TK

are given, while BC and DT must be solved using trigonometric relations.

When solving for BC, one can use equation (8):

30m

o

BC =

*80° = 1200m

When solving for DT, the inclination after the drop section must be considered, so the DT

section becomes:

AL
DT =E* (a1 —az)
(17)
30m 30m
DT = o * (80°—10°) = o *70°=1050m
MD will then become:

MD = AB+BC+CD + DT +TK
=900m + 1200m+6600m + 1050 m+150m =9900m

The TVD of the target of interest is located at 3737,3 m, the HD is at 7933 m, while the MD
along the wellbore is 9900 m.

The depth ratio can be calculated to see if the (MD/TVD) ratio is at least 2:0 [11]:

MD 9900 m

DEPTH RATIO = VD 37373 m ~

2,65
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3 Drag Models

3.1 Torque and Drag Models in Well Design

Torque and drag (T&D) models are beneficial diagnostic tools that can be applied during the
well planning phase, drilling phase, and post-analysis phase (after finishing the well) [9]. In
ERD wells, high torque and drag may prevent the driller to reach the target of interest [2]. The
T&D models give insight into the frictional behavior within the well and are therefore applied
to predict and prevent problems that may occur [3]. According to [4], the problems that may
create high drag forces and excessive torque are tight hole conditions, cuttings build-up due to
poor hole cleaning, differential sticking, sloughing hole, key seats, and sliding wellbore
friction. By taking use of these models already at the well planning phase, the trajectory

design may be optimized and the risk of getting stuck pipe is minimized [9].

Stuck pipe is possible to predict by using real-time T&D data, creating roadmaps that provide
information about the downhole conditions [18], [19]. Roadmaps are simulated drag curves
for different friction coefficients for different depths used under operation. By using these
roadmaps, the data will fit one of these curves, and the result is useful if the data follows this
curve by one of the friction coefficients that were assumed. If the trend suddenly changes and
no longer follows the original curve, then this is a sign that the friction has changed severely,

creating an early sign of stuck pipe.

3.2 General Concepts and Models

3.2.1 Buoyancy

During a drilling operation, the well is filled with drilling fluid. This drilling fluid is designed
to meet certain criteria to ease the drilling operation. During drilling, the drill string is
submerged in drilling fluid. The weight of the drill string needs therefore to be corrected for
buoyancy effects [5].

In a well, there is always buoyancy. "‘Buoyancy is a surface force acting on a body in the

opposite direction of the gravitational force’’ [20]. The buoyancy factor for both inclined and

vertical wellbores are identical [21].
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If a drill string is submerged in a drilling fluid, having the same density both inside and
outside of the string, and if the string is also having a uniform circumference (not composed

of many pipe sizes), the buoyancy factor can in this case be defined as [20]:

B=1- Priuia

Psteet
(18)
And the buoyed unit mass of drill string is [20]:

W = B * Wprinpipe
19)
Where:
- P 1is the buoyancy factor
- pruidis the density of drilling fluid [kg/m?]
- pseel is the density of drill pipe [kg/m?]
- Whorilpipe 1s the unit weight of the drill pipe in air [kg/m]

3.2.2 Friction
Basic well friction principles will be defined in this chapter using the Coulomb friction model.

The Coulomb friction model is also known as sliding friction forces.

Friction between the drill string and wellbore results in torque and drag [2]. Having the
presence of torque and drag in a well will affect the success. This applies especially to deep
and complex wells. For ERD wells, the presence of torque and drag may prevent the driller

from reaching the target of interest [2].
When a body has a force acting on it, the body will start to move when the maximum friction

force is reached [2]. Figure 6 defines the forces acting on a drill string on an inclined plane

according to the Coulomb friction model.
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Figure 6: Forces and decomposed forces that are working on an inclined object. Modified

after [5].

The force G in Figure 6 will be the weight of the drill pipe, including buoyancy:

G=W=xg
(20)

The G component is decomposed into an axial component, Gy, and a normal component, Gy,

as shown:

G, =G *cosa

(21

Gy=N=G*sina

(22)
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The friction force, Fr, takes into consideration the friction coefficient, u, between an object

and a surface, and the normal force, N, acting on the object from the surface [2]:

Fr= tp*G, = tp=*G*sina
(23)

The friction will always work in the opposite direction of motion [5].

3.2.3 Capstan Effect

The Capstan effect, also known as belt friction, is the friction force acting between a belt and
a surface [22]. If a belt is wrapped around a curved surface and one applies tension to one end
of the belt, the frictional forces between the belt and surface increase with the number of
rounds of wrapping around the curved surface. Only a small part of the force will be

transmitted to the other end of the belt.

Figure 7 represents a belt wrapped around a curved surface. By dividing this belt into a small
segment and assuming that this is a weightless belt in equilibrium, it is possible to derive the

Capstan equation [23].

dN
T Fr= ndN
—_—

do/2

Figure 7: [llustration of the Capstan effect. Modified after [23].
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By using force balance, the forces in the X-direction and Y-direction become:

X-direction: —dT cos (?) +u*xdN =0

(24)
Y-direction: dN — 2 * T * sin (ﬁ) — dT * sin (ﬁ) =0
2 2
(25)
By solving for dN in equation (25) and then inserting dN into equation (24), one will get:
do . (de . (deé
—dT*cos(7>+u*2*T*sm(7)+u*dT*sm(7) =0
(26)

By assuming that the segment of the belt is small, the expressions sin (%) = % and cos (?)
~ 1. The last term in equation (26) will also be neglected since the two small values are

multiplied. By using these approximations, the equations for dT and dT—T become:

dT = u*T *d6@
(27)
dT i
S %
T~ K
(28)
By integrating equation (28), the expression becomes:
T; f=a
dT J‘ 6
_ = %
T u
T]_ 6=0
(29)
Solving the integrals in equation (29):
InZ=p*a
T, *
(30)
By solving for T in equation (30), the Capstan equation becomes:
T2 = Tl * e“*a
(31
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3.2.4 Projected Height Principle

In this chapter, a closer explanation of the projected height principle will be given.

The projected height principle is used to find the axial weight of a pipe [21]. By dividing the
weight of the pipe into an axial component, Gy, and a normal component, Gy, as illustrated in
Figure 8, it is possible to find the axial weight, Gy, of the pipe within the well as the product
of the buoyed unit weight (N/m) multiplied by the projected height [5], [20]. The projected
height, AL, is defined as:

AL =L x*cosa

(32

This is valid for any type of buoyed well path, and by using this concept it is possible to
calculate the hook load by using the pipe unit weight and the projected height [20].

Figure 8: Illustration of the projected height principle. Modified after [20)].
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3.3 Analytical Drag Model

The analytical drag model calculates on larger segments, where the segments are divided into
vertical, straight inclined, and curved segments. The calculations start from the bottom of the
well and are calculated upwards [5]. The analytical model is developed for 3D well paths,
where inclination and azimuth vary. In this thesis, only the model for varying inclination will
be presented, and the analytical model will address the concepts and models already discussed

in earlier chapters.

The analytical model will be used for a tripping out scenario, a tripping in scenario, and a
static (rotating off bottom) scenario. For the models in this thesis, the friction in the axial
direction disappears completely for the static (rotating off bottom) scenario.

This is because the pipe will be under high rotation which removes the friction in the axial

direction [3].

3.3.1 Drag Force for a Straight Inclined Section Without Pipe Rotation

In straight inclined sections, the mechanical friction is only dependent on weight. The tension
in the drill string is not contributing to the normal force acting perpendicular on the pipe.
Hence, friction is only dependent on the weight component that is balancing the normal force

as shown in Figure 6 and Figure 9 [3].

b 4
N

AL

N
7 X

AX
Figure 9: Geometry of a straight inclined pipe. Modified after [5].
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The bottom force, F, will be the contact force between the drill bit and formation. This

contact force will be set as a boundary force equal to zero:

F;=0
(33)
During tripping in and out of the well, there will be no contact between the bit and the
formation. In this case, F; is set to zero.
The top force, F», will then become:
F,=F+W=x*gx*Lx(cosa + u=*sina)
(349

Where:
- W is buoyed mass per meter of pipe in drilling fluid [kg/m]
- L is the pipe length [m]
- gis the gravitational constant [m/s?]
- p s the friction coefficient
- =£1is tripping in (-) and tripping out (+)
- W*g*L*cos(a) is the axial weight term including buoyancy

- WH*g*L*u*sin(a) is the mechanical friction

From Figure 9 and equation (34) it is possible to see that the pipe will be in a vertical position
when o = 0 degrees. The friction will then be zero. When a = 90 degrees, the pipe will be in a

horizontal position and the axial weight will become zero [1].

3.3.2 Drag Force for a Curved Section Without Pipe Rotation

For curved sections, there will be two contributions to the normal force. One part is the
normal force contribution caused by the weight component of the string acting perpendicular
to the pipe axis. The other normal force component is caused by tension effects taking place

in curved sections in the well (Capstan effect) as illustrated in Figure 10 [4].

28



In the analytical model, it will be assumed that the mechanical friction is dominated by
tension effects (Capstan effect). The normal force will only have a contribution from the axial
pipe loading. This means that the normal force contribution from the weight component

perpendicular to the string is neglected [3].

Figure 10: The figure to the left illustrates the normal force resulting from weight, while the

figure to the right illustrates the normal force resulting from tension. Modified after [4].

When defining the drag force along a curved section, it is useful to make an assumption that
the drill pipe is weightless when computing the friction, and afterwards add the weight at the
end of the bend [3]. When defining the vertical projected height for curved sections, the
minimum curvature method is here applied in this model, but other approaches are also
possible [16]. For instance, in [3], the radius of curvature method was used. However, the
minimum curvature is used in this thesis, since this method gives exact vertical displacement

for curved sections.
The F3 force will then become:

tu(laz=asl+(155)) 1
F;=F,*|e 180/) — 1 +F2+W*g*E*L*(cosa1+cosa2)*RF

(35)
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Where the first term represents the friction due to the Capstan effect (tension effect), and the
third term represents the weight. The + sign in the exponential function will correspond to

upward movement while the minus sign will be used for downward movement.

The ratio factor, RF, is defined by equation (4):

2o () n(3

(@ is the dogleg angle in degrees, and a1 = 0° and oz = 80° for the curved section in Figure

10.) In this case, the dogleg is az-a; = 80°.

Where:
- W is buoyed mass per meter of pipe in drilling fluid [kg/m]
- L is the pipe length [m]
- gis the gravitational constant [m/s?]
- s the friction coefficient
- =£1is tripping in (-) and tripping out (+)

- |a, - a,|is the change in angle

3.3.3 Drag Force for a Vertical Section Without Pipe Rotation

Drag forces along a vertical section will be the buoyed drill pipe multiplied by the vertical
height of the well [3]. When a well is vertical, the friction will be zero since there is no
contact force (no normal force between formation and string). When the inclination is zero,
the term related to friction, p*sin o, becomes zero. This will make the term (cos o £+ p*sin a)

become equal to 1. The force, F4, then becomes:

F,=F;+ Wxg=*L
(36)
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3.4 Numerical Drag Model
The numerical model will be based on the T&D model by Johancsik et al [4].

The T&D model based on Johancsik et al [4] takes into consideration that the sliding friction,
also known as the Coulomb friction model, is the primary cause of torque and drag in
directional wellbores [4]. This T&D model considers the effect of gravity on pipe and tension
through curvatures as contributions to the normal force as shown in Figure 11. It was
developed for well profiles where both inclination and azimuth changes. It is based on
dividing the well path into a certain number of small segments and the force balances shown

below are for such a segment.

Figure 11: The figure to the left illustrates the effect of gravity and the effect of tension that is
acting on a curved segment of a drill string. The figure also illustrates their contribution to

normal force. The figure to the right illustrates the forces during a tripping out scenario.

Modified after [4].

The friction calculations in this T&D model require only the magnitude of the normal force.

The direction is not necessary. The magnitude of the normal force according to [4] is:

N = [(F; * AA * sin@)? + (F; * Aa + G * sin@)?] /2
(37)
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Since the well profiles and calculations to be considered in this thesis are kept in 2D, the

azimuth component in equation (37) is therefore neglected. The normal force then becomes:

N = [(Fy * Aa + G * sin@)?] /2
(38)

The first term in equation (38) gives the normal force contribution due to tension in the string
across the element. This will correspond to the Capstan effect. The second term is the

contribution from the weight component acting perpendicular to the axis of the pipe.

The force, F2, on top of the element will then be:

F,=F, +Gx*cosa tuxN
(39

Where:
- Nis the normal force acting on element [N]
- Fi is the tension force at bottom of element [N]
- F» the tension force at the top of element [N]
- AA is the change in azimuth angle over length of element [rad]
- «a is the average inclination of the element [rad]
- Aa is the change in inclination angle over length of element [rad]
- G is the buoyed weight of drill string element [N]

- uis the friction coefficient between the wellbore and drill string

The term G*cos a in equation (39) is the contribution of the weight working in the axial
direction. This has similarities with the analytical model and by further inspection, one can be
convinced that the projected height principle is used also here, where the projected height is
calculated using the same principles as in the average angle survey calculation method. The
third term is the mechanical friction and from previous formulas, one can see that the normal

force has two contributions.
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To be able to get an exact numerical model, the equations (38) and (39) must be applied to
infinitesimal elements of the drill string [4]. Errors will appear if the model is applied to larger

elements.

The friction coefficient in this thesis will be represented as a single characteristic friction
coefficient [4]. This is because the friction coefficient is not a known parameter but usually
depends on other effects within the wellbore [4], [12]. For the calculations in this thesis, the
friction coefficient will take the conditions in a wellbore and act as a friction coefficient,

representing the average conditions [4].
All the calculations to be presented in the thesis for this numerical T&D model are made by
dividing the drill string into 30-meter elements. One will also here start the calculation

process from the bottom and calculate for each segment/element or cell upwards.

