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Abstract

Excessive drill string torque and drag is one of the major limitations of extended-
reach and horizontal drilling. The torque and drag models are used in the planning
phase and during the drilling of a well, as a tool used for monitoring developing hole
problems. The models used throughout the industry today are mostly based on
equations presented more than two decades ago, little work have been done to
improve upon these. The thesis gives a general overview of the various challenges of
using such models. It is shown the importance of correcting for friction in the draw
works sheaves to get realistic friction factors. A recently published model is used and
work has been done to improve this model further. The model has some inaccuracies
in the lower part of the string and a new model for drag in the lowest part is proposed.
Further is a new criterion presented, for determining whether an element is straight or
curved. This new criterion account for radial clearance between drill string and bore
hole wall.
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Nomenclature

Pipe inner cross sectional area
Pipe outer cross sectional area
Bottom Hole Assembly
Directional Driller

Sheave efficiency

Young’s modulus of elasticity
Equivalent Circulating Density
Extended Reach Drilling
Extended Reach Well

Pipe outer diameter

Borehole inner diameter
Dogleg

Dogleg severity

Tension in bottom of a segment
Tension at top of a segment
Deadline tension

Inner Diameter

Length of pipe

Measured Depth

Measurement While Drilling

Number of cables between crown and travelling block

Normal force

Oil Based Mud

Outer Diameter

Pull Out Of Hole

Pick Up

Plastic Viscosity
Pipe/connection radius
Radius of a bend
Running In Hole

Rate of Penetration
Revolutions pr. Minute
Standpipe pressure
Slack Off

Pipe wall thickness
Torque

Torque and Drag

Target Depth

True Vertical Depth
Velocity

Buoyed unit pipe weight
Buoyed weight of a segment
Weight of the travelling block
Water Based Mud
Weight On Bit

Yield Point

Wellbore azimuth



TR D

Wellbore Inclination

Absolute change of direction

Coefficient of friction

Angle between axial and tangential pipe velocities
Density

10



1 Introduction

Excessive drill string torque and drag is one of the major limitations of extended-
reach and horizontal drilling. The torque and drag models used throughout the
industry today are mostly based on the equations presented by Johancsik in 1984,
little work have been done to improve upon these. This thesis presents a field
application of a new friction model for petroleum wells. The model is relatively
simple and is applicable for any 3 dimensional wellbore trajectory. The friction in the
entire well is modelled by two equations, one for straight and one for curved
wellbores. Like most friction models it assume that the drill string can be modelled as
a soft string like a cable or chain that has no bending stiffness. In the upper part of a
well where weight of a string segment is negligible compared to tension load,
simplified equations can be used. Friction is modelled in terms of the 3D dogleg. A
torque and drag model may incorporate corrections for hydrodynamic viscous drag
force, wellbore contact surface, density corrections due to filling of pipe during
tripping in and draw works sheave friction.
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2 Theory

2.1 Fundamentals of torque and drag

2.1.1 Drag

Drag is the force difference between free rotating weight and the force required to
move the pipe up or down in the hole. Pick-up drag force is usually higher than free
rotating weight. While slack-off drag force is usually lower than free rotating weight.
Drag force is used to overcome the axial friction in the well. This is a phenomena
associated deviated wells.

Figure 2.1 Friction in a deviated well

2.1.2 Torque

Torque or moment is generally a force multiplied with a lever arm. When we talk
about torque and drilling, then torque is the moment required to rotate the pipe. The
moment is used to overcome the rotational friction in the well and on the bit. Torque
is lost from the rotating string so that less torque is available at the bit for destroying
rock. High drag forces and high torque normally occur together. In a perfect vertical
well the torque loss would be zero, except for a small loss due to viscous force from
the mud. In a deviated well the torque loss could be great, especially in long complex
or extended reach well, where torque loss is a major limiting factor to how long we
can drill, as it eventually will overcome the rig or drill strings limitation. Torque is
directly proportional to the radius of which rotation occurs and the coefficient of
friction and the normal force of which the pipe has against the borehole wall.

12
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Figure 2.2 Torque to rotate the pipe.

2.2 Which parameters give torque and drag

The true field measured values of torque and drag have always some influence from
other contributions. Some of these can be modelled, while other effects are lumped
together into the fudge factor which we call a friction factor, which is not the same as
the friction coefficient as in pure kinetic sliding friction. The combined effect of all
these parameters is what that gives the total torque and drag forces. Broadly we can
separate drag forces that are due to hole cleaning or inappropriate mud, and into drag
forces associated with the well path.

Hole cleaning and inappropriate mud related drag:

Mud type, water based mud WBM have less lubricating effect than oil based
mud, adding lubricants can reduce torque and drag, although some lubricants
may cause formation damage and reduce the well inflow performance.

Formation properties, different formation lithologies have different lubricating
properties due to chemistry and grain size etc. Visualize this by imagining
steel rubbing against coarse sandpaper versus rubbing against fine sandpaper,
the coarse paper would give the highest friction.

Hydrodynamic viscous forces
Fluid density difference during tripping inn due to filling pipe

Poor hole cleaning, cuttings bed accumulation which is a mechanical wellbore
obstruction, could lead to pack-offs, this problem can be reduced by good
hydraulics design and proper mud.

Wellbore instabilities, swelling shale, tight hole, sloughing hole

Differential sticking, this is caused by the pressure in the well is higher than
the pore pressure in the formation, causing the pipe to be pushed into the mud
filter cake on the wellbore wall.

Loss of circulation could give possible loss of lubricity.

13



Well path related drag:

Pipe and BHA stiffness. BHA is stiff and stabilizers can interact with
formation, which results in higher wellbore friction, especially when BHA is
in a high dogleg section.

Drill string weight, using low weight pipe can be beneficial in a long ERW.
Stabilizers impact standoff and string stiffness.

Surface roughness of drill string and casing. Drill pipe connections

Contact surface

Doglegs

Key seating are due to drill string sized channel that are worn into the
formation wall in a bend. The wear depends on side force and formation
strength. Thus a high dogleg would give high side force and possibly a key
seat problem. The problem occurs when larger sized tools such as connections

and collars are pulled into the narrower channel and may get stuck. An
example of key seating is shown in Figure 2.3.

Tortuosity, if a well path deviates from a straight line or curve which is
assumed by the minimum curvature method, in between two survey points.
Then the doglegs vary in Dbetween the surveys, this can be due to
sliding/rotating while using motor or rotary steerable systems settings changes,
WOB fluctuations or over gauge or cavings effects. Short gauge bits have also
shown to create holes that are a spiral rather than a straight line. The MWD
directional sensor cannot see micro tortuosity from these “micro doglegs”, due
to the length of the tools they are like a drift in the wellbore. (Gaynor 2002)

Figure 2.3 Key seating

14



2.3 Friction

Contact friction as when two relatively smooth solid bodies slide against each other,
will be independent of the speed the two bodies slide with, and independent of the
contact area. But friction force will be proportional to the contact force of which the
surfaces are pushed together with. A friction coefficient, pu relate the ratio of normal
force to friction force. The friction coefficient is a dimensionless scalar value. To find
the normal force on an incline, trigonometry has to be used. The force needed to drag
a block on a plane is shown in Figure 2.4.

F 1)

F =mgcos¢ + umgsing

v

Figure 2.4 Forces on a block sliding on an inclined plane.

The friction coefficient gives friction force as a percentage of the normal force.
The direction of friction is always directly opposite the direction of movement.

A

Sliding

B =N

4— Staic i1 Kinetic .

v

o Breakaway p

Figure 2.5 Static and dynamic friction.
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When the two bodies are at rest we have static friction, which normally is higher than
sliding friction. This is shown in Figure 2.5. This is due to interlocking of
irregularities of the two surfaces. Static friction will resist motion and counteract any
applied force up to a certain maximum where friction is overcome and motion begins.
Once the object is in motion, the dynamic friction will resist motion. Coefficients for
static and dynamic friction are not equal. Torque and drag models use sliding friction
(dynamic friction) effects in their calculations. Currently no torque and drag models
account for static friction effects, even though static friction occurs in all wells, but
the severity is greatest in extended reach wells. For the first seconds after slips are
removed and the string start to move up or down, static friction has to be overcome,
and we can define it as static-up drag and static-down drag. For long casing strings in
high angle or extended reach wells, the effect can be so severe that casing may fail to
reach to planned depth.

Care has to be used when assessing static friction as in a drilling operation, as static
friction could be mistaken for differential sticking. Trying to put static friction data
into the model would yield unpredictable results due to the complex mechanism of
static friction, T & D software should only be used for dynamic friction. In torque and
drag software, it is important to know that friction factors are not necessarily
interchangeable, as there can be differences in the algorithms used, especially
between stiff string and soft string models.

The friction factor is a key parameter in torque and drag modeling because it
characterizes the surface to surface interaction which is the heart of model. The
friction factor applicable to any situation is a function of many things, including fluid
type, composition and lubricity, formation type, casing and tool-joint material and
roughness. When significant portions of both cased and open hole exists, it may be
necessary to use two or more friction factors, one for the drill string in casing and one
for the drill string in formation.

2.4 Extended reach wells ERW

An extended reach well is defined as a well where the ratio between horizontal reach
and true vertical depth is larger than 2. In a long ERW, friction forces and torque will
be large. Extended reach wells have now been drilled to more than 12 km. Today we
are also able to drill complex wells which have a significant changes in azimuth. This
gives rise to even large side force and more drag. There are many operational
challenges in drilling ERW wells, like torque and drag, drill string and casing design,
and hole cleaning. Running completions and casings are often a limiting factor in
these wells. This emphasises the importance of having a model that can accurately
predict torque and drag forces.

