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Abstract

In the present situation of rig operations, the procedure of drill string design is crucial for
the successful enlargement of any kind project. Besides of a pipe reliable material, the
hoisting system of the rig must be prepared both for pulling out and moderating the velocity
of tripping in. Therefore, the term Hook Load is introduced to evaluate the axial forces
experienced by the drill string. This expression will be approached carefully through this
work, since it still brings some uncertainty within drilling operations and it should be
evaluated through an indirect method of measurement. This circumstance denotes one of the
principal incentives of this master thesis, which aims to improve the Hook Load
measurement and calculation, performing a better understanding of the forces exerted by
fluids in drill pipes, quantifying the effect and running sensitivity analysis. The partnership
of the company involved in this project allowed to achieve fruitfully the objectives planned.

Each step of modelling will be accurately supported by physical and mathematical models
giving through WellPlan™ simulator. Classic and modern approaches of the fluid forces
studies will be developed in this master thesis, analysing them individually also as a group,
because it is vital to know the effect of each downhole parameter to make efficient and
innocuous choices into the oil well drilling.

Key Words: Fluid forces, Hook Load, Buoyancy, viscous force, inertial force, piston force,
torque and drag.
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Chapter 1: Introduction

The primary goal of this study is to implement a hook load model that take in account the
impact of the fluid forces. In order to fulfil that purpose, it is necessary to approach some
concepts commonly used in hydrodynamics such a buoyancy, pressure area, inertial and
viscous force. The enlargement of those previous mentioned concepts is needed to develop
a reliable and complete downhole torque and drag model that can consider the influence of

the fluids additional to the existent terms as torque, tension, friction, weight on bit and drag.

In this initial chapters, one and two, the context of drilling mud, rheologic models, drilling
circulation system, including drill string mechanics, friction forces and hook load will be
exposed. A chronologic overview of previous works and their limitations is also part of the
introductory path. On chapter three, the focus will be in the mathematical access to the forces
in investigation. The next stage, chapter four, will explain the source of data used into the
model developed, for this case the guidance of MHWirth and the access to Downhole
Simulator ® which allowed to use input values, similarly there is some parameters that must
be commuted which base in some assumption that will allow to simplify some calculations,
then the data calculated must be interpreted and explained how to applied step by step, each
force at the time and finally the impact of the results in the torque and drag model including
some sensibility. Furthermore, the conclusion will take place in the fifth chapter with the
potential improvements for future work in order to encourage the reader to improve and go

beyond the scopes of the thesis.

Within this project a lot of concepts will be clarified regarding terms that usually are
misunderstood and overlapped inside the drill string mechanics examination. And hopefully

formulate an enhanced procedure of torque and drag modelling.
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Chapter 2: Literature Review

2.1 Background
Fluid Types

It is necessary to define:

o Shear rate: The rate of change of velocity at which one layer of fluid passes over an
adjacent layer.

o Shear stress: “Applied force, F, acting along a unit surface are, A, tending to
deform the fluid element" [9].

o Yield stress (YS): Stress required to initiate flow.

e Plastic viscosity (11,): “Resistance of the fluid to flow due to mechanical friction
within the fluid” [9]

The relationship between shear rate and shear stress for a fluid defines how that fluid flows,
then, viscosity links these two magnitudes:

Shear stress (1)
Shear rate (y)

Viscosity (u) = Eq.2.1

Based on their flow behaviour, fluids can be classified into two different types:

a. Newtonian fluid: For these fluids the shear stress is directly proportional to the shear
rate. Viscosity of a Newtonian fluid is the slope of this shear-stress / shear-rate line
also the yield stress will always be zero. Newtonian fluids will not suspend cuttings
and weight material under static conditions.

) Constant slope
E
— 105 f=ccccstaciaantoanans
o) |
Z “ '
— \// T 1
ki) S—— I—— e
< : |
Iz ! 1
-V 1y AR Viscosity (u) = slope
v
= I : I

| I 1

1 ] |

100 200 300
Shear rate (y) (rpm)

Figure 2.1 Shear stress vs shear rate graph Newtonian fluid (Mi-Swaco, 2006)

b. Non-Newtonian fluids: When a fluid contains clays or colloidal particles, these
particles tend to “bump” into one another, increasing the shear stress or force
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necessary to maintain a given flow rate. If these particles are long compared to their
thickness, the particle interference will be large when they are randomly oriented in

......... Effective viscosity
(n) lines

Shear stress (1)

Shear rate (y)

Figure 2.2 Shear stress vs shear rate graph for Non-Newtonian fluid (Mi-Swaco,
2006)

the flow streams. When shear rate is increased, the particle will “straight up” in the
flow stream and the effect of a particle interaction is decreased. These fluids dos not
have a single constant viscosity that describes its flow behaviour at all shear rates.

The drilling fluids are non-Newtonian and the next scenarios are presented:

a. Athigh velocities (high shear rates) in the drill string and through the
bit, the mud shear thins to low viscosities. This reduces the circulating
pressure and pressure losses.

b. Atthe lower velocities (lower shear rates) in the annulus, the mud has
a higher viscosity that aids in hole cleaning.

c. Atultra-low velocity the mud has its highest viscosity and when not
circulating will develop gel strengths that aid in suspending weight
material and cuttings.

The relationship between the shear stress and shear rate is defined as Rheological

model. These models have been developed to describe the flow behaviour of non-
Newtonian fluids.

e Bingham Plastic model: 1t is one of the older rheological models currently
in use. This model describes a fluid in which a finite force is required to
initiate flow (yield point) and then shows a constant viscosity with increasing
shear rate (plastic viscosity), Eq.2.2 exhibits the behaviour:

T =T+ WY Eq.2.2
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Bingham
yield point

Shear stress (1)

True yield point

Shear rate (y)

Figure 2.3 Shear stress vs shear rate graph for Bingham fluid (Mi-Swaco, 2006)

Where:
T Shear stress
7o Yield point or shear stress at zero shear rate (Y — intercept)

Uy | Plastic viscosity or rate of increase of shear stress with increasing shear rate

y Shear rate

o Power Law model: Attempts to solve shortcomings of the previous model at
low shear rates. It does not assume a linear relationship between shear stress
and shear rate. Power Law equation is expressed as:

T=Ky" Eq.2.3
The way to find Power Law index ‘n’ is plotting on a log-log graph, shear
stress vs shear rate, and calculating the slope of the straight line. Consistency
index ‘K’ is the interception with the Y -axis.

Typical mud

—~ actiC
™ ) plastt
2 Bingha

i

=)

ot

—

e 10

;—5 '\ql ™

U VP

£ &

v O\

Shear rate (y)

Figure 2.4 Shear stress vs shear rate graph for Power Law fluid (Mi-Swaco, 2006)
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Where:

T Shear stress

K Consistency index
n Power Law index
y Shear rate

e Herschel-Bulkley model: Power Law model does not fully describe drilling
fluids because it does not have a yield stress. This model, also called modified
Power Law, is in between Bingham Plastic, which is the lowest and Power
Law the highest. It can approximate more closely the true rheological
behaviour of most drilling fluids, mathematical expression is:

T=10+Ky" Eq.2.4
Where:
T Shear stress
K Consistency index
To Yield stress or stress to intiate flow
n Power Law index
y Shear rate

Bingham Plastic model

Modified Power Law

Shear stress (1)

Power Law

Shear rate (y)

Figure 2.5 Shear stress vs shear rate graph for Herschel- Bulkley fluid (Mi-Swaco,
2006)
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Drilling fluid: When a liquid (water or oil or a combination of water and oil) is treated with
a clay substance, such as bentonite or polymer, the result is a drilling fluid. When the
continuous liquid phase is water, the mud system is called Water Base Mud (WBM),
otherwise it is an Oil Base Mud (OBM) [9]

Functions: Into the entire well system, drilling fluid performed the below listed purposes

[18]:

Remove cuttings from the well

Control formation pressures

Suspend and release cuttings

Seal permeable formations

Maintain wellbore stability

Minimize reservoir damage

Cool, lubricate, and support the bit and drilling assembly
Transmit hydraulic energy to tools and bit
Ensure adequate formation evaluation
Control corrosion

Facilitate cementing and completion
Minimize impact on the environment

Drilling Circulation system

The Drill string: Defined as the union of several pipes with different lengths and diameter
attached to a drilling tool. From the bottom a conventional rotary drill string consists of:

1. Drill Bit: Tool used to crush or cut rock using rotational and axial force. It must be

selected depending on type of formation to be drilled and they are divided in [24]:
a. Roller cone: Also called Rock bit, has either two or three cone-shaped cutters

that roll along as the bit is turned. The drilling mechanism performed is
fracturing hard rock and by gouging softer rock. Rock bits are classified
conforming to the kind of teeth they have: Milled tooth and Tungsten Carbide
Insert (TCI). (Figure 2.7)

Figure 2.6 Tri-conic bit source Drilling fluids engineering Manual (Mi-Swaco,

2006)

15|Page



b. Diamond and PDC bits: Fixed-cutter buts with diamond cutting surfaces,
these are used for drilling medium to hard formations or special coring
operations. Polycrystalline Diamond Cutters (PDC) shear the rock beneath
the bit, producing large cuttings and high penetration rates. [18]

2. Drill Collars (DC): Thick-walled tubular pieces machined form solid bars of steel,
that provides weight on bit for drilling, the outside diameter of the steel bars may be
machined slightly to ensure roundness and, in some cases, may be machined with
some sort of spiral. Usually one of the collars is made of non-magnetic metal so that
a magnetic compass tool (survey tool) can be used to determine the inclination of the
lower BHA and bit without magnetic metal interference.[24]

Figure 2.7 PDC bit, source Drilling fluids engineering Manual (Mi-Swaco, 2006)

3. Bottom Hole Assemblies (BHAs): Located just above the bit and includes drill
collars, combined with one or more bladed stabilizers (to keep the BHA and bit
concentric), possibly a reamer (to keep the hole form becoming tapered as the bit
diameter wears down) and other tools.

a. Measurement While Drilling (MWD): Provides downhole evaluation of
formation parameters like gamma ray, resistivity and porosity while drilling
is in progress. Mechanical parameters are also measured: [Inclination,
azimuth, Rate of penetration (ROP), Weight on bit (WOB) and Torque on bit
(TOB). MWD and mud motors are generally located low in the BHA, usually
just above the bit.

b. Jar: Mechanical device used downhole to deliver an impact load to another
downhole component, especially when that object is stuck. There are two
primary types Hydraulic and Mechanical.
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Figure 2.8 Drill Collar (www.equipoutlet.com, 2020)

4. Heavy Weight Drill Pipe (HWDP): This string section is used to make the transition
between the drill collars and drill pipe. Main function is to provide a flexible
transition between the Drill Collars and the Drill pipe and prevent fatigue of the drill
pipe.

5. Drill Pipe (DP): Tubular steel conduit fitted with special threaded ends called tool
joints. The drill pipe connects the rig surface equipment with the BHA and the bit,
also provides

Mud flow in —3,
e 74
-+ = Mud flow out
- ~~
/////////:/Z e 7777777774
Kelly Casing
Cement
Tool joint
Drill pipe Annulus
Crossover
sub
Drill collar
Open hole
=
=1
5 .
2 Stabilizer
K-
=
g Mud motor
= MWD/LWD
o©
Stabilizer
Drill bit

Figure 2.9 Circulation system (Mi-Swaco, 2006)
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continuous circulation, each joint of drill pipe is approximately 30 ft long and has a
box (female connection) welded onto one end and a pin (male connection) welded
to the other. These threaded couplings (tool joints) must be strong, reliable, rugged
and safe to use. Outers diameters for drill pipe range from 2 3/8 to 6 5/8.[ 18]

Rotary Drilling

For any vertical or directional well, different elements are needed to drill the hole
successfully, including:

Force: In order to drilling through a rock a downward compression force must be
applied on the bit (Weight on bit, WOB). This force is provided by slacking off
tension on the drilling line that supports the total weight of the drill string. This WOB
is provided by the portion of the tubular (drill string) above the bit. In a vertical well
drilling, the amount of force is exerted by the weight of the length of specific types
of heavier pipes such as, Heavy weight drill pipe (HWDP) and Drill Collar (DC).
Normally part of the Drill Collar/HWDP go into compression. However, in
directional wells DC and HWDP are normally not placed in the highly inclined
portion of the hole; rather, they are placed in lesser inclination sections or near to
vertical to avoid excessive frictional forces which remarkably reduce the transfer of
desired WOB to the drill bit. [9]

Since compression is not the only force experimented by all the components of a
drill string. The term tension, defined as the pulling force transmitted axially by a
continuous object. In a drilling rig the hoisting system is the responsible for uplifting
and lowering the whole string tension

Crown
Block

Fast

: Dead
Lme\ Line
Traveling _
Block
Draw Works
Anchor
Storage Reel

/

(a) Arrangement and nomenclature
of block and tackle.

Figure 2.10 The diagram of a hoisting system (Kristensen, 2013)
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Fluid circulating systems: Consequence of the radiational drilling, heat and solids are
produced in the hole, in the process of making a hole successful cooling and cleaning must
be assured. Therefore, a fluid must be continuously circulated from the surface to the bottom.
The main components of the system include [18]:

Mud pumps

High pressure surface connections
Drill string

Drill bit

Return annulus

Mud Pits

Mud treatment equipment

Mmoo o

Friction

Da Vinci was the first scientific which stated about different materials creating diverse
efforts due to material roughness. Amontons two centuries later came up with first consistent
law: “Frictional force is directly proportional to the normal load”.[10]

F=uxN Eq.2.5

—

F

XL LS XEEFFET
Figure 2.11 First friction law

Second law detailed that friction force is “independent of the apparent area of contact”. Later
Charles -Augustuin de Coulomb concluded, after experimental work, that in order to set an
object in motion laying on an even surface in state of rest one need to overcome a critical
force, the force of static friction, called F's, and is roughly proportional to the normal force,
N.

Fs =pus* N Eq.2.6
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After static friction force has been overcome, it is the resting force, Fj,, kinetic friction,
which act on the body. Coulomb also determined that the kinetic friction is proportional to
the normal force, N.[10]

Frictional force

F, =y *N Eq.2.7
&

Kinetic friction

'

Applied force
Figure 2.12 lllustration of static and kinetic friction

Where:
F Friction force (pound)
F Kinetic friction force (pound)
F; Static friction force (pound)
N Normal force (pound)
U Friction coef ficient
Ug Static friction coefficient
Uk Dynamic friction coefficient

Side forces: Along the friction force, side forces include the forces that exist
between the wellbore wall and any element of the drill string. Side forces also include
the normal forces created by the drill string with the wellbore walls. Main factors
that can cause it are:
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o Weight of the drill string: Contributes to the magnitude of the normal force
against the wellbore then, the heavier is the drill string the greater side forces
against the wall of the hole. Therefore, this is one of the factors should be
minimized within the safe limits.

o Tension due to dog leg severity: “In build sections, the direction of the pipe
movement affects the direction of the side forces”. When tripping in the pipe
will be lying on the low side, consequently the effect of tensile load is
reduced, and the resultant side force is in the direction of the weight
component. For pulling out of the hole, the string will be in contact with the
[25]

Tripping out
Tripping in

Figure 2.13 Illustration of static and kinetic friction

high side, thus the effect of tensile load is increased, and the resultant side
force will be in the direction of the tensile component. The next expression
calculates the side force calculation into Johancsik’s mode [16]:

Fy =/ (Fy * Aa * sin (8))2 + (Fp * A8 + Bw * L * sin ())?2 Eq.2.8
Where:
Bw Buoyant weight (pound /m)
Fy Normal or side force (pound)

Fy | Axial force at bottom of section calculated using buoyancy method (pound)

Aa Change in azimuth over section length (degrees)

0 Average inclination of the section (degrees)

AO Change in inclination over the section length (degrees)
L Section lenght (m)
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Hook load

Mme et al. [12] defined this term as the “sum of vertical component of the forces acting on
the drill string attached to the hook™. It According to Cayeux et al.[17] hook load is
determined by the forces acting on the drill string attached to the hook, including the buoyant
weight, mechanical and hydraulic friction forces. Thus, hook load is sensitive to drag forces
due to friction, buoyancy, inertial forces in curved string sections and fluid shear stress at
pipe walls. It also controls the weight on bit and evaluate possible deteriorations of the

downhole conditions such a poor hole cleaning or excessive tortuosity.

V7

Crown-block sensor

Top-drive sensor
Draw-works

Dead-line sensor

Figure 2.14 location of hook load measurements sensors (Cayeux, Skadsem, &
Kluge, 2015)

The Martin-Decker diaphragm-type weight indicator has been used in most of the
conventional drilling operations since 1926. Current rig hoisting system use electronic
sensors located in the draw works and travelling block. [14]. Even though hook load can be
measured using an instrumented IBOP (Internal Blow-out preventer) but at the present just
a few portions of drilling rig units can be equipped with this type of sensor. In practice it is
measured indirectly, either in the travelling equipment or as tension in the dead-line.
According to [15] through a proper analysis of the Hook load is possible to be prepared for

extraordinary situations in drilling such a drill line breaking and “pulling the rig in”. Both
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of them caused mainly to not knowing the true tension in the wire present in the block-and-

tackle configuration used to support the drill string.