The numerical model is implemented in MATLAB, and for further details of the code
developed in the thesis work, see Appendix A.
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4 Results and Discussion

4.1 Case Examples

In the following, the data to be used in the drag calculations for the well profiles will be
represented. These data will be used when comparing the two models. The analytical model
will be used for a tripping out scenario, tripping in scenario, and a static (rotating off bottom)
scenario for both well profiles. One will first start calculating drag forces for these three cases
for a B&H well profile, followed by the S-profile. The drag calculations will be calculated

using a friction coefficient from 0,1 to 0,4.

The analytical model starts its calculations at the bottom with F; = 0 as stated in equation
(33). Then one calculates on the hold section to find F» by using equation (34). After finding
the value for F2, one moves onto the curved section calculating F3 from equation (35). After
having the value for F3, one calculates the vertical section until reaching the top of the well by

using equation (36).

The analytical model has been implemented in spreadsheets and some screenshots of the

Excel sheet are presented in Appendix B.
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4.1.1 B&H Well Profile

Calculation of drag forces starts at the bottom of the drill string and continues upwards section

by section as shown in Figure 12. The same approach will be used for both hold section and

curved section [1].

F4

F3

F1

Figure 12: B&H well profile showing the drag forces for calculation.

Some parameters must be set before being able to calculate drag forces for the B&H well

profile. The drill string characteristics are represented in Table 1:

Table 1: Drill string characteristics used for drag calculations for the B&H well profile.

Nominal | Nominal Type of Appr. Nominal Nominal
Diameter Unit Grade Tool Unit Mass | Diameter | Connection Unit
of Drill Mass of joint incl. Tool | of HWDP HWDP Mass
pipe Drill pipe Joint HWDP
(inch) (Ib/ft) (kg/m) (inch) (kg/m)
S-135 | 5% FH NC50 (4
5 25,6 43,73 5 IF) 73,4
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The mud weight (MW) is set to 1700 kg/m?>, and the density of steel (pstel) is set to 7850
kg/m>. The length of the heavy weight drill pipe (HWDP) is 100 m and will be the bottom
hole assembly (BHA) in this case.

The geometrical parameters stated in chapter 2.5.1 are repeated in Table 2. These parameters

are useful when calculating the forces using the analytical model.

Table 2: Geometrical parameters used for drag calculations for the B&H well profile.

Geometrical Parameters

DLS 2/30 °/m

R 859,44 | m

Vertical down to KOP (AB) 900 m
Build-up bend (BC) 1200 m

Hold section (CT) 8400 m

Vertical depth of build-up bend (BE) 846,4 m
Vertical depth of hold section (ED) 1458,6 m

By assuming premium class on the stated drill string, the tensile yield strength will be 331,8 *
10° daN = 3318 kN [24]. This tensile yield strength must be greater than the worst load case,
which will be the tripping out scenario with high friction coefficient. If the force on top of the
drill string exceeds this tensile yield strength, one may risk deformed pipe, and in the worst
case, tearing of the pipe. Hence it is important to be able to quantify which load situations that

can occur with an appropriate torque/drag model.

When the parameters are set, one should start the calculations by calculating the buoyancy

factor from equation (18):

kg

ﬁ:l_ pﬂ—uidzl_% ~ 0,783
Psteel 7850k_93
m
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After the buoyancy factor is calculated, one wants to calculate the buoyed unit masses for the

BHA and drill pipe from equation (19):

kg kg
WDrillpipe = 0,783 * 4‘3;73% ~ 34,3 E

kg kg
WBHA = 05783 * 73,4‘ E ~ 57,5 ﬁ

When having all the necessary values for calculating drag forces, one can now continue by
calculating the drag forces for a tripping out scenario, tripping in scenario, and a static

(rotating off bottom) scenario for the B&H well profile.

4.1.2 B&H Well Profile — Tripping out Scenario
The results of the drag force calculations for a tripping out scenario using the analytical model

for the B&H well profile will be presented in this chapter.

The boundary force is equal to zero as mentioned in chapter 3.3.1. This bottom force, F1, is
therefore zero when calculating the upcoming drag forces. When moving into the calculation
of the top force of the hold section, one must take into consideration that both the BHA and
the drill pipe are located here. The buoyed weights of the BHA and drill pipe needs therefore

to be differentiated. Using equation (34) the formula for F» can be written as:

F, = F; + Wprinpipe * (Lroia section — Lra) + Wana * Lpua) * g

* (cosa + p*sina)

By the above equation for F> and varying the friction coefficient from 0,1 — 0,4 the result of

the force at the top of the hold section is represented in Table 3.
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Table 3: Calculated forces at the top of the hold section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the B&H well profile.

F2

(N) (kN)
n=0,1 F> 774464,9 774,465
n=0,15 F2 914600,5 914,601
n=0,2 F> 1054736,1 1054,736
u=0,25 F> 1194871,7 1194,872
n=0,3 F> 1335007,3 1335,007
u=0,35 F> 1475142,9 1475,143
pn=0,4 F> 1615278,5 1615,279

Calculation of the force in the build-up bend, F3, is next. The force in the build-up bend is

calculated from equation (35). The results of the forces, F3, are represented in Table 4.

Table 4: Calculated forces in the build-up bend section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the B&H well profile.

F3

(N) (kN)
p=0,1 F3 1174972,7 1174,973
u=0,15 F3 1412149,1 1412,149
n=0,2 F3 1678969,0 1678,969
u=0,25 F;3 1978479,2 1978,479
u=0,3 F;3 2314012,2 2314,012
u=0,35 F;3 2689211,4 2689,211
n=0,4 F;3 3108059,0 3108,059

The force in the top of the vertical section (top of the well), Fa, is the last thing that needs to
be calculated. The F4 is calculated using equation (36), and the results for various friction

coefficients are represented in Table 5.
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Table 5: Calculated forces at the top of the vertical section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the B&H well profile.

F4

(N) (kN)
n=0,1 F4 1477452,5 1477,453
n=0,15 F4 1714629,0 1714,629
n=0,2 F4 1981448,9 1981,449
u=0,25 F4 2280959,1 2280,959
u=0,3 F4 26164921 2616,492
u=0,35 F4 2991691,3 2991,691
pn=0,4 F4 3410538.,9 3410,539

4.1.3 B&H Well Profile — Tripping in Scenario
The results of a tripping in scenario using the analytical model for the B&H well profile will

be presented in this chapter.

The calculation for a tripping in scenario is the same as for the tripping out scenario, but for
the calculation of F, the friction is negative. The BHA and drill pipe are still located in the
hold section, and the parameters are still the same as stated in previous chapters.

When now taking into consideration that the friction is negative, the formula for F» can be

written as:

F, = F; + Wprinpipe * (Lroia section — Lra) + Wana * Lpua) * g

* (cosa — p *sina)

The results of the force on top of the hold section during a tripping in scenario are represented

in Table 6.
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Table 6: Calculated forces at the top of the hold section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the B&H well profile.

F2
(N) (kN)
n=0,1 F> 213922,5 213,923
n=0,15 F2 73786,9 73,787
n=0,2 F> -66348,7 -66,349
u=0,25 F2 -206484,3 -206,484
u=0,3 F> -346619,8 -346,620
u=0,35 F> -486755,4 -486,755
pn=0,4 F> -626891,0 -626,891

The forces in the build-up bend section, F3, are represented in Table 7. The force in the build-

up bend is calculated from equation (35).

Table 7: Calculated forces in the build-up bend section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the B&H well profile.

F3
(N) (kN)
p=0,1 F3 470503,6 470,504
n=0,15 F3 344302,8 344,303
n=0,2 F3 234276,0 234,276
pn=0,25 F3 138815,8 138,816
u=0,3 F;3 56457,8 56,458
u=0,35 F;3 -14130,7 -14,131
n=0,4 F;3 -74162,7 -74,163

The forces on top of the vertical section (top of the well), F4, are represented in Table 8. The

results in Table 8 do not take into consideration the weight of the top drive.
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Table 8: Calculated forces at the top of the vertical section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the B&H well profile.

F4
(N) (kN)
n=0,1 F4 772983,4 772,983
n=0,15 F4 646782,7 646,783
n=0,2 F4 536755.9 536,756
u=0,25 F4 441295,6 441,296
u=0,3 F4 358937,7 358,938
u=0,35 F4 288349,1 288,349
pn=0,4 F4 228317,1 228,317

The results after adding the weight of the 25 000 kg top drive are represented in Table 9. In
cases where we are concerned about if we are able to enter the well, one needs to add the
additional weight that can be provided by the top drive. However, in the comparison of forces
along the string for the three scenarios, this will not be shown since only the forces along the

string vs measured depth are shown.

Table 9: Calculated forces at the top of the vertical section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the B&H well profile, including the weight
force of the top drive.

Fs
(N) (kN)
n=0,1 Fs 1018233.,4 1018,233
u=0,15 Fs 892032,7 892,033
n=0,2 Fs 782005,9 782,006
u=0,25 Fs 686545,6 686,546
u=0,3 Fs 604187,7 604,188
u=0,35 Fs 533599,1 533,599
n=0,4 Fs 473567,1 473,567
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4.1.4 B&H Well Profile — Static (Rotating off Bottom) Scenario
The results of a static scenario using the analytical model for the B&H well profile will be
presented in this chapter. It is assumed that one is rotating off bottom which effectively will

remove the axial static friction.
For a static scenario, there is no friction in the analytical model, only weight. So, when
calculating the forces for varying friction coefficients, the forces will be the same since the

friction term is neglected. The forces for a static scenario are represented in Table 10.

Table 10: Calculated forces for a static scenario for the B&H well profile.

Forces
(N) (kN)
Fi 0 0
F2 494193,7 494,1937
F3 778652,5 778,6525
F4 1081132,3 1081,1323

In Figure 13, the forces along the string are shown from total depth (TD) to just beneath the
top drive for the three scenarios. From Figure 13 it is possible to observe that the build-up
bend has a dominating effect on the well friction. From equation (35), the friction due to the
Capstan effect increases as the angle of bend increases for a tripping out scenario. For a

tripping in scenario, the friction becomes negative, which will lead to a decrease in drag force.

42



Hook load [kN]
-1000 -500 0 500 1000 1500 2000 2500 3000 3500 4000
- Vertical

L Build-up
bend

| Straight
inclined

Measured depth [m]

12000

——Tripping out ——Tripping in Static

Figure 13: Drag forces for the B&H well profile when u = 0,4.

In the analytical model, the friction coefficients are varied from 0,1 to 0,4 as mentioned.
Figure 14 shows a comparison of the calculated drag forces for varying friction coefficients.
Both the data for a tripping out scenario and a tripping in scenario are compared to the static

scenario, which is the weight of the drill string when no friction is present.

For a tripping out scenario, the drag calculations should be higher than the static weight which
is the case here. This is because friction between the wellbore and drill string plays a
significant role. For the tripping out scenario in Figure 14, the drag forces increase as the
friction coefficient increases. This is evident from equations (34) and (35) where the friction
is positive when POOH. A higher friction coefficient produces more friction, and since the

friction is acting in the direction of motion, this will be the case for a tripping out scenario.
For a tripping in scenario, the friction is acting in the opposite direction of motion, meaning

that the friction becomes negative when RIH. This is the opposite as for a tripping out

scenario.
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Hook load [kN]

Tripping in Tripping out
Static I ]
-1000 -500 0 500 1000 1500 2000 2500 3000 3500 4000

Measured depth [m]

12000
Tripping out (u=0,4) = = =Tripping out (u=0,35) = = = Tripping out (u=0,3) Tripping out (u=0,25)
= = =Trpping out (u=0,2) = = = Trpping out {(u=0,15) = = = Tripping out (u=0,1) Static
Tripping in (u=0,4) = = =Tripping in (p=0,35) = = =Tripping in (p=0,3) -~ Tripping in (u=0,25)
= = =Tripping in (p=0,2) = = =Tripping in (n=0,15) = = = Tripping in (n=0,1)

Figure 14: Drag forces for varying friction coefficients between 0,1 — 0,4 for a tripping out

scenario, tripping in scenario and static scenario for the B&H well profile.

4.1.5 S-Profile

Calculations of drag forces for an S-profile will have the same approach as for the B&H well
profile, where the calculations start at the bottom of the drill string and continues upwards
section by section as shown in Figure 15. In addition, unlike the B&H well profile, a drop
section and an inclined section after the drop section are added for the S-profile drag

calculations.
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F6

F5

Figure 15: S-Profile showing the drag forces for calculation.

Before moving into drag calculations for the S-profile, some parameters must be set. The drill
string characteristics are the same as found in Table 1, but in addition, there is also used drill

collar (DC) in this profile having the characteristics stated in Table 11.

Table 11: Drill collar characteristics used for drag calculations of the S-profile.

Nominal Unit
Drill Collar (OD )
Mass of Drill
& ID)
Collar
(inch) (kg/m)
8x3 218,77
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The geometrical parameters stated in chapter 2.5.5 are repeated in Table 12. The presented

data will be used for drag calculations for the S-profile.

Table 12: Geometrical parameters used for drag calculations for the S-profile.