16



2.5 Buoyancy factor

The weight of a drill string in a well filled with mud is the weight in air minus the
weight of mud that the steel in the string displaces, this is also known as the
Archimedes principle. For convenience we can define a buoyancy factor as:

_ Pmua (2
pstring

B=1

Buoyancy factor multiplied with weight in air gives the weight of a pipe immersed in
mud. If there is a density difference between the fluid in the inside and the outside of
the pipe, like during tripping in, during displacing to a different mud weight and
cementing. Then the buoyancy factor becomes:

_ pvo - piAi (3)
Pstring (Ao - Ai)

B=1

Subscript 0 means outside the pipe and subscript i means inside the pipe. If the fluid
density inside and outside the pipe is equal the buoyancy factor equation becomes like
(2). A heavy mud will decrease the effective weight of the drill string, and thus
decrease side force and the loads from friction and torque. However a heavy mud has
more weighing particles which could lead to less lubricity and therefore higher
friction.

2.6 Wellbore trajectory

Inclination (¢) is the angle between vertical and the tangent to the wellbore. A
vertical well would be zero degree, a horizontal well would be 90 degrees.

Azimuth (a) is the angle between true North and a tangent to the wellbore projected to
a horizontal plane. We start from zero which is North, and move clockwise. West is
then 270 degrees.

The standard surveying technique of today is to use downhole measurement while
drilling MWD directional sensor tools, which measure the direction of the earth
gravity by using 3 orthogonally mounted sensitive accelerometers. Hole inclination is
found by doing simple trigonometry to measured values. The azimuth direction is
measured likewise with 3 orthogonally mounted magnetometers, which measures
earth’s magnetic field. The measured magnetic direction must be corrected for the
magnetic fields declination angle and grid convergence in order to achieve the true
north direction. In places like near casings which have significant magnetic
interference, gyro tools are used to measure the azimuth direction. The measured
depth between two surveys is based on the block position and is updated as the drill
pipe joints go down below drill floor (RKB) according to the drillers tally. These 3
measured values, inclination angle, azimuth direction and measured depth between
two surveys, are then used to calculate the true vertical depth TVD, and geographic
reach in North-South direction and East-West direction. Dogleg DL and dogleg
severity DLS which are combination of inclination and azimuth are also calculated.

17



Dogleg DL is the angle between the tangents of two wellbore positions. A number of
methods have been proposed to calculate the wellbore trajectory between the survey
points. The exact shape of the wellbore is basically unknown. No method can claim to
reproduce the well path exactly, however, after introduction of powerful computers,
the “minimum curvature method” has been established as the industry standard. The
minimum curvature method assumes that the well path is wrapped on the surface of a
sphere between survey points, so that the wellbore has the smoothest possible circular
arc. The consensus in industry is that this is the most accurate wellbore trajectory
calculation method. The minimum curvature method calculates departure in East,
North and Vertical by the following equations:

AL : : : (4)
AE = - (sin @, sina; + sin @, sin a,)RF

AL _ )
AN = - (sin ¢4 cos @, + sin @, cos a;)RF

AL (6)
AV = > (cos @, + cos @,)RF
where

2 0 7
RF = Etanz 0
0 = cos™1[sin ¢, sin ¢, cos(a; — a,) + cos @, cos @, ] (8)

Index 1 and 2 refer to two consecutive survey stations where 2 is deepest. 6 must be in
radians. The radius of the sphere of which the well path is wrapped is then found by:

AL 9)
k=5

In order to convert the dogleg from radians to degrees:

_18016| (10)
B T

DL

The dogleg severity DLS, is found by dividing by the distance between the two
positions and it is customary in the industry to multiply this with 30m, in order to get
a dogleg pr. 30 meter:

DL (11)
DLS = 7 30

The dogleg 6 depends on both inclination and azimuth, this property is used in the
new 3D friction model.
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2.7 Cuttings transport

Hole cleaning during drilling of directional wells is a major concern, that should be
monitored and controlled. Cuttings accumulations may cause costly problems such as
stuck pipe and excessive torque and drag. Cuttings transport in a wellbore depends
largely on the inclination, annular flow velocity, viscosity and rotation of the pipe.
Generally high rotational speed at above 120 RPM increases hole cleaning, small
annuluses have the best effect of rotation. Annular flow velocity and thus flow regime
depends on hole size, drill string size and pump rates. Generally hole cleaning
increases with annular velocity, up to a certain maximum where the benefit
diminishes. Viscosity of the mud is important as a too high viscosity would lead to
poor hole cleaning in a horizontal section since the low velocity area would be larger,
and pump pressure and ECD would also increase. A too low viscosity would decrease
the distance the fluid can carry a particle and reduce the viscous coupling that agitates
the cuttings and thereby decreasing the hole cleaning. An increase in rate of
penetration ROP increases the hole cleaning requirement. The way cuttings behave in
different inclination ranges are as follows (Nazari and Hareland 2010)

In wellbores of 0° to 35°:

Cuttings can move freely around the pipe in a uniform annular velocity. Cuttings are
transported by the mud to surface by overcoming the cuttings slip velocity. Slip
means that the cuttings move slower to surface than the mud does. When the pumps
are shut down cuttings settle downwards. The mud is a shear thinning non-Newtonian
fluid which forms a gel when it is at rest. This is to suspend cuttings particles when
we are not pumping.

In wellbores of 35° to 50°:

In this range the cuttings form dunes in the low side of the wellbore, because there is a
short distance to settle before landing in the low side. Mechanical agitation by rotating
the drill string can force the particles into the mud flow again. When pumps are shut
down, the dunes might start to avalanche down the hole.

In wellbores of 60° to 90°:

Cuttings particles only have to settle close to the distance of the wellbore diameter to
settle on the low side. This creates a continuous cuttings bed on the low side,
regardless of flow rate and viscosity. The pipe lie eccentrically on the low side and
thus the fluid flow is higher on the top side of the hole than on the lower side, so the
fluid flow is above the cuttings, making it almost impossible to clean the well. For
cuttings to be transported, agitation by rotation is necessary to send the cuttings up to
the high fluid flow area. These high inclinations have higher hydraulic requirement
for adequate hole cleaning than lower inclinations.
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2.8 Buckling

Axial compression of a pipe will eventually lead to lateral deflection. A drill string in
compression will at first go into so-called sinusoidal buckling, where the pipe goes
from side to side in a “snaky” manner. If the drill pipe axial compressive load is
increased further, the pipe will go into helical buckling, where the drill pipe locks up
in a spiralling manner against the sides of the borehole. The onset of buckling will
depend of the stiffness of the string components and the outer diameter of components
in relation to wellbore and casing. This is important for torque and drag modelling
since helical buckling will cause a great increase in the side force between pipe and
wellbore walls. Buckling is often seen in small diameter pipe sizes and coiled tubing.
Axial loading of pipes is a problem almost unique to the oil industry. Many equations
have been derived for calculating the onset of sinusoidal and helical buckling.

Figure 2.6 Sinusoidal buckling.

Figure 2.7 Helical buckling.
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3 Field data gathering

3.1 Real time data gathering

For the torque and drag models to be usable to assess hole problems. Consistent data
from static hookload, up weight, down weight and torque must be collected.
Acceptable procedures for measuring these values must be developed and followed.
Pick-up, rotating and slack-off should be measured at the same hoisting and lowering
speed at all times in order to have good reading consistency. The procedure for
collecting data at connections may vary from well to well and with company to
company, the most important is that it is done consistently. This procedure making
readings before connection has been used successfully by ConocoPhillips:

Pumps are ON for all these measurements:

= Diriller drills off weight at Kelly down

= Back ream pulling up at a consistent speed, and according to DD-approved
back reaming RPM and DD-approved interval

= interval: 1 single, 2 singles or complete stand of DP

= At the top of DD’s back ream interval, stop and rotate freely at 80 RPM for 30
seconds.

= Record the FREE ROTATING WEIGHT and FREE ROTATING TORQUE.
= Then, continue by reaming down at back reaming RPM.

= Pull up at a consistent speed to DD-approved interval without rotary. Make
sure we are above stretch distance.

» Record PICKUP WEIGHT.

=  Work back down at consistent speed.
» record SLACKOFF WEIGHT.

= Setslips.

21



Perfect Connection? (SHOWING BLOCK MOVEMENT) - assuming 45 feet backream

TARGET OFF-BOTTOM TO ON-BOTTOM TIME_= 10.33 MINUTES

=z
o
=
§ g <
’6 £ ;
£ ® o !
Qo w w ™ g
y =) wo S S €
Q g o & 2z ©o¢g
— o« > z 58 Eo
- O < o ¢ @
@© = ,i: w = 28 8H
& % £ o = o L=<
" o = (@] w oo 2z 0
~ E ‘S 6 Z 2> o=z
sg & ¢ < 5 &z ©Z
< o o
w o a L (’.) 53 go
e O o = o
X ™M o D QL —
O - ~ ~ = |/ —
< c — ] i
M © s I ;‘
2 =
w
o

DRILL OFF 160 rpm

1 min
1.5 min
0.5 min
1.33 min
1.5 min
3.5 min
2 min

Figure 3.1 Connection procedure.

This procedure should be followed throughout the section and if it is followed, the
readings will have good accuracy. Some companies prefer to measure off bottom
rotating weight before turning on the pumps after the connection is made. Whether
pumps are on or off while measuring free rotating weight makes a small but not
insignificant difference due to hydrodynamic viscous drag. An important point is to
achieve a good clean baseline before the casing shoe is drilled, then friction factors
can be adjusted in for a clean well, this makes it easier to later diagnose drilling
problems.