2.2 Previous Work

Sparks [2] related buoyancy, fluid pressure loads from axial forces in fluid columns applied
to buckling forces in marine risers. Hashmi [16] studied in his master thesis the sensitivity
of factors affecting torque and drag modelling, including viscous drag, hydrodynamic
viscous drag and their effects on both weight on bit and torque. According to [16] viscous
drag can affect up to 50% with a fix flow rate and until 25% for null circulation. Landivar
[22] wrote a master thesis in 2018 giving an overview about the modern understanding of
buoyancy counting the consequence on the effective tension. Aadnoy [1] introduces piston
force concept in “Mechanics of drilling” where a force balance is defined through the drill
string configuration also mentioning deviatoric forces in order to consider deviatoric forces
in the total load applied to the pipe. Samuel et al. [7] involved the terms: hook load, true
tension, effective tension and stress adding the hydrostatic effect, mostly applied to checking
buckling and failure conditions in the tubular. Their study conclude that inclusion of the
fluids must be accounted properly. Cayeux et al. [6] displayed some challenges about
calculation and correction of drilling friction tests, and it shows in the appendix, the way to

calculate reaction force generated by fluid flow in a bend, inertial force for our purposes.

2.3 Limitations of previous studies

The researches done previously showed remarkable achievements in the effect of
hydrodynamic forces individually affecting the torque and drag model. Although, a deeper
and more generalized approach should be made, including the impact of multiple fluid forces
that in some punctual cases can even overlap themselves. However, with a proper
understanding is possible quantify the influence of each one and all of the forces as a group
inside the three main operations in drilling, running into the hole (RIH), circulating off the

bottom and pulling out of the hole (POOH).
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Chapter 3: Methodology

Chapter 3.1 Torque and Drag Model

The torque and drag model is divided in two:

Chapter 3.1.1 Straight Borehole

Inclined well model, from force balance, applying the condition of equilibrium along the
axial direction, the effective force along he axial direction is calculated. Representations of
the pipe segment are:

dF = wAL(cos® + usin®) Eq.3.01

Eq.3.01 is the result of a force balance along the inclined plane, the “+” applies when
pulling out of the hole (POOH), and “-*“ when running into the hole (RIH).

Frop = Fpottom + WAL(cos® + usin®) Eq.3.02

Pipe segment

Fq: Bo“fom

Ws: Mj

Figure 3.11 Free body diagram of a mass element

The static weight is given as:
wg = WAL cos® Eq.3.03

Chapter 3.1.2 Curved Borehole
Drill string segment are loaded at the top and the bottom with compressive

[13K33

or tensile “+”
loads. These loads could be thermal, hydrostatic and fluid flow shear forces, are responsible
for the variation in the length of the pipe. For curved boreholes there are continuous changes
in Inclination (o) and Azimuth (¢) along the hole path. Following Johansick Torque and
Drag model and after balancing between the net force and the vector sum of the axial

component of the weight [26]:
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Drill string -

Figure 3.12 Segmented drill string and loads distribution

- +u \/(ﬁwssin(Z) + FZ—?)

2 2

+<F J (Z)d(p) + )
sin L Bws cos

Eq.3.04

Where

F Force in the previous cell (pound)
d_F Change of Force per lenght (pound)
dL
@ Change of Inclination per length (degree)
dL
d_fp Change of Azimuth per length (degree)
dL

Fyottom Bottom hydraulic force (pound)
U friction coef ficient (dimensionless)
AL Length of the pipe (ft)
w Air weight of the segment (Pound/ft)
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Chapter 3.2 Effect of each of the forces acting on the Torque and Drag
model
Chapter 3.2.1 Buoyancy force

The Greek scientist Archimedes (~300 B.C.) discovered that the buoyancy of a body equals
the weight of the displaced fluid in which floats. For many applications this definition is
enough, however, to resolve all problems a more generalized approach must be taken. [2]
Goins, demonstrated that a projected area is required in order to obtain buoyancy. One of
the factors that has more influence in the buoyancy calculation is the density of the fluid,
which is not constant through the well profile, therefore for each datapoint of the survey
mud density varies, regarding steel density, it is assumed a constant value of 64.7 ppg.

Aadnoy. B [1] stated “Buoyancy is a surface force acting on a body in the opposite direction
of the gravitational force”. Only pressure acting on the projected vertical area that
contributes to buoyancy. The following equations are valid both for vertical and deviated
boreholes:

Suspended weight in mud i
Buoyacy factor = = [ d - 'g - =1- Privia Eq.3.10
Weight in air Ppipe

Figure 3.211 Mechanical state of the drill string
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Equation 3.10 is valid only if the object is submerged in the same fluid. If there is different
density both inside or outside, Eq.3.11.

_[P1(poRE — piri) + Da(poRE — piri)

Eq.3.11
Psteer (D1 ( R% - 7’12) + Dy ( R% - rzz))

B=1

Hwor

Figure 3.212 Mechanical state of the drill string

Applied to a normal case, a drill string with several diameters and lengths. Eq.3.12 shows
the overall buoyancy for n elements:

Tl_ D RZ —_ .rz
Zk—l icl (po k S Pi kz) Eq. 3.12
Psteel Zk:l Dy, ( Rk .

Therefore, buoyed weight at surface is obtained by multiplying the weight in air times total
length and Buoyancy factor:

F=1-

Buoyed Weight = B * wg;,- * h Eq.3.13
Where:
Ry Outter radio (in)
T Inner radio (in)
Dy, Length of the section(ft)
Psteel Pipe density (ppg)
Pmud Mud Density at element depth (ppg)
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Po Outer Mud Density at element depth (ppg)
Di Inner Mud Density at element depth (ppg)
h Total Length of the string(ft)

Wyir Air weight (pound/ft)

Chapter 3.2.2 Piston / Pressure Area force

Aadnoy. B [1] defined a force balance at every point of projected area change from the
bottom to the top. This area is computed in Eq. 3.14. For this case the sign of the force
change depending on the direction, downward, positive ‘+’ and upward, negative ‘- “. It is
assumed that body pipe is 95% and the tool joint is the remaining 5%.

A, = %((0_95 « ODpipe)? + (0.05 * ODt))?) Eq.3.14

One of the main concepts for Pressure Area school is the presence of a negative upward
force at the bottom (Eq.3.15).

th = —0.052 = pmudhAebit Eq 3.15

Then the force balance at top of the bit (Eq. 3.17) will be the hydraulic force at bottom (Eq.
3.15) plus the weight of the section. (Eq.3.16)

Wyit = PsteetLpitApit * CF Eq.3.16
Fipie = —0.052 % prayqhAepic + Whie Eq.3.17

Wi:i

0, .

Figure 3.221 Balance force at top of the Bit

Next to the bit, the Drill Collars (DC) are placed to provide weight over the bit therefore
over this point there is sudden reduction of cross-sectional area, it will cause a positive
downward acting force (Eq.3.18)., the force distribution at the bottom of the Drill Collar
(Eq. 3.19), will be force at the top of the bit (Eq. 3.17) plus the effect change of area effect
(Eq.3.18).

Fyit/pc = 0.052 * pryyahpic/pe (Aepic—Aenc) Eq.3.18
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FbDC = —0.052 * pmudhAebit + Whit + 0.052 = pmudhbit/DC (Aebit—AeDC) Eq' 3.19

Doing the same process at each change of pipe section through the whole drill string until
surface these are the results.

fLt/oc 1
|| e

Bit

o

T I I FloHom

Figure 3.222 Balance force at bottom of the Drill Collar
At top of the Drill Collar (DC)
Fipc = —0.052 * prpy g hAepic + Wpir + 0.052050,qMpit/pe (Aebic—Aenc) + Wpe Eq.3.20
At bottom of the Jar:
Fyjar = Fipe + 0.052 * pryahpe/jar (Aepc-Aejar) Eq.3.21

Iaf

Foefsar De:ll
oo NI

| | e

Bt

Fohtom

[1]

Figure 3.223 Balance force between Drill Collar and Jar
Force at top of the Jar:
Fijar = Fyjar + Wjar Eq.3.22
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Force at bottom of the Heavy Weight Drill Pipe (HWDP):

Fpuwpp = Frjar + 0.052 * ppygh jar (Aejar—AeHWDP) Eq.3.23
HWDP
Hwor

Flhlbf/ Jav

w ar
. Jar

Dr:“
Collar

Figure 3.223 Balance force between Jar and Heavy Weight Drill Pipe
At top of the HWDP:

Feuwpp = Fonwpp + Whwop Eq.3.24

At bottom of the Drill Pipe (DP)

Fypp = Fipywpp + 0.052 * pmuthWDP/DP (Aenwpp-Aepp) Eq.3.25

Df:“

ﬁ)l’/hub?
Piee
l \

w“of

HwoP

Figure 3.224 Balance force between Heavy Weight Drill Pipe and Drill Pipe
At top of the DP:
FtDP = Fpr + Wpp Eq 3.26

In addition to the weight of the pipe, it is also necessary to add the weight of the fluid inside
de pipe, which is computed as:

Vs
A; = " ((0.95 * IDpipe)? + (0.05 * IDtj)?) Eq.3.27
Wriia = Ai * Ly ¥ CF * pyq Eq.3.28
Wsection = Wsteel T Wrluia Eq.3.29
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A, External cross sectional area (in?)
A; Internal cross sectional area (in?)
Apis Effective area of the bit (in?)
Acpit External cross sectional area bit (in?)
Acpc External cross sectional area Drill Collar (in?)
Agjar External cross sectional area Jar (in?)
Aeuwpp External cross sectional area Heavy Weight Drill Pipe (in?)
Aepp External cross sectional area Drill Pipe (in?)
CF Conversion factor M
1ft 231 in3
Lpit Length of the bit (ft)
Ly Length of the section (ft)
h Total vertical depth (ft)
hpit/pc Vertical depth of Bit — Drill Collar transition(ft)
hpcjar Vertical depth of Drill Collar — Jar transition (ft)
hjar/awpp Vertical depth of Jar — HWDP transition (ft)
huwpp/pp Vertical depth of HWDP — Drill Pipe transition (ft)
IDpipe Inner diameter of the pipe (in)
IDtj Inner diameter of the tool joint (in)
ODpipe Outer diameter of the pipe (in)
OoDtj Outer diameter of the tool joint (in)
Pmud Mud density (ppg)
Psteel Steel density (ppg)
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Wgteel Weight of the pipe(pound)

Wrid Weight of the Fluid inside the pipe (pound)
Wpe Weight of the Drill Pipe (pound)
Whit Weight of the Bit (pound)
Wjar Weight of the Jar (pound)

WHWDP Weight of the Heavy Weight Drill Pipe (pound)
Wpp Weight of the Drill Pipe (pound)

Aadnoy. B [1] states “It is interesting to observe that the two methods give different results,
except at surface. For surface load calculations, both methods give correct answer”. Piston
force method give a proper approach of external loading on the drill string, but never should
be used for failure calculations since it just considers one-dimension load and stress state is
three-dimensional.

Chapter 3.2.3 Viscous friction force

With a set circulation rate in the well, normally arises a force due to the interaction among
fluid and the pipe. The measure of the fluid resistance against the wall of the pipe is defined
as viscous force, it is proportional to the rate at which the fluid velocity is changing in space.
For mud drilling, Reynolds is the dimensionless term that relates these properties through
velocity and viscosity. Consequently, it is necessary define the rheologic model in order to
find an accurate pressure loss and thus find viscous force through the drill string.

Chapter 3.2.3.1 Rheological model

The chosen rheological model is Herschel-Bulkey since it emulates in a better way the
behaviour of drilling fluids. Madlener et al [3] developed a generalized Reynolds number
including parameters as, Yield stress (7,), behaviour index (n), consistency index (k) and
velocity (20):

paz—ndn
Re, = Eq.3.30

T @@ () e

with
8u\"
m = Lﬂn Eq.3.31
8u
o+ k (7)

Since there is a set flow rate, velocity can be estimated as:

Inside the pipe
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q

U= Eq.3.32

"= e * CF 1

Annuli space

_ q

1=— Eq.3.33
Aannuli * CF

Mitchell et al [4] define turbulent flow for Reg => 4150 -1150n, laminar Reg =< 3250 -
1150n and intermediate for the remaining. After acknowledging flow regime profile of the
well, computing Darcy friction factor n is needed.

Colebrook equation express Darcy friction factor f including terms Reg, f,D and ¢ for
turbulent flow, f must be find it in an iterative:

1. —2log ( S 251 ) Eq.3.34
\/7 3.7d Reg\/?
For laminar flow:
f= ﬂ Eq.3.35
Reg
Intermediate flow:
= w Eq.3.36
Reg1/4

Friction
Force

Figure 3.23 Forces in pipe with flow presence

Sui et al [5] explain that “the concept of frictional pressure losses derives from the resistance
experienced by fluids flowing through pipes caused by friction against the pipe wall”.
Darcy-Weybach equation is expressed as:
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fLpu?

AP = F2 Eq.3.37
2d * C q 3.3
With
d = IDpipe Eq.3.38

For flow inside the pipe.

Or
d = (IDgnnuiar — ODpipe) Eq.3.39

In case of annuli flow.

Aa a final step, viscous force can be calculated multiplying for the cross-sectional area of
the section:

_ wd?
Viscous Force = AP e Eq.3.40

The additional force due to viscous drag force:

— T[AP(IDannular 2 — ODPiIJeZ) *0D

AF,q = T - e Eq.3.41
Where:
Apipe Internal cross sectional area (in?)
Agnnuiar Annular area (in?)
d Diameter (in)
L Length of the pipe (ft)
IDpjpe Inner diameter of the pipe (in)
ID gnnuiar Inner diameter of the annluar (in)
ODypipe Outer diameter of the pipe (in)
f Darcy friction factor (dimensionless)
Reg Generalized Reynolds number (dimensionless)
q Flow rate (ft3/s)
u Annular or pipe velocity (ft/s)
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AP Pressure loss (pounds)
¢k Conversion factor Ltz
144in?
Crz Conversion factor 12 in » 7,481 Gal
1ft = ft3
p Mud density in the section (ppg)
€ Absolute roughness (in)
n Behaviour index (dimensionless)
k Consistency index (psi * s™)
T Yield Stress (psi)

Chapter 3.2.4 Inertial force

The force due to momentum of the fluid, it is usually expressed by the term pv?, thus inertial
force would be directly proportional to density also velocity. A force that can counterbalance
it is the shear stress or friction force. Cayeux et al [5] displayed some calculations regarding
force generated by a flow in a bend, they consider a section of pipe with length L; in a drill

string with a DLS;, forces from the fluid to the pipe are ﬁl due to pressures P; and P;,; in

areas A; and A; ., respectively. Using Newton’s second law, F = mhd, the wall is emitting

a counterforce —F, which can be expressed as F; , = —F,. Then:

F1+F2=m(5i+1_5i)

Eq.3.41
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Is equivalent to:

ﬁ1 + (_ﬁi,A) = m(Viyq — V) Eq.3.42

s Sw@

PyAs Vi s

Figure 3.24 Balance force in a pipe bend

Knowing that between entrance and exit of the pipe, using DLS is possible to calculate the

curvature of the arc in the tangential, £; and normal 7; plane. Reaction force is expressed
as:

Fy = (PiA; = Piy1Ai41008 (LiDLS))E; — (Piyq Ay sin(L;DLS))T, Eq.3.43
With:
qx*p; =m; Eq.3.44

Is possible to deduce reaction force (—ﬁi’ a):

-

Fin = (PiA; = PipyAyyq coS(L;DLS)) — p;q(Bi44 cos(L;DLS;) — B)E;
— (Pi414i41 sin(L;DLS;) + p;q(sin(L;DLS;)) In; Eq.3.45
Considering that the pipe has a cross sectional area which is and circular which is constant

with diameter D;, velocity in and out should be identical an equal to U;,, = ¥U; =
q/(md?/4). Therefore, final expression is:

, d? 4p;q* S
Fi,A = T(Pl — Pi+1 COS(LiDLSi)) — 7'[52 (COS(LiDLSi) — 1) ti
- 7T—DZP i (LDLS)+4piq2 in(L;DLS))) |7 Eq.3.46
2 L1 SN L; i D2 (sin(L; D)) |n, q.>.