Geometrical Parameters

DLS 2/30 °/m
R 859,44 m
Vertical down to KOP (AB) 900 m
Build-up bend (BC) 1200 m
Hold section (CD) 6600 m
Drop bend (DT) 1050 m
Inclined section to target (TK) 150 m
Inclination down to target 10 °
Vertical depth of build-up bend (BE) 846.,4 m
Vertical depth of hold section (IC) 1146,1 m
Vertical depth of drop bend (DF) 697,1 m
Vertical depth of inclined section (FG) 147,7 m

When the parameters are set, one should start by calculating the buoyancy factor. Since the
MW and the steel density are the same as for the B&H well profile, the buoyancy factor will
be the same as before. The length of the HWDP is 90 m and the length of the DC is 30 m.

The buoyed unit mass for the drill pipe, HWDP and DC are calculated from equation (19):

kg kg
Whoritipipe = 0,783 * 43,73 s 34,3 —

W, = 0,783 734—kg~575—kg
= * ™~
HWDP ’ S Sl

kg kg
Wpe = 0,783 % 218,77 — ~ 171,3 —
m m
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When having all the necessary values for calculating drag forces, one can now continue by
calculating the drag forces for a tripping out scenario, tripping in scenario, and a static

(rotating off bottom) scenario for the S-profile.

4.1.6 S-Profile — Tripping out Scenario
The results of the drag force calculations for a tripping out scenario using the analytical model

for the S-profile will be presented in this chapter.

For the drag calculations of this S-profile, the HWDP and DC are located right below the drop
section. When knowing this, the force at the bottom of the drop section/top of the inclined

section, F», can be calculated using equation (34):

FZ = Fl + (WDrillpipe * (Llnclined section — (LHWDP + LDC)) + (WHWDP * LHWDP)

+ (Wp * LDc)) * g * (cosa + u * sina)

By using the equation for F» and varying the friction coefficient from 0,1 — 0,4 the result of
the force at the bottom of the drop section/top of the inclined section is represented in Table

13.

Table 13: Calculated forces at the top of the inclined section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the S-profile.

F2
(N) (kN)
n=0,1 F> 111536,1 111,536
u=0,15 F> 112502,4 112,502
n=0,2 F2 113468,7 113,469
u=0,25 F> 114435,0 114,435
u=0,3 F> 115401,3 115,401
u=0,35 F2 116367,6 116,368
n=0,4 F> 117333,9 117,334
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Calculation of the force in the drop bend, F3, is next. The force on the drop bend is calculated

from equation (35). The results of the forces, F3, are represented in Table 14.

Table 14: Calculated forces in the drop bend section for varying friction coefficients between
0,1 — 0,4 during a tripping out scenario for the S-profile.

F3
(N) (kN)
n=0,1 F3 360331,2 360,331
n=0,15 F3 369430,6 369,431
n=0,2 Fs3 379176,3 379,176
pn=0,25 F;3 389613,6 389,614
n=0,3 F;3 400791,0 400,791
pn=0,35 F;3 412760,2 412,760
pn=0,4 F3 425576,8 425,577

The force at the top of the hold section of the S-profile, F4, is represented in Table 15. The

force, F4, is calculated using equation (34).

Table 15: Calculated forces at the top of the hold section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the S-profile.

F4

(N) (kN)
n=0,1 F4 963963,7 963,964
u=0,15 F4 1082287,4 1082,287
n=0,2 F4 1201257,5 1201,257
u=0,25 F4 1320919,1 1320,919
u=0,3 F4 1441320,8 1441,321
u=0,35 F4 1562514,3 1562,514
n=0,4 F4 1684555,2 1684,555
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Calculation of the force in the build-up bend, Fs, is next. The force in the build-up bend is

calculated from equation (35). The results of the forces, Fs, are represented in Table 16.

Table 16: Calculated forces in the build-up bend section for varying friction coefficients
between 0,1 — 0,4 during a tripping out scenario for the S-profile.

Fs
(N) (kN)
n=0,1 Fs 1392866,7 1392,867
n=0,15 Fs 1618904,9 1618,905
p=0,2 Fs 1872690,9 1872,691
pn=0,25 Fs 2157181,9 2157,182
n=0,3 Fs 2475635,9 2475,636
pn=0,35 Fs 2831642,8 2831,643
pn=0,4 Fs 3229158,7 3229,159

The force at the top of the vertical section (top of the well), Fs, is the last thing that needs to
be calculated. The Fs is calculated using equation (36), and the results are represented in

Table 17.

Table 17: Calculated forces at the top of the vertical section for varying friction coefficients

between 0,1 — 0,4 during a tripping out scenario for the S-profile.

Fe

(N) (kN)
n=0,1 Fe¢ 1695346,6 1695,347
u=0,15 Fe 1921384,7 1921,385
n=0,2 Fe 2175170,8 2175,171
u=0,25 Fe 2459661,8 2459,662
u=0,3 Fe 2778115,7 2778,116
u=0,35 Fs 3134122,7 3134,123
n=0,4 Fe 3531638,5 3531,639
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4.1.7 S-Profile — Tripping in Scenario
The results of a tripping in scenario using the analytical model for the S-profile will be

presented in this chapter.

The drag force calculations will be the same as for the tripping out scenario, but when RIH
the friction will be negative for a tripping in scenario. The formula for F» can therefore be

written as:

FZ = Fl + (WDrillpipe * (Llnclined section — (LHWDP + LDC)) + (WHWDP * LHWDP)

+ (Wpe * LDC)) * g *(cosa — u *sina)

The results of the force on the bottom of the drop section/top inclined section during a

tripping in scenario is represented in Table 18.

Table 18: Calculated forces at the top of the inclined section for varying friction coefficients

between 0,1 — 0,4 during a tripping in scenario for the S-profile.

F2
(N) (kN)
p=0,1 F» 107670,9 107,671
n=0,15 F» 106704,6 106,705
n=0,2 F» 105738,3 105,738
u=0,25 F» 104772,0 104,772
u=0,3 F» 103805,7 103,806
u=0,35 F» 102839,4 102,839
n=0,4 F» 101873,1 101,873

Calculation of the force in the drop bend, F3, is next. The force on the drop bend is calculated

from equation (35). The results of the forces, F3, are represented in Table 19.
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Table 19: Calculated forces in the drop bend section for varying friction coefficients between

0,1 — 0,4 during a tripping in scenario for the S-profile.

F3
(N) (kN)
n=0,1 Fs 329589,2 329,589
n=0,15 F3 323138,1 323,138
n=0,2 Fs3 317117,0 317,117
u=0,25 F3 311497,5 311,497
u=0,3 Fs3 306253,2 306,253
pn=0,35 F;3 301359,3 301,359
pn=0,4 F;3 296792,8 296,793

The force at the top of the hold section, F4, 1s represented in Table 20. The force, F4, is

calculated using equation (34).

Table 20: Calculated forces at the top of the hold section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the S-profile.

F4

(N) (kN)
p=0,1 F4 496324,5 496,324
u=0,15 F4 380649,1 380,649
n=0,2 F4 265403,6 265,404
u=0,25 F4 150559,8 150,560
u=0,3 F4 36091,2 36,091
u=0,35 F4 -78027,0 -78,027
n=0,4 F4 -191817,8 -191,818

Calculation of the force in the build-up bend, Fs, is next. The force in the build-up bend is

calculated from equation (35). The results of the forces, Fs, are represented in Table 21.
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Table 21: Calculated forces in the build-up bend section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the S-profile.

Fs
(N) (kN)
p=0,1 Fs 716103,8 716,104
p=0,15 Fs 593179,9 593,180
p=0,2 Fs 485196,4 485,196
n=0,25 Fs 390655,6 390,656
p=0,3 Fs 308198.9 308,199
pn=0,35 Fs 236594,8 236,595
w=04 Fs 174726.8 174,727

The force at the top of the vertical section (top of the well), Fs, is the last thing that needs to
be calculated. The Fs is calculated using equation (36), and the results are represented in

Table 22. The results in Table 22 do not take into consideration the weight of the top drive.

Table 22: Calculated forces at the top of the vertical section for varying friction coefficients
between 0,1 — 0,4 during a tripping in scenario for the S-profile.

Fe
(N) (kN)
n=0,1 Fe 1018583,6 1018,584
u=0,15 Fe 895659,7 895,660
n=0,2 Fe 787676,3 787,676
u=0,25 Fe 693135,4 693,135
u=0,3 Fe 610678,8 610,679
u=0,35 Fe 539074,6 539,075
n=0,4 Fe 477206,6 477,207

52



The results after adding the weight of the 25 000 kg top drive are represented in Table 23.

Table 23: Calculated forces at the top of the vertical section for varying friction coefficients

between 0,1 — 0,4 during a tripping in scenario for the S-profile, including the weight force of
the top drive.

F7
(N) (kN)
u=0,1 F7 1263833,6 1263,834
u=0,15 F7 1140909,7 1140,910
p=0,2 F7 1032926,3 1032,926
p=0,25 F7 938385,4 938,385
p=0,3 F7 8559288 855,929
pn=0,35 F7 784324,6 784,325
n=0,4 F7 722456,6 722,457

4.1.8 S-Profile — Static Scenario

The results of a static scenario using the analytical model for the S-profile will be presented in

this chapter.

As mentioned earlier, the static scenario does not take friction into consideration in the

analytical model. Only the weight. The forces for a static scenario are represented in Table 24.
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Table 24: Calculated forces for a static scenario for the S-profile.

Forces
N) (kN)
Fy 0 0
F> 109603,5 109,604
F3 343904,5 343,905
F4 729088,4 729,088
Fs 1013547,1 1013,547
Fe 1316027,0 1316,027

From Figure 16, it is possible to see that in this well profile, as well as for the B&H well
profile, the force increase is bigger in the bend sections (build-up bend and drop bend). This is

a result of the Capstan effect, where the friction coefficient, u, increases the force in a bend.

For the tripping out scenario, the drag calculations are higher than the static weight as seen in
Figure 17. For the tripping in scenario, the drag calculations will be less than the static weight,
which is correct. By varying the friction coefficient for this S-profile, it is observed here as

well for the B&H well profile that the drag forces increase when the friction coefficient

increases.
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Figure 16: Drag forces for the S-profile when u = 0,4.
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Figure 17: Drag forces for varying friction coefficient between 0,1 — 0,4 for a tripping out

scenario, tripping in scenario and static scenario for the S-profile.
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4.2 Comparison of Analytical Model and Numerical Model in a Bend

The comparison between the analytical model and the numerical model is made by analyzing
the build-up bend of the B&H well profile. The reason why a bend is chosen is because this is
where the models will differ. The models are basically equal for the straight sections. When
analyzing the bend, only the weight of the drill pipe will be used, and there is no HWDP, or

DC involved in the calculations. The friction coefficient is set to be 0,4.

When comparing the two models, the highest bottom force, F», will be calculated for a static
scenario, tripping out scenario, and tripping in scenario from given parameters. This bottom
force then gets divided into an interval of five until reaching zero. This is done to study the

impact of variations in the bottom force on the friction in the bend.

For the case where F» is equal to zero, the force at KOP, F3, in Figure 4 and Figure 12, will be
a result of the axial weight in the analytical model. This is observed from equation (35) where

the expression of friction is removed. This will not be the case for the numerical model.

As mentioned earlier, the normal force contribution due to the weight component
perpendicular to the pipe axis is not taken into consideration in the analytical model as in the
numerical model. In the analytical model, one only calculates the Capstan effect through the

bend.
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4.2.1 Comparison of Models - Static Scenario
The results of comparing the analytical model and the numerical model for a static scenario

are represented in Table 25.

Table 25: Comparison of the analytical model and numerical model in a bend for a static

scenario. The numerical model applies a discretization of 30-meter segments.

F Analytical Forc.e (!ue to | Numerical Forc.e (!ue to Difference
(F3) friction (F3) friction between models
(kN) (kN) (kN) (kN) (kN) (kN)

0 284,459 0 284,473 0 0,014
98,047 382,506 0 382,520 0 0,014
196,094 480,552 0 480,567 0 0,014
294,140 578,599 0 578,614 0 0,014
392,187 676,646 0 676,660 0 0,014
490,234 774,693 0 774,707 0 0,014

For a static scenario, the force in a bend will only be a result of the axial weight in both the
analytical model and the numerical model. This is because there is no friction acting in the

bend when the drill pipe is not moving up or down in the wellbore.
By discretizing the well into 10-meter segments instead of 30-meter segments in the

numerical model as in Table 25, one can check if the results between the two models become

more identical to each other. The results are represented in Table 26.
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Table 26: Comparison of the analytical model and numerical model in a bend for a static

scenario. The numerical model applies a discretization of 10-meter segments.

F Analytical Forc.e (!ue to | Numerical Forc.e (!ue to Difference
(F3) friction (F3) friction between models
(kN) (kN) (kN) (kN) (kN) (kN)

0 284,459 0 284,460 0 0,002
98,047 382,506 0 382,507 0 0,002
196,094 480,552 0 480,554 0 0,002
294,140 578,599 0 578,601 0 0,002
392,187 676,646 0 676,648 0 0,002
490,234 774,693 0 774,694 0 0,002

When discretizing the numerical model into 10-meter segments instead of 30-meter segments,
the difference between the two models decreases. This is also stated in chapter 3.4 where the
equation (38) and (39) must be applied to infinitesimal elements of the drill string to

accomplish exact calculations.
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4.2.2 Comparison of Models - Tripping out Scenario

The comparison of the analytical model and the numerical model for a tripping out scenario is

represented in Table 27. The friction coefficient is set to be 0,4 and the numerical model is

discretized into 30-meter segments.

Table 27: Comparison of the analytical model and numerical model in a bend for a tripping

out scenario. The numerical model uses a discretization of 30-meter segments.