3.2 Automatic gathering of field data

Recently attempts have been made to make the process of collecting data automated.
Data processing algorithms collect rig data and recognise rig operations, then these
data are updating a torque and drag model automatically. The whole purpose of the
system is to monitor the hole condition (Niedermayr et al. 2010) They claim to
achieve better consistency by letting computers gather data and thereby removing
personal observation, reading errors and interpretation (Cayeux 2009). The torque and
drag models was then automated and tracked in real time. The working principle is
that hookload and torque is monitored and passed through a filter, then different
operations are recognised the measured data are then averaged and fed into the model
automatically.
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3.3 Measured data

The hookload sensor is a load cell mounted on the deadline in the draw works. A
thick cable goes from the cable drum over several sheaves in the crown block in top
of the derrick and down to the travelling block sheaves. The deadline goes from the
last sheave in top of derrick and down to the load cell and an anchor. A standard draw
works is shown in Figure 3.4. A common hookload sensor is shown in Figure 3.2.

Figure 3.2 Example of bolt on hookload sensor.

It is difficult to measure torque directly in a rotary machine. Therefore the torque is
commonly measured by top drive electrical current measurement. Measurements are
calibrated to not show amperes, but Newton meters or foot Ibf by comparing the
electric current to motor manufacturer’s performance curves, to get a torque reading.
An example of such a motor performance curve is shown in Figure 3.3.
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Figure 3.3 Typical motor performance curve, used to convert electric current to torque.
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Figure 3.4 Typical draw works rig up.

3.3.1 Sheave friction compensation

The dead line tension Fg is multiplied with the number n of cables between crown
block and travelling block, minus the weight of the block and topdrive itself, will give
the industry standard way of calculating the hookload.

Whook = Fart — Whiock (12)

If there was no friction in the sheaves, the hookload sensor would give a perfect
representation of the weight by multiplying the load cell reading by the number of
cables between crown block and travelling block. But since some friction is always
present, although small, but not insignificant correction should be made to hookload
readings while tripping in or out. True hookload reading depend on sheave efficiency
and direction of movement. Typical sheave efficiency is 96-99 %. Due to friction in
the sheaves, while tripping out, the fast line will have higher tension than the dead
line. In other words, the hookload reading will show too low weight when tripping
out, and too high weight while tripping in. The equations were presented by Luke and
Juvkam-Wold (1993) for hoisting and lowering. The sheave that the deadline first
goes over does not move and can be considered as “inactive” and frictionless sheave,
the accurate hookload for tripping can then be calculated by:

1 (13)
e(1- ()
Whoisting = Fai TG-D Wep

1-e™) (14)
Wlowering = Fy m - Wtp
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For a deadline sheave with friction, also called active” sheave, then the accurate
hookload for tripping can be calculated by:

1—e™ 15
Whoisting = Fy ﬁ — Wtp (12)
e(1—em) (16)

Wlowering = Fy W — W

Experiments done by Luke and Juvkam-Wold (1993) found that the inactive deadline
sheave model was the best choice. Of course the weight of the travelling block has to
be subtracted from the hookload readings. Another issue with these load cells is
calibration. Whenever a load cell is installed or replaced, it should be calibrated. This
can be done by placing a calibration sub with a strain gauge on top of a long heavy
string, by incrementally increasing the hookload, the load cell readings can be
calibrated against the calibration sub readings.

3.4 How do we reduce torque and drag

If a well is drilled and the torque is a lot higher than predicted and exceed the rigs
topdrive capacity. A variety of methods are available to reduce torque and drag, the
application of such methods can be essential for making sure the TD can be reached
before reaching the torque limit of the rig or drill string.

3.4.1 Wellpath

Tortuosity reduction reduces significantly the torque and drag while drilling, the use
of RSS are recommended to make the smoothest wellbore. Finding compromises with
geologists may be very beneficial, as even small adjustments to the target may reduce
the torque (Maehs et al. 2010). Reducing the DLS in build up, drop off and bends can
significantly reduce torque and drag especially at the top of the well where tension
forces are greatest.

3.4.2 Rotary steerable systems

A hole drilled with a mud motor with a bent sub has generally greater tortuosity than
with a RSS, this is due to the steering principle of such tools. Directional drillers
obtain the desired DLS by switching from rotary drilling to sliding drilling as many
times as needed. Rotary drilling with motor creates smaller hole than sliding. Drilling
with motor creates a larger hole than a RSS will do. While sliding, a high DLS is
achieved to correct for the direction achieved by rotary drilling, this is a due to a
combination of gravity and centralizer placement. This continued alteration is the
reason why motors create much more tortuosity than a RSS. Adding a mud motor to
an RSS will increase ROP, while RPM at surface can be reduced to minimum and
thus reduce the torque. Using RSS with integrated mud motor will reduce surface
torque as compared to a conventional RSS (Maehs et al. 2010).
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3.4.3 Bit selection

Bit selection is normally based on ROP, steer ability, durability but another factor is
important as well. The gauge length can significantly affect the propagation of a
cyclic hole. A short gauge bit is more aggressive and creates more calliper variations
and what is called micro tortuosity. While a long gauge bit tends to create less calliper
variations and a smoother hole (Gaynor 2002). This micro tortuosity is not seen by
MWD directional sensors, and will add extra torque and drag. This can be seen as
measured torque and drag trends deviate from simulated trends.

3.4.4 Mechanical friction reduction subs

Mechanical friction reducing subs have been tried and proven successful in reducing
friction. Use of mechanical friction reduction tools and other techniques for reducing
friction have shown to be effective in several deepwater wells in the Gulf of Mexico
(Maehs et al. 2010). Various types exist either they consist of mechanical rollers or a
sleeve on bearings, which then becomes the effective contact surface. The low friction
in a smooth bearing relative to rough steel against rough steel, reduces the torque and
drag significantly. The subs are typically placed one pr stand in the sections of the
well that sees the highest side force. They have been deployed as a contingency in
wells where torque and drag forces became higher than expected, and halted drilling
before reaching planned total depth. The use of these mechanical friction reduction
subs have reduced torque and drag enough to continue drilling (Long et al. 2009).
Although mechanical friction reduction tool have larger OD and are heavier than drill
pipe, which would give higher torque and normal force, the effect is outweighed by
the reduction of friction that these tools provide. An example of such a tool is shown
in Figure 3.5. Another bonus is that casing wear is reduced by these tools.

Figure 3.5 Example of a friction reduction tool.
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3.4.5 Mud system

The easiest way to reduce torque and drag is to use oil based mud OBM or synthetic
based mud SBM instead of water based mud WBM. It is also possible to add
lubricants, even to WBM

3.5 Calibration and interpretation of real time readings

After a model has been made, a typical chart will be generated which shows slack-off,
free rotating and pick-up forces for an increasing measured depth. As drilling starts
and measured data are plotted on the same chart, the first thing to do is to check the
validity of the model, which is done by comparing the measured free rotating weight
against the model. Since free rotating weight is independent of friction factors, and is
simply the buoyed unit string weight multiplied by the projected vertical depth.
Measured free rotating weight should match perfectly with the model. So what is then
wrong when they do not match and especially if measured static weight do no longer
follow in parallel to the modelled weight and start to follow a different slope.

e Hookload load cell could have wrong calibration.

e Wrong mud weight.

e Wrong weight of drill string components is entered.
e Wrong block weight entered.

Drill string wear and an old worn drill pipe may have lower weight than the
specification say it have. BHA weights can also be troublesome as weights are not
always accurately given for the myriad of available BHA components. When the
model has been tuned or hookload data calibrated, and the free rotating weight looks
acceptable, then friction factors can be tuned to match the measured data for pick-up
and slack-off. Then the torque and drag model is ready to be used as a tool to monitor
hole cleaning or other developing hole problems. As we drill ahead more measured
data are plotted. As long as the measured data matches the model, there are no hole
problems and hole cleaning is good. If the trend in the measured data starts to diverge
from the model it is an indication that a problem is developing. Typically if pick-up
weight start to increase and at the same time slack-off start to decrease, it is a good
indication that there could be cutting beds accumulation. Since there are many
phenomena that can occur during drilling, like differential sticking, tortuosity, key
seating, well instabilities like cavings or sloughing shale, it is easy to misinterpret and
other relevant data like ECD, standpipe pressure and cuttings on shakers should also
be monitored. An increase in ECD is usually a good indicator that cuttings are filling
up the wellbore.
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3.6 Static hookload
The static hookload or free rotating weight is equal to buoyed unit pipe weight
multiplied by projected vertical depth, regardless of inclination (Aadnoy et. al. 1999).
In other words a vertical well will have the same static hookload as a deviated well
with the same projected vertical depth.
This can be shown for a straight section by:
W () = wAL cos ¢ (17)
Projected vertical height is:
AZ = AL cos @ (18)

Combining gives:

W(p) = wAZ (19)
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4 Mathematical modelling

4.1 Torque and drag modelling

Torque and drag modelling software has been used extensively since the 1990’s.
Especially in complex and long extended reach wells, where the loads are near the
limits of equipment material. T & D analysis has been the core of good ERW drilling
principle and practice. The models have been important to avoid drilling problems,
allowing us to drill further. With longer wells, reservoirs can be drained more
efficiently and the number of offshore installations can be reduced, as one installation
can drain a larger area. The models are applied in all 3 phases of a well:

In the planning phase torque and drag are two key parameters in the well construction
process. Models are used to check if the proposed well path can be drilled and
completed with available equipment. Drill string loads are analysed, which then can
dictate drill string and equipment size and rig capabilities. The trajectory design can
be optimized to minimize torque and drag. Torque must be within safe work limit for
the rig and string, allowing for a suitable safety margin. It is also used to check if
OBM or WBM should be used. Care has to be taken into account since planned well
trajectories are idealized smooth curves, while actual survey data include variable
radius of curvature, small doglegs and deviations from planned trajectories. In
addition tortuosity in between survey points makes the difference greater. In other
words planned well paths are smooth while the real well path is somewhat more
crooked. Using planned trajectories will cause the model to predict axial loads and
torques that are lower than the actual values. If smooth planned trajectories are used
and only friction factor is increased to correct for hole irregularities, it would have the
limitation that it would predict zero torque and drag in the vertical part of a well,
because side forces are zero in vertical sections. Therefore actual survey data should
rather be used or some tortuosity, rippling or crookedness could be applied to the
planned trajectories. Many different algorithms for superimposing this rippling have
been suggested, including sine wave and random alteration of azimuth and inclination
by various magnitudes of amplitude and wavelength.