Then, the resultant force exerted by the fluid in the pipe is:

TIF = \/(’F_t:)z + (Fny)’ Eq.3.47
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A; Internal cross sectional area of the section(in?)
DLS; Dogleg severity of the section (in?)
d Diameter of the pipe (in)
ﬁt Force in tangential direction (pound)
ﬁn Force in normal direction (pound)
L; Length of the pipe (ft)
m Mass flow rate (pound/min)
TIF Total inertial force (pound)
P; Density of the section (ppg)
P; Presure of the section (psi)
q Flow rate (gpm)
V; Flow velocity of the section (ft/min)

Chapter 3.3 Combine effect of all forces in Hook Load calculations
Robello et al [6] introduce the terms “True tension” (Eq.3.47) and “Effective tension”
(Eq.3.48). The first one, also called Pressure area method, is used to determine the absolute
or true tension in the pipe, but the difference with the one exposed in Chapter 3.2.2 is the
inclusion of triaxial pressure forces. This method is used to determine the real neutral point,
at which the stress is zero, it is also used to calculate the actual effect of buoyant forces and
actual stresses within a string.

Ft = Z[VVSCOS@ + FDrag + AFarea] - Fbottom —WOB ECI- 3.47

On the other side Buoyancy method assumed that the force exerted by the fluid in the bottom
is distributed along the entire string. This method is used to determine where the buckling
first occurs and is given by:

Ee = Z[VVSCOSQ) + FDrag + AFarea] - Fbottom —WOB + (Po + poug)Ao

Clearly previous two equations presented have influence of circulation flow rate, the rate
of change of momentum (pAv) entering and leaving the pipe section should also be
included in the effective tension equation.
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Stability force
due to fluid
PoAo -PiAi

Compression
at bottom due
to hydrostatic
force

N\

Depth

Equal at surface
Pi=Po=0 ~

Effective
Buoyancy

- Compression

Tension +

Figure 3.3 Effective and true tension

Fprag 1s the drag force, sign might change from +1 for tripping out, -1 for tripping in and

sliding assembly drilling and 0 for rotating on and off bottom.

Where:
A; Internal cross sectional area of the section(in?)
A, External cross sectional area of the section(in?)
DLS; Dogleg severity of the section (in?)

D Diameter of the pipe (in)

Firag Drag force (Lb)
m Mass flow rate (Lb/min)
P; Inner density of the section (ppg)
Po Outer density of the section (ppg)

Fyottom Bottom hydraulic force (Lb)
P; Outer pressure (psi)
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P, Inner pressure (psi)
JAY S Force due to change of area (pound)
WOB Weight on Bit(pound)

W Air weight of the segment [L * wair] (ft/min)
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Chapter 4: Results and discussions
Chapter 4.1 Source of data

The data used as an input for the fluid force calculations was taken from “Mariner 9.5 Real
trajectory and BHA™ a project property of MHWirth. The data is visualized through DHS
simulator program, where the input is divided into the categories with detailed information

regarding downhole parameters.

Chapter 4.2 Introduction of the data

Chapter 4.2.1 Drilling parameters involved
Into DHT downhole simulator, it is possible to find the next categories:

o Trajectory: Well details are displayed, starting with simple aspects such a “Well

G«

name”, “Well ID” until trajectory parameters. Therefore each 10 m measured depth
(MD) the next data is shown:

e Measured Depth [m]

e Inclination [degrees]

e Azimuth[degrees]

e Total Vertical Depth [m]
e North [m]

e East[m]

e Dogleg [degree]
e Dogleg Severity [degree/100m]

Trajectory

Well details Trajectory parameters

e | us MD [m] Inclination [')  Azimuth ['] VD [m) North [m] East [m] Dogleg ['] [zog\eg Soly

Well id 123 [/100m)]
0 |006 21123 |30 0 |-002 1368 002 -
I 009 ma 40 0 003 368 002 j
50 |01 ma |50 (001 |-005 1368 (002
0 1013 a3 |60 (001 |-007 1368 |002
70 015 M3 70 001 [-009 368 002
& lo17 ma |80 lo02 EXE a7 l002
9 019 M3 |90 |002 |-015 |368 |002
100 |021 ma 100 002 |-0.19 1368 |002
10 024 ma 110 003 o2 13,68 002

Figure 4.1 Trajectory parameters
The data go from surface (Measured Depth=0 [m]) until final depth of 4238,5 [m],

therefore we have 425 cells with detailed information about well trajectory.
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o Tubular / Open hole: Details about each element of the Drill string, casing
and bit as Length [m], Outer diameter [m], Inner diameter [m], Linear mass
[kg/m], Mass[kg], Casing suspension [m], Casing shoe depth [m].
Moreover, open hole information, Total Length [m], Diameter [in], Reamed
section length[m], Reamed section diameter [m], Initial bit depth [m], Initial
hole depth [m]. Dimensions of the riser such a Body OD [in], Body ID [in]
and Length [m] and friction factor for rotational, sliding, open hole and

cased-hole.

Tubular | Openhole

Figure 4.2 Tubular / open hole parameters
e Geology: Formations characteristics regarding to a specific Total vertical
depth [m] like Uniaxial compressive strength [MPa], Specific heat
coefficient [J/kgK], Geothermal gradient [°C/100m] Heat conductivity
[W/mk] and Ambient temperature [°C].

Geology

Figure 4.3 Geology parameters
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o Fluid: Reference density of water, solid and oil inside the wellbore, solid
fraction, oil water ratio. In the mud section, Reference density [sg], specific
heat [J/kgK], reading of Gel [Pa] for 10 seconds and 10 min. Hershel-
Bulkley rheology parameters, Yield stress T, [Pa], Behaviour index ‘n’,
Consistency index ‘k’ [Pa*s™]. Finally, Rheometer readings (Fann data) with
Reference temperature [°C], Pressure atmosphere [bar], stress
[pound/100ft?] for 3 rpm, 6 rpm, 100 rpm, 200 rpm, 300 rpm, 600 rpm.

Fluid

Water Solid Qil
W . 1 . : 42 . 038
ater ref. density [sq] Barite density [sq) Qil ref. density [sg]

Solid fraction 015 Oil water ratio 28

Mud Derived Hershel-Bulkley rheology parameters

(Displayed when running)
. 13
Mud ref, density [sq] Yield stress - T, 4309 [Pa]

1312 WkeK]

[Pa]

Mud specific heat
Behaviour index - n 0737
Gel 10 sec. 9 o
10 Consistency index - k 0.167 [Paxs]
Gel 10 min. [Pa]
5

Mud ref, viscosity [cP]

Rheometer readings (Fann data)

Pressure

S Rl :322&"'2”{31 G ;:715 éoaf‘r? P 6rpm [1b/100f] E|g?1§t;:t:] ﬁ2?1r§oTt‘] 3271?0211 ﬁg(/)1?on;t=]
Reference [bar]
50 1 13 14 27 35 2 65
50 1 15 16 33 4 54 2
° 50 1 10 1 25 34 2 64
50 1 2 3 33 7! 54 83

Figure 4.4 Fluid properties

Chapter 4.2.2 Problems regarding data
One of the main obstacles found from this information was the lack of data regarding both

rock formations and pore pressure, since there is an open hole section, the ideal condition
would have been to know the formation pressure in order to calculate operational density of
the drilling fluid

Chapter 4.2.2.1 Pressure and density profile
A method to find Pressure and density in each point of the point of the survey was used

knowing initials properties of the mud at surface and using boundary condition of
atmospheric pressure as 14.7 psi. Kutasov [4] developed an empirical equation to model the
behaviour of drilling fluids. The equation is:

p=po*xexplaP + BT —T,) +y(T —Ts) Eq.4.1

The coefficients a, B, Y are defined from each type of drilling mud, for this case we assume
water-based mud (WBM). The initial input includes information about geothermal gradient,
which is 0,896 [F /m], the values for T and p, are 68 [F] and 10,829 [ppg] respectively.

Where:
2,7384 % 107° [1/psig]
—0,00015353 [1/F]
—7,469 x 10~/ [1/F]?
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Po Reference mud density prg

T Reference temperature [F]

Pressure [psi]
0 500 1000 1500 2000 2500 3000
500
1000
1500
2000

2500

Depth [m]

3000
3500
4000

4500
Figure 4.5 Pressure through the well

Using an iterative method in Matlab, see appendix 2, is possible to correct the current cell
hydrostatic pressure, P = 0,052 * p * TV D, using the previous cell density, repeating the
same process for the other 424 cells, is possible to get a smooth and physically consistent
curves of density and pressure through

Density [ppg]
10.5 10.55 10.6 10.65 10.7 10.75 10.8 10.85
0

500

1000

1500

2000

2500

Depth [m]

3000
3500
4000

4500

Figure 4.6 Density through the well
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the well. The behaviour of the pressure is directly proportional to the depth, while the drilling
fluid density present and inverse conduct as it is shown in the Figure 4.23.

Chapter 4.2.2.2 Projected weight

In previous chapters the concept of weight is mentioned but for most of the cases, applies in
vertical wells. Nowadays is more common face directional than vertical wells, for the first
group the component of weight is divided into “Axial” and “Normal”, as shown in Fig 3.11.
Thus, axial component of weight can be described as:

Wa = mg * cos (0) Eq.4.2
Where:
m Mass of the pipe pound
Gravity ft/s?
0 Inclination degrees
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Chapter 4.3 Data interpretation
Based in the information given as input it is possible to draft the geometry of the well, drill
string mechanics and type of rig.

-1800 m
IS Riser, OD 19,000 in, ID 18,000 in

Figure 4.7 Well Mechanics. Source: WellPlan™

Drill string:
Type Length [m] OD [in] ID [in] Linear Mass
[pound/m]

Bit 0,33 7 2,25 440,925
Drill Collar 19,67 6,5 3 440,925
Jar 13,25 6,75 2,5 344,736
HWDP 218 6,5 3 277,782
Drill Pipe 3987,25 5,875 4,8 88,18

Table 4.1 String mechanical specifications

Casing

Casing/liner Casing/liner Outer Inner Linear Mass
suspension depth [m] shoe depth Diameter Diameter [pound/m]

[in]

180 280 30 28 1017,23
180 700 22 20 359,529
180 1879 14,5 13,375 251,084
1779 2917 12 10,75 220,462

Table 4.2 Casing mechanical specifications
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Open-hole section:

Total Length [m] 1187
9,5
Reamed section diameter [in] 9,5

Table 4.3 Open hole specifications

Riser:

Body ODJin] 19

Body ID [in] 18

Length|m] 180
Table 4.4 Risers specifications

Based in the length of the riser clearly, we are talking about an offshore rig, with the
inclination (See Appendix 1) is possible to imply that the well is a “L” type since the angle
starts at 0 degrees, then build the well around 66 degrees and later becomes completely
horizontal 89,8 degrees. Fig. 4.3.

Geology:

Total Vertical Depth  Geothermal gradient
[m] [F/100 m]
0 0
110 37,4
1390 89,6
1405 89,6
1550 89,6
Table 4.5 Geothermal gradient
Fluid:
Mud:

Mud ref. density pg 10,829 [Prg]
5 [cP]

Table 4.6 Drilling fluid properties

Derived Herschel-Bulkley rheology parameters

Yield stress 7, 9,0 [pound/100ft*]
0,737

Consistency index, K 0,00349 [[lb * s™]/ft?

Table 4.7 Derived Herschel-Bulkley parameters

Chapter 4.4 Calculations performed

Chapter 4.4.1 Step by step of each force
With the data gotten as input, and the extra calculation performed, the next step is calculating
each one of the forces, analyse the effect in the Hook load and finally combine them all.

Chapter 4.4.1.1 Buoyancy force
Assumptions: Density of the steel = 64,7 [ppg], inside density equal to outside density.
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As displayed in the chapter 3, Buoyancy, from a volumetric point of view, will depend
directly from the density of the mud and the pipe. Consequently, first step is finding the
Buoyancy factor, applying Eq. 3.12:

Yi=1Dk (poRE — pitit)
Psteel Z;cl=1 Dy (RI% - rkz
Taking in account assumptions previous explained Eq. 3.12 reduces itself to a shorter form

(Eq.4.2). As it was mentioned in chapter 4.2.2.1 density varies through the depth, for this
reason there will be a different Buoyancy factor for each 10 [m] as Fig 4.4 displays.

_ k=1 Pkl

Psteel

B=1-

Eq.3.12

g=1 Eq.4.3

Buoyancy Factor
0.834 0.8345 0.835 0.8355 0.836 0.8365 0.837 0.8375 0.838
0
500
1000

1500

2000

Depth [m]

2500
3000
3500
4000

4500
Figure 4.8 Buoyancy factor through the well static conditions

Applying Eq. 4.2. to our situation and following parameters of Johancsik torque and drag
model which reveal the increment of axial weight it is possible to find the projected weight
of each pipe section following:

%) Eq.4.4

n
Pw=zWairk*Dk*cos( >
k=2

As can be seen, after Buoyancy factor and Projected weight are calculated, the Buoyant
weight is just Buoyancy factor times Projected weight as is shown in Eq.4.5:

Bw = x Pw — SF Eq.4.5
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Making an average of all the Buoyancy factors through the well, the overall Buoyancy factor
will be, f = 0,8366.

HKLD vs MD
0 r—— T T T T
500 - e
1000 |- e ‘ .
1500 |
— Buoyant weight &
Base Case 2

°E 2000 [ | -
]
Q
2 \
0 2500 - X —

3000 |- I -

(
3500 | ' (
N
—
4000 - ) }
4500 L | | | ‘
0 20 40 60 80 100 120

Weight [kpound]

Figure 4.9 Buoyancy weight vs base case

The Hook load at the end of the pipe, considering the effect of the buoyancy will be 106,72
[KIb], having a difference respect to the base case of: 2,12 [KIb].

Where:

Bw Buoyant weight (pound)
R, Outer radio (in)
Ty Inner radio (in)
Dy Length of the section(ft)
SF Side force (pound)
Pw Projected weight (ft)

Psteel Pipe density (ppg)
Pk Mud Density at element depth (ppg)
Po Outer Mud Density at element depth (ppg)
Di Inner Mud Density at element depth (ppg)
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Wyir Air weight (pound/ft)

0y Inclination of the current section (degrees)

01 Inclination of the previous section (degrees)

Chapter 4.4.1.2 Pressure Area force
Assumptions: Just consider changes in outer diameters, inside density equal to outside
density. Pump rate: 792,5 [gpm].

In order to summarize what is explained in the chapter 3, at each change of area, a hydraulic
force will act, either downward (positive) or upward (negative), affecting the total weight of
the drill string, which in this case will include also the projected weight of the mud (Eq. 4.7):

TPw = Pw + Pwm Eq.4.6

M) Eq.4.7

n
Pwm=ZAik*Dk*pk*cos( >
k=2

Hence, for static conditions, at each change of area the corresponding hydrostatic pressure
times the change of area is equal to the hydraulic force acting on this point. (Eq. 4.8):

HyF = (Ay = A3) * Pryar Eq.4.8

The corresponding force balance from bottom (compression) to the top has a couple of
changes when there is a presence of pump rate. Consequently, for dynamic circumstances is
necessary to find pump pressure, as below:

PP = Puyr + APy + APy Eq.4.9

In the case of AP,

joints. For AP,,,,,, additional force due to viscous drag force (Eq.3.41) should be take it in
account. Given the above procedure, next step is to compute Bottom Hole Pressure (BHP)
(Eq. 4.9) and finally the new dynamic pressure in the annular (Eq.4.11) will be BHP plus
APann-

ipe» Pressure loss in the bit nozzles and due to the reductions in the tool

BHP = PP+ Pyyq,. — AP Eq.4.10

pipe
Ppyn = BHP + AP, Eq.4.11

Since the main purpose of this chapter is to analyse the effect of each force without any kind
of overlapping, the hydrostatic pressure should be subtracted from Eq. 4.11 to realize the
outcome of the flow rate in the pressure area force, and use Ppynps Eq. 4.8 to find
Hydraulic forces under dynamic circumstances.

PD_’)/'TLPA = BHP + APann - PHydT Eq. 4.12
AFgreap = (Ax = Ag+1) * Ppynpa Eq.4.12b
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With this new annular dynamic pressure and with the already known area changes there is a
new force balance from the bottom to the top of the well (Fig 4.6)

Force Area Balance
4500

4000

3500 ——— Dynamic

Static

3000

2500

Depth [m]

2000
1500
1000

500

Hook Load [Klb]

-150 -100 -50 0 50 100 150

Figure 4.10 Force balance comparison

The force balance starts from the bottom; 0 [m], with the drill string in compression, going
through each different section adding weight and considering forces in area transitions, thus
the Hook load can be read at surface with values of 113,069 [KIb] and 91,81 [KIb] for static
and dynamic conditions respectively. Details about changes in hydraulic forces are
displayed in the following table:

Area changes Static Dynamic Units

15,127 19,482 [Klb]
6,288 7,818 [KIb]
-6,450 -8,006 [Klb]
23,161 28,644 [KIb]
-105,438 -134,194 [KIb]

Table 4.8 Hydraulic forces due to change of area

On previous chapters was mentioned the fact that Pressure area force method shows that the
lower part of the drill string is in compression, but it cannot be used as failure criteria,
therefore the proper way to visualize the effect of this force is just recording the weight over
the string, from the top 0 [m], and sum the additional hydraulic forces due to change of area.
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g P/A force vs MD
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Figure 4.11 Effect of Piston force under dynamic state

Given the above graph the curves and compared the calculation performed with the base
case the difference is 0,91 [KIb]. The gap between WellPlan™ data for static, 104,6 [KIb]
and dynamic, 90,9 [Klb] is 13,7 [KIb].