F Analytical Forc.e que to | Numerical Forc.e (!ue to Difference
(F3) friction (F3) friction between models
(kN) (kN) (kN) (kN) (kN) (kN)

0 284,459 0 492,885 208 208,426
320,467 844,654 240 1050,900 446 206,246
640,934 1404,849 479 1609,000 684 204,151
961,402 1965,045 719 2167,000 921 201,955
1281,869 | 2525,240 959 2725,000 1159 199,760
1602,336 | 3085,435 1199 3283,100 1396 197,665

A graphical comparison of Table 27 is illustrated in Figure 18.
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Figure 18: The difference between the analytical model and the numerical model for a

tripping out scenario illustrated graphically.

From Table 27 and Figure 18, the difference in absolute value between the models does not
decrease much. This is because the friction associated with the normal force component due
to the weight component perpendicular to the pipe axis is disregarded in the analytical model.
The only thing one calculates is the Capstan effect. The difference in Table 27 is an indication
of how much this simplification in the analytical model is compared to the numerical model
where the normal force contribution due to the weight component perpendicular to the pipe

axis is taken into consideration.

This almost constant difference in friction between the models will be present even though the
F» force is increased, and the normal force starts to get dominated by tension effects.

However, as shown in Table 28, when the difference between the models is measured in terms
of percentage, one can notice that the difference between the models gets reduced when the F»

force is increased, and the tension becomes the dominating contributor to the normal force.
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Table 28: The difference in percentage between the analytical model and the numerical model

for a tripping out scenario.

F2 Analytical (F3) | Numerical (F3) Differ(:llss:;:tween
(kN) (kN) (kN) (o)

0 284,459 492,885 73,27
320,467 844,654 1050,900 24,42
640,934 1404,849 1609,000 14,53
961,402 1965,045 2167,000 10,28
1281,869 2525,240 2725,000 7,91
1602,336 3085,435 3283,100 6,41

Table 28 represents the difference between the models as a percentage. The overall difference
between the models decreases when the bottom force, F», increases. The difference between

the models is represented as tons in Table 29.

Table 29: Differences in forces between the analytical model and the numerical model given

in different units for the tripping out scenario.

(kN) (daN) (kg) (Ton)
208,426 20842,6 21246,3 21,246
206,246 20624,6 21024,1 21,024
204,151 20415,1 20810,5 20,810
201,955 20195,5 20586,7 20,587
199,760 19976,0 20362,9 20,363
197,665 19766,5 20149,3 20,149
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From Table 29, the difference between the models is around 20 tons. This difference in tons is
when having a friction coefficient, p = 0,4. This friction coefficient is not a known parameter.
By varying this friction coefficient will possibly give other differences than the 20 tons

calculated here.

By using the B&H well profile as an example, the top force, Fs, is 3410,539 kN when having
a friction coefficient u = 0,4. This top force of 3410,539 kN equals 347,8 tons. When the
friction coefficient is u = 0,1, the top force equals 150,7 tons. This is quite a difference in top

force, indicating that the friction coefficient plays a significant role in drag calculations.

The friction forces divided into friction due to weight and the friction due to the Capstan

effect are represented in Table 30. A graphical illustration of Table 30 is given in Figure 19.

Table 30: Distribution of friction forces for the tripping out scenario in the numerical model.

F; Numerical (F3) Forcefglclte;(::)l total Fricgz?gl(:;le to Capstan friction
(kN) (kN) (kN) (kN) (kN)

0 492,885 208 95,481 71,767
320,467 1050,900 446 95,481 309,335
640,934 1609,000 684 95,493 546,893
961,402 2167,000 921 95,525 784,425
1281,869 2725,000 1159 95,458 1022,058
1602,336 3283,100 1396 95,491 1259,591
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Figure 19: The distribution of friction forces for a tripping out scenario when u = 0,4
illustrated graphically.

From Table 30, the total friction forces are divided into friction due to the normal force

contribution caused by the weight component perpendicular to the pipe axis and the friction
due to tension effects (Capstan effect). This was tested by playing with equation (38) in the
numerical model by setting the first and then later the second term to zero. By keeping both

terms, the overall friction was calculated.

As one can see, the friction due to the normal force contribution caused by the weight
component perpendicular to the pipe axis is kept constant while the friction forces due to the

Capstan effect is increasing as the bottom force, F», increases.

By adding the friction due to the normal force contribution caused by the weight component
perpendicular to the pipe axis and the friction force due to the Capstan effect together, it is
possible to check if these values are adding up equally to the total friction force. The result of

this is represented in Table 31.
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Table 31: The difference in friction forces in the numerical model when calculating the total
friction force as a whole and then calculating the friction force by dividing into the friction
force due to the normal force contribution caused by the weight component perpendicular to

the pipe axis and friction due to the Capstan effect.

Force (!ue. to total Friction due to. w.eight + Capstan Difference
friction friction

(kN) (kN) (kN)

208 167,248 41,165
446 404,816 41,144
684 642,385 41,207
921 879,951 41,175
1159 1117,516 41,142
1396 1355,082 41,209

From Table 31 it is possible to see that the result of adding the friction due to the normal force
contribution caused by the weight component perpendicular to the pipe axis and the friction
force due to tension effects (Capstan effect) together creates a value less than the total friction

force. The deviation is around 41 kN.

This difference is probably caused by the fact that when the normal force contribution related
to the gravitational force is neglected in equation (38), it will change the tension in the string
slightly, which again will have an impact on the Capstan effect. The two effects are to some
extent interlinked. From Table 30 it is possible to see that the Capstan effect becomes more

dominant with an increasing F.
By only including the Capstan effect in the numerical model makes it possible to see if the

two models give identical results or if there is still a certain difference. The results are

represented in Table 32:
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Table 32: The difference between the analytical model and the numerical model when only

the Capstan effect is included in the numerical model for a tripping out scenario.

. Numerical (F3) .
F2 Analytical () (Only including Capstan effect) Difference
(kN) (kN) (kN) (kN)

0 284,459 356,240 71,781
320,467 844,654 914,275 69,621
640,934 1404,849 1472,300 67,451
961,402 1965,045 2030,300 65,255
1281,869 2525,240 2588,400 63,160
1602,336 3085,435 3146,400 60,965

From Table 32, the difference between the analytical model and the numerical model
decreases as the bottom force, F», increases. It can be noticed that there is some difference in
the way the Capstan friction is calculated, and this can probably be explained by the
discretization process taking place in the numerical model. The difference seems to be around
6-7 tons. The analytical model will give a straight line for the changes in the axial force across
the bend, while in the numerical model it is not a straight line. The numerical model will

capture that the Capstan effect gets stronger the further up in the bend as shown in Figure 20.
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Figure 20: The difference between the numerical model and the analytical model capturing

the increase in the Capstan effect further up in the bend.

4.2.3 Sensitivity Analysis — Tripping out scenario
A sensitivity analysis is performed on the bend of the B&H well profile for a tripping out
scenario to be able to see if the difference between the analytical model and numerical model

decreases as the friction coefficient decreases.

The sensitivity analysis is performed on the bend within the B&H well profile, having the
same parameters as before. The friction coefficient will be varied between 0,1-0,4, while all

other parameters are kept constant.

The results of the sensitivity analysis are represented below. The difference between the
analytical model and numerical model when the friction coefficient, p = 0,4, is represented in
Table 27 and Table 28. The difference between the models when the friction coefficient is p =
0,3 is represented in Table 33:
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Table 33: The difference between the analytical model and the numerical model when the

friction coefficient is 0,3.

p=03
F Analytical | Numerical Difference between Difference between
(F3) (F3) models models
(kN) (kN) (kN) (kN) (%)

0 284,459 429,781 145,322 51,09
320,467 771,651 915,913 144,262 18,70
640,934 1258,843 1402,000 143,157 11,37
961,402 1746,036 1888,200 142,164 8,14
1281,869 | 2233,228 2374,300 141,072 6,32
1602,336 | 2720,421 2860,400 139,979 5,15

The difference between the analytical model and the numerical model when p =0,2 is

represented in Table 34:

Table 34: The difference between the analytical model and the numerical model when the

friction coefficient is 0,2.

pn=0,2
¥, Analytical | Numerical Difference between Difference between
(F3) (F3) models models
(kN) (kN) (kN) (kN) (%)

0 284,459 374,646 90,187 31,70
320,467 708,162 797,938 89,776 12,68
640,934 1131,865 1221,200 89,335 7,89
961,402 1555,568 1644,500 88,932 5,72
1281,869 | 1979,271 2067,800 88,529 4,47
1602,336 | 2402,974 2491,100 88,126 3,67

The difference between the analytical model and the numerical model when p = 0,1 is

represented in Table 35:
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Table 35: The difference between the analytical model and the numerical model when the

friction coefficient is 0, 1.

p=0,1
F Analytical | Numerical Difference between Difference between
(F3) (F3) models models
(kN) (kN) (kN) (kN) (%)

0 284,459 326,499 42,040 14,78
320,467 652,946 694,896 41,950 6,42
640,934 1021,433 1063,300 41,867 4,10
961,402 1389,921 1431,700 41,779 3,01
1281,869 | 1758,408 1800,100 41,692 2,37
1602,336 | 2126,896 2168,500 41,604 1,96

From the results in the tables above, the two models become more equal, and the difference

decreases when the friction coefficient becomes small. When p = 0,1 the difference between

the analytical model and the numerical model is at around 42 kN, while for p = 0,4 the

difference is at around 200 — 208 kN.

This difference in values is due to the normal force contribution due to the weight component

perpendicular to the pipe axis in the numerical model. This friction component will have a

smaller significance the more the friction coefficient decreases in value.
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4.2.4 Comparison of Models for a Tripping in Scenario

The comparison of the analytical model and the numerical model for a tripping in scenario is

represented in Table 36. The friction coefficient is set to be 0,4 and the same bottom force, F,

is used as for the tripping out scenario.

Table 36: Comparison of the analytical model and numerical model in a bend for a tripping

in scenario. The numerical model uses a discretization of 30-meter segments.

F Analytical Forc.e (!ue to | Numerical Forc.e (!ue to Difference
(F3) friction (F3) friction | hetween models
(kN) (kN) (kN) (kN) (kN) (kN)

0 284,459 0 163,705 -121 -120,753
320,467 467,786 -137 346,313 -259 -121,474
640,934 651,114 -274 528,920 -396 -122,194
961,402 834,442 -411 711,527 -534 -122,914
1281,869 1017,769 -549 894,135 -672 -123,634
1602,336 1201,097 -686 1076,700 -810 -124,397

The minus sign in Table 36, the rightmost column, shows that the numerical method gives

lower values on top of the bend. This is because the friction associated with the normal force

due to gravity is disregarded in the analytical model. The only thing one calculates is, as

mentioned, the Capstan effect. The difference between the models is smaller in absolute value

for this tripping in scenario compared to the tripping out scenario. A graphical representation

of Table 36 is illustrated in Figure 21.
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Figure 21: The difference between the analytical model and the numerical model for a

tripping in scenario illustrated graphically.

Table 37: The difference in percentage between the analytical model and the numerical model

for a tripping in scenario.

| ) Analytical (F3) | Numerical (F3) | Difference between models
(kN) (kN) (kN) (%)
0 284,459 163,705 42,45
320,467 467,786 346,313 25,97
640,934 651,114 528,920 18,77
961,402 834,442 711,527 14,73
1281,869 1017,769 894,135 12,15
1602,336 1201,097 1076,700 10,36
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Table 37 represents the difference between the models as a percentage for the tripping in

scenario. The overall difference between the models decreases when the bottom force, Fa,

Increases.

Table 38: Differences in forces between the analytical model and the numerical model given

in different units for the tripping in scenario.

(kN) (daN) (kg) (Ton)
-120,753 -12075,3 -12309,2 -12,309
-121,474 -12147,4 -12382,6 -12,383
-122,194 -12219.,4 -12456,1 -12,456
-122,914 -12291.,4 -12529,5 -12,529
-123,634 -12363,4 -12602.9 -12,603
-124,397 -12439,7 -12680,6 -12,681

The difference between the models is around 12 tons for the tripping in scenario. This is less

than for the tripping out scenario, illustrating that the friction creates less of a difference for

the tripping in scenario than for the tripping out scenario.

Table 39: The distribution of friction forces for the tripping in scenario in the numerical

model.
F, Numerical Force d-ue‘ to | Friction due to normal Capstan friction
(F3) total friction force
(kN) (kN) (kN) (kN) (kN)

0 163,705 -121 -95,480 -53,186
320,467 346,313 -259 -95,480 -191,046
640,934 528,920 -396 -95,480 -328,906
961,402 711,527 -534 -95,475 -466,766
1281,869 894,135 -672 -95,442 -604,625
1602,336 1076,700 -810 -95,509 -742,509
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The friction forces divided into friction due to weight and the friction due to the Capstan

effect are represented in Table 39. A graphical illustration of Table 39 is given in Figure 22.
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Figure 22: The distribution of friction forces for a tripping in scenario when u = 0,4

illustrated graphically.
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Table 40: The difference in friction forces in the numerical model when calculating the total
friction force as a whole and then calculating the friction force by dividing it into the friction
force due to the normal force contribution caused by the weight component perpendicular to

the pipe axis and friction due to the Capstan effect.

Force d.ue. to total Friction due to no.rnfal force + Capstan Difference
friction friction

(kN) (kN) (kN)

-121 -148,667 27,899
-259 -286,526 27,899
-396 -424,386 27,899
-534 -562,240 27,893
-672 -700,067 27,860
-810 -838,018 27,909

When dividing the total friction forces into friction due to the normal force contribution
caused by the weight component perpendicular to the pipe axis and the friction force due to
tension effects (Capstan effect), one sees from Table 40 that the difference is around 27 kN.
This is a difference of around 2,8 tons. When adding the two independent friction terms
together, the result is a higher value than the total friction force. This is the opposite as for the

tripping out scenario.