Challenging and complex wells are often modelled in real-time, the benefit is that
drilling problems can be detected at an early stage, allowing us to take action and
mitigate the smaller problems before it escalade into a big problem that could give
serious well damage. The hookload is then measured in real time at connections and
pick-up weight, slack-off weight and free rotating off bottom weight and torque is
recorded and compared to calculated values. If recorded values match the model, it
indicates that the well has good hole cleaning. When recorded values deviate from the
model, it’s a good indicator that there is a problem downhole. The problem might be
due to key seating, differential sticking, cuttings bed accumulation. Whatever the
problem is other factors like ECD, standpipe pressure, pit volume must be checked to
evaluate what the problem is. In order to obtain best results, real time surveys should
update the model in order to include deviations from planned well trajectory and
directional drilling errors. Torque and drag models are the best tool we have for
monitoring hole conditions. In real-time it is also possible to back-calculate friction
factor from measured hookload by iterating until a match between measured value
and the model (Lesage 1988) is found. A plot of calculated friction factors versus
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depth is then used to identify downhole problems. This can also be calculated in
drilling mode if downhole weight on bit and downhole torque on bit is available.
Torque and drag models are steady state models, which means the calculations are
only made for string movement in a steady manner, sudden transient effects are not
incorporated.

In post drilling a detailed analysis can be an aid in revealing the true cause of
problems, which previously was unexplainable. The post drilling analysis allows us to
make changes to operational procedures, so we can avoid problems for the next well.
The measured data can be used to give us better understanding and allow us to plan
the next well better. Post analysis may also lead to a more accurate friction factor, by
including local information such as formation lithology, permeability and mud
properties. The gained information can be used to evaluate better well trajectories and
kick-off points depths, and correcting casing setting depths, in order to avoid hole
problems being encountered in the evaluated wells.

To summarize, a torque and drag model has the following use:

e Trajectory design to minimize torque and drag forces.

e Determining hole condition to determine if problems are arising.

e Drill string design to reduce torque and drag.

¢ Monitoring hole cleaning in real time.

e Monitoring friction when running casing.

e Determine the onset of drill pipe buckling.

e Determine the possibility of reciprocating casing during cementing.
e Providing lateral load inputs for casing wear models.

e Anaid in determining if a changes to the mud is necessary.

e Calculating WOB in highly inclined wells with high frictional drag.
e Determining if drill string torque limits may be exceeded.

¢ Aid in making strategic decisions on mud systems.
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4.2 The standard model

Torque and drag modelling began with Johancsik et al. (1984). They presented a
simple and user friendly model. Johancsik assumed that torque and drag was entirely
caused by sliding friction. He used the standard Coulomb friction model and set up a
force balance for a pipe element in order to find the normal force between pipe
segment and borehole wall. He assumed that the normal force was caused entirely by
tension against the curvature and the weight of the segment. He decomposed the
normal force and assumed that the total normal force of a segment would be the
vector sum of the horizontal and vertical components. The model considers the string
to be made up of short segments joined by connections which transmit tension and
torsion. The equation for friction is applied to each segment, with the calculations
starting at the bottom of the drill string and proceeding upward to the surface. Each
short element contributes to small increments of torque, axial drag and weight. These
forces and torques are summed to produce the total loads on the string. This model is
thought to be an approximation of real drill string behavior.

A
F; + dFe—
dF = udN
d
// g
>do
. R
* »
Fy

Figure 4.1 Forces on an infinitesimal segment.

By investigating Figure 4.1 we see that the normal force when using polar coordinates
is:

d d 20
dN,,=(F1+dF)sin(7(p)+Flsin(7(p)+szincpd(p (20)

For small angles (in radians):

n (@)=

We get:

31



de de .
dN, = 2F; (7) + dF (T) + wRsingp do

And since: dFldT‘p ~ 0
We then have normal force contribution in vertical direction:
dN, = Fidep + wRsinp d¢ (21)

In horizontal direction we have a normal force of:

(day _(day
dN, = (F; + dF) sin (7) sin¢@ + F; sin (7) sin ¢
This then reduces to:

dN, = Fidasin @ (22)

In tangent direction we have:

d d 23
(Fy + dF) cos (7“) — F; cos (7&) + uldN,| =0 (@)

For small angles (in radians):
(da) 1
CoS > =~

We then reduce to the incremental friction force which is product of the normal force
and friction factor:

dF = +u|dN,| (24)

The normal force N is the vector sum of the horizontal and the vertical normal force
SO:

1
dF = +u((Fidasin 9)? + (F;de + wR sin ¢ dg)?)2 (25)
Letting the approximation that d = A and since:
wWRdp =W (26)

Adding a term for the projected weight, Johancsik ended up with an equation for the
drag of a segment:

1
F, = F; + W cos ¢ + u((F;Aa sin ¢)? + (F;A@ + W sin ¢)?)2 27)
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F1 is the force on bottom of the segment. Where + means hoisting and — means
lowering.

In a straight section without any curvature Ap = Aa = 0
And the equation reduces to:

F, =W cos @ + ulW sin® (28)

In a horizontal bend section, the equation would reduce to:

1
Fy = F, + u((FA@)? + (W)?)2 (29)
A vertical bend would be:
F, =F, + W cos@ + u(FiAp + W sin @) (30)

He assumed that the side forces in a bend due to the stiffness in pipe could be
considered negligible, so the string is modelled as a cable, chain or rope with no
stiffness. Therefore the string is therefore called a soft-string model where bending
moments are not considered. Later Sheppard et al. (1987) changed the model to
standard differential form, and included mud pressure effect. This model is widely
available and has been used throughout the industry. If there is something as a
standard model this is the one. Numerous companies offered torque and drag
software, but almost all are based on the same equations, if the inputs are the same,
they would all yield similar results (Mason and Chen 2007). A major assumption is
that the string is in continuous contact with the wellbore over the entire length, thus
radial clearance is ignored. It could therefore ignore the direction of normal force
vectors and only consider their magnitude.

There is question about how good is the standard model is. The consensus in the
industry with a lot of field experience is that it is generally pretty good, although not
perfect. And sometimes it performs poorly. If the segment length was infinitesimal
small, the model would be exact. Longer elements introduce errors due to neglecting
second order terms (Johancsik 1984). The error is small when the curvature of the
segment is small. The standard model has shown to perform poorly on short radius
wells and on complex 3D wells (Mitchell 2009).

In theory the friction factors for torque hoisting and lowering should all be the same.
Often the friction coefficients that are needed to match real drag data are different
than friction factors needed to match torque data, sometimes even different friction
factors for lowering and hoisting are needed (Mitchell 2009). The friction factors may
even change from trip to trip. That is unphysical and is a good indication that
something is wrong with the model. Fudging by using several friction factors to match
measured data is a convenience, but a strong indicator that the model could be
improved.
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4.3 The new 3D friction model

4.3.1 Introduction

The old standard model and the new model have many similarities. Both models
assume linear Coulomb friction and assume that friction between pipe and borehole
wall is equal to normal force multiplied with a friction factor. In a straight section
there is no difference, the equations used are identical. In any curved section the
models only differ in the way side force is calculated. Aadnoy and Andersen (2001)
derived exact analytical equations for torque and drag in drop-off, build-up and side-
bend geometries. Later Aadnoy and Djurhuus (2008) found that the solutions had a lot
of symmetry, which led to further simplifications of the equations. They also showed
that the same equations could handle pipe in compression through a bend. These
simplified equations were limited to drop-off and build-up segments in vertical plane.
Recently Aadnoy, Fazaelizadeh and Hareland (2009) published a fully analytic 3-
dimensional torque and drag model which is based on the absolute angle change, or
dogleg severity. The model also had capability of combined axial and tangential
motion, such as for reaming and drilling. A whole well can then be analysed by two
sets of equations, one for straight sections and one for curved sections.

F,

Fi
Figure 4.2 New 3D model.

The model describes the hookload while hoisting, static and lowering, and reaming
and back reaming. Two equations describe torque and drag for a straight section.
Two other equations describe the torque and drag for a curved segment. The length of
one segment, in the planning phase, can be a full build-up, drop-off or tangent section.
While for real drilling data, one segment is usually the measured distance of wellbore
between two surveys. The model starts from the bottom of the well and calculates
tension force increment and torque increment for every segment. The tension force on
top of one segment is used as the tension in the bottom of the next segment higher up,
this continues to the top of the well.
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4.3.2 Assumptions

Like the Johancsik model, the new model assumes the drill string is made up of short
segments joined by connections which transmit tension, compression and torsion. All
soft-string algorithms ignore the bending stiffness of drill pipe and collars in the
BHA, and the effect of stabilizers interaction with formation. These algorithms will
result in a slight under-estimation of the amount of drag and torque in the stiff BHA
section, especially if the hole is crooked with high doglegs. In the drill string section
the effect of bending stiffness is minimal and can be ignored. To compensate for
bending stiffness in the BHA an over-estimation of the friction factor can be done.
The soft-string algorithms also ignore radial clearance between string and borehole.
The strings path is assumed to be exactly the same as the hole path. The string is
therefore assumed to have constant contact with the wellbore throughout the well.