Where:
Ay, Inner area of the section (in?)
Ay Outer area of the section (in?)
A, Outer area of the next section (in?)
HyF;, Hydraulic force of the section (pound)
HyFD, Hydraulic dynamic force of the section (pound)
BHP Bottom Hole Pressure (BHP)
Dy, Length of the section(ft)
Pw Projected weight (ft)
PP Pump pressure (psi)
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Pw Projected weight of the pipe (pound)
Pwm Projected weight of the mud (pound)
Pryar Hydrostatic Pressure (psi)

Ppyn Dynamic Pressure (psi)
Ppynpa Dynamic Pressure used for pressure area method (psi)
TPw Total projected weight (pound)

Pk Density at element depth (ppg)

APpipe Pressure losses inside the pipe (pound/ft)
AP, Pressure losses in the annular (pound/ft)
0y Inclination of the current section (degrees)

051 Inclination of the previous section (degrees)

Chapter 4.4.1.3 Inertial force
After doing the force analyse inside a curved pipe in the chapter 3 and adopting Eq.346

and Eq. 3.47 it is possible to find the resultant force exerted by the fluid to the pipe wall.
nd?
4

PLCI

ﬁ'i'A = (P P;., cos(L;DLS;)) — — (cos(L;DLS;) — )> £;

2

s 4
— <T i+1 SIN(L;DLS;) + ——- pid”

7z (sin(L;DLS;)) ) n, Eq.3.46

Total inertial force vector is calculated by [13]:

TIF = \[(FTL)Z + (Fn)’ Eq.3.47

For inertial force dynamic pressure is imperative to use the dynamic pressure, which was
figured out in the previous chapter (Eq. 4.11)

Ppyn = BHP + APy, Eq.4.11
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Inertial force vs MD
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Figure 4.12 Effect of Inertial force under dynamic state

As described in the plot, the blue curve shows the effect of the inertial force, the biggest
difference on Hook load can be found when the well is building up curve, around 40-50
degrees and near to 1,2 degrees / 100 m of DLS. Approximately from 900m to 1000m the
repercussion of inertial force under the Buoyant weight is 26 [K1b] approximately. It can be
concluded that the closer to the horizontal (90 degrees) or vertical (0 degrees), the less
impact of the fluid in the pipe walls and therefore in the hook load measurement.

Chapter 4.4.1.4 Viscous force
Using the Rheological model chosen, Herschel Bulkey, exposed in chapter 3 and after

finding Reg, f and AP, the viscous force both in the pipe and annulus can be calculated.
Regarding Inside pressure loss, pressure loss in the bit nozzles must be included also losses
in the tool joints.

APipsige = AP,

pipe+APtj+ APbit Eq413

WellPlan™ use the following expression to quantify this value:

AP, = pKtz"v’% Eq.4.14
If

Reg < 1000
Then,

K =0
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K¢j is the tool joint loss coefficient which is in function of the Reynold number inside the
pipe section.

If
1000 < Reg < 3000
Then
K:; = 1,91 xlog(Reg) — 5,64
If
3000 < Reg < 13000
Then
K:j = 4,66 — (1,05 = log(Reg))
If
Reg > 13000
Then
K:; =0,33

The Pressure drop across the Bit Nozzles was studied by Azar and Robello [8] , concluding
the subsequent expression:

(83 * 107%)pQ>

Eq.4.15
C2A? 1

APy =

Flow direction

direction

friction I
direction [

l Pipe friction

Figure 4.13 Flow and friction direction
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With respect to pressure losses, the assignment made by the programmed Matlab code which
has included different works regarding Reynolds number, Herschel Bulkley rheological
model and Darcy friction factor displayed the following results:

STRING PRESSURE LOSSES

HWDP;
277.3733 psi

Jar; 28.0073 psi
Drill Collar;
25.4226 psi

Figure 4.14 String Pressure drop distribution

ANNULAR PRESSURE LOSSES
Drill Collar;

Jar; 2.2011 psi_ >-6852psi

-

Figure 4.15 Annular Pressure drop distribution
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Consequently, using the definition of viscous force given in the chapter 3, this magnitude
for each section of the well would be defined as:

VF = VEyn — VFpipe Eq.4.16
WDVF = BC + VFyp, Eq.4.17

Eq. 4.17 clarifies the effect only of the viscous force in the hook load from the base case
measured at surface by a force balance

Viscous force vs MD
T T T T

0 ——

—— Effect of Viscous
| RS Base Case Static
500 - e Base Case Dyn |

1000 -

1500 -

2000 -

Depth [m]

3000 -

3500 -

4000

4500 1 1 1 | 1 1
-20 0 20 40 60 80 100 120

Weight [kpound]

Figure 4.16 Effect of viscous force in the hook load

Based in the information that can be taken from the plot Hook load of the whole drill string
considering viscous force is 102,78 [KIb], which means 10,25 [KIb] of response respect to
the base case.

Where:
BC Hook load from base case (pound)
A Total flow area (in?)
Cy Nozzle coef ficient = 0,95
Pw Projected weight (ft)
Kij Tool joint loss coef ficient
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Q Pump rate (gpm)
Reg Reynolds number
VE, Viscous force at element depth (pound)
VEn Annular viscous force at element depth (pound)
VE,ipe Pipe viscous force at element depth (pound)
WDVF Weight due to viscos force (pound)
p Mud Density at element depth (ppg)
AP, Pressure loss in the tool joint (psi)
APy;; Pressure loss in the bit nozzles (psi)

Chapter 4.4.2 Combine all forces into T&D model

Assumptions: Friction force coefficient: 0.2, same density inside and outside the pipe

[pound/in3], pressure inside equal to pressure inside [psi], Weight On Bit: 0 [Klb]

After analysing each force for separate, it is moment to blend them all together and see a
more realistic impact into the Hook load. For the first case, just rotating off the bottom, the
string is still but there is a pump rate of 792,5 [gpm]. With respect to the basic case is clearly

a variation of 22,87 [KIb]

Depth [m]

0

500 -

1000 -

1500

2000

2500

3000

3500

4000

4500

HKLD vs MD
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Effect of All Forces
Base Case Dynamic | -

20

‘ i ‘
0 20 40 60 80 100 120
Weight [Kpound]

Figure 4.17 Effect of all the forces in the hook load
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To summarise and define how this result was found, it is required a basic force balance. It
is necessary to bring up equations 3.47, 4.5, 4.8, 4.12b,4.16:

HKLDyc = B % Pw + Fppag + AFgreqp — TIF + VEypy — Vi, Eq.4.18

Rotating off the bottom is a procedure developed to mainly to circulate viscous pill and clean
the hole. But trip in and trip out are procedures required when there is a change in the BHA.
Since a displacement of the string is seen, the drag force then must be considered, Robello
et al [6] exposed it as:

Fprag = SF * Ly * us * sign Eq.4.19

The sign might change from +1 for pulling out of the hole (POOH), -1 for running into the
hole (RIH) and 0 for rotating on and off bottom. Doing some changes in Effective Tension
expression (Eq.3.4), then it becomes:

F, = ) [HKLDyc + Forag] = Footiom + (P + pudd, — (P + pud)d;  Eq.4.20

In relation to Fy,¢t0m 18 computed by the fluid Pressure applied over the cross-sectional area
of the bottom component.

T
Base Case Static

Effect of All Forces
Base Case Dynamic |
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1000 - —
1500 |- .

2000 |- ———r
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4500 1 1 1 1 1 1
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Figure 4.18 Effect of all the forces in the Torque and drag model
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Figure 4.19 Calculation process
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Figure 4.20 Calculation process for torque and drag
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Inside cross — sectional area (in?)

A;
A, Outside cross — sectional area (in?)
HKLDy, Hook load under new conditions (pound)
Fprag Drag force (pound)
Fyottom Bottom pressure force (pound)
Ly Length of the pipe section (pound)
Pw Projected weight (pound)
P Pressure (psi)
SF Side force (pound/m)
u? Inside velocity (in/s)
u? Outside velocity (in/s)
VE,n Annular viscous force at element depth (pound)
VEpipe Pipe viscous force at element depth (pound)
p Mud Density at element depth (ppg)
B Buoyancy factor
Uy Friction coef ficient
AF,cap | Hydraulic force due to change of area at dynamic conditions (pound)
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Chapter 4.5 Impact of the results

After displaying graphically, the effects of the forces in the Hook load and torque and drag
model both individually and grouped, it is the moment for a more analytical approach. The
base case used to validate result is the one ran into WellPlan™ with zero flow rate and in
static condition with a value of 104,6 [Klb]. The static base case also includes data of Hook
Load in case of tripping in (RIH) or Tripping out of the hole (POOH). In some previous
plots, the term “Base case Dynamic” is also presented, this also comes from WellPlan™ but
under the influence of flow rate, which will be use

Force Total Hook load Base case Impact
measured [KIb] [Klb] [Yo]
Buoyancy 106,727 104,6 2,03
Buoyancy RIH 100,41 40,5 147,92
Buoyancy POOH 113,035 186,7 39,45

Table 4.9 Hook load at bottom of the string for each operation under Buoyancy force

Buoyancy Force

M Buoyancy Effect

Figure 4.21 Effect of Buoyancy in Hook load

Depending the type of operation at which the string is being subdued, the drag force between
de pipe and the wellbore will change for running into the hole (RIH) or pulling out of the
hole (POOH)

Buoyancy

160
140
120
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80
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40
20

Impact [%]

M Rotating Off Bottom ®RIH ™ POOH
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Figure 4.22 Effect of Buoyancy by operation

Figure 4.17 exposed the hook load and effective tension for the bottom of the string,
therefore a continuous calculation of these two parameters, RIH and POOH, through the
depth of the well is needed as the following regarding to buoyancy.

HKLD vs MD
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Figure 4.23 Effect buoyancy by operation

According to table 4.9 the impact of the buoyancy comparing with the base case is quite
small with respect to static condition, 2,03 [%], and large when RIH and POOH.

The consecutive table explained the result applied to pressure area force:

Total Hook Base case
load measured [Klb]
)
Pressure Area 91,818 104,6 12,22
Pressure Area RIH 85,80 40,5 111,85
Pressure Area POOH 98,126 186,7 47,44

Table 4.10 Hook load at bottom of the string for each operation under Pressure Area force
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Figure 4.24 Effect of pressure area

Piston Force

M Piston effect

Figure 4.25 Effect of pressure area by operation
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Figure 4.26 Effect buoyancy by operation through the well

Since inertial force is in function of dog leg severity (DLS) and at total depth the well is
completely horizontal; inclination = 89,9 [degrees] and DLS = 0, which indicates that inertial
force effect will become 0 [%]

Total Hook Base case
load measured [Klb]
)
Inertial 104,6 104,6 0
Inertial at 600 m 59,089 85,6 30,97
Inertial RIH 98,291 40,5 142,69
Inertial POOH 110,908 186,7 40,59

Table 4.11 Hook load at bottom of the string for each operation under Inertial force

For this reason, Figure 4.25 displays the effect of inertial force through the measured depth
and the highest impact is seen at 600 [m] depth. This value is included in the above table
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Figure 4.27 Effect of inertial force by operation through the well
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Figure 4.28 Effect of inertial force at 600 m
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Figure 4.29 Inertial force in drag scenario
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Figure 4.30 Effect of inertial force profile

Viscous force is directly proportional to pressure drop, then in order to find pressure drop,
and flow regime, flow velocity is a key part of the process. Therefore, while tripping in the
effective velocities through the annuli. Since the fluid is moving upward in the annulus and
for running into the hole (RIH), string is moving downwards the friction is higher. When
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pulling out of the hole drilling fluid is motioning in the same direction as the pipe, then the
change in hook load would be lesser considering small friction [8]

D
0 C DU4d 00 DASC AS€ PDd

Viscous 88,034 104,6 15,83
Viscous RIH 81,725 40,5 101,79
Viscous POOH 94,343 186,7 49,47

Table 4.12 Hook load at bottom of the string for each operation under viscous force

Viscous Force

W Viscous force effect

Figure 4.31 Effect of viscous force in percentage
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Figure 4.32 Effect of viscous force by operation

At surface a negative hook load is registered which means an excessive weight loss since
the effect of travel block weight is neglected.
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Figure 4.33 Viscous force through measured depth

Total Hook Base case
load measured [Klb]
[KIb]
Combined 81,725 104,6 21,86
Combined RIH 75,417 40,5 86,21
Combined POOH 88,034 186,7 52,84

Table 4.13 Hook load at bottom of the string for each operation with forces combined
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All Forces combined

m All forces combined
effect

Figure 4.34 Effect of all forces combined as percentage
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Figure 4.35 Effect of all forces in the hook load combined through measured depth
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Figure 4.36 Effect of viscous force by operation
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Figure 4.37 Overview of the action of all forces by operation

The differences beyond that 100 [%] specially in Running into the hole can be attributed to
not considering the effect of additional side force due to increased contact between the
wellbore and the string.
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Chapter 4.5.1 Validation of the model

In order to have some scientific support and calibrate the accuracy of the Matlab code
programmed within this master thesis project. The true reference of hook load both for static
and dynamic is the value find it in WellPlan™.

HKLD vs MD
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Figure 4.38 Action of all forces respect to Dynamic base case

Total Hook Base case dynamic
load measured [Klb]
[Klb]
Combined all forces 81,725 90,9 10,01
Viscous 88,034 90,9 3,15

Table 4.14 Error from Matlab with WellPlan™

Comparing values of hook load obtained from the Matlab code with WellPlan™ is possible
to conclude that results from the code are quite accurate also that base case for dynamic
condition is mostly governed by the action of viscous forces.
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Figure 4.39 Action of viscous forces respect to Dynamic base case

Chapter 4.6 Sensitivity analysis

In a normal drilling operation, some parameter might be dynamic. Pump rate for example
will vary depending on the necessity of the process and for controlling undesirable inflow
conditions. The base case at which all the calculations were performed had a constant pump
rate of 792,5 [gpm] / 3000 [lpm].
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Rotating off bottom vs Flow rate
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Figure 4.40 Hook load with flow rate variation

As can be seen there is an inverse proportionality among pump rate and hook load, can be
denoted that the more flow rate the more velocity both pipe and annulus, which lead to an
increase in the wall shear stress and thus in the viscous force as well in the pressure area
force. According to Eq. 3.45 Inertial force has also a contrary connection with flow velocity,
the effect of increasing flow rate will cause a diminish in the hook load.

Flow rate Total Hook Buoyant weight Impact
[gpm] load measured [Klb] [Yo]
[Klb]
264,17 /1000 [lpm] 85,48 104,6 18,27
1056,69 / 4000 [Ipm] 65,21 104,6 37,65
1320,86 / 5000 [Ipm] 86,267 104,6 17,53

Table 4.15 Hook load at bottom of the string with flow rate variation
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Flow Rate variation
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Figure 4.41 Effect of the flow rate in Hook load

Mud weight is another of the properties that usually are modified lean on the formations the
well is going through or in case of any type of kick. Having a fixed pump rate of 792,5
[gpm]. For that case, if a gas bubble is going inside the borehole drilling fluid density will
decrease, therefore Buoyancy factor will be closer to 1, density is directly related to
Reynolds number, which provokes more turbulent fluid in the hole then more pressure drops.

De Dta 0ok load Bu . D3
DPE &+ ed b ! Yo
9,8 82,598 104,6 21,03

12,495 80,320 104,6 23,21
13 79,895 104.,6 23,62

Table 4.16 Hook load at bottom of the string with flow rate variation
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Rotating off bottom vs Density
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Figure 4.42 Hook load with density variation
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Figure 4.43 Effect of the density in Hook load
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Chapter S: Conclusion and Recommendations
Chapter 5.1 Conclusions

The main scope of this work was bringing into the spotlight the importance of considering

fluid forces into the measurement of hook load in surface within drilling operations. The

work developed in this master thesis was supervised by MHWirth. The company always

was source of support in case of uncertainties and help to improve the process.

Inertial effects should be neglected, for cases where the well land into the formation
with a 90 degrees angle of inclination. However, when the build-up section is drilled,
inertial force has a large impact and should be accounted for hook load corrections.
The combined effect of the four forces is about 21,86 [%] but those that have more
effect on the hook load are pressure area and viscous force, therefore as a result,
when sensibility examination was presented, flow rate and density have a direct
proportion influence in the impact of the hook load. Since these two parameters are
mostly variable in the drilling lifecycle, it is crucial to include them in correction
factors.