From Table 41 and Figure 23 it is possible to see that the Capstan effect gets weaker the
further up in the bend. This is the opposite as for the tripping out scenario. The difference in
the way the Capstan effect is calculated is explained by the discretization process as stated

previously. The difference for the tripping in scenario is around 5,5 tons.
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Table 41: The difference between the analytical model and the numerical model when only

the Capstan effect is included in the numerical model for a tripping in scenario.

7 An?ll?);t)ical NumericCa:l [()ls?s; IE(Z:‘;‘?C ti;lcluding Difference
(kN) (kN) (kN) (kN)

0 284,459 231,287 -53,172
320,467 467,786 413,894 -53,892
640,934 651,114 596,502 -54,612
961,402 834,442 779,109 -55,332
1281,869 1017,769 961,717 -56,052
1602,336 1201,097 1144,300 -56,797
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Figure 23: The difference between the numerical model and the analytical model capturing

the decrease in the Capstan effect further up in the bend.
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4.3 Comparison of the Models - B&H Well Profile
A comparison of the analytical model and the numerical model for the B&H well profile will
be presented in this chapter. The friction coefficients of 0,1 and 0,4 are used for a tripping out

scenario and a tripping in scenario, and the only weight included in the calculations is the drill

pipe.

The results of the comparison between the two models are illustrated in Figure 24. As one can

see from Figure 24, the only place where the models start to differ from each other is within

the bend section.
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Figure 24: Comparison of the analytical model and the numerical model for a tripping out
scenario and a tripping in scenario when having friction coefficients of u = 0,1 and u = 0,4

for the B&H well profile.

75



For the tripping out scenario the difference in top force between the analytical model and the
numerical model is 4,3 tons when having a friction coefficient of p = 0,1. This is a difference
of 2,8 %. For a tripping out scenario when the friction coefficient is p = 0,4 makes up a
difference between the models of 20,2 tons. This is a difference of 5,8 %.

For the tripping in scenario the difference in top force between the models are 3,7 tons when
the friction coefficient is u = 0,1. This is a difference of 4,8 %. When the friction coefficient
is p = 0,4, the difference between the models for a tripping in scenario is 12,2 tons. This

makes a difference of 51,6 %.

4.4 Comparison of the Models — S-Profile
A comparison of the analytical model and the numerical model for the S-profile will be
presented in this chapter. The friction coefficients of 0,1 and 0,4 and only the weight of the

drill pipe is used for a tripping out scenario and a tripping in scenario.

The results of the two models are illustrated in Figure 25. From Figure 25 it is possible to see
that the models start to differ from each other at the drop section. This discrepancy between
the models starting in the drop section affects the overall top force. The top force will be

especially affected in this well profile since there are two bends.
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Figure 25: Comparison of the analytical model and the numerical model for a tripping out
scenario and a tripping in scenario when having friction coefficients of u = 0,1 and u = 0,4

for the S-profile.

For the tripping out scenario, the difference in top force between the two models is 13 tons
when having a friction coefficient of p = 0,1. This is a difference between the models of 7,9
%. For a tripping out scenario when the friction coefficient is p = 0,4, the difference in top

force is 56,4 tons. This is a difference of 16,5 %.

For the tripping in scenario the difference in top force between the models is 3,2 tons when
the friction coefficient is u = 0,1. This is a difference of 3,2 %. When the friction coefficient

is pu = 0,4, the difference in top force between the models is around 16,2 tons. This is a
difference of 34,6 %.
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The S-profile will have more well friction than the B&H well profile as the S-profile has two
bends (drop bend and build-up bend). The difference between the models is much smaller
than what the changes in friction coefficients will constitute. The friction coefficient is, as
mentioned before, not a known parameter. The friction coefficient is uncertain and is a typical

calibration factor.
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5 Conclusion

In this thesis, an analytical model has been compared with a numerical model for drag
prediction, where the focus has been on the bend section by looking at varying friction
coefficients. For the analytical model, the minimum curvature method is recommended since

this method is the most used in the industry today due to its high accuracy.

The analytical model and the numerical model calculate equally on straight inclined sections
and vertical sections. The main difference between the models is that both models include the
Capstan effect in a bend section, but it is only the numerical model that considers the friction
caused by the weight component acting perpendicular to the pipe axis. The Capstan effect
impacts the top force as the Capstan effect increases further up in the bend as the bottom force
increases. The differences between the analytical model and the numerical model increase as

the friction coefficient increases, since a higher friction coefficient increases the friction force.

The friction coefficient is a calibration factor and not a known parameter. The differences
between the models are higher when having a higher friction coefficient. The friction term
will be less important the smaller the coefficient of friction. In terms of well planning, the
quality of the model will count, but it is probably the chosen friction coefficient that matters

the most.

The numerical model gives a slightly more conservative result than the analytical model. This
is especially for the tripping out scenario, which is the worst case in terms of tearing of pipe.
Safety factors are added to find a strong enough drill string. So, the question is whether these
differences in the models mean so much when one looks at the safety measures that are in the

picture.

The analytical model is easier to use and can be easily set up in a spreadsheet. The numerical

model is more complicated and requires programming competence.
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Appendix A

Appendix A.1 Numerical T&D Model

clear
clc

%%% T&D Numerical model based on Johancsik 1984 %%%

%%% This is an attempt to use the model proposed by Johansick et al
%%% to calculate the force on top of a bend. The bend cover @ to 80 degrees.

% Define variables: %

MW = 1700;
Rho_steel = 7850;
W_drillstring = 43.73;
tooljoint [kg/m]
g = 9.81;
Cell_length = 30;
DLS = 2/30;
Dogleg = 80;

KOP = 900;

KOP [m]

EOB = Dogleg/DLS;
Total MD = EOB;
[m]

Mu = 0.4;

% Calculate Buoyancy factor: %
BF = 1 - (MW/Rho_steel);

% Divide the well into cells: %
Number_cells = Total MD/Cell length;
Number_points = Number_cells+1;

Density of mud [kg/m”3]
Density of drill pipe [kg/m"3]
Weight of drill string, including

Gravitational constant [m/s”2]
Cell length in discretization [m]
Dogleg severity [degree/m]

Degrees of bend [degree]

Length of vertical section down to

Length of build-up bend section [m]
Total measured depth of bend section

Friction coefficient

Buoyancy factor

Number of cells
Number of survey points

% Fill up tables with inclination and measured depth: %

Inclination(1) = ©;
MD(1) = ©;

for i = 2:Number_points

Inclination_increase = Cell length*DLS;

% Inclination increase

Inclination(i) = Inclination(i-1) + Inclination_increase; % Inclination

MD(i)= MD(i-1) + Cell length;

% Measured depth from

1 to top, increasing with one cell length at a time

end

% Calculation of axial forces from bottom and upwards: %

0,

% Tripping out (F1), Tripping in (F2) and static (F3) %

F1(Number_points) = 0;
F2(Number_points) = 0;
F3(Number_points) = 0;

for j = Number_points-1:-1:1



% Use cosd and sind because they work with input in degrees
Average_inclination =0.5*(Inclination(j+1)+Inclination(j));
Weight = W_drillstring*BF*g*Cell_length*cosd(Average_inclination);
% Average angle method is used for TVD of the segment

F_normal_1 =
W_drillstring*BF*g*Cell_length*sind(Average_inclination)+F1(j+1)*Inclination_incre
ase*pi/180;

F_normal_2 =
W_drillstring*BF*g*Cell_length*sind(Average_inclination)+F2(j+1)*Inclination_incre
ase*pi/180;

F_normal_3 =
W_drillstring*BF*g*Cell_length*sind(Average_inclination)+F3(j+1)*Inclination_incre
ase*pi/180;

% The normal force has two components.

% First term is due to weight and second due to tension effect (Capstan effect)

F1(j) = Weight + F1(j+1) + Mu*F_normal_1; % Tripping out (+)

F2(j) = Weight + F2(j+1) - Mu*F_normal_2; % Tripping in (-)

F3(j) = Weight + F3(j+1); % Static (Rotating off bottom)
end

% Plot graph of the result: Tension (kN) VS Measured Depth %

plot(F1/1000,MD,F2/1000,MD,F3/1000,MD)
set(gca, 'ydir', 'reverse');

title('Johancsik Torque & Drag Model', 'color', '#0072BD")
subtitle('Force on top off bend','color', '#0072BD")
xlabel('Hook load [kN]', 'FontWeight', 'bold")
ylabel('Depth [m]', 'FontWeight', 'bold")

legend('Tripping Out', 'Tripping In', 'Rotating off
Bottom/Static', 'location', 'best"')

grid on

% The top Force in kN is: %
Top_Force Tripping out = F1(1)/1000

Top_Force Tripping in = F2(1)/1000
Top_Force Static = F3(1)/1000
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Appendix B

Appendix B.1 Analytical Model for B&H Well Profile — Tripping out Scenario

DRILLSTRING CHARACTERISTICS:
Nominal Nominal Tvoe of Appr. Unit | Nominal Connection Nominal
Diameter of | Unit Mass Grade Tt;?:l'oﬁlt Mass incl. | Diameter of HWDP Unit Mass
Drillpipe | of Drillpipe . Toolioint | HWDP HWDP
(mfh) (lb:ft} 5135 s 12 FH (kg/m) (mfh) NC30 (4 1/2| (kg/m)
5 256 43,73 5 IF) 734
in air in air in air
Additional
Vertical Lenght of
. . Build-up Build-up = Total length . Length of
MW p(steel) g Inclination angle length down bend (ABC) Hold-.saﬂ D) Radius (R) HWDP
to KOP section
(kg/m’) (kg/m’) (m/s"2) | (degree) | (degree/m) (m) (m) (m) (m) (m) (m)
1700 7850 9,81 80 2/30 900 1200 8400 10 500 83944 100
MD & TVD MD MD
Buoyancy Factor
B 1 - (pmud / psteel) | U._'.-‘83|
Buoyved Weight
W(HWDP) B * W(HWDE) | 57.5](ke/m) |
| W(drillpipe) | B * W(app.incl tolljoint) | 34.26](kg/m) |
Angles in Radians:
0*(m/180) = 0
80*(/180) = 1.3963
Ratio Factor:
RF = | 1202
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Drag force calculations (Tripping out)

Lu =01

Fl= ‘ 0 ‘N

Bottom hold section (F1)
Top hold section (F2) F2=F1+ (W*L)*g*(cos o = p*sin o))
F2 =F1 + (W(drillpipe)*(L Hold-L. HWDP)*W(HWDP)*L HWDP)*g*(cos(80)+0,1*sin(80))
F2= | 7744649 [N
Top build-up section (F3) F3 =F2%(e™(£0,1=(80%*(n/1800)- I+EF2+W*g*0,5*L*(cos(al)+cos(02))*RF
F3 = F2*(e"(+0.1=(80*(x/180))-1)+F2+W(drillpipe)*g*0.5*ABC*(cos(0)+cos(80))*RF
F3= | 11749727 [N
Top Well (F4) F4=F3 + W*L*g
F4 =F3 + (W(drillpipe)*L vertica)*g
F4= | 147745235 [N |
n=015 Bottom hold section (F1) Fl= | 0] [N |
Top hold section (F2) F2=F1+(W*L)y*g*(cos o =+ p®sin o)
F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)~W(HWDP)*L HWDP)*g*(cos(80)=0.15*sin(80))
F2= | 0146005 [N |
Top build-up section (F3) F3 =F2*(e™(=z0,15«(80*(n/180))-1)+F2+W*g*0 5*L*(cos(ul)y+cos())*RF
F3 = F2%(e"(+0,15+(80*(n/180))-1)+F2+W(drillpipe)* g*0_5* ABC*(cos(0)+cos(80))*RF
F3= | 14121491 [
Top Well (F4) F4=F3+ W*L*g
F4=F3 + (W(drillpipe)*L vertical*g
F4= | 17146290] v
=02 Bottom hold section (F1) Fl= | 0] IN |
Top hold section (F2) F2=F1+ (W*Ly*g*(cos o= p*sin o)
F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)+0.2*sin(80))
F2= | 10547361 [~
Top build-up section (F3) F3 =F2%(e™(£0,2=(80%(n/180))- 1)+F2+W*g*0 5*L*(cos(ul H+cos(02))*RF
F3 = F2*(e(+0.2+(80*(n/180))-1)+F2+W(drillpipe)*2*0,5* ABC*(cos(0)+cos(80))*RF
Fi= | 16789690 [N
Top Well (F4) F4=F3+ W*L*g
F4 =F3 + (W(drillpipe*L vertical)*g
F4= | 19814489] [N
w=025 Bottom hold section (F1) Fl= | 0] N |
Top hold section (F2) F2=F1+ (W*L)*g*(cos o £ p*sin o))
F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)*W(HWDPJ*L HWDP)*g*(cos(80)+0.25*sin(80)
F2= | 11948717 [N |
Top build-up section (F3) F3 =F2%(e™(20,25+(80*(n/180))- 1+F2+W*g*0 5*L*(cos(al)+cos(a2))*RF
F3 = F2*(e"(+0 25+(80*(m'180))- 1 )+F 2+ W drillpipe)*g*0, 5 * ABC*(cos(0)+cos(80))*RF
F3i= | 19784792 In
Top Well (F4) F4=F3+W*L*g
F4=F3 + (W(drilpipe)*L vertical)"g
F4= | 22809591 [N
wu=103 Bottom hold section (F1) Fl= | 0] N |

Top hold section (F2)

F2=F1+ (W*L)*g*(cos o £ p*sin o))