4.4 Inputs to the model

e Drill string description including: ODs, IDs, weights and lengths

e Actual survey data to MD, including: MD, azimuth and inclination.

e Planned survey data to TD, i including: MD, azimuth and inclination.
e Friction factors in cased hole and open hole.

e Mud properties: density, plastic viscosity and yield point.

e Travelling block weight

e Casing depths and weights

e Pump rate, for hydraulics calculations

e Torque On Bit, (if a TOB sub is in the BHA)

¢ Weight On Bit, (if a WOB sub is in the BHA)

e RPM
e Bit depth
e Hookload

e Torque at surface
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4.5 Friction factors

Torque and drag equations use normal force and a friction factor to calculate the drag
forces and torque. If the friction factor is unknown it can be adjusted by iteration to
match simulated results with field measured data. Any simulated result is inaccurate
due to complexity and multitude of variables that affect the friction factor. In order for
the model to have any practical value and obtain realistic results, it is essential to
remove as much “fudge” as possible from the “lumped” parameter which is called a
friction factor. We therefore can apply corrections for various effects, such as contact
surface, hydrodynamic viscous drag, temperature and sheave friction.

4.6 End conditions

The boundary conditions at the end of the string will depend on the operation being
simulated. At the end of the string then F; = 0 when the bit is rotated off bottom or
when tripping in or out. For simulating drilling, when the bit is on bottom, a positive
value is given to F1, to simulate the Weight On Bit WOB. Likewise for simulating the
Torque On Bit, TOB, a positive value is given to Ty,
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4.7 Derivation of the new 3D model equations

4.7.1 Drag in straight inclined section without rotation

In a straight section of a wellbore, the friction will be independent of tension in the
string. The only contributing factor to side force is the weight of the string. The force
on top of a straight section is then:

F, = F; + wAL(cos ¢ *+ psin @) (31)

F, is the force on bottom of the segment. Where + means hoisting and — means
lowering. The forces on a straight section are exactly similar to the forces on a block
sliding on a plane, as shown in Figure 2.4. This equation for drag in a straight section
is identical to the model proposed by Johancsik. In a straight section there is no
change in inclination and azimuth, so Ap = 0 and Aa = 0. The Johancsik model for
drag is:

F, = Fy + W cos ¢ + uy/ (FyAa sin )2 + (FA@ + W sin )2 (32)
This will for a straight section reduce to:

F, = F; + W cos ¢ + uy/ (W sin ¢)2 (33)
Reducing and inserting: W = wAL, we get:

F, = F; + wAL(cos ¢ + psin @) (34)

The result (31) is identical to (34), so it has been shown that the new model and
Johancsik model are identical for straight sections.

4.7.2 Torque in straight incline section without rotation

Torque is the normal weight component multiplied with a coefficient of friction and
the radius of the pipe. For drill pipe that would be the tool joint radius, for collars it
would be the OD, and for BHA it would be the centralizer OD.

T, = T; + urwAL sin ¢ (35)
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4.7.3 Dragin a curved section without rotation

In a curved section the side force between string and wellbore depends on the tension
and the side force due to the weight of the string. Near the top of a well the tension
causes a lot larger side force than the weight of the string in the section. We can
therefore assume the string as weightless and if we look at a curved segment in Figure
4.3, we get the infinitesimal normal force:

Figure 4.3 Forces on a curved segment.

dN = Fd6 (36)
This leads directly to the friction force:
dF = uFdo (37)

We get an integral

F, 6 (38)
dF

| F= [ s

Fy 041

Integration between 0; and 0, gives:

F, = Fleiﬂ|92—91| (39)

We then add a term for the weight of the string, which is buoyed unit weight of pipe
multiplied by projected vertical height.

F, = Fye*#02=01l 4 ATV D (40)

Projected vertical height may be found by several methods, for instance with the
radius of curvature method, it will be:

sin ¢, — sin <p2) (42)

ATVD = AL (
P2 — P1
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4.7.4 Torque in a curved section without rotation

When tensile force is so large that we can ignore the side force due to the weight of
the pipe, then we find the torque by multiplying side force with radius and friction
factor:

T =T, + urF,|0| (42)

4.7.5 Combined motion

The angle between axial and tangential velocity is:

v, V, 60 (43)
_ —1(la) _ -1(_Ya
¥ =tan (Vt) tan (ZnRPM)

If ¥ = 0° then there is rotation only.
If ¥ = 90° then there is axial motion (up/down) only.

Straight section
F, = F; + wAL cos ¢ — uwAL sin ¢ sin¥ (44)
T, = T; + wrwAL sin ¢ cos ¥ (45)

Curved section
F, = F; + Fy(e*#%276) — 1) sin¥ + wATVD (46)

T, =T, + urF;|6| cos¥ 47

4.8 Stiff string models

Various attempts have been done to create a friction model that account for the string
bending stiffness (flexural rigidity) and radial clearance, such models are called stiff-
string models. There are currently no “industry standard” formulation for stiff string
models. Due to the stiffness of a string, such models should give higher side force in a
bend, and probably lower side force at the end of the bend where the pipe straightens.
A stiff string model could in theory be beneficial when the trajectory is highly
tortuous with high doglegs and there is a stiff BHA or casing. The stiff string models
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were developed to overcome soft string models limitations where they under predict
the drag especially for the BHA, however field experiences indicate that stiff string
models fail to accurately model effects of radial clearance (Mason 2007). More
studies should be performed to determine when stiff string models should be applied.
Stiff string models are not used in this thesis, and are not discussed further.

4.9 Contact surface effect

A pipe dragged along a flat surface will have less friction than the same pipe being
dragged through a wellbore (Maidla and Wojtanowicz 1987). An approximated
correction factor which is based on hole size and pipe diameter for every string
element, can be applied to the friction factor. They showed that when a cylinder with
outer diameter d moves through a pipe with a slightly larger inner diameter D, then

the friction force will be % greater than if the pipe was dragged along a flat surface.

4 (48)
F;, =—uN
d 7Tli

A pipe in a well has generally a smaller OD than the ID of the wellbore and a
correction factor Cs will apply, this will be somewhat smaller than %:

F; = C,uN (49)

The correction factor varies between 1 and %, dependent on the contact surface angle
vi of the section, y; varies between 0 and 90 degrees.

2 /4 50
Co==vi(>-1)+1 0

Where contact surface angle is given by:

2X; (51)
= -1 L
R A} +di|
Where:
v 1|D} = df + (D; — d; + 2Ad,)? (52)
g (D; — d; + 2Ad,)
L avefz (53)
X = §|di — 4Y7|
T di (54)

Ad,

= N. —
24E; ' t;
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Since Young’s modulus E for steel is very high, Ad will be very small and can be
ignored. Then we get a friction factor correction that only depends on the string outer
diameter and wellbore diameter. It can be reduced to:

— a2 55
Cs=ztan_1<M)(é—1)+1 )

I8 d; 4

We then get a contact surface corrected friction factor by:

2 ((D;—d})'\ 4 (56)
Ucorrected,i = Hi ;tan d—z (; - 1) +1

The effect of contact surface mentioned here is very easy to apply as it only depends
on borehole size and string diameter, however, as shown by Fazaelizadeh (2010) the
effect is small and is therefore not investigated further in this thesis.

4.1 Hydrodynamic viscous force and circulation of mud

Circulation of mud causes an apparent reduction of the weight of the string. This
effect is dependent of hole size, drill string size and mud rheology and pump rate.
Smaller hole sizes seem to be most affected. In a borehole where we have a string
where we pump down mud, we have liquid flow that is at least partly turbulent.
Friction from viscous drag is not linear, and various complex equations have been
used.

4.2 Hydrodynamic viscous drag force and axial motion

The pressure gradient in annulus depends on annular flow velocity, mud properties,
flow regime, pipe velocity. Some torque and drag models does not take into account
effects of fluid flow, attempting to simulate weight with pump on with a non-fluid
flow enables model could give erroneous results. The biggest problem is the great
number of rheological models available, so the calculated results have a great
variability. The frictional losses depends on annular velocity and hydraulic diameter
and viscosity. The accuracy of all these may be debated. The viscosity of non
Newtonian drilling fluids is such that shear stress versus shear rate is not linear. So the
viscosity is not uniform over a cross sectional area, viscosity may also be dependent
of temperature. The Reynolds number depends on viscosity, flow velocity and
diameter. In other words, a calibration of several parameters may be necessary to
accurately model such a highly complex problem. Surge and swab calculations can be
used to calculate pressures associated with axial pipe movement (Maidla 1987). The
calculation procedure is based on the theory for viscous drag for Power law and
Bingham plastic fluids in a borehole. Calculation of mud clinging constant for laminar
flow:

62 —26%In(6 — 1) (57)
2(1—62)Iné

C. =
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Mud clinging constant for turbulent flow:

614+(;S_62 (58)
+
1— 52

C. =

Where 6 is the ratio of pipe diameter and borehole diameter. The average effective
annular velocity which produces the viscous drag component of surge pressure is:

52 (59)
Vae = VUpipe 1_—52 + C,

The Reynolds number Ng, can then be found for annular flow, assuming a Bingham-
plastic drilling fluid:

PVqe (D - d) (60)

Npe = 926.4 - —

Where laminar flow: Ngre <2100

And turbulent flow: Nge> 2100

And the Reynolds number Nge can be found for annular flow, assuming a Power-law
fluid:

2—n n
_ ina PVae (D—d. n ) (61)
Nee = 109100 = =45~ Zn+ 1

Where laminar flow: Nre <3479 -1370n

And turbulent flow: Nge>4270-1370-n

Calculation of friction factors: for Reynolds numbers less than 10°, a Straight line
approximation of the Colebrook function for Bingham plastic fluid yields an accurate
friction factor, we then have a Fanning friction factor. Power-law fluids may also use
Fanning friction factors for low Reynolds numbers with acceptable errors. Fanning
friction factors are found for laminar and turbulent flow by:

fo_ 16 62
lam — NRe
~0.0791 (63)

Viscous pressure gradient is then found by Bingham plastic model by:

AP fvi.p (64)
AL~ 25.78(D — d)

Viscous pressure gradient is found for laminar and turbulent flow by Power law
model by:
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APy, k ( 48 2n+ 1)” (65)
AL 144 -10*(D-d)\D—-d n

APturb — fvo%ep (66)
AL 21.1(D — d)

Finally the hydrodynamic viscous force can be calculated for each segment:

(67)

T (AP
FDl 4(

20\ AL.g?
AL)iAlel

The effect of hydrodynamic viscous drag and axial motion is mentioned here because
it gives a small effect. But it is out of the scope of this thesis to pursue this complex
problem any further.