One of the main purposes of the master thesis was develop a code that was able to
accurately predict the behaviour of the drilling fluid regarding flow regime and
pressure losses both inside and in the annuli space. Merging Herschel-Bulkley
rheological model with other authors frictional Darcy factor. For this reason, the
results gotten from the code are validated by WellPlan™ showing significant
outcomes.

The maximum impact into the torque and drag model is seen when running into the
hole since the direction of the string is creating more differences in effective velocity,
which will increase, pressure losses, the hydraulic force in the change of area also
shear wall stress and therefore viscous drag force effect.

The application of this study can be focused in optimizing of BHA design in order
to avoid abruptly changes of diameter which can exceed high pull capacities of the

drilling rig.

76 |Page



Chapter 5.2 Recommendations for future work

The concepts developed in this master thesis represent an enhancement for torque and drag
knowledge, more precisely in hook load calculation, which still represents an uncertainty
aspect to measure in well operations. Consequently, the contribution made in this work
would help to relief the uncertainty in the hook load indirect measurement and leave doors
open for future assemblies with torque and drag models that want to have an integral

inspection of the forces in the wellbore during drilling, cleaning and tripping scenarios.

Possible improvements can be handled e.g. developing a more complex drilling fluid density
model that includes cutting transport and redefine how it would affect the hook load. In
addition, the settlement of possible undesired scenarios such a reservoir kicks, differential

sticking and fluid losses.
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Appendix

Appendix 1: Input data

Inclination Azimuth DLS
ML, (Degree) (Degree) 1D [degree/100m]
10 0,02 277,23 10 0,02
20 0,04 277,23 20 0,02
30 0,06 277,23 30 0,02
40 0,09 277,23 40 0,02
50 0,11 277,23 50 0,02
60 0,13 277,23 60 0,02
70 0,15 277,23 70 0,02
80 0,17 277,23 80 0,02
90 0,19 277,23 90 0,02
100 0,21 277,23 100 0,02
110 0,24 277,23 110 0,02
120 0,26 277,23 120 0,02
130 0,28 277,23 130 0,02
140 0,3 277,23 140 0,02
150 0,32 277,23 150 0,02
160 0,34 277,23 160 0,02
170 0,36 267,08 170 0,07
180 0,4 253,49 180 0,1
190 0,41 251,28 190 0,02
200 0,34 269,44 200 0,14
210 0,31 293,29 210 0,14
220 0,35 316,41 220 0,14
230 0,38 325,43 230 0,07
240 0,38 325,43 240 0
250 0,38 325,43 250 0
260 0,38 325,43 260 0
270 0,43 327,25 270 0,05
280 0,5 329,59 280 0,07
290 0,57 331,35 290 0,07
300 0,64 332,73 300 0,07
310 0,96 355,67 309,99 0,45
320 1,43 8,21 319,99 0,54
330 1,95 14,34 329,99 0,54
340 2,47 17,9 339,98 0,54
350 2,4 15,06 349,97 0,14
360 2,3 11,74 359,96 0,16
370 2,3 14,85 369,96 0,13
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380 2,58 26,97 379,95 0,59
390 3,24 31,03 389,93 0,69
400 3,91 33,71 399,91 0,69
410 4,59 35,61 409,89 0,69
420 5,19 36,7 419,85 0,61
430 5,64 36,96 429,8 0,45
440 6,1 37,18 439,75 0,45
450 6,55 37,37 449,69 0,45
460 7,01 40,14 459,62 0,57
470 7,55 45,61 469,54 0,87
480 8,14 50,33 479,45 0,87
490 8,78 54,38 489,34 0,87
500 9,17 57,97 499,22 0,68
510 9,47 60,17 509,08 0,46
520 9,83 61,22 518,94 0,4
530 10,19 62,2 528,79 0,4
540 10,55 63,11 538,63 0,4
550 11,13 64,17 548,45 0,61
560 11,8 65,21 558,25 0,71
570 12,49 66,14 568,03 0,71
580 13,17 66,98 577,78 0,71
590 14,29 69,12 587,49 1,23
600 15,53 71,22 597,15 1,35
610 16,78 73,03 606,76 1,35
620 18,05 74,58 616,3 1,35
630 19,16 76,62 625,78 1,28
640 20,28 78,44 635,19 1,28
650 21,42 80,07 644,54 1,28
660 22,47 81,81 653,81 1,23
670 22,93 84,91 663,04 1,28
680 23,44 87,89 672,23 1,28
690 24,02 90,73 681,39 1,28
700 24,7 93,17 690,5 1,21
710 25,57 94,7 699,55 1,09
720 26,46 96,13 708,54 1,09
730 27,36 97,48 717,45 1,09
740 28,32 97,85 726,3 0,97
750 29,33 97,23 735,06 1,06
760 30,35 96,65 743,73 1,06
770 31,37 96,1 752,31 1,06
780 32,35 95,85 760,81 0,98
790 33,29 95,78 769,21 0,94
800 34,23 95,72 777,52 0,94
810 35,17 95,66 785,75 0,94
820 35,99 96,1 793,88 0,86
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830 36,78 96,66 801,93 0,85
840 37,57 97,2 809,9 0,85
850 38,4 97,64 817,78 0,88
860 39,45 97,69 825,56 1,04
870 40,49 97,74 833,22 1,04
880 41,53 97,79 840,77 1,04
890 42,58 97,83 848,19 1,04
900 43,88 98,05 855,48 1,31
910 45,21 98,28 862,61 1,35
920 46,55 98,49 869,57 1,35
930 47,89 98,7 876,36 1,35
940 48,71 99 883,01 0,85
950 49,53 99,28 889,56 0,85
960 50,35 99,57 895,99 0,85
970 51,24 99,9 902,31 0,93
980 52,46 100,47 908,49 1,3

990 53,68 101,03 914,5 1,3

1000 54,89 101,57 920,34 1,3

1010 56,08 101,99 926 1,23
1020 57,18 102,22 931,5 1,12
1030 58,28 102,44 | 936,84 1,12
1040 59,38 102,65 942,02 1,12
1050 60,52 102,89 947,03 1,16
1060 61,7 103,16 | 951,86 1,2

1070 62,88 103,42 956,51 1,2

1080 64,06 103,68 960,97 1,2

1090 64,84 103,8 965,29 0,79
1100 65,38 103,84 | 969,49 0,54
1110 65,92 103,87 973,62 0,54
1120 66,45 103,9 977,65 0,54
1130 66,58 103,62 981,64 0,29
1140 66,62 103,26 | 985,61 0,33
1150 66,67 102,9 989,57 0,33
1160 66,71 102,54 | 993,53 0,33
1170 66,66 102,82 997,49 0,26
1180 66,6 103,1 1001,46 0,26
1190 66,55 103,38 | 1005,43 0,26
1200 66,5 103,69 | 1009,42 0,29
1210 66,52 104,15 1013,4 0,42
1220 66,53 104,6 1017,39 0,42
1230 66,55 105,06 | 1021,37 0,42
1240 66,55 105,53 | 1025,35 0,43
1250 66,5 106,04 | 1029,33 0,47
1260 66,45 106,55 | 1033,32 0,47
1270 66,41 107,06 | 1037,32 0,47
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1280 66,41 107,34 | 1041,32 0,26
1290 66,47 107,28 | 1045,32 0,09
1300 66,54 107,21 | 1049,31 0,09
1310 66,61 107,14 | 1053,28 0,09
1320 66,62 107,01 | 1057,25 0,12
1330 66,59 106,83 | 1061,22 0,16
1340 66,57 106,65 1065,2 0,16
1350 66,54 106,48 | 1069,18 0,16
1360 66,51 106,43 | 1073,16 0,05
1370 66,48 106,43 | 1077,15 0,03
1380 66,46 106,44 | 1081,14 0,03
1390 66,43 106,44 | 1085,13 0,03
1400 66,43 106,41 | 1089,13 0,03
1410 66,43 106,38 | 1093,13 0,03
1420 66,43 106,34 | 1097,13 0,03
1430 66,43 106,31 | 1101,13 0,03
1440 66,47 106,33 | 1105,12 0,04
1450 66,51 106,34 | 1109,11 0,04
1460 66,55 106,36 1113,1 0,04
1470 66,57 106,38 | 1117,07 0,03
1480 66,5 106,44 | 1121,06 0,08
1490 66,44 106,5 1125,05 0,08
1500 66,37 106,56 | 1129,05 0,08
1510 66,33 106,54 | 1133,06 0,05
1520 66,33 106,36 | 1137,08 0,17
1530 66,34 106,17 | 1141,09 0,17
1540 66,34 105,99 1145,1 0,17
1550 66,34 105,78 | 1149,12 0,19
1560 66,34 105,55 | 1153,13 0,22
1570 66,33 105,31 | 1157,15 0,22
1580 66,33 105,08 | 1161,16 0,22
1590 66,33 105 1165,17 0,07
1600 66,33 105 1169,19 0

1610 66,33 105,01 1173,2 0,01
1620 66,33 105,01 | 1177,22 0

1630 66,38 105,01 | 1181,23 0,05
1640 66,44 105 1185,23 0,06
1650 66,5 105 1189,22 0,06
1660 66,56 104,99 | 1193,21 0,06
1670 66,52 104,96 | 1197,19 0,05
1680 66,48 104,93 | 1201,18 0,05
1690 66,44 104,9 1205,17 0,05
1700 66,41 104,85 | 1209,17 0,05
1710 66,46 104,71 | 1213,17 0,15
1720 66,52 104,56 | 1217,16 0,14
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1730 66,58 104,42 | 1221,14 0,14
1740 66,61 104,34 | 1225,11 0,08
1750 66,59 104,41 | 1229,08 0,06
1760 66,57 104,47 | 1233,05 0,06
1770 66,54 104,53 | 1237,03 0,06
1780 66,53 104,6 1241,01 0,06
1790 66,52 104,66 1245 0,06
1800 66,51 104,72 | 1248,98 0,06
1810 66,5 104,78 | 1252,97 0,06
1820 66,52 104,88 | 1256,96 0,09
1830 66,55 105,01 | 1260,94 0,12
1840 66,58 105,13 | 126491 0,12
1850 66,61 105,26 | 1268,89 0,12
1860 66,73 104,68 | 1272,85 0,54
1870 66,87 103,93 | 1276,79 0,7
1880 67,02 103,19 1280,7 0,7
1890 67,17 102,44 | 1284,59 0,7
1900 67,32 101,7 1288,46 0,7
1910 67,48 100,96 1292,3 0,7
1920 67,6 100,66 | 1296,12 0,3
1930 67,65 100,94 | 1299,93 0,27
1940 67,71 101,22 | 1303,73 0,27
1950 67,77 101,5 1307,52 0,27
1960 67,85 102,41 | 1311,29 0,85
1970 67,94 103,79 | 1315,06 1,29
1980 68,05 105,18 1318,8 1,29
1990 68,17 106,55 | 1322,53 1,29
2000 68,14 107,01 | 1326,25 0,42
2010 68,06 107,13 | 1329,98 0,14
2020 67,97 107,26 | 1333,73 0,14
2030 67,89 107,38 | 1337,48 0,14
2040 67,97 106,61 | 1341,24 0,72
2050 68,08 105,69 | 1344,98 0,86
2060 68,19 104,77 | 1348,71 0,86
2070 68,31 103,85 | 1352,41 0,86
2080 68,16 102,98 | 1356,12 0,83
2090 68,01 102,1 1359,85 0,83
2100 67,86 101,22 | 1363,61 0,83
2110 67,74 100,31 | 1367,39 0,86
2120 67,75 99,19 1371,18 1,03
2130 67,76 98,08 1374,96 1,03
2140 67,78 96,97 1378,75 1,03
2150 67,98 95,87 1382,51 1,04
2160 68,54 94,79 1386,22 1,15
2170 69,1 93,71 1389,83 1,15
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2180 69,68 92,64 1393,35 1,15
2190 70,44 91,7 1396,76 1,17
2200 71,38 90,87 1400,03 1,23
2210 72,33 90,05 1403,14 1,23
2220 73,29 89,24 1406, 1 1,23
2230 74,14 88,57 1408,9 1,06
2240 74,94 87,98 1411,57 0,99
2250 75,75 87,39 1414,1 0,99
2260 76,55 86,81 1416,49 0,99
2270 77,1 86,32 1418,77 0,72
2280 77,58 85,88 1420,96 0,65
2290 78,05 85,43 1423,08 0,65
2300 78,53 84,98 1425,11 0,65
2310 79,1 84,38 1427,05 0,83
2320 79,68 83,76 1428,89 0,83
2330 80,26 83,16 1430,63 0,83
2340 80,82 82,57 143227 0,81
2350 81,26 82,12 1433,83 0,63
2360 81,7 81,67 1435,31 0,63
2370 82,15 81,22 1436,72 0,63
2380 82,59 80,77 1438,04 0,63
2390 83,03 80,32 1439,3 0,63
2400 83,48 79,88 1440,47 0,63
2410 83,92 79,43 1441,57 0,63
2420 84,21 79,22 1442,6 0,36
2430 84,31 79,28 1443,6 0,12
2440 84,42 79,35 1444,58 0,12
2450 84,52 79,41 1445,55 0,12
2460 84,54 79,39 1446,5 0,03
2470 84,5 79,32 1447,46 0,08
2480 84,47 79,24 1448,42 0,08
2490 84,43 79,17 1449,39 0,08
2500 84,41 79,1 1450,36 0,07
2510 84,41 79,04 1451,33 0,06
2520 84,4 78,98 1452,31 0,06
2530 84,39 78,91 1453,28 0,06
2540 84,4 78,77 1454,26 0,15
2550 84,41 78,61 1455,24 0,15
2560 84,43 78,46 1456,21 0,15
2570 84,45 78,31 1457,18 0,15
2580 84,65 78,29 1458,13 0,2
2590 84,84 78,26 1459,04 0,2
2600 85,04 78,24 1459,92 0,2
2610 85,15 78,17 1460,78 0,13
2620 84,97 77,95 1461,64 0,28
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2630 84,79 77,73 1462,53 0,28
2640 84,61 77,51 1463,46 0,28
2650 84,51 77,29 1464,41 0,24
2660 84,53 77,06 1465,36 0,23
2670 84,56 76,83 1466,31 0,23
2680 84,58 76,6 1467,26 0,23
2690 84,61 76,54 1468,2 0,07
2700 84,64 76,6 1469,14 0,07
2710 84,67 76,66 1470,07 0,07
2720 84,7 76,72 1471 0,07
2730 84,69 76,77 1471,92 0,05
2740 84,67 76,82 1472,85 0,05
2750 84,65 76,87 1473,78 0,05
2760 84,62 76,91 1474,71 0,05
2770 84,61 76,95 1475,65 0,05
2780 84,59 77 1476,59 0,04
2790 84,58 77,04 1477,54 0,04
2800 84,56 77,08 1478,48 0,04
2810 84,55 77,14 1479,43 0,06
2820 84,54 77,19 1480,38 0,06
2830 84,54 77,25 1481,33 0,06
2840 84,53 77,28 1482,28 0,03
2850 84,55 77,12 1483,24 0,16
2860 84,56 76,96 1484,19 0,16
2870 84,58 76,79 1485,13 0,16
2880 84,59 76,59 1486,07 0,21
2890 84,61 76,28 1487,02 0,31
2900 84,77 76,15 1487,94 0,21
2910 85,24 76,4 1488,81 0,52
2920 85,7 76,65 1489,6 0,52
2930 86,16 76,89 1490,31 0,52
2940 86,51 76,94 1490,95 0,35
2950 86,5 76,35 1491,56 0,59
2960 86,49 75,77 1492,17 0,59
2970 86,48 75,18 149279 0,59
2980 86,5 74,79 1493,4 0,39
2990 86,55 74,58 1494 0,21
3000 86,59 74,37 1494,6 0,21
3010 86,64 74,16 1495,19 0,21
3020 86,7 74,16 1495,77 0,06
3030 86,78 74,24 1496,34 0,11
3040 86,85 74,33 1496,9 0,11
3050 86,92 74,41 1497,44 0,11
3060 86,54 74,72 1498,01 0,49
3070 86 75,11 1498,66 0,66
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3080 85,47 75,5 1499,41 0,66
3090 84,94 75,89 1500,24 0,66
3100 85,21 75,82 1501,1 0,28
3110 85,48 75,75 1501,91 0,29
3120 85,76 75,67 1502,67 0,29
3130 86,04 75,64 1503,39 0,27
3140 86,28 75,8 1504,06 0,29
3150 86,53 75,96 1504,69 0,29
3160 86,77 76,12 1505,27 0,29
3170 86,88 75,99 1505,83 0,17
3180 86,67 75,23 1506,39 0,79
3190 86,46 74,47 1506,99 0,79
3200 86,26 73,7 1507,62 0,79
3210 86,32 73,46 1508,27 0,25
3220 86,63 73,71 1508,88 0,4
3230 86,94 73,96 1509,44 0,4
3240 87,25 74,21 1509,95 0,4
3250 87,86 74,37 1510,38 0,63
3260 88,64 74,48 1510,68 0,79
3270 89,42 74,59 1510,85 0,79
3280 90,2 74,71 1510,89 0,79
3290 90,31 74,86 1510,84 0,19
3300 90,24 75,02 1510,79 0,18
3310 90,16 75,19 1510,76 0,18
3320 90,09 75,35 1510,74 0,18
3330 90,29 75,61 1510,7 0,33
3340 90,52 75,88 1510,63 0,36
3350 90,76 76,16 1510,52 0,36
3360 91 76,43 1510,37 0,36
3370 91,23 76,7 1510,17 0,36
3380 91,18 76,63 1509,96 0,08
3390 91,14 76,56 1509,76 0,08
3400 91,18 76,49 1509,56 0,08
3410 91,35 76,4 1509,34 0,19
3420 91,52 76,31 1509,09 0,19
3430 91,69 76,22 1508,81 0,19
3440 91,85 76,14 1508,5 0,18
3450 91,89 76,09 1508,17 0,06
3460 91,93 76,04 1507,84 0,06
3470 91,97 75,99 1507,49 0,06
3480 91,94 76,09 1507,15 0,11
3490 91,87 76,29 1506,82 0,21
3500 91,8 76,48 1506,5 0,21
3510 91,72 76,68 1506,19 0,21
3520 91,41 76,86 1505,92 0,36
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3530 91,04 77,03 1505,7 0,41
3540 90,67 77,2 1505,55 0,41
3550 90,3 77,37 1505,47 0,41
3560 89,88 77,43 1505,45 0,42
3570 89,46 77,48 1505,51 0,42
3580 89,04 77,54 1505,64 0,42
3590 88,66 71,57 1505,84 0,38
3600 88,5 77,52 1506,09 0,17
3610 88,33 77,47 1506,37 0,17
3620 88,16 77,42 1506,67 0,17
3630 87,97 77,37 1507,01 0,2
3640 87,69 77,34 1507,39 0,28
3650 87,41 77,31 1507,82 0,28
3660 87,13 77,28 1508,29 0,28
3670 87 77,17 1508,81 0,16
3680 87,05 76,99 1509,33 0,18
3690 87,09 76,82 1509,84 0,18
3700 87,13 76,64 1510,34 0,18
3710 86,84 76,55 1510,87 0,31
3720 86,34 76,52 1511,46 0,5
3730 85,84 76,48 1512,15 0,5
3740 85,34 76,45 1512,92 0,5
3750 85,37 76,68 1513,72 0,23
3760 85,57 76,99 1514,51 0,37
3770 85,77 77,31 1515,27 0,37
3780 85,98 77,62 1515,99 0,37
3790 86,71 78,11 1516,63 0,89
3800 87,49 78,62 1517,13 0,93
3810 88,26 79,13 1517,5 0,93
3820 88,98 79,6 1517,74 0,86
3830 88,63 79,44 1517,95 0,39
3840 88,27 79,28 1518,22 0,39
3850 87,92 79,11 1518,55 0,39
3860 87,6 78,88 1518,94 0,4
3870 87,44 78,3 1519,38 0,6
3880 87,28 77,73 1519,84 0,6
3890 87,12 77,15 1520,32 0,6
3900 87,03 76,66 1520,83 0,5
3910 87,06 76,34 1521,35 0,32
3920 87,09 76,02 1521,86 0,32
3930 87,12 75,7 1522,36 0,32
3940 87,15 75,52 1522,86 0,18
3950 87,16 75,47 1523,36 0,05
3960 87,18 75,43 1523,85 0,05
3970 87,19 75,39 1524,34 0,05
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3980 87,29 75,48 1524,82 0,13
3990 87,42 75,65 1525,29 0,22
4000 87,55 75,82 1525,73 0,22
4010 87,68 76 1526,14 0,22
4020 88,21 75,9 1526,5 0,53
4030 88,84 75,74 1526,76 0,65
4040 89,46 75,58 1526,91 0,65
4050 90,09 75,43 1526,95 0,65
4060 90,19 75,54 1526,92 0,15
4070 90,27 75,67 1526,88 0,15
4080 90,36 75,79 1526,83 0,15
4090 90,41 75,89 1526,76 0,12
4100 90,27 75,82 1526,7 0,16
4110 90,12 75,75 1526,67 0,16
4120 89,97 75,68 1526,66 0,16
4130 89,85 75,64 1526,67 0,13
4140 89,78 75,72 1526,71 0,1
4150 89,72 75,79 1526,75 0,1
4160 89,66 75,87 1526,8 0,1
4170 89,65 75,94 1526,86 0,08
4180 89,7 76,02 1526,92 0,08
4190 89,74 76,09 1526,97 0,08
4200 89,79 76,16 1527,01 0,08
4210 89,8 76,18 1527,05 0,03
4220 89,8 76,18 1527,08 0
4230 89,8 76,18 1527,12 0
4238,5 89,8 76,18 1527,15 0