F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)+0,3*sin(30))

F2= | 13350073 v

Top build-up section (F3)

F3 = F2*(e"\(20 3+(80%(/ 180))-1)+F2+W*g*0_5*L *(cos(a 1) +cos(02))*RE

F3 = F2*(e(+0,3»(80*(w/180))- 1 +F 2+ W (drillpipe )*g*0,5*ABC*(cos(0)+cos(30))*RF

Fi= | 23140122 In

Top Well (F4)

F4=F3+W*L*g

F4=F3 + (W(drillpipe)*L vertical*g

F4= | 26164921 [
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u=035

Bottom hold section (F1)

Fl=_ | 0] N |

Top hold section (F2)

F2=F1+ (W*L)*g*(cos o = u*sin a)

F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)+0,35*sin(80)
F2= | 14751429 [ |

Top build-up section (F3)

F3 = F2%(e/(£0,35+(80%(/180))- 1)+F2+W*g*0,5*L *(cos(al}+cos(a2))*RE

F3 = F2*(e"(+0.35+(80*(/180))-1 \+F2+W( drillpipe)*g*0,5* ABC*{cos(0)+cos(80))*RF

F3= | 26892114 [N |
| Top Well (F4) F4=F3+ W*L*g
F4 =F3 + (W(drillpipe)*L vertical)*g
F4= | 29916913 [§ |
=04 Bottom hold section (F1) Fl= | 0] [N |
Top hold section (F2) F2=F1+(W*L)*g*(cos o + p*sin o)
F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)+0.4*sin(80))
F2= | 16152785 [N |
| Top build-up section (F3) F3 =F2%(e"(£0,4=(80%(n/180))- 1) +F2+W*g*0 5*L*(cos(o 1) +cos(02))*RF
F3 = F2*(e"(+0.4»(80*(7/180))- 1)+ F 2+W(drillpipe)* g*0_5* ABC*(cos(0)+cos(80))*RF
Fi= 3108059.0 [ |
| Top Well (F4) F4=F3+ W*L*g
F4 =F3 + (W(drilpipe)*L vertical)*g
F4= | 34105389] [N |

Appendix B.2 Analytical Model for B&H Well Profile — Tripping in Scenario

DRILISTRING CHARACTERISTICS:
Nominal Nominal Tvoe of Appr. Unit | Nominal Connection Nominal
Diameter of | Unit Mass Grade Ttﬁl'oﬁlt Mass incl. | Diameter of HWDP Unit Mass
Drillpipe | of Drillpipe ! Tooljoint | HWDP HWDP
(m’ch) (lb:&) $135 519 FH (kg'm) (mfh) NC50(41/2| (kg/m)
5 256 43,73 5 IF) 734
in qir in qir in qir
Additional
Vertical Lenght of
i Build-up Build-up = Total length . Length of
MW el Inclin; f = Radiu: i
plsteel) g clination angle length down |, (ABC) Hold-sail D) adius R) | o
to KOP section
(kg-'ms) (kg.-ms) (m/s"2) (degree) | (degree/m) (m) (m) (m) (m) (1) (m)
1700 7850 9,81 80 2/30 200 1200 8400 10 500 83944 100
MD & TVD MD MD
Buoyancy Factor
i] 1 - (pmud / psteel) | [1_'."83|
Buoved Weight
W(HWDP) B * W(HWDP) | 575|kgmy |
| W(drillpipe) | B * W(app.incl tolljoint) | 3426](kgm) |
Angles in Radians: Weight of Topdrive
0*%(n/180) = 0 W(Top Drive) 25|tons
80*(/180) = 1.3963 25000/ke
245250|N
Ratio Factor:
RF = | 1202
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Drag force calculations (Tripping in)

u=0,1 Bottom hold section (F1) Fl= 0 N
Top hold section (F2) F2=F1+ (W*L)*g*(cos o £ u*sin )
F2 = F1 + (W(drillpipe)*(L Hold L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)-0.1*sin(80))
F2= | 2130225 [~
Top build-up section (F3) F3 =F2%(e"(£0,1=(80*(n/180))- 1+E2+W*g*0,5*L*(cos(al)+cos(o2))*RE
F3 = F2*(e"(-0,1+(80*(m/180))- 1 +F2+W(drllpipe) *2*0,5* ABC*(cos(0)+cos(80))*RF
Fi= | 4705036 [~
Top Well (F4) F4=F3+ W*L*g
F4 = F3 + (W(duillpipe)*L vertical)*g
F4= | 7729834 [~ |
wu=0,15 Bottom hold section (F1) Fl= | 0] [N |
Top hold section (F2) F2=F1+ (W*L)*g*(cos o + u*sin o)
[F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)~W(HWDP))*L HWDP)*g*(cos(80)-0,15*sin(80)
F2= | 737869 [
Top build-up section (F3) F3 =F2%(e(£0,15+(80*(a/180))- 1)+F2+W*g*0 5*L*{cos(al)y+cos(a2))*RF
F3 = F2%(e(-0,15+(80%(m/180))-1)+F2+W(drillpipe)*z*0.5* ABC*(cos(0)+cos(80))*RF
F3= | 3443028 [N
Top Well (F4) F4=F3 + W*L*g
F4 = F3 + (W(drillpipe)*L vertical)*g
F4= | s467827] In
=02 Bottom hold section (F1) Fl= | 0] IN |
Top hold section (F2) F2=F1 + (W*L)*g*(cos o £ u*sin o)
F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)-0.2*sin(80))
F2= |  -663487 [N
Top build-up section (F3) F3 =F2*%(e™(£0,2=(80*(n/180))-1)+F2+W*g*0 5*L*(cos(a]l)+cos(o2))*RF
F3 = F2*(e"(-02+(80*(m/180))- L +F2+W(drillpipe)*2*0,5* ABC*(cos(0)+cos(80))*RF
Fi= | 2342760 [N
Top Well (F4) FA=F3 + W*L*g
F4 = F3 + (W(drillpipe)*L vertical)*g
F4= | 5367559 [N
w=025 Bottom hold section (F1) Fl= | 0f N |
Top hold section (F2) F2=F1+ (W*L)*g*(cos 0. £ p*sin )
F2 =F1 + (W(drillpipe)*(L Hold-L HWDP)}+W(HWDP)*L HWDP)*g*(cos(80)-0.25*sin(30))
F2= | 2064843 [N |
Top build-up section (F3) F3 = F2%(e"(£0 25+(80%(w/180))-1+F2+W*g*0_5*L *(cos(a | +cos(e2))*REF
F3 = F2%(e"(-0,25+(80%(n/180))- 1)+ F2+W(drillpipe)*g*0.5* ABC*(cos(0)+cos(80))*RF
F3= | 13381538 [N |
Top Well (F4) F4=F3 + W*L*g
F4 = F3 + (W(drillpipe)*L vertical)*g
Fi= | 4412956] v |
=03 Bottom hold section (F1) Fl= | 0f N |

Top hold section (F2)

F2=F1+ (W*L)*g*(cos o+ u*sin o)

F2 = F1 + (W(drillpipe)*(L Hold-L. HWDP)+W(HWDP)*L. HWDP)*2* (cos(580)-0,3*sin(80))

F2= | 3466198 [N |

Top build-up section (F3)

F3 = F2*(e"(£0_3 #(80%(/180))- 1)+F2+W*g*0 5*L *(cos(al +cos(a2))*RE

F3 = F2*(e"(-0.3»(80*(n/180))-1)+F2+W(drillpipe)* g*0,5* ABC*{cos(0)+cos(80))*RF

F3= | seasis [N |

Top Well (F4)

F4=F3 + W*L*g

F4 = F3 + (W(drillpipe)*L vertical)*g

F4= | 3589377 [N |
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=035 Bottom hold section (F1) Fl= | 0] IN |
Top hold section (F2) F2=F1+ (W*L)*g*(cos o £ p*sin o)
F2 =F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)-0.35*sin(30))
F2= | 4867554 v |
| Top build-up section (F3) F3 = F2%(e™(x0,35«(80%(n/180))- 1) +F2+W*g*0 5*L*(cos(al)+cos(02))*RF
F3 = F2*(e"(-0,35#(80%(/180))-1)+F2+W(drillpipe)*2*0 5* ABC*(cos(0)+cos(80))*RF
F3= | -141307 [N |
| Top Well (F4) F4=F3+W*L*g
F4 = F3 + (W(drillpipe)*L vertical)*g
F4= | 2s83491] [~ |
=04 Bottom hold section (F1) Fl= | 0] IN |

Top hold section (F2)

F2=F1+ (W*L)*g*(cos o £ p*sin a)

F2 = F1 + (W(drillpipe)*(L Hold-L HWDP)+W(HWDP)*L HWDP)*g*(cos(80)-0.4*sin(80))

F2= | 6268910 v |
| Top build-up section (F3) F3 =F2*(e™(£0.4=(80%(n/180))- 1)+F2+W*g*0 5*L*(cos(a1)+cos(o2))*RF
F3 = F2*(e"(-0.4+(80%(/180))-1)+F2+W(drillpipe* g* 0, 5*ABC*(cos(0)+cos(80))*RF
F3= | 741627 v |
| Top Well (F4) F4=F3+W=*L*g
F4=F3 + (W(dillpipe)*L vertical)*g
F4= | 2083171] [~ |

Drag Forces inluding Topdrive
n=01 Top Vertical section incl. Topdrive F5 =F4 + W(topdrive)
F5= | 1018233 4[N
|,H =015 | Top Vertical section incl. Topdrive F3 =F4 + W(topdrive)
F5= | 892032.7)KkN
|,u =02 | Top Vertical section incl. Topdrive F5 =F4 + W(topdrive)
F5= | 782005 9]\
=025 Top Vertical section incl. Topdrive F3 =F4 + W(topdrive)
F5= 686545 6 (kN
|,n =03 | Top Vertical section incl. Topdrive F5 =F4 + W(topdrive)
F5= 6041877 ‘er
=035 | Top Vertical section incl. Topdrive F5 = F4 + W(topdiive)
Fi= 533599 1|kN
|,u =04 | Top Vertical section incl. Topdrive F5 =F4 + W(topdrive)
F5= | 473567.1kN
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Appendix B.3 Analytical Model for B&H Well Profile — Static (Rotating off Bottom)

Scenario
DRILLSTRING CHARACTERISTICS:
Nominal | Nominal Tvpe of Appr. Unit | Nominal c 6 MNominal
Diameter of | Unit Mass Grads - Hf:“ .0[ Mass incl. | Diameter of UI-II&]I:\EE};M Unit Mass
Drillpipe |of Drillpipe PN Tooljoint | HWDP HWDP
(inch) (Ib/ft) ae | = (kg/m) linch) | NC30(4 | (kem)
5-1 12 FH
5 56 . 4373 5 RmE [ B34
in air in air in air
Additional
. Vertical . Lenght of
MW plsteeD) g Inclination B‘;ﬂ‘fp length down bfﬁg;%) Hold/sail T“'[f"i Eg'h Radius (R) | Length of
il to KOP section ] HWDP
(kgm”) (kg/m”) (m'="2) (degres) | (degr=eim) (m) (m) (m) (m) (m) (m)
1700 7830 3,81 80 230 900 1200 5400 10 500 83044 100
MD & TVD MD MDD
Additional
ALBuild | aLHold [, pume
zeciion zeciion
(m) (m) (m)
8464 14336 174
D ™D VD
Bueyancy Facier
B 1-(pmud/ psteel) | 0,783]
Buovyed Weight
WEHWDP) B * WEWDEF) [ 575 (kgm) ]
| Widrillpipe) | B * Wi{app.incl.tolljoint) | 3426](kgm) |
Angles in Radians:
0*(z/180) =
807(180)d 13963
Ratio Factor:
RF= | 1202
Drag farce calculations (Static (rotating off bottom))
|p, =0.1-04 Bottom hold section (F1) Fl= | 0 ‘N
Top hold section (F2) F2=F1+{W*L)*=

F2 = F1 + (W(drillpipe)*(AL Hold-AL HWDP}-W(HWDP)*AL HWDP)*r

Fl= [ 4941937 [N |

| Top build-up section (F3) F3=F2+{W*L)*=

F3 = F2 + (W{drillpipe}*AL build)*=

Fi= | 7786523 [n |

\ Top Well (F4) F4=F3+(W+L)*g

F4 = F3 + (W{drillpipe)*L)*=

F4= | 1081132.3] [N |
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Appendix B.4 Analytical Model for S-Profile — Tripping out Scenario