4.3 RPM dependence of torque

Field experiences have shown that torque is dependent on RPM. Viscous drag
contribute somewhat, but the effect is relatively small. It is probable that at certain
rotational speeds the string gets excited, an increase in torque is then seen due to
whirl, vibration and gyroscopic precession. These are transient dynamic effects that
are not currently implemented in any torque and drag models. Therefore it is
important that in order to achieve consistency, torque readings should be done at the
same RPM throughout a section.

4.4 Potential pitfalls in modelling

e A torque and drag model cannot be used to see if a casing will go through a
sharp dogleg. Due to the nature of a soft string model, radial clearance is
ignored, so even if a simulation looks good, the casing might be impossible to
get through the dogleg.

e Friction factors from drilling runs should not be used directly for casing runs.
Different factors may apply, even though the metal to metal and metal to
formation friction would be the same. This is due to the nature of the friction
factor which is more like a correlation factor which lumps together several
effects such as tortuosity, bending stiffness, hydrodynamic viscous drag and
contact surface difference due to the increased size of casing relative to drill
string size.

e Static friction is very complex and unpredictable, using static friction in a
torque and drag model is inappropriate. A torque and drag model is usable for
modelling with dynamic friction (Mason 2007).

e Torque is also dependent on RPM, due to dynamic or transient effects which
are not yet incorporated into the models. Therefore, torque readings should be
made at a consistent RPM throughout a section.
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4.1 A different approach to drag

Johannes Djurhuus defined the problem of drag in a bend in the vertical plane slightly
different from Aadnoy and Andersen (2001). He came up with a model for drag in a
bend which possessed a lot of symmetry. Note that his solution is only applicable to a
vertical bend, in other words only 2D, not for a 3D bend with changes in azimuth. The
exact solution for drag in a vertical bend from Aadnoy and Djurhuus (2008):

F, = F,eABN®2-¢) (68)
WR

+1+u2

[A(l _ ‘le)(Sin Q2 _eABIJ((pZ_(pl) sin (pl)

The sign of A and B are shown in table 4.1 for different operations and geometries.

Sign Constant | Buildup Dropoff Buildup Dropoff
hoisting hoisting lowering lowering

A-tension + + - -

A-compression | — - + +

B - — - +

Table 4.1 Sign of A and B for different geometry.
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4.2 Summary of equations

4.2.1 Summary of equations from Johancsik

Hoisting and
lowering, F, =F, + W cos @ + uW sin ¢
straight

Hoisti_ng and F,=F +Wcos¢p + /,L\/(FlAa sin@)? + (F{A@ + W sin ¢)?
lowering, 3D

Vertical bend F, =F +Wcosg + u(FiAp + W sin @)
Horisontal F, = F; + uF;Aa
side bend

Table 4.2 Summary of the "'standard" model

4.2.2 Summary of drag equations from Djurhuus

Hoistin _ WR : —01) ot

o g F, = F eth@2-91) 4 T (1 = u?)(sin @, —e*H@2=9D 5in ¢, )
lowering

Torque T, =T, + |ru{F (@, — @,) + wR[2(cos @, —cos @,) — (¢,—®,) sin p]}]
static

Table 4.3 Djurhuus’s equations for vertical bends

String in String in tension
compression
% H % H
Build up bend: Hoisting + - - -
Lowering — - - +
Drop-off bend: Hoisting + + — +
Lowering — + + +

Table 4.4 Sign convention in Djurhuus’ drag equations
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4.2.3 Summary of straight section equations

Static weight F, = F, + wAL cos ¢
Hoisting force F, = F, + wAL(cos ¢ + usin @)
Lowering force F, = F; + wAL(cos ¢ — usin @)
Torque T, =T; + urwAL sin @

Table 4.5 Summary of straight section equations

4.2.4 Static weight of a bend segment

Drop-off static weight F, = F; + wATVD
Build-up static weight F, = F, + wATVD
Side bend static weight 0

Table 4.6 Static weight of a bend

Where true vertical depth of a segment may be found with minimum curvature
method, or by approximation by:

ATVD = R(sin @, — sin @)

Or alternatively, with radius of curvature method:

sin ¢, — sin goz)

ATVD = AL(
P — Pq

4.2.5 Forcesin a horizontal side bend

From Aadnoy and Andersen

Lowering [ 2
1 WR
Fp =5 (F1 + FZ + (WR)2> etlaa—a) (WR)

(Fy +VFZ + WR)Z) enlaz—a)

HOiSting (WR)Zeﬂ(az_al)

F1 +JFZ ¢ (wR)Z)

&
I

<F1 + F2 + (WR)2> ehlaz=ar) _

N =

Torque
T = 1wl — ] 2+ (wR)?

Table 4.7 Forces in a side bend

These are assuming that the weight of pipe in the side bend is also contributing to
total side force.

46




4.2.6 The new 3D model for curved segments only

Hoisting
and
Lowering
Curved

F, = Fjet#02701l 4 ATV D

Torque
curved

Ty, =Ty + purF,|0; — 04|

Table 4.8 Summary of the new 3D model

4.2.7 New 3D model and combined motion

Straight lowering

F, = F; + wAL cos ¢ — uwAL sin @ sin ¥

Straight hoisting

F, = F; + wAL cos ¢ + uwAL sin ¢ sin¥

Curved lowering

F, = Fy + F;(e7#®279) — 1) sin ¥ + wATVD

Curved hoisting

F, = Fy + F;(e7#%279) — 1) sin ¥ + wATVD

Angle of friction
vector

v, V, 60
() o ()
a\v) = \ZarreM

Torque in straight

T, = Ty + wrwAL sin ¢ cos ¥

Torque in bend

TZ - T1 + uTF1|92 - 91| COS‘P

Table 4.9 Combined motion with high string tension

In the 3D model for curved segments an assumption is made that the string is
weightless, to find an expression for effect of tension, and then adds the weight of the

string to the final result.
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4.3 Critique of the new analytical 3D model

The new model has very simple formulation, which allows for quick computation
time. When the tension is so high that the side force due to tension is a lot greater than
the side force due to the weight of the pipe, the new 3D model works great. When
tension is high it matches field data as shown by Mirhaj (2010), however, he also
showed that the model gives an under prediction of friction in the lowest part of the
string which has low tension. The reason for this under prediction can be seen by
examining equation for the new model:

F, = Fyet#l02=01l 4 WwATVD (69)

We see that if there is a horizontal side bend, the equation will be reduced to:

F, = Fleili(ez—eﬂ (70)

When tension is low, the position of the string in the wellbore will be given by the
sum of the gravity vector and the side force vector due to the bend. But the side force
due to the weight of the pipe itself is ignored. In a horizontal side bend as shown in
Figure 4.4 the pipe in the hole will lie on one sidewall if the tension is high. On the
other hand, if there is no tension, the pipe will be gravity dominated and lies on the
low side of the hole. The problem of under prediction of drag in a horizontal section
with low tension was solved by Mirhaj (2010), he introduced a new tension criteria. In
the criteria drag could be calculated by straight segment equation when the tension is
low. With the new criteria more drag was predicted in the part of the string with low
tension. But then the string is assumed to be on the low side when tension is low, and
on the side of the wall when tension is above the critical limit. But in reality the string
will be positioned somewhere in between these two extremes.

.\ Position of string, if
Y tension is high.

Position of string, if
tension is low.

Figure 4.4 String position in a borehole.
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So clearly the new model has some inaccuracies for the lowest part of the string
where tension is low. It is worth noting that the side force effect of the string weight
will be reduced the higher the pipe lies on the borehole wall. When a string is in the 3
or 9 o’clock position, the effect of the string weight on side force will be zero. This is
shown in Figure 4.5, where the normal force due to gravity is greatest for the pipe on
the low side.

W

v

Figure 4.5 Forces due to gravity on horizontal pipe.

4.4 Proposed new model

To improve upon the deficiency when the tension is low we try to have a different
approach to the problem. We consider an element of pipe and decompose the tension
vector from previous segment into its horizontal and vertical components by using
trigonometry. Then use the exact analytical equations for a horizontal side bend and
the new 3D model is used in 2D for the vertical bend. By 2D we mean that for the
vertical bend, only the change in inclination is considered. As it can be seen from 4.6
the side C can be decomposed into its horizontal component b, and its vertical
component a. Note that the lines in the triangle are curved as if it is on the surface of a
sphere.

Figure 4.6 A triangle on a sphere.
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Remembering that the most common well path model the “minimum curvature
method” assumes the well path to be wrapped around the surface of a sphere, which is
the largest sphere possible that will fit between the survey points. In other words, the
sphere has “minimum curvature”. This is shown in Figure 4.7, where the largest
sphere g, fits in between survey station A and B.

Figure 4.7 Minimum curvature method.

Since the radius of the sphere is a lot larger than the length between two survey
stations, we may simplify slightly and use the Pythagorean theorem, instead of using
more involved spherical trigonometry.