Appendix 2: Matlab code used for calculations

The code also can find it on:
https://github.com/diegopinto93/Fluid-forces-calculation
For calibration of density the Matlab code is the following:

function rhol = rolig(pressure,T)

% A simple liquid dens model wich takes into pressure varations vs.
pressure

% 1s implemented. PO is the atmosperic pressure. DO is density at
surface

% conditions

rouO = 10.829;%
TO = 68;

beta=-0.0001535;
alpha=2.7384e-06;
gamma=-7.469e-07;
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rhol = rouO*exp (alpha*pressure + beta* (T-TO0)+gamma* (T-T0) "2 );
The code for the force calculations, use inputs from an excel file.

clear;

clc;

TVDm= xlsread('BPF.xlsx', 'E4:E428');%Total vertical Depth [m]
TVDft= xlsread('BPF.xlsx', 'F4:F428');%Total vertical Depth [ft]
tgrad= xlsread('BPF.xlsx','J4:J8");%Temperature gradient
md=x1lsread ('BPF.xlsx', 'A4:A428");%Measured depth [m]
mdft=xlsread ('BPF.xlsx', 'B4:B428");%Measured depth [ft]
Inclin=xlsread('BPF.xlsx', 'C4:C428");%Inclination
DLS=xlsread('BPF.xlsx', 'G4:G428');%Dog Leg Severity

z=size (md) ;

temp=zeros (z); $Temperature vector

tref= 50;% Temperature of reference [C]

Ts=122; %$Temperature of reference [F]

Rhopipe= 64.7;

mwref= xlsread('BPF.xlsx', 'N4:N4"') ;%MW reference

Pref=14.7; %Pressure reference [psi]

IDpipe=xlsread ('BPF.xlsx','V4:V10'"'); S$Inner pipe diameter [in]
IDann=xlsread('BPF.x1lsx', 'AE4:AE11");%Inner annuli diameter [in]
ODpipe= xlsread('BPF.xlsx','T4:T10"); S%Outer pipe diameter [in]
ODpl= xlsread('BPF.xlsx', 'AF4:AF11");

Ai=xlsread ('BPF.xlsx', "AH4:AH10") ;% [m2]

Ao=xlsread('BPF.xlsx', 'AG4:AG11");%[m2]

Lpipe= xlsread('BPF.xlsx', "R28:R32");
Lpipe2=xlsread('BPF.xlsx','AD4:AD10");%Pipe Length [m]
Lpipel=xlsread('BPF.xlsx','R4:R8");% Pipe Length 1 [m]
Aipipe=xlsread('BPF.xlsx', 'X4:X10"); % Inner Cross sectional area
pipel[in2]

wailr=xlsread ('BPF.xlsx"','Y4:Y8");
IDtj=xlsread('BPF.xlsx','P4:P8");

BC=xlsread ('BPF.xlsx', '"AL4:AL428");%Base case Static
BC2=xlsread('BPF.xlsx', "A0O4:A0428"');%Base Case Dynamic
SFR=xlsread ('BPF.xlsx', '"AR4:AR428"');%Side Force RIH
SFP=xlsread ('BPF.xlsx', 'AS4:AS5428"');%Side Force POOH
SFS=x1lsread ('BPF.xlsx', 'AS4:A5428"');%Side Force Rotating off Bottom
Aoann=(pi.* ((IDann.*0.0254) .72)./4)-RAo; % Annuli cross sectional area
[m2]

AIH=zeros (z); %Area annular

Abn=0.3069;%Bit nozzles areal[in2]

Ty= 6.703;% Yield stress [Pa]

n= 0.787; % Behaviour index

k= 0.149; % Consistency index [Pa*s”n]

m= 1/n;

R= zeros (z);

Rl=zeros(z);

N=size (IDpipe) ;

Nl=size (IDann) ;

nl=size (Lpipel);

na=size(z);

D=(0.0254.*IDann)-(0.0254.*0Dpl) ;%annular diameter [m]
D1=(0.0254.*IDpipe); %inside diameter [m]
Dtj=(0.0254.*IDtj);%inside diameter tool joint [m]
g=3000/(60000); %flow [m3/s] 3000 1/min CAMBIOOOQOOS
Q0=3000*0.264172; % flow [gpm]CAMBIOSSSS
v=q./(0.0254"2.*Aipipe) ;% velocity [m/s]
vpipe=zeros(z);%velocity inside pipe

vann=zeros (z); %velocity annular

e=4.6E-05; %Pipe roughness

(
(
(
(
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b=426;

Rho= zeros(z);%Density [ppg]

Rhol=zeros (z) ;

P=zeros(z);% Pressure [psi]

Rho (1)= mwref; $Density

P(1l)=Pref;% Pressure at cell 1
Recpl=zeros(z);$Re pipe

Recal=zeros(z);%Re ann

Retj=zeros(z) ;%Re tool joint
deltaP=zeros(z);% Change of pressure [psi]
P2=zeros(z);

P3=zeros(z);

Pd=zeros(z);

fpl=zeros(z);%Darcy friction factor pipe
DpDlpl=zeros(z);%dpdl inside pipe [Pa/m]
Dppl=zeros(z) ;spressure loss inside pipe [Pa]
fal=zeros(z); sDarcy friction factor annular
DpDlann=zeros (z); %dpdl annular [Pa/m]
Dpal=zeros(z) ;%pressure loss inside pipe [Pa]
VFpl=zeros(z);%Viscous Force inside pipe
VFal=zeros(z);%Viscous Force annular

tol=0.001;% tolerance
dfvd=zeros(z); %Additional force due to viscous drag
dptj=zeros(z);

(z
(z
(
(
ktj=zeros(z
atj=zeros(z
z

z

(

(

(

’
o

;%Area of the Tool Joint
Aol=zeros (
Ail=zeros (
Atj=(pi.*(
Pwem=zeros
Pwei=zeros
Pw=zeros(z);

FdeltaA= xlsread('BPF.xlsx', 'AJ4:AJ428");%HYDROSTATIC FORCES DUE TO
CHANGE IN AREA

Dfpv=zeros(z); %

BHPl=zeros (z);%Effective tension Dynamic

cf=12/231; %Conversion Factor

Ptp=zeros ; $Total pressure pipe

Pta=zeros ; S$Total pressure annular

PAF=zeros ; %Pressure area force

Dpa=zeros
BFn=zeros
BFd=zeros
Aol=([Ao0l;
IDH=zeros (z
PAFD=zeros (
IF=zeros(z);
IFt=zeros(z);
IFn=zeros(z)
l=zeros(z);
IFSt=zeros(z);%Inertial force tangential direction
IFSn=zeros(z);%Inertial force normal direction
IFS=zeros(z);%Inertial force total

IF2=zeros(z);

theta=zeros (z);

PDDP=zeros (z) ; sPresure difference Drill Pipe
PDHWDP=zeros (z) ; $Presure difference HWDP
PDJar=zeros (z); $Presure difference Jar
PDDC=zeros (z) ; $Presure difference Drill Collar
DragR=zeros (z);%Drag force for RIH

DragbP=zeros (z);%$Drag force for POOH

)

z
z
);
)
) ;
)
I
z ,oPrOJected weight of the mud
z

Dtj) .”2)./4) ; ¥ CAMBIEEEE de m2 para in2
)
) i

’

I
-%Inner diameter hole

)

Nv\_lvvvvvvo\o
~.

’
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DragS=zeros (z);%Drag force for Rotating off Bottom
%calculation Re (pipe, ann)

for i=2:z
if TVDm(i)<110
temp (i)= (tref+ (TVDm (i) *tgrad(1l)))*(9/5)+ 32;
else
if TVDm(1i)<1390
temp (i)= (tref+ (TVDm(i)*tgrad(2)))*(9/5)+ 32;
else
if TVDm(1)<1405
temp (i)= (tref+ (TVDm(i)*tgrad(3)))*(9/5)+ 32;
else
if TVDm(1i)<1550
temp (i)= (tref+ (TVDm (i) *tgrad(4)))*(9/5)+ 32;
else
temp (i)= (tref+ (TVDm (i) *tgrad(5)))*(9/5)+ 32;
end
end
end
end

P(1)=0.052*Rho (i-1) *TVDft (i) ;%initial guess of pressure
deltaP(i)=P(1i);

while (deltaP (i) > tol)
P2 (1)=P(1);

Rho(i)=rolig(P(i),temp(i));%recalculate density
P(i)=0. 052*Rho(1)*TVth(1),%recalculate pressure
deltaP(i)=abs(P(i)-P2(1i));

end

if md(i)<= 3987.25
R(i)=IDpipe(5)/2;
Aol(i):(pi*(ODpipe(5))A2)/4;

Ail(1)= (pi (IDpipe (5 )/4;
vpipe (i)=q/(0.0254" 2 *Alplpe(5))
Pwei (i ) (wair(5)* (md (i) -md (i-1)) *cosd (mean ([Inclin (i), Inclin (i-

1)]1)))*2.2046226218488;
atj(1)=(Atj (5));%Area tool joint [in2]
Recpl(i)=((Rho(i)/O.OO83)*((vpipe(i))A(2—
n))*D1(5)"(n))/( Ty/8 5) /vpipe(i)) " (n) +
*((3*( *k*(8*vp1pe /Dl )) N (n) / (Ty +
*(8*vpipe (i) /D1(5))" (n)))+l)/(4*(n*k*(8*Vpipe(i)/Dl(5))A(n)/(Ty +
* (8*vpipe (i) /D1(5))"(n))))) " (n) *8%(n-1));
Pwei (i)= (wa1r(5)*(md(i)—md(i—1))*cosd(mean([Inclin(i),Inclin(i—
1)1)))*2.2046226218488; %Projected weight pipe
if Recpl (1)<1000
ktj(1)=0;
else
if Recpl (i)<=3000
kt3(1)=1.91*1ogl0 (Recpl(i))-5.64;
else
if Recpl (i)<=13000
ktj(i)=4.66-(1.05*1ogl0 (Recpl(i)))
else
ktj(1)=0.33;
end
end

end
dptj (1)=((Rho (1) /0.0083) *kt]j (1) * (vpipe (1)) "2)/2;
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if Recpl (i)>=3302.45 %turbulent inside pipe
syms x
egqn= (4/n)*1ogl0 (Recpl (i)*x"(1-n/2)+(e/(3.7*D1(5))))-(0.4*n) -
1/ (x~0.5)==0;
fpl (i)=vpasolve (eqn, x) ;
else %Laminar inside pipe
if Recpl (i)<= 2344.95
fpl (i)=64/Recpl (1) ;

end
fpl(i1)=0.3164/(Recpl(i))"(1/4);
end

DpDlpl (1)=(f
Dppl (i
wbp (1)
md (i-1));
else

(i) * (Rho (i) /0.0083) * (vpipe (1)) (2))/(2*0.0254*IDpipe (5)) ;
DpDlpl (1 ) (md( )-md (i-1));
9.