DRILLSTRING CH4RACTERISTICS:
Nominal Nominal Appr. Unit | Nominal . Nominal . Nominal
Diameter of | Unit Mass | Grade llr}.‘l;_e of Mass incl. | Diameter of COI;?;::H Unit Mass Igﬂ[.;(;-‘oﬁg.r unit mass of
Drillpipe | of Drillpipe e | Tooljeint | HWDP mwop | )| Drit Cotar
(inch) (Ib/ft) . i (kg/m) finch)  |NC30(412| (kgm) {inch) (kg/m)
3 23,6 5133 JLzEH 43,73 3 IF) 734 8x3 218,77
in air in air in air in air
Additional
- . Vertical Lenght of Inclined .
. Inclination | Build-up Build-up iy Drop bend . Total length Length of | Length of | Inclination
MW pisteel) g 1 ansle length down bend (ABC) Hold..sml (ADT) section to OD) Radius (R) HWDP be 5
to KOP section target
(kg/m’) (gm’) | (ms"2) | (degree) |(degree/m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (degree)
1700 7850 9,81 80 230 900 1200 6600 1030 150 9 900 83944 %0 30 70
MD & TVD MD MD
Buoyancy Factor
| B | 1-(pmud/pstec) | 0.783]
Buoyed Weight
[ WEWDP) | § * WEWDF) [ 573 |kgm) |
[ W{drillpipe) | B * Wapp.inclLtoljoint) | 326[gkgim) |
| W(DC) | B * W(DC) | Uiftgm |
Angles in Radians:
0*(m/180) = 0
10*(n/180) = 0.1743
T0%(m/180) = 12217
80%(m/180) = 13963
Ratio Factor:
RE=(309 | 1,202
RF=(709 | 1,145]
Drag force calculations (Tripping out)
L{= a1 Bottom inclined section (F1) |F1= 1] ‘N
Top inclined section (F2) F2=F1 + (W*L)*g*(cos a = pu*sin )
F2=F1 + (W{drillpipe)*(L Inc-(L HWDP+L DC))}+(W(HWDP)*L HWDP)+(W(DC)*L DC))*g*(cos(10)+0,1*sin(10)
F2= | 1115361 [N
| Top drop section (F3) F3 =F2*(e"(=0,1+(70*(n/180))-1+F2+W*2*0,5*L*(cos(ul Fcos(ul))*RF
F3 = F2¥(e(+0,1+(70%(x/ 1800} 1)+F2+W{drillpipe)* £%0.5* ADT*(cos(80)+cos(10))*RF
F3= 3603312 [N
‘ Top hold section (F4) F4=F3 + (W*L)*g*(cos a = pu™sin a)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)+0.1*sin(80))
Fi= | 0639637 N
| Top build-up section (F5) F5 = F4*(e"(=0,1+(80*(n/180))- 1)+ F4+W*2*0, 5*L*(cos(ul rcos(ul))*RF
F3 = F4*(e(+0,1+(80*(a/180))- 1+ FA-+W(drillpipe)*2*0.5*ABC*{cos(80) +cos(0))*RF
F5= | 13928667 [N
| Top Well (F6) F6=F5+ W*L*g
F6 = F> + (W(drillpipe)*L vertical)*g
F6= | 1605346.6] [N |
lu=015 Bottom inclined section (F1) [F1= | of ¥ |

Top inclined section (F2) F2=F1+ (W*L)*z*(cos u = u*sin )
2 =F1 + (W{drllpipe)*(L Inc<(L HWDP+L DO)WHWDF)*L HVDPHWDCYFL DC)*g*(cos(101+0,15%sin(10]
F2= 112502.4 [n
| Top drop section (F3) F3 = F2*(e"(=0,15=(70%(n/180))- 1)+ F2+W*2*0,5*L*(cos(ul )+cos(ol))*RF
F3 = F2%(e(+0,13+(T0% (/180))- 1)+ F2+ W{drillpipe)*g*0_5* ADT*{cos(80) rcos(10))*RF
F3= | 3694306 [N
| Top hold section (F4) F4 =F3 + (W*L)*g*(cos u = p*sin o)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)+0,15*sin(30))
Fi= | 10322874 [N |
| Top build-up section (F5) F5 = F4*(e"(=0,15=(80%(/'180))-1 )+ F4-+W*g*0, 5*L*(cos(al )+cos(ol))*RF
F3 = FA*(e"\(+0, 13+(30% (/1 80))- 1 +F 4+ W drillpipe)* 2*0_5* ABC*(cos(80)+cos(0))*RF
Fi= | 16180040 N
| Top Well (F6) F6=F5+ W*L*g
F6 = F3 + (W(drillpipe)*L vertical)*z
F6= | 19213847] [N |
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=02 Bottom inclined section (F1) |F1 = | 0] [N |
Top inclined section (F2) F2=F1+(W*L)"g*(cos a = u*sin o)
F2=F1 + (Wdrillpipe)*(L Inc-(L HWDP+L DC)+WHWDP)*L HWDP)+(W(DC)*L DC))*g*(cos(10)+0,2*sin(10)]
F1= 113468,7 [N
Top drop section (F3) F3 =F2*(e"(£0,2+(70*(n/'180))-1)+F2+W*g*0,5*L*(cos(al }+cos(a2))*RF
F3 = F2*(e"(+0,2+(70*(n/180))- 1 +F 2+ W (drillpipe)* 20,5 *ADT*(cos(80)+cos(10))*RF
F3i= [ 3791763 [N
Top hold section (F4) F4=F3+ (W*L)"g"(cos a = u*sin a)
F4 =F3 + (W(drillpipe)*L hold)*g*(cos(80)+0,2*sin(80Y)
Fi= | 12012575 [N
Top build-up section (F5) F5 = F4*(e"(£0,2+(80*(n/180))-1)+F4+W*g*0,5*L*(cos(al }+cos(a2))*RF
F5 = F4*(e"(+0,2+(80*(n/180))-1)+F4-+ W (drillpipe)*g*0,5* ABC*(cos(80)+cos(0))*RF
Fi= | 18726909 [N
Top Well (F6) F6=F5+W*L*g
F6 =F5 + (W(drillpipe)*L vertical)*g
F6= | 2175170,8] [N |
[u=025 Bottom inclined section (F1) [F1 = | 0] [N |
Top inclined section (F2) F2=F1 + (W*L)*g*(cos o= pu*sin «)
2= F1 + (W{drillpipe)*(L Inc{(L HWDP+L DC)+(WEHWDE)*L HWDP(W(DC)*L DC))*g*(cos(10)+0,25%sin(10)
F2= [ 1assp v
Top drop section (F3) F3 =F2*(e"(=0.25+(70%(w/180))- 1)+ F2+W*g*0_5*L*(cos(ul )+cos(u2))*RF
F3 = F2%(e"(+0,25+(70* (a/180))- | |+F 2+ W {drillpipe)* £*0, 5 * ADT*(cas(80)+cos(10)) *RF
F3= [ 3806136 [x
Top hold section (F4) F4=F3 + (W*L)*z*(cos o= p*sin o)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)+0,25%sin(80))
Fi= [ 13200101 v
Top build-up section (F5) F5 = F4¥(e" (=0, 25+(B0*(n/180))- 1+ F4+-W*2*0_5*L*(cos{ul )+cos(a2))*RF
F3 = F4*(e"(+0 25+(80*(/180))- 1)+ F4+W(drillpipe)* 2*0.5* ABC*(cos(80)cos(0))*RF
F5= [ 25ms19 v
Top Well (F6) Fo=F5+W*L*g
F6 = F5 + (W(drillpipe)*L vertical)*g
F6= [ 24508618 v |
[u=03 Bottom inclined section (F1) [F1 = | 0] [~ |

Top inclined section (F2)

F2=F1 + (W*L)*g*(cos a = p*sin a)

F2=F1 + (W{drillpipe)*(L Inc<(L. HWDP+L DC)HW(HWDFP)*L HWDPHW(DC)*L DCY)*g*(cos(101+0,3*sin(10)

Fl= [ 1154013 v
Top drop section (F3) F3 = F2*(e(=0,3«(70*(w/'180))-1=+F2+W*g*0 5*L*(cos(al }+cos(a))*RF
F3 =F2*(e(+0.3+(T0%(n/180))- 1+F2+ W{drillpipe) *2*0,5*ADT *(cos(80)+cas(10)*RF
Fi= [ 4007010 v
Top hold section (F4) F4=F3 + (W*L)*g*(cos e = p*sin a)
F4 =F3 + (W(drillpipe)*L hold)*z*(cos(80)+0.3*sin(80))
Fi= [ 14s13208 v
Top build-up section (F5) F5 = F4*(e"(=0,3+(80*(w'180))-1+F4+W*g*0,5*L*(cos(al )+cos(u))*RF
F5 = F4*(e"(+0.3+(80%(m/ 1 80))- L+ F4+ W {drillpipe)* 2*0,5* ABC*(cos(80)+cos(0)) *RF
F5= [ w6350 v
Top Well (F6) F6=F5+W*L*g
F6 =F3 + (W(drillpipe)*L vertical)*g
F6= [ 2181157 [n |
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=035 Bottom inclined section (F1) [F1= | [i] [v |
Top inclined section (F2) F2=F1 + (W*L)*g*(cos o = u*sin o)
2=F1 + (Widrillpipe)* (L Inc-(L HWDP+L DC))+HW(HWDP)*L HWVDPW(DC)*L DC))*e*(cos(10)+0 35%sin(10)
F2= | 1163676 [ |
| Top drop section (F3) F3 =F2*(e"(=0.35+(70%(n/180))-1)=F2+W*g*0 5*L*(cos(ul )+cos(u2))*RF
F3 = F2*(="(+0,35+(70* (x/180))- L+ F2+ W (drillpipe) *2*0,5* ADT *(cos(30)+cos(10))*RF
F3= | s127602 [ |
| Top hold section (F4) F4=F3 + (W*L)*g*(cos o = u*sin o)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)+0,35*sin(80))
F4= | 13625143 [ |
| Top build-up section (F5) F5 =F4*(e"(=0.35+(80*(n/180))-1)=F4=+=W*g*0 5*L*(cos(ul )+cos(u2))*RF
F3 = F4*(a"(+0,35+(80*(m/180))- 1+F4+W (dsillpipe) * £*0, 5 * ABC*(cos(80)+eos(0))*RE
Fi= | 28315428 [ |
| Top Well (F6) F6=TF5 + W*L*g
F6 = F5 + (W(drllpipe)*L vertical)*g
F6= | 31341027] [ |
=04 Bottom inclined section (F1) [F1= | [i] [v |

Top inclined section (F2)

F2=F1 + (W*L)*g*(cos o = u*sin o)

F2 = F1 + (W{drillpipe)*(L Inc-(L HWDP-L DC)y-(W(HWDP)*L HWDP)-(W(DC)*L DC))*z*(cos(10)+0.4%sin(10)
F2= | 173339 [ |

| Top drop section (F3)

=F2*(e"(=0 4= L -1)+F2+W*g*0 5 cos(ol)+cos(o2
F3 = F2*(e"(=0,4+(70*(/180))-1)=F2+W*g*0, 5*L* 1 Ny*RE

F3 = F2* (e {(+0.4+(70* (' 180))-1)+F2+W{dsillpipe)* £*0.5* ADT *{cos(80)+cos(10)) *RF
F3= | 4255788 [ |

| Top hold section (F4)

F4=F3 + (W*L)*g*(cos o = u*sin o)

F4 = F3 + (W(drillpipe)*L hold)*z*(cos(80)+0,4*sin(80))
[

F4= | 16845552 |
| Top build-up section (F5) F5 = F4*(e" (=0, 4+(80*"(/180))-1)+F4+W*g*0 5*L*(cos(al }+cos(o2))*RF
F5 = F4* (e (+0 4=(80*(m/ 180))- 1+ F4+W(drillpipe)*2 *0,5* ABC*(cos(80)+cos(0))*RF
Fi= | 32201587 [ |
| Top Well (F6) F6=F5 + W*L*g
F6 = F5 + (W(drillpipe)*L vertical)*g
F6= | 3531638.9] [ |

2

Appendix B.5 Analytical Model for S-Profile — Tripping in Scenario

DRILLSTRING CHARACTERISTICS:
Nominal :\fmunal Type of Appr. F_,mt T\.t:u'rl.ma.l Connection :\?rmnal Drilt Colar }ummal
Diameter of | Unit Mass | Grade T N Hoint Mass incl. | Diameter of HWDP Unit Mass 0D & D unit mass of
Drillpipe | of Drillpipe O Toofjint | EHWDP mwoe | )| Dt Cotar
(inch) (Ib/ft) (kg/m) {inch) |NC30(+12)| (haim) (inch) (kg/m)
3 256 5-133 312FH 4373 3 IF) 734 8x3 218,77
in air in air in air in air
Additional
v
A . Inclinatio | Buldwp | m‘:“l Build-up Ii;“liht:lf Dropbend| %4 1ot tength Rad Lengthof |Length of |Inci
M pisteel) g nl anle ength down bend (ABC) o] .s (ADT) section to oMD) adius (B} HWDP DC 2
- to KOP section tarzet
fegm) | (kgm) | (m/s'd) | (degree) | (degree/m) (m) (m) (m) (m) (m) (m) (m) (m) (m) | (degree)
1700 7850 9,81 80 230 200 1200 6600 1050 150 9000 830,44 %0 30 70
MD & TVD D D
Buayancy Factor
[ B | 1-(pmud/pstee) | 0,783
Buayed Weight
[ wawop | B~ WHWDE) [ s5loem |
[ Widsillpipe) [ B * W(app.inclLioljoint) | 3426[kem) |
| W(C) \ p* WDC) | Uidfem |
Angles in Radians: | Weight of Topdrive
O*(/180) = 0 | W(Top Drive) 25(tons
10%(x/180) = 01745 25000|kg
T0*(/180) = 12217 245250|N
B0*(m/180) = 1,3963
Ratie Factor:
RE=(309 | 1202
RE=(109 | 1.146
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Drag force calculations (Tripping in)