The horizontal component can be found by:

= (71)
Foi = F;;_1cos (arctan (m))
The vertical component can be found by:
| = (72)
Fyi=F;q1sin (arctan (m))

Then both the vertical and horizontal drag forces can be calculated individually. The
vertical component on top of the element F,, ,, and the horizontal component on top
of the element F, ,. The net force on top of the segment F; is then calculated by re-
combining using Pythagorean theorem and adding a term for the weight of the pipe:

73
F, = /Fq,,zz + F, ;> + wATVD (73)

Likewise this process will be repeated for the next upper element. The flowchart in
Figure 4.8 shows how the model selects which equations that should be used.

This method of decomposing the force into its horizontal and its vertical components
based solely on the change in inclination and azimuth is not an exact method. Some
errors will be introduced when decomposing and recombining the forces. Trying to
model a whole well by this method can be done, but the error introduced will be
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greater. There is no reason for doing that because when tension is high, the effect of
pipe weight can be ignored, and the new Aadnoy 3D model works well then. So this
method is proposed to be used only where the side force due to the weight of the
string is not to be ignored, that is when the string has low tension. This method is a
better solution, than assuming that straight segment equations can be used.

Is
DLS very
low?

Yes

\ 4

Calculate F; by using “straight
segment” equations.

Tension

High ?

A

Calculate F, by using new 3D
model equations.

Split F; into horizontal and
vertical components.

A 4

A 4

Calculate horizontal force by
using exact analytic equations.

Calculate vertical force by
using the new 3D model in 2D.

\ 4

Calculate F, by using
“Pythagorean theorem”.

Figure 4.8 Flowdiagram showing how to calculate tension on top of a segment.
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4.5 Straight or curved

A problem arises when we shall select which equation has to be used when the hole is
almost straight. If a segment of the hole is perfectly straight, then we know we should
use the equations for friction in a straight hole. But when the hole is close to straight
we could still use straight segment equations. If the hole segment is more curved we
know we should use equations for curved segments. We then have to find criteria for
when we should use straight segment equation and when to use equations for curved
segments.

4.5.1 Previous straightness criteria

Previous work with this new model has used several different criteria to determine if a
segment is curved or straight. The latest version that is used compares the dogleg to a
fixed dogleg limit, e.g. 0.05 radians. For any dogleg greater than this limit and curved
segment equations should be used. The method used to find this curvature limit can
certainly be debated since the selection of the curvature limit has an impact on the
modeled results. Previous work have used field data to set the curvature limit for each
specific well so that straight tangent sections are modeled as straight and any build
sections are modeled as curved.

The tension is also checked so that when the tension is lower than a certain limit, then
straight segment equations are used. This is illustrated in Figure 4.9. The high tension
limit should also be based on field data for the specific well. There is no specific right
way of finding the tension limit. Several methods could be used. Mirhaj (2010)
derived an equation for the tension limit:

WeraAL sin @ (74)
Fiimie = N
2 sin (7)

Where wgy, is the average unit weight of the BHA, since it is most critical at the
bottom of the well. AL is the average distance between surveys, and the average
dogleg is 6.

A different approach to find the critical tension limit is to calculate ratio between the
side force due the weight of the pipe, and side force due to tension and curvature. By
plotting this ratio we can set the tension limit to the tension in the string where the
ratio starts to increase. That is where the side force due to tension is starting to be
dominating over side force due to the weight of the string, for a specific segment. This
ratio can be found by:

R = WAL sin @ (75)
-~ F#
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Is
0 < curvature limit
or
Fy < Flimit

Yes

A 4

Segment is
straight

Y

Segment is
curved

Figure 4.9 Latest criteria for determining if segment is straight or curved

4.5.2 DLS filter

A different criterion for determining whether a segment is straight or curved, would
be to use a dogleg severity filter, DLS filter. This filter will then use the radius of the

curve as well as the radius for the segments above and below. Then the distance, h,
from a reference line is calculated, ref. Figure 4.10.

... Reference line

Figure 4.10 DLS filter.

Then this distance is compared to the radial clearance between the string and
borehole, ref. Figure 4.11. If radial clearance is less than the distance from the

reference line, we would use curved equations. And if clearance is greater we would
use straight equations.
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o rd

Figure 4.11 Pipe in a curved wellbore.

First we calculate the radius of the 3 segments:

ALy_q
R .=
AL
R, =—"
DL,
ALpiq
R, = —n+t

Then we find the heights:

DL, _
Xn_1=Rp_1 (1 — cos( ; 1))

DL,
Xn = Rn (1 ~ cos (T))

DL
Xn+1 = Rn+1 <1 - COS( ;+1))

The total deviation from the reference line will then be approximately:

>
IR
N =

(Xn—l + Xn+1) + Xn

(76)

(77)

(78)

(79)

(80)

(81)

(82)

Then we can compare this deviation to the radial clearance between string and casing:

If h < (D — d) then assume the segment to be straight.

If h > (D — d) then assume the segment to be curved.
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5 Field case study

5.1 Introduction to the example well

The well has been selected for the case study is a horizontal well drilled in the North
sea. It was drilled from a Jack up rig to TD at 6015 m MD. A 13 5/8” casing was set
to 1730 m MD. And a 10” liner was set from 1701m MD to 4501 m MD. A well
schematic with the 8.5” drilling assembly is shown in Figure 5.1.

ﬂ Riser, 128.63m
Welhead (70.71 m)
Level (70.71 m)

Mean Sea Level (70.
Mudine (149.05 m)

128.63m

135/8in, 88.2 ppf, L8O, , 1701.70m

170170 m
1730.35 m

10in, 68.8 ppf, P-110, , 4501.29 m

OH 215.90 mm, 6015.23 m

4501.29 m
6015.23 m

Figure 5.1 Field case well schematic.

This well builds angle three times:
1. The first KOP 600 m.

2. The second at 2000 m TVD.

3. Final build to horizontal at 3200 m TVD.
As shown in the vertical section in Figure 5.2 and in the inclination graph in Figure
53
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Figure 5.2 Field case, vertical section.
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Figure 5.3 Field case, inclination vs. depth.
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This well also has three large turns in azimuth, as shown in the departure in Figure 5.4

and in the azimuth graph in Figure5.5.
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Figure 5.4 Field case, departure.
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Figure 5.5 Field case, azimuth vs. depth.
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The dogleg severity in this well is not very large, with a maximum of 4 deg/30m at

4600 m MD, as shown in Figure 5.6.
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Figure 5.6 Field case, doglegseverity.

The drill string and borehole used in all simulations are the same as the one that was

used in Wellplan as shown in Figure 5.7.

Hole Section Edior
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Figure 5.7 Field case, drillstring and borehole.

58




This example well was drilled with Halliburton ADT service which used Landmark’s
Wellplan software for simulating torque and drag in order to monitor the hole
conditions by comparing actual field measured hookload and torque with the model.
Very consistent hookload data was measured for hoisting, lowering and static weight,
as well as free rotating torque. These measurements were done at every stand before a
new connection was made. The measured hookloads for lowering, static and hoisting
are plotted and the model in wellplan was first tuned to match the static weight, and
then to hoisting and lowering weights. A combined plot shows the measured weight
and the wellplan model for both the 12.25” section and the 8.5 section in Figure 5.8
The sudden jump at 4500 m is due to a lighter BHA was used to drill the lowest
section. This is due to 8 MWD tools were used in the 12.25” section, while in the
8.5 section the smaller 6 %” MWD tools were used.
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Figure 5.8 From wellplan, drilling 12,25 and 8,5
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5.2 Wellplan torque and drag module

The equations used in calculating torque and drag in Wellplan are based on the model
presented by Johancik et al. This model is sometimes referred to as the Standard
model in this thesis. This model is referred to as “Exxon model” too, since Johancik
had been developing the model for Exxon acquirement at that time. Comparison
between the Wellplan calculated results and our “Exxon” model was performed. The
Figure 5.9 shows that for the 8.5” section, when Wellplan and our “Exxon” model is
given the same inputs, the calculated results is almost the same. The small differences,
are probably due to small rounding errors in specifying the drill string weights and

lengths. The 3D model is also shown, and we see that they all give almost the same
results.

L) . ll
Drilling 8.5
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E 4500 \ \ \
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% o
o )f , = Exxon Lowering
3 ; :
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i °L Wellplan Rotating
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Figure 5.9 Comparison between Wellplan and Exxon model.
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5.3 Sheave friction

It is possible to tune the models so that we get a good match between field measured
data for hoisting, lowering and static weight. However, the method used to tune the
model can rise to questions. Firstly the “static weight” off bottom is not dependent on
friction factor, but only on unit weight of string, mud weight and vertical depth. So if
measured static weight does not match the model, either wrong string weight has been
entered to the model or the hookload sensor is out of calibration. The modelled static
weight has to be tuned to match field data either by correcting the unit pipe weight or
by calibrating the measured hookload. Secondly the hoisting and lowering weights are
measured with moving sheaves in the crown and travelling block and are therefore
affected by sheave friction. This means that the measured weight are actually a bit
lower for hoisting and higher for lowering than it is in reality. Corrections for sheave
friction may be applied either to the model or to actual measured data. In Figure 5.10,
Wellplan is used for modelling of drilling in the 8.5 section. The model is matched to
actual values but there is no correction for sheave friction. The friction factor to match
is very low, 0.16 for lowering and 0.14 for hoisting. We might say that the sheave
friction is then included in “fudge” of the friction factor. This might seem
unrealistically low, but this is actually how the company who drilled this well tuned in
their model.

Drilling 8.5"
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90 110 130 150 170 180

4000

4500 \
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5000

Actual Tripping Out

Lowering ff = 0.16

[Flai=]

Hoisting ff =0.14

Depth (m)

Static weight

5500 =

6000

6500

Figure 5.10 Matching actual data with no sheave friction correction.