pl (i
)=
=(9.8*wair(5)+ ((Rho(i)*119.83)* (A1 (5)-A0o(5)))*9.8)* (md (i) -

if md(i)<=4205.25
R(i)= IDpipe )/2;
vpipe (i) =g/ (0. 0254 2. *Alplpe( ));
Aol( ) (pi* (ODpipe (4 ) /4;
Ail(i)=(pi*(IDpipe(4))A2)/4;
Pweil (i)=(wair(4)* (md (i) -md(i-1)) *cosd(mean([Inclin (i), Inclin (i-
1)1)))*2.2046226218488;
atj (i)= <Atj<4))
Recpl (i) =( (Rho( /O 0083) ((vpipe (1))~ (2-
n))*Dl(4)A(n))/ (Ty/8)* 4) /vpipe (1))~ (n) +
*((3*%(n *k*<8*vpipe i /D1<4>>A<n>/<Ty +
* (8*vpipe (1) /D1 (4))" (n)))+1)/(4*(n*k*(8*vp1pe ) /D1 (4))"(n)/(Ty +
*(8*vpipe (i) /D1(4))"(n))))) " (n) *8~(n-1));
if Recpl( )<lOOO
ktj (1)=0;
else
if Recpl (i) <=3000
ktj(1)=1.91*1ogl0 (Recpl(i))-5.64;
else
if Recpl (i)<=13000
ktj (1)=4.66-(1.05*10gl0 (Recpl (i))):;
else
ktj (1)=0.33;
end
end

end
dptj (i)=((Rho(i)/0.0083) *kt]j (i) * (vpipe (i))"2)/2;
if Recpl (i)>=3302.45 Sturbulent inside pipe
syms x
egqn= (4/n)*1ogl0 (Recpl (i)*x"(1-n/2)+(e/(3.7*D1(4))))-(0.4*n) -
1/ (x70.5)==0;
fpl (i)=vpasolve (eqgn, x) ;

else
if Recpl( i)<= 2344.95%Laminar inside pipe
fpl(i)=64/Recpl (1) ;

end
fpl (i)=0.3164/(Recpl (i))"(1/4);

end
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DpDlpl (i)=(fpl (i) * (Rho (i) /0.0083)* (vpipe (i))~(2))/(2*0.0254*IDpipe (4)) ;
Dppl (1) =DpDlpl (i) * (md (i) -md (i-1)) ;

else
if md(i)<: 4218.5
R(i)= IDpipe )/2;

vpipe ( q/ (0. 0254 2. *Alplpe(3))
AOl( )=( * (ODpipe (3 ) /4;
A1l (1)=(p (IDpipe(B))AZ)/4;
Pwei (i)= (wa1r(3)*(md(i)—md(i—l))*cosd(mean([lnclln( ), Inclin (i-

1)1)))*2.2046226218488 ;

atj (i)= <Atj<3))

Recpl (i) =( (Rho( /O 0083) ((vpipe(i)) "~ (2-
n))*D1(3) " (n))/( Ty/8 3) /vpipe(i)) " (n) +
k*((3*(n*k*(8*vplpe /Dl )) N (n)/ (Ty +

* (8*vpipe (i) /D1(3))" ( )))+1)/(4*(n*k*(8*Vpipe(i)/D1(3))A(n)/(Ty +
* (8*vpipe (i) /D1 ( )) (n)))))~(n) *8°(n-1));
if Recpl(1)<lOOO
ktj (1)=0;
else

if Recpl (1)<=3000

kt3(1)=1.91*1ogl0 (Recpl(i))-5.64;

else

if Recpl (i)<=13000
ktj (1)=4.66-(1.05*10gl0 (Recpl(i))):;

else
ktj (1)=0.33;
end
end
end
dptj (1)=((Rho (1) /0.0083) *kt]j (i) * (vpipe (i) )/2;
if Recpl(i)>=3302.45 %turbulent lnSlde pipe
syms x
eqn= (4/n)*1ogl0 (Recpl (i) *x" (1-n/2)+(e/(3.7*D1(3))))-(0.4*n) -

1/(x70.5)==0;
fpl (i)=vpasolve (eqn, x) ;

else %Laminar inside pipe
if Recpl(i)<= 2344.95
fpl (i)=64/Recpl (i) ;

end
fpl (i)=0.3164/(Recpl (1))~ (1/4);
end

DpDlpl (i)=(fpl (i) * (Rho (i) /0.0083)* (vpipe (1))~ (2))/(2*0.0254*IDpipe (3));
Dppl (1) Dlepl( ) (md (i) -md(i-1));

else
if md(i)<= 4238.17
Aol (i)=(pi* (ODpipe (2))"2)/4;
Ail(i)=(pi* (IDpipe(2))"2)/4;
R(i)=IDpipe(2)/2;
vpipe (1)=qgq/ (0.0254"2.*Aipipe(2));
Pwel (i)=(wair(2)* (md (i) -md(i-1)) *cosd (mean([Inclin (i), Inclin (i-
1)1)))*2.2046226218488;
atj (i)=(Atj(2));
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Recpl (i) =( (Rho( /O 0083) * ((vpipe (1))~ (2
n))*Dl(Z)A(n))/ Ty/8 2) /vpipe (1)) " (n) +
*((3*(n *k*(8*vp1pe /Dl )) " (n) /(Ty +
* (8*vpipe (i) /D1 (2))" ( )))+l)/(4*(n*k*(8*vplpe )/D1(2))"~(n)/(Ty +
*(8*vpipe (1) /D1(2))"(n))))) " (n) *8%(n-1));
if Recpl( 1)<1000
ktj (1)=0;
else
if Recpl (1)<=3000
ktj (1)=1.91*1ogl0 (Recpl(i))-5.64;
else
if Recpl (1)<=13000
ktj(1i)=4.66-(1.05*10ogl0 (Recpl(i)));
else
ktj (1)=0.33;
end
end

end

dptj (1)=((Rho(i)/0.0083) *kt]j (i) * (vpipe (i))"2)/2;
if Recpl(i)>= 3302 45 Sturbulent inside pipe

syms x

egqn= (4/n)*1ogl0 (Recpl (i)*x"(1-n/2)+(e/(3.7*D1(2))))-(0.4*n) -
1/(x*0.5)==0;
fpl (i)=vpasolve (eqn, x) ;

else %Laminar inside pipe
if Recpl(i)<= 2344.95
fpl (i)=64/Recpl (i) ;

end
fpl(i1)=0.3164/(Recpl(i))"(1/4);
end
DpDlpl (i) =(fpl (i) * (Rho (i) /0.0083) * (vpipe (1)) " (2))/ (2*0.0254*IDpipe (2));

Dppl (1) Dlepl( ) (md (1) -md (i-1));

else
R(i)= IDpipe )/2;
vplpe q/ 0. 0254 2. *Alplpe( ));
Aol (1 ( * (ODpipe (1 ) /4;

Ail(i)=(pi*(IDpipe(l))A2)/4;
Pwei (i)=(wair(1l)* (md (i) -md(i-1)) *cosd(mean([Inclin (i), Inclin (i-
1)1)))*2.2046226218488;
atj (1) =(Atj (1))
Recpl (i) = ((Rho( )/O 0083) * ((vpipe(i)) " (2-
n))*D1 (1)~ (n))/( Ty/8 (1) /vpipe (1))~ (n) +
k*((3*(n*k*(8*vplpe /Dl 1))"(n)/(Ty +
k*(8*vpipe ) /D1 (1)) ( )))+1) /(4% (n*k* (8*vpipe (1) /D1 (1)) " (n)/(Ty +
*(8*vpipe (i) /D1(1))"(n))))) (n) *8%(n-1));

if Recpl (i)>=3302.45 Sturbulent inside pipe
syms x

egqn= (4/n)*1ogl0 (Recpl (i)*x"(1-n/2)+(e/(3.7*D1(1))))-(0.4*n)~-
1/ (x~0.5)==0;
fpl (i) =vpasolve (eqgn, x) ;

else %Laminar inside pipe
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if Recpl (i)<= 2344.95
fpl (i)=64/Recpl (i) ;

end
fpl(1)=0.3164/ (Recpl (1))~ (1/4);
end

DpDlpl (i) =(fpl (i) * (Rho (1) /0.0083)* (vpipe (i))"(2))/(2*0.0254*IDpipe (1)) ;
Dppl (1) Dlepl( i)*(md (1) -md(i-1));

end
end
end

end
VEpl (1) =(Dppl (i) * (pi* (R(1i)*0.0254)72))*0.2248090795; %Viscous force
in the wall of the pipe [Pound]

if md(i)<=180
R1(i)=(IDann(8)-0Dpl(8))/2;
ATH(i)=((pi* (IDann(8))"2)/4)-Aol (i) ;%Area inside the hole [in2]
vann (i) =q/ (Aoann (8)) ;
Recal (i)=( (Rho (i )/O 0083) ((vann (i) )" (2-
n))*D( )~ (n)) /7 (( Ty/8 /Vann(l)) (n) +
*((3*(n *k*(8*vann /D )/ (Ty +
* (8*vann (i) /D(8)) " (n )))+1)/(4*(n*k*(8*vann(i)/D(8))A(n)/(Ty +
* (8*vann (1 )/D( )) (n)))))~(n) *8"(n-1));
if Recal (i)>=3302.45 %turbulent annuli
syms x

eqn3= -2*10gl0((2.51/((x~0.5)*Recal (i)))+(e/(3.7*D(8)))) -
1/(x70.5)==0;
fal (i)=vpasolve (eqn3, x);

else %Laminar annuli
if Recal(i)<= 2344.95
fal(i)=64/Recal (i) ;

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))”~(2))/(2*0.0254* (IDann (8) -
ODpl(8)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));

end
fal(i)=0.3164/(Recal (1))~ (1/4); %$Intermediate flow
end

DpDlann (i)=(fal (i) * (Rho(i)/0.0083) * (vann(i))"(2))/(2*0.0254* (IDann (8) -
ODpl(8)));
Dpal (i) =DpDlann (i) * (md (i) -md (i-1));
dfvd (i)=(pi*Dpal (i) * ((0. 0254*IDann(
(0.0254*0Dpl (8)) " (2))*0.0254*0Dpl (8))/ (4

)) "~ (2) -
*0.0254* (IDann (8) -0ODpl (8)))

else
if md(i)<= 1879 $Annular
AIH(1)=(( * (IDann (7)) "2)/4)-Aol (1) ;%Area inside the hole [in2]
1(i ):(IDann(7) -ODpl(7))/2;
vann(l):q/(Aoann(7));
Recal (i) =( (Rho ( /O 0083 * ((vann (1))~ (2-
n))*D(7)"(n))/( Ty/8 ) /vann(i))”~(n) +
k* ((3*(n *k*(8*vann /D ) (n) /(Ty +
k* (8*vann (i) /D (7 A(n)))+1)/ (4* (n*k* (8*vann (i) /D(7)) "~ (n)/(Ty +
k* (8*vann (1) /D(7))"(n))))) " (n) *8"(n-1));
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if Recal(i)>=3302.45 %turbulent annuli
syms x
egqn3= -2*10gl0((2.51/((x"~0.5)*Recal (i)))+(e/(3.7*D(7)))) -
1/ (x*0.5)==0;
fal (i)=vpasolve (eqgn3, x) ;

else %Laminar annuli
if Recal(i)<= 2344.95
fal(i)=64/Recal (i);

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))”~(2))/(2*0.0254* (IDann(7) -

ODpl(7)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));

end
fal(i)=0.3164/(Recal (1))~ (1/4); %$Intermediate flow
end
DpDlann (i)=(fal (i) * (Rho (i) /0.0083)* (vann(i))"~(2))/(2*0.0254* (IDann (7) -

ODpl (7))):
Dpal (1) =DpDlann (i) * (md (i) -md (i-1)

) ;
dfvd (i)=(pi*Dpal (i) * ((0. O254*IDann( )y) N (2) -
(0.0254*0Dp1 (7))~ (2))*0.0254*0Dpl (7)) / (4*0.0254* (IDann (7)-0Dpl(7)));
else
if md( )<= 2917
1(d )=(IDann(6)—ODpl(6))/2;
AIH(1)=(( *(IDann (6))"2)/4)-Aol (1) ;%Area inside the hole
[in2]
vann ( =q/(Aoann(6));
Recal( y=((Rho(1)/0.0083)* ((vann (1))~ (2-
n))*D(6)A(n))/ Ty/8)*(D(6)/Vann( )) " (n) +
*((3*(n *k*(8*vann i)/D(6)) " (n)/(Ty +
*(8*vann (1) /D(6))"(n)))+1)/ (4* (n *k*(8*vann )/D(6)) " (n)/ (Ty +
~(n))))) " (n)

* (8*vann (i) /D (6 ) (n) *8”(n-1));
if Recal (i)>=3302.45 %turbulent annuli
syms x
eqn3= -2*10gl0((2.51/((x"~0.5)*Recal (i)))+(e/(3.7*D(6)))) -
1/ (x~0.5)==0;
fal (i)=vpasolve (egn3, x);

else %Laminar annuli
if Recal(i)<= 2344.95
fal(i)=64/Recal (i) ;

DpDlann (i)=(fal (i) * (Rho (i) /0.0083) * (vann(i))"(2))/(2*0.0254* (IDann (6) -
ODpl (6)));
Dpal (i) =DpDlann (i) * (md (i) -md (i-1)) ;
end
fal(i)=0.3164/(Recal (1))~ (1/4); %Intermediate flow
end

DpDlann (i)=(fal (i) * (Rho(i)/0.0083) * (vann(i))"(2))/(2*0.0254* (IDann (6) -
ODpl(6)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));
dfvd(i)=(pi*Dpal (1) * ((0.0254*IDann(6))"(2) -
(0.0254*0Dpl (6) )" (2))*0.0254*0ODpl(6))/(4*0.0254* (IDann (6)-0Dpl (6)));
else
if md(1)<3987.25
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Rl(i):(ID n(5)-0Dpl (5))/2;
ATH(i)=((pi* (IDann(5))"2)/4)-Aol (i) ;%Area inside the hole
[in2]
vann ( =q/(Aoann(5));
Recal( y=((Rho(1)/0.0083)* ((vann (1))~ (2-
n))*D(5) " (n))/( Ty/8)*(D(5)/Vann(l))A(n) +
k* ((3* (n*k* (8*vann (i) /D(5)) " (n)/ (Ty +
k*(8*vann(')/D( )) (n)))+1)/ (4* (n*k* (8*vann (i) /D(5)) " (n)/(Ty +
k* (8*vann (i) /D(5))"(n))))) " (n) *8%(n-1));

if Recal(i1)>=3302.45 %turbulent annuli
syms x
eqn3= -2*10gl0((2.51/((x70.5)*Recal(i)))+(e/(3.7*D(5))))-
1/(x70.5)==0;
fal (i)=vpasolve (eqgn3, x) ;

else %Laminar annuli
if Recal(i)<= 2344.95
fal(i)=64/Recal (i);

DpDlann (i)=(fal (i) * (Rho (i) /0.0083) * (vann(i))"(2))/(2*0.0254* (IDann (5) -
ODpl(5)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));
end
fal(i)=0.3164/(Recal (i))"~(1/4);
end

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))”~(2))/(2*0.0254* (IDann (5) -
ODpl (5)))

Dpal (i)=DpDlann (i) * (md (i) -md(i-1));

dfvd (i)=(pi*Dpal (i) *((0.0254*IDann(5))"(2) -
(0.0254*0Dp1 (5))"(2))*0.0254*0Dpl1(5))/ (4*0.0254* (IDann (5)-0Dpl(5)));

else
if md(i)<= 4205.25
RI1 (1 =(ID n(4)-0Dpl(4))/2;
ATH(1)=((pi* (IDann(4))"2)/4)-RAol (i);%Area inside the hole
[in2]
vann ( )=q/(Aoann(4));
Recal (1)=((Rho(1)/0.0083)* ((vann(i)) "~ (2-
n))*D(4)A(n))/ (Ty/8)* (D (4 /Vann( )) 7 (n) +
* ((3* (n *k*(8*vann 1) /D(4))~(n)/(Ty +
* (8*vann (i) /D (4 (n)))+l)/(4*(n*k*(8*vann )/D(4)) " (n)/ (Ty +
*(8*vann (i) /D(4))"(n)))))"(n) *8%(n-1));

if Recal (i)>=3302.45 %turbulent annuli

syms x

eqn3= -
2*10gl0((2.51/ ((x~0.5)*Recal (i)))+(e/(3.7*D(4))))-1/(x70.5)==0;

fal (i)=vpasolve (eqn3, x) ;

else %Laminar annuli
if Recal(i)<= 2344.95
fal(i)=64/Recal (i);

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann (i))”~(2))/(2*0.0254* (IDann (4) -
ODpl(4)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));
end
fal(1i)=0.3164/(Recal(i))"(1/4);
end
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DpDlann (i)=(fal (i) * (Rho (i) /0.0083) * (vann(i))"(2))/(2*0.0254* (IDann (4) -
ODpl(4)));
Dpal (i)=DpDlann (i) * (md (i) -md(i-1));
dfvd(i)=(pi*Dpal (i) *((0.0254*IDann(4))"(2) -
(0.0254*0Dpl (4))"(2))*0.0254*0ODp1(4))/ (4*0.0254* (IDann (4)-0Dpl (4)));

else
if md(i)<= 4218.5
ATH (i) =((pi* (IDann(3))"2)/4)-Aol (i);%Area inside
the hole [in2]
Rl(') (IDann(3) -0Dpl (3))/2;
vann (1) =q/ Aoann(3));
Recal( y=((Rho(1)/0.0083)* ((vann (1))~ (2-
n))*D(3)A(H))/ Ty/8 /vann( ))A(n) +
*((3*(n *k*(8*vann /D A(n) /(Ty +
*(8*vann (1) /D(3)) " (n )))+1)/(4*(n*k*(8*vann( )/D(3)) " (n)/ (Ty +
* (8*vann (1 )/D( ))A(H)))))A(H) *8%(n-1));

if Recal (i)>=3302.45 %turbulent annuli
syms x
eqn3= -
2*10gl0((2.51/((x"0.5)*Recal (i)))+(e/(3.7*D(3))))-1/(x70.5)==0;
fal (i)=vpasolve (eqn3, x) ;

else %Laminar annuli
if Recal( )<= 2344.95
fal(i)=64/Recal (i) ;