n=o1

Fl= ‘ o‘ ‘N

Bottom inclined section (F1)
Top inclined section (F2) F2 =F1 + (W*Ly*g*(cos o = p*sin o)
F2 =F1 + (Widrillpipe)*(L Inc{L HWDP+L DC)HWHWDEL HWDPHWDC)Y*L DCY*g*(cos(100-0,1*sin( 10))
2= | 1076709 [n
Top drop section (F3) F3 =F2*(e"(=0,1+(70*(/180))-1)=F2+W*g*0 5*L*(cos(al )+cos(al))*RF
F3 = F2%(e"(0,1+(70% (/L 80))- 1)+ F2+ W (drillpipe)*2*0,5* ADT *(cos(80)+cos(10)*RE
Fi= 3205892 [N
Top hold section (F4) F4=F3 + (W*L)y*g*(cos a = p*sin a)
F4 =F3 + (W(drillpipe)*L hold)*g*(cos(80)-0.1*sin(80))
Fi= | 4063245 N
Top build-up section (F5) F5 = F4*(e"(=0.1+(80*(n/180))-1)+F4=+W*g*0 5*L*(cos(ul)+cos(u2))*RF
F3 = F4*(e"(0, 1+(30*(s/ 130))- 1)+F 4+ W(drillpipe)* 2*0.3* ABC*(cos(80)-cos(0))*RE
F5= | 7161038 [x
Top Well (F6) F6=F5+W*L*g
F6 = F5 + (W(drillpipe)*L vertical)*g
F6= | 1018583.6] [n
=015 Bottom inclined section (F1) [F1= | ] [~ |
Top inclined section (F2) F2 =F1 + (W*Ly*g*(cos o = p*sin o)
F2=F1 + (Wdrillpipe)*(L Inc{L HWDP+L DC)HWHWDE)*L HWDFHW(DCYL DO g*(cos(100-0,15*<in(10
F2= | 1061046 v
Top drop section (F3) F3 =F2*(e"(=0,15+(70*(w/'180))- 1 +F2+W*z*0 5*L*(cos(ul Frcos(a2))*RF
F3 = F2%(e{(-0,15+(70* (a/180))- |+ F 2+ Wi drillpipe)* £*0,5* ADT *{cos(80) +cos(10))*RF
F3= 323138.1 [x
Top hold section (F4) F4=F3 + (W*L)*g*(cos a = p*sin a)
F4 = F3 + (W(drillpipe)*L hold)*z*(cos(80)-0,15%sin(80))
F4= | 3806491 [N |
Top build-up section (F5) F5 =F4*(e"(=0.15+(80*(w/180))-1)+F 4=+ W*g*0.5*L*(cos(ul )cos(u2))*RF
F3 = F4*(e"(0,15+(80%(7/ 180)) 1) +F4+W(drillpipe)*g*0 3* ABC* (cas(30)+cos(0))*RF
Fi= | so31700 N
Top Well (F6) F6=F3+W*L*g
F6 = F5 + (W(drillpipe)*L vertical)*g
F6= | 8036307 [x |
[n=02 Bottom inclined section (F1) [F1 = | 0] [N |
Top inclined section (F2) F2=F1 + (W*L)*g*(cos o= p*sin «)
F2=F1 + (W(drillpipe)*(L Inc-(L HWDP+L DC)HWEHWDPFL HWDPHHW(DC)*L DCY*g*(cos(10)-0.2%sin(10)
F2= | 1057383 v
Top drop section (F3) F3 = F2*(e"(=0.2+(70%(n/'180))-1 )+ F2+W*g*0.5*L*(cos(ul)+cos(u2))*RF
F3 = F2%("(0 2+(T0%(/ 1 80))- 1)+ F2+ W (drillpipe) * 2%0.5* ADT*(cos(80)+cos(10)*RF
F3= [ simmo v
Top hold section (F4) F4 =F3 + (W*L)*g*(cos o= p*sin o)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)-0,2*sin(80))
Fi= [ 2651036 v
Top build-up section (F5) F5 = F4*(e"(=0.2+(80%(n/'180))-1)+F4=+W*g*0.5*L*(cos(ul)+cos(u2))*RF
F3 = F4*((0 2+(30%(x/180))- 1)+ FA+W(drillpipe)* 20 3% ABC*(cos(80)+cos(0))*RF
Fi= [ 4851964 v
Top Well (F6) F6=F5+W*L*g
F6 =F3 + (W({drillpipe)*L vertical)*g
F6= [ 7876763 v
[u=025 Bottom inclined section (F1) [F1 = | 0] [~ |

Top inclined section (F2)

F2=F1 + (W*L)*z*(cos o = p*sin a)

F2 =F1 + (W(drillpipe)*(L Inc4L HWDP+L DC)HWEHWDEL HWDEHW(DCYL DO *g*(cos( 100-0,25*sin( 10

Fl= [ 1041720 v
Top drop section (F3) F3 =F2*(e"(=0,25+(70*(w/'180))- 1+ F2+-W*g*0_5*L*(cos(ul )+cos(a2))*RF
F3 = F2%(e(-0,25+(70* (m/180))- 1)+ F 2+ Widrillpipe)* 2 *0,53* ADT*(cos(80)cos(10)) *RE
F3= 3114975 [
Top hold section (F4) F4=F3 + (W*L)*g*(cos a = p*sin a)
F4 =F3 + (W(drillpipe)*L hold)*z*(cos(80)-0.25%sin(80))
Fi= [ 1505508 v
Top build-up section (F5) F5 = F4*(e"(=0,25+(80*(/180))- 1)+ F4=+-W*g*0_5*L*(cos(ul )+cos(a2))*RF
F35 = F4*(e (-0, 25+(30%(m/180))-1)+-F4-Widrillpipe) *2*0.5*ABC*(cos(380)+cos(0))*RE
F5= [ 3008556 v
Top Well (F6) F6 =F5 + WrL*g
F6 = F5 + (W{drillpipe)*L vertical)*g
F6= [ so31354] [v |
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[u=03 Bottom inclined section (F1) [F1= | [i] [x |
Top inclined section (F2) F2=F1 + (W*L)*g*(cos o = p*sin o)
F2=F1 + (Wdrillpips)*(L Inc-(L HWDP+L DC)+(W(EHWDP)*L HWDP)}+(W(DC)*L DC))*z*(cos(10)-0,3*sin(10)
F2- | 1038057 [n
Top drop section (F3) F3 = F2%(e"(=0,3+(70*(x/180))-1)+F2+W*g*0, 5*L*(cos(ul )+cos(ul))*RF
F3 = F2#(e"(0.3+(70%(n/180))- [HF2+ W (drillpipe) *g*0, 7*ADT*(cos(80) -cos(10))*RF
F3= 3062532 [w
Top hold section (F4) F4 =F3 + (W*L)*g*(cos a = p*sin a)
F4 = F2 + (W{drillpipe)*L hold)*g*(cos(80)-0.3*sin(80))
Fi= | ss0012 [x
Top build-up section (F5) F5 = F4*("(20,3+(80(1/180))-1 )= F4+W*g*0_5*L*(cos(al }-cos(u2))*RF
F3 = F4*(e*(-0,3(30*(x/180))-1)+F4-+W(drillpipe)* g*0,5* ABC*(cos(30)+cos(0))*RF
F5= | sos1089 v
Top Well (F6) F6=F5 + W*L*g
F6 = F5 + (W(drillpipe)*L vertical)*g
F6= | 6106789 [N |
[u=035 Bottom inclined section (F1) [F1= | 0] [x |
Top inclined section (F2) F2=F1 + (W*L)*z*(cos a = p*sin o)
F2 =F1 + (Widrillpipe)*(L Inc-(L HWDP+L DC))}+(W(HWDP)*L HWDP)-(W(DC)*L DC))*g*(cos(10)-033*sin(10
F2= | 1028304 [N
Top drop section (F3) F3 = F2¥(e" (=0, 32+ (70%(/180))- 1 +F2+W*g*0) 5*L*(cos(al cos(o2))*RF
F3 = F2*(e(-0,35 +(T0* (/1 80))- 1)+ F2+ W (drillpipe) *g*0, 5 *ADT* (cos(80)+cos(L0))*RF
F3= 3013593 [N
Top hold section (F4) F4=F3+ (W*L)*g*(cos a = pu*sin a)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)-0,35*sin(80))
F4= | 780270 [N
Top build-up section (F5) F5 = F4*(e(20,35+(80%(/180))- 1 )= F4+W*g*0_5*L*(cos(al +-cos(e2))*RF
F3 = F4*(e"(0.35+(80* (/180))- 1)+ F4+ W (chrillpipe)*2*0.5* ABC*(cos(80)+cos(l))*RF
F5= | 2365948 [N
Top Well (F6) F6=F3+ W*L*g
F6 =F5 + (W(drillpipe)*L vertical)*z
F6= | s300746] [~ |
n=04 Bottom inclined section (F1) [F1= | 0] [x |

Top inclined section (F2)

F2=F1 + (W*L)*z*(cos a = p*sin o)

F2=F1 + (W{drillpipe)*(L Inc<(L HWDP+L DC)+WHWDP)*L HWDP+W(DC)*L DC))*g*(cos(10)-0,4*sin(10)

F2= | 1018731 [N |
Top drop section (F3) F3 = F2%(e"(=0 4= (70*(w/180))- 1)+ F2+W*g*(0 5*L*(cos(al )+cos(wl))*RF
F3 = F2*(e" (0 4+(T0%(/180))- 1)+ F2+ W{drillpipe)* £*0, 5* ADT *(cos(80) -cos(10))*RF
F3= | 2067928 [N
Top hold section (F4) F4 =F3 + (W*L)*g*(cos a = p*sin a)
F4 = F3 + (W(drillpipe)*L hold)*g*(cos(80)-0.4*sin(80))
F4= | 1013178 N |
Top build-up section (F5) F5 = F4*(e"(20,4+(80*(w/180))- 1+ F4+W*g*0,5*L *(cos(al)*+cos(u2))*RF
F3 = F4*(e (0 4(80* (/1 80))- 1)+ F4-+W(drillpipe)* *0,5* ABC*{cos(30)+cos(0)/*RF
F5= | 11amss [
Top Well (F6) F6=F5 + WL*g
F6 = F5 + (W{drillpipe)*L verticaly*g
F6= | 477206 6] [N |
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Drag Forces inluding Topdrive

u=0.1 Top Vertical section incl. Topdrive F7 =F6 + W(topdrive)
F7= | 1263833 6[kN
=015 | Top Vertical section incl. Topdrive F7 = F6 + W(topdrive)
F1= | 1140909 7[kN
|,n =02 | Top Vertical section incl. Topdrive F7 =F6 + W(topdrive)
F1= | 1032926,3[kN
=025 Top Vertical section incl. Topdrive F7 =F6 + W(topdrive)
F7= 938385 4|kN
n=03 Top Vertical section incl. Topdrive F7 =F6 + Witopdrive)
F7= 855928=8|kN
=035 | Top Vertical section incl. Topdrive F7 = F6 + W(topdrive)
F1= | 784324.6[kN
|,n =04 | Top Vertical section incl. Topdrive F7 =F6 + W(topdrive)
F7= | 722456, 6[KkN

Appendix B.6 Analytical Model for S-Profile — Static (Rotating off Bottom) Scenario

DRILLSTRING CHARACTERISTICS:
Nominal | Nominal Unit Appr. Unit | Nominal . Nominal . Nominal
Diameter of Mass of Grad: I:.[‘}?Ii" .Df[ Mass incl. |Diameter of Cg&g};‘m Unit Mass ][:E)n]:l; ;'D:S;; unit mass of|
Drillpipe | Drillpipe 0% | Togljpint | HWDP HWDP Drill Collar
(inch) (Itvft) 5135 51FH (kg/m) (inch) NC30(4 (kg/m) (inch) (leg/m)
3 236 43.73 3 121F) 734 §x3 218.77
in air in e in air in air
Additional
Vertical Lenght of Inclined
. - Build-up Build-up S .. | Drop bend . Total length . Length of Length of | Inclination
W el g S 5 5
MW plsteel) g Inclination 1 angle length down bend (ABC) Hold.. sail (ADT) section to MD) Radius (R) HWDP oc 2
to KOP section target
(kg'm") (kg'm") (m/s"2) (degree) | (degree'm) (m) (m) (m) (m) (m) (m) (m) (m) (m) (degree)
1700 7830 9,81 30 2/30 200 1200 G600 1050 130 900 §39.44 o0 30 0
MD & TVD MD MD
Additional
AL B.uild AL Hold AL Drop AL inc.li.ned ALHWDP | aLDC
section section section section
(m) (m) (m) (m) (m) (m)
3464 1146.1 697.1 1477 33.6 293
D ™D ™D D D D
| Buoyancy Factor |
I B [ 1-(pmud/pstes) ] 0.783]
[ Buaoyed Weight |
| W{HWDE) [ B * W(EWDP) [ 57,5] (kg'm) |
[ Widrillpipe) [ f * W{(app.incl.tolljoint) [ 3426[(kgm) |
[ W({DC) [ B * W(DC) [ 171 4] (kg'm) |
Angles in Radians:
0*(x/180) = 0
10%(=/180) = 01745
T0%(180) = 12217
80%(w180) = 13963
Ratio Factor:
RE=(309 | 1,202
RE=(109 | 1,146
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Drag force calculations (Static (Rotating off bottom))

w=0,1-04

Bottom inclined section (F1)  [F1 = | 0f [
Top inclined section (F2) F2=F1+(W*L)*g
F2 =F1 + (W{dsillpipe) *(AL Inc{AL HWDP+AL DC)){(W(EWDP)* AL HWDPy{W(DC)*AL DC))*z
F2= | 1096035 v
Top drop section (F3) F3i=F2+(W*L)*g
F3 =F2 + (W(drillpipe)*AL drop section)*g
F3= | 3430045 [
Top hold section (F4) F4=F3 +(W*L)*g
F4 =F3 + (W(drillpipe)*AL hold sectiony*g
F4= ‘ 725088 4 N
Top build-up section (F5) F5=F4+(W*L)*g
F5 =F4 + (W(drillpipe)*AL build-up section)*g
F5= | 10135471 [
Top Well (F6) F6=F5 +(W*L)*g
Fé6 =F5 + (W(drillpipe)*AL vertical)*g
F6 = | 1316027.0] [ |
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