This way of tuning in the drag model could without doubt been improved. But it
comes down to what the model is used for and the quality of available data. In the
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case of this well the main purpose was to monitor hole condition for signs of trouble
like cutting accumulations and hole cleaning. Experience with many wells told them
that they would only need to do remedial action whenever actual hookload deviated
by more than 9 tonnes from the model. For this use the numeric value of the hookload
is rather uninteresting, it is rather the trend and the sudden deviations from the trend
that is the most interesting.

If we apply sheave friction correction to the model, the result is shown in Figure 5.11.
In this case effect is that the curves for hoisting and lowering are shifted towards the
static weight curve. More accurate data would need to be available to do an accurate
calibration of the sheave efficiency, so in this case a typical (Luke 1993) sheave
efficiency of 98% was used.

Drilling 8.5"
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4000
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5000

Actual Tripping Qut

Lowering ff = 0.16
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Static weight

5500 o

6000

6500

Figure 5.11 Sheave friction correction applied to the model.

If we now tune the friction factor, we can match the actual data by a higher and more
realistic friction factor. In Figure 5.12 the actual data are matched by a friction factor
of 0.28 for hoisting and 0.21 for lowering. This shows that the effect of sheave
friction is something that we need to consider. Even though sheave efficiency is rather
difficult to determine accurately.
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Drilling 8.5"
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Figure 5.12 Matching the actual data with sheave friction correction and higher more realistic friction
factors.
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5.4 DLS filter as straightness criteria

It was tested to see how the newly proposed DLS filter would perform. The same field
case well was used, this time it was tested only with Aadnoy’s new 3D model for
hoisting. This test was done with the standard straight/curved criteria and the new
DLS filter. The Figure 5.13 shows the tension in the string for hoisting with bit close
to TD. The blue vertical line shows when the standard criterion gives the segment as
“straight”. The red vertical line shows when the DLS filter gives the segment as
“straight”. We see that the new DLS filter gives that a segment is “curved” a lot more
than the standard criteria. The DLS filter gives that 30% of the segments are
“straight”, while the standard criteria give 81%. Even with such a great difference the
calculated hookload through the string and at top is still very similar.

Hoisting at TD

Hookload (KN}

0 200 400 500 800 1000 1200 1400 1600 1800

1000

2000

——Stzndard
——DLSfilter
B DLSfilter, straight

® Standard, straight

3000 i

Maasurad depth (m)

4000

5000

§000

Figure 5.13 Hoisting close to TD, with the two different straightness criteria.

The next check was to see what the difference would be for a string being pulled out
of hole POOH. What was done was essentially the calculations done to create 5.13,
and repeat it again and again at increasingly shallower, to create a new curve for the
hookload while POOH after drilling to TD in the 8.5” section as shown in Figure
5.14. What we see is that the standard criteria and the new DLS filter give very
similar curves with only small differences. The actual measured hookload, recorded
by engineers at every stand, seem to correlate well to both. Interestingly the recorded

64



hookload started to increase from 4330 m MD, this deviation from the model is most
likely caused by a hole problem, such as e.g. cuttings accumulation.

POOH after drilling 8.5"

Hooklosd (Tannes]

N

pthin)

3000

Figure 5.14 POOH after reaching TD.

5.5 New proposed model

It was tested to see how the new proposed model for low tension would perform. The
same field case well was used, this time it was tested against Aadnoy’s new 3D model
for hoisting and lowering. This test was done with the standard straight/curved criteria
for the 3D model, with a curvature limit of 0.03 radians and a tension limit of 700.
This tension limit was found by calculating the ratio between side force due to weight
of the pipe and side force due to the tension and curvature, by using equation (75).
By examining Figure 5.15, we see that the side force ratio for hoisting is below 2 for
the lower part of the string and then increases rapidly further up. This is where we
should set the tension limit. A tension in the string of 700 KN is found where the ratio
is 3 for both lowering and hoisting. Higher up the string the tension ratio is so much
higher that the side force due to pipe weight is negligible as compared to the side
force due to tension and curvature.
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Figure 5.15 Side force ratio.

Figure 5.16 shows the tension in the string for hoisting and lowering with bit close to
TD. The red dots shows segments where the new proposed model is used, green dots
shows segments where straight line equations are used and blue dots shows segments
where the new 3D model is used. We see that the curves for hoisting and lowering
with new proposed model and the 3D model are overlapping and the results are very
similar, except that the new proposed model gives slightly higher hookload for
hoisting and slightly less hookload for lowering. This is as expected from theory since
the new proposed model includes drag due to curvature and account for the position
of the pipes position on the wellbore wall while the other model assumes straight line
equations.
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Figure 5.16 Hoisting and lowering with the new proposed model.

For POOH and RIH with the new proposed model, as shown in Figure 5.17 and
Figure 5.18. We see that the calculated result is very similar for both models, except
that the new proposed model predicts slightly less hookload for lowering while RIH,
and predicts a slightly higher hookload for hoisting while POOH.
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6 Conclusion

The following conclusion has been taken from this thesis:

The new 3D model has some inaccuracy for the lower part of the string with
low tension, since the side force due to the weight of the string is not
accounted for. A new approach to this problem has been taken, and a new
model is proposed and presented for the first time. This proposed model for
the lowest part of the string, accounts for side force due to weight of the string,
the position of the string in the borehole and the curvature in 3D. From the
specific field case study, this new proposed model predicts slightly more drag
than the previously used model.

The new 3D model consists of two sets of equations for straight and curved
wellbore sections. To set the limit for determining if a wellbore section is
curved or straight can be troublesome, and it has an impact on the calculated
result. Previous work with this model has used a straight/curved criterion
which is based on a dogleg limit and a tension limit. This tension limit was
based on side force due to tension and side force due to the weight of the
string. A new approach to this problem has been taken and in this thesis a new
straight/curved criterion is presented for the first time. This new criterion, the
DLS filter, account for wellbore trajectory and the radial clearance between
drill string and wellbore wall. From the specific field case study, the DLS
filter gives more segments as curved, as compared to the previous model.
However it only had a small effect on the calculated result. More studies on
other well paths should be taken to further investigate the validity of the DLS
filter.

The friction factor is a lumped parameter which is dependent on many factors,
not just true mechanical friction. Friction in the draw works sheaves affects
the hoisting and lowering weights. It has been shown in the thesis how this
effect can be corrected for. Some of the “fudge” in the friction factor can then
be removed and a more realistic friction factor can be obtained.
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8 Appendix
8.1 Derivation of exact equations

8.1.1 Derivation of exact equation for a drop-off bend

By investigating Figure 4.1 we see that the normal force when using polar coordinates
is:

d d 83
dN=(F+dF)sin(T(p)+Fsin(7(p)+szin(pd(p ®3)

For small angles (in radians):

n(8)= (2

We get:

do de :
dN = 2F (7) + dF (T) + wRsinp dp

And since: dF%‘p ~ 0

We then have normal force contribution of:

dN = Fdg + wRsinp do (84)
In tangent direction we have:

da da 85
(F+dF)cos<7)—Fcos(7)+ uldN| + wRdgp cosp =0 (83)

For small angles (in radians):

(da) 1
cos > ) =

We then reduce to the incremental friction force which is product of the normal force
and friction factor plus projected weight of pipe:

dF = u|dN| + wRdg cos ¢ (86)
By inserting (84) into (86) we get:
dF = (WR cos ¢ + u(F + wRsin@))de (87)

This is an ordinary linear first order differential equation of first degree, and on
standard form, it is written like this.
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dF _ (88)
%—,LLF = WR cos ¢ + uwRsin ¢

We can solve an equation like (88) by first defining the functions P and Q:

P(p) = —pu (89)
Q(®) =wR cos ¢ + uwRsin ¢ (90)
[(p) = el P@p = o] ~udo= o—1e (91)

Sincewehave F=F, and & =,

Fil(gq) 1 f"’z (92)
Fle—ﬂq’l 1 P2 (93)
— —M(l) .
2 = e, +e‘ﬂ¢’2 L e "?(wR cos @ + uwRsin @) do
1
(94)

P2
F, = Fje #®27¢1) 4 yRek¢2 j e H?(cosp + using) de
P1

e_ﬂ(p

14 p?

P2
F, = Fe #®27¢1) 4 yRek¢2 [ (—pcos @ + sing — u?sin @ — u cos go)]
P1

(95)
wRet (96)

P2 B o~ R
W[e ""’((1 — u*)sin¢@ — 2u cos <p)]¢1

F, =F e—ﬂ(‘Pz—‘Pﬂ +
2— 1 1+

Inserting the limits, we end up with the same result as Aadnoy and Andersen (2001)
did for hoisting in a drop off bend.

F, = Fe #2791 97)
(1+p?)
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8.1.2 Derivation of the equation for a horizontal side bend

By investigating Figure 4.4 we see that the normal force is due to the weight of the
pipe and due to tension. If the pipe is resting on the low side, the normal force is then:

dN = wRda (98)
The normal force due to tension is:
dN = Fda (99)

In reality the pipe will be positioned in between these two extremes, and the resultant
normal force will be the vector sum of (98) and (99). The resultant normal force will
give the incremental drag by:

dF = uJF? + (WR)2da (100)
This is an ordinary first order differential equation, and in standard form:

dF (101)
— — uJF2 + (WR)? =
T U + (WwR) 0

We can separate and integrate:

dF (102)
e d
-f F2 + (wWR)? f,u “
(F +F2 + (WR)Z) (103)
In =ua+c
wr

Inserting F = F;, when a = a,. We then end up with the same result as Aadnoy and
Andersen (2001) did. Tension at upper end is then given by:

1
Fp =5 <F1 + /Ff + (wR)Z) etH(az=a)

(WR)?
(Fy + 7+ (WR)?) etula-an)

(104)

Where pulling means + and lowering is - .
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