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))"(2))/(2*0.0254* (IDann (3) -

ODpl(3)));
Dpal (i)=DpDlann (i) * (md (i) -md (i-1));

end
fal(i)=0.3164/ (Recal (i))"(1/4);
end
DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))"(2))/(2*0.0254* (IDann(3) -

ODpl(3))):
Dpal (i) =DpDlann (i) * (md (i) -md (i-1));

dfvd(i)=(pi*Dpal (i) * ((0.0254*IDann(3)) " (2) -
(0.0254*0Dpl (3))"(2))*0.0254*0Dpl (3))/ (4*0.0254* (IDann (3)-0Dpl (3)));

else
if md( )<= 4238.17
1(1 )=(IDann(2) -0Dpl(2))/2;
AIH(l):(( * (IDann (2))"2)/4)-2Aol (i) ; %Area
inside the hole [in2]
vann ( ):q/(Aoann(2));
Reca1(1)=((Rho )/0.0083) * ((vann (1)) "~ (2-
n))*D(2)A(n))/ TY/S *(D(2) /vann(i)) "~ (n) +
*((3*(n *k*(8*vann )/D(2)) " (n )/(Ty +
*(8*vann (1) /D(2)) "~ (n)))+1)/ (4*(n *k*(8*vann( )/D(2)) "~ (n)/(Ty +
* (8*vann (1 )/D( )) (n)))))"(n) *8~(n-1));

if Recal (i)>=3302.45 %turbulent annuli
syms x
eqn3= -
2*10gl0((2.51/ ((x70.5)*Recal (i)))+(e/(3.7*D(2))))-1/(x70.5)==0;
fal (i)=vpasolve (eqn3, x) ;
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else %Laminar annuli
if Recal (1)<= 2344.95
fal(i)=64/Recal (1) ;

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))"(2))/(2*0.0254* (IDann (2) -
ODpl(2)));
Dpal (i) =DpDlann (i) * (md (i) -md (i-1)) ;

end
fal(i)=0.3164/ (Recal (i))"(1/4);

end

DpDlann (i)=(fal (i) * (Rho (i) /0.0083)* (vann(i))"(2))/(2*0.0254* (IDann (2) -
ODpl(2)));

Dpal (i)=DpDlann (i) * (md(i)-md (i-1)) ;

dfvd (i)=(pi*Dpal (i) * ((0.0254*IDann (2))"(2) -
(0.0254*0Dpl (2))"(2))*0.0254*0Dpl(2))/(4*0.0254* (IDann (2)-0Dpl(2)));

else
R1(i)=(IDann(1)-0Dpl(1))/2;
ATIH(i)=((pi* (IDann(1l))"2)/4)-RAol (i) ;%Area

inside the hole [in2]

vann (1)=q/ (Roann (1)) ;
Recal (1)=((Rho(1)/0.0083)* ((vann(i)) " (2-
n))*D(l)A(n))/ TY/8 D(1l)/vann(i))”(n) +
*((3*(n *k*(8*vann /D (1)) " (n )/(TY +
*(8*vann (1) /D(1))"~(n)))+1)/( *k*(8*vann )/D(1)) " (n)/ (Ty +
*(8*vann (i) /D(1)) " (n )))))A( ) *8 (n-1));

if Recal (i)>=3302.45 %turbulent annuli
syms x
eqn3= -
2*10gl0 ((2.51/ ((x~0.5)*Recal (i)))+(e/(3.7*D(1))))-1/(x70.5)==0;
fal(i)=vpasolve (eqn3, x) ;

else %Laminar annuli
if Recal (i)<= 2344.95
fal(i)=64/Recal (i) ;

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))"(2))/(2*0.0254* (IDann (1) -

ODpl(1)));
Dpal (i)=DpDlann (i) * (md (i) -md (i-1)) ;
end
fal(i)=0.3164/(Recal (i))"~(1/4);

end

DpDlann (i)=(fal (i) * (Rho(i)/0.0083)* (vann(i))"~(2))/(2*0.0254* (IDann (1) -
ODpl(1)));

Dpal (i)=DpDlann (i) * (md (i) -md(i-1));
dfvd(i)=(pi*Dpal (i) *((0.0254*IDann(l))"(2) -
(0.0254*0Dpl1 (1)) " (2))*0.0254*0ODp1(1))/ (4*0.0254* (IDann (1)-0Dpl(1))) ;%[N
end
end
end
end
end
end
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end

%Buoyancy calculations

if md(i)<= 3987.25

BFn (i)=(Lpipe (1)) *Rho (i) * (ODpipe (5) "2 - IDpipe(5)"2);
BFd (i) =(Rhopipe* (Lpipe (1)) * (ODpipe (5)*2 - IDpipe(5)"2));

else

if md(i)<=4205.25
BFn (i)=(Lpipe(2)) *Rho (1) * (ODpipe (4)*2 - IDpipe(4)"2);
BFd (i) =(Rhopipe* (Lpipe (2)) * (ODpipe (4)~2 - IDpipe(4)"2));

else
if md(i)<= 4218.5
BFn (i)=(Lpipe(3)) *Rho (1) * (ODpipe (3) "2 - IDpipe(3)"2);
BFd (i) = (Rhopipe* (Lpipe (3)) * (ODpipe (3) "2 - IDpipe(3)"2));
else
if md(i)<= 4238.17
BFn (i) =(Lpipe (4)) *Rho (i) * (ODpipe (2) "2 - IDpipe(2)"2);
BFd (i) = (Rhopipe* (Lpipe (4)) * (ODpipe(2) "2 - IDpipe(2)"2));
else
BFn (i) =(Lpipe (5)) *Rho (i) * (ODpipe (1) *2 - IDpipe(l)"2);
BFd (i) = (Rhopipe* (Lpipe (5)) * (ODpipe (1) *2 - IDpipe(l)"2));
end
end
end
end

VFal (i)=(Dpal (i) *(pi*(R1(i)*0.0254)"2))*0.2248090795; %Viscous force
in the wall of the anullar[pound]

Ptp(i)= P(i)+ ((Dppl(i)+dptj(i))*0.000145038) ;%Dynamic Pressure pipe

Pta(i)= P(i)+(Dpal(i)*0.000145038);%Dynamic Pressure annular

Dfpv (i)=(dfvd (i) *0.22480894244319)/(AIH(1i));%Extra pressure generated
due to viscous drag force ANNULAR

xdp=cumsum (Dfpv, 'reverse');
end

PlossBitNoz=((8.3e-05) *Q~(2) * Rho(425))/(Abn”"(2)*0.95"(2));%pressure

drop through bit nozzlez psi

Plossi= ((sum(Dppl)+sum(dptj))*0.000145038)+ PlossBitNoz% Pressure loss

pipe plus bite nozzles([psi]

Plossa=sum(Dpal)*0.000145038% Pressure loss annuli [psi]

VFann=sum (VFal) ;% Total Viscous Force ann [pound]

VFann2=VFal;

VFpipe=sum (VFpl) ;% Total Viscous Force pipe [ pound]

VFpipe2=VFpl;

dfvds=sum (dfvd) *0.2248090795; %

Fdrag= (VEFpl-VFal+dfvd) *0.2248090795; $Drag force [pound]

Fbtm= P (425) *Aol (425) ; 3Bottom pressure force [pound]

drev=fliplr (md) ;

for i=2:z
if md(i)<
PDDP (i) =

= 3987.25
(Dpal(i))*0.000145038;

else
if md(1)<=4205.25
PDHWDP (i) =(Dpal (i) )*0.000145038;
else
if md(i)<= 4218.5

101 |Page



PDJar (i)=(Dpal(i))*0.000145038;
else
if md(i)<= 4238.17
PDDC (i)=(Dpal (1)) *0.000145038;
else

end
end
end
end

end
DPD=sum (PDDP) ;
DPHW=sum (PDHWDP) ;
DPJ=sum (PDJar) ;
DPDC=sum (PDDC) ;
PlossBitNoz;
BF= 1-(sum(BFn)/sum(BFd)); %Buoyancy Factor
Dpp=cumsum (Dppl) ; sPressure drop iniside pipe
Dpa=cumsum (Dpal, 'reverse') ;%Pressure drop annuli
W=cumsum (Pwei, 'reverse') ;%$Cumulative weight of the pipe from the Bottom
to the top
for i=z:-1:2
Pwem (1)=Ail (i) * (mdft (i)-mdft (i-
1)) *cf*Rho (i) *cosd (mean ([Inclin (i), Inclin(i-1)1));
MW=cumsum (Pwem, 'reverse') ;
TW=W+MW;
end
Pltj=(dptj.*0.000145038) ;%Pressure losses Tool Joint psi
Pltjcum=cumsum (P1lt7j) ;
W2= (cumsum (Pwei) +cumsum (Pwem) ) ./10"3;

PP=P (425) + (Dpp (425) *0.000145038) + (Dpa (1) *0.000145038) +PlossBitNoz+xdp (1)
+Pltjcum(425) ; $Pump pressure [psi]

VFtj=(Pltj.*atj);%Viscous force tool joint [pound]

BHP=PP+P (425) - (Dpp (425) *0.000145038) ~PlossBitNoz-Pltjcum(425) ;

BWF=BF.* (cumsum (Pwei) ) ; SBuoyant weight
Rhol=(Rho) .*119.83;%[Kg/m3]

for i=2:z

1(i)=md(i)-md(i-1);%Lenght of the section

P3(i)=BHP+ ((Dpa(i)*0.000145038))+xdp(i)-P (i) ;%Pressure profile
without hyd pressure [psi]

P4 (1) =BHP+ ((Dpa(i)*0.000145038))+xdp (1) ;

if Aol (i)==Aol (i+1)

else

PAF (i)=P3 (i) * (Aol (i+1)-Aol (1)) ;%Hydraulic pressure due to change of
area

PAFD (1)=P (i) * (Aol (i+1)-Aol (1)) ;

end
end
P3=([P3;P3(425)]) .*6894.76;%[Pa]
P4=([P4;P4(425)]) .*6894.76;%from bernoulli

P=([P;0]).*6894.76;
Ai1=Ai1.*0.0254"2;%[m2]
var=(Rhol.*g"2) ./ (Ail);
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for i=2:z

IFSt(1i)=(A11 (i) * (P4 (1i)-P4 (i+1) *cosd (1 (i)*DLS(1i))))-
(var (i) * (cosd (1 (i) *DLS(i))-1));
IFSn(i)=((Ail (i) *P4 (i+1l) *sind (1l (i) *DLS(i)))+var(i)*sind (1l (i) *DLS(i)));
IF(1)= sqrt(((IFSt(i))”"2 + (IFSn(i))"2))*0.2248090795;
theta (i)=atand (IFSn (i )/IFSt( )),
DragR(1)=(SFR(i)* (md (i) -md(i-1))*0.2)/10"3;%Drag force for RIH
DragP (1) =(SFP (i) * (md(i)-md(i-1))*0.2)/1073;%Drag force for POOH
DragS(i)=(SFS (i) *(md(i)-md(i-1))*0.2)/1073;%Drag force for Rotating off
Bottom
end

VFW=BC- (VFpipe/10"3)+ (VFann/1073) - (VFtj./1073) - (PlossBitNoz/10"3) -
DragS;%Effect of viscous force

VFM—(VFann/lOA3 - (VFpipe/1073)-(VFtj./10"3) - (PlossBitNoz/1073) -Drags;
IFC=BC- ./1073) ;%Inertial force

PFl—W2+cumsum(PAF./lOA3)—DragS;% Pressure area force for Rotatibg Bottom
PAF (425)=0;

Bwei=BF* (sum(Pwei) ) ;%Buoyed weight [Lb]

B=(BF.* (cumsum (Pwei)) ./10"3) -DragS; $Buoyancy for Rotating off Bottom
BD=W2+cumsum (PAFD./10"3)

TE=TW (1) +sum (PAF) ;

Dif=W2 (425) -TF; %Difference between dynamic and static pressure area
AFT=BC+ (VFM) - ( (IF) ./10"3)+ (( (PAF) ./1073)-DragS); %All forces together
effect

AFTR=AFT-DragR; $All forces together effect RIH

AFTP=AFT+DragP; $All forces together effect POOH

BR=B-DragR; %$Effect of bouyancy force RIH

BP=B+DragP; $Effect of piston force POOH

PAR=PF1-DragR;$Effect of piston force RIH

PAP=PFl+DragP;%Effect of piston force POOH

IFR=IFC-DragR; $Effect of inertal force RIH

IFP=IFC+DragP; $Effect of inertal force POOH

VEFR=VFW-DragR; sEffect of viscous force RIH

VEFP=VFW+DragP; 3Effect of viscous force POOH

EIF=((BC-IFC)./BC) .*100;%Effect of Inertial Force

plot (BC,md, 'm',IFC,md, 'r',BC2,md, 'k"')%

set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('"Weight [Kpound]'")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Effect of All Forces', 'Base Case dynamic')
grid on

%% Effect of inertial force versus inclination
plot(Inclin,md,EIF,md) %

set(gca, 'YDir', 'reverse')

title('Inclination vs Effect of inertial force')

xlabel ('Inclination [degrees]')

ylabel ('Depth [m]")

legend('Inclination', 'Effecf')

grid on

%% Pressure Area

plot(PFl,md, 'r',BC2,md, 'k',BC,md, 'b")

set(gca, 'YDir', 'reverse')

title('P/A force vs MD')

xlabel ('"Weight [kpound]'")

ylabel ('Depth [m]")

legend ('P/A force w/ flow effect', 'Base case Dyn', 'Base case Stat')
grid on

%% Inertial force

plot (IFC,md, 'b',BC2,md, 'k',BC,md, "'r")
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set (gca, 'YDir', 'reverse')

title('Inertial force vs MD'")

xlabel ('"Weight [kpound]")

ylabel ('Depth [m]")

legend('Inertial force effect', 'Base Case Dynamic', 'Base Case Static')
grid on

%% Viscous Force

plot (VFW,md,BC,md, 'k',BC2,md, 'r")

set (gca, 'YDir', 'reverse')

title('Viscous force vs MD')

xlabel ('"Weight [kpound]")

ylabel ('Depth [m]")

legend ('Effect of Viscous', 'Base Case Static', 'Base Case Dyn')

grid on

%% Effect all forces

plot (BC,md,AFT,md, 'r',BC2,md, 'k'") S

set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('Weight [Kpound]")

ylabel ('Depth [m]")

legend ('Base Case Static','Effect of All Forces', 'Base Case Dynamic')
grid on

%% Buoyancy vs BC

plot(B,md, 'b',BC,md, 'r")

set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('"Weight [kpound]")

ylabel ('Depth [m]")

legend ('Buoyant weight', 'Base Case')

grid on

%% Effect all forces td

plot(BC,md, 'm',AFT,md, 'r',AFTR,md, 'k',AFTP, md, 'bD")
set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('"Weight [Kpound]'")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Effect of All Forces', 'RIH', 'POOH")
grid on

%% buoyancy T&D
plot(BC,md, 'm',B,md, 'r',BR,md, 'k',BP,md, 'b")
set(gca, 'YDir', 'reverse')

title ("HKLD vs MD')

xlabel ('Weight [Kpound]")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Buoyancy', 'RIH', "POOH")

grid on

%% P/A T&D

plot(BC,md, 'm',PFl,md, 'r',PAR,md, 'k',PAP,md, 'D")%
set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('"Weight [Kpound]'")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Pressure Area', 'RIH', 'POOH'")
grid on

%% IF T&D

plot(BC,md, 'm',IFC,md, 'r',IFR,md, 'k',IFP,md, 'b')%
set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('Weight [Kpound]")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Inertial Force', 'RIH', '"POOH'")

o\°

o\°
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grid on

%% Viscous T&D

plot(BC,md, 'm',VFW,md, 'r',VFR,md, '"k',VFP,md, 'b'") %
set(gca, 'YDir', 'reverse')

title ('HKLD vs MD'")

xlabel ('"Weight [Kpound]")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Viscous', 'RIH', 'POOH'")
grid on

plot(BC,md, 'm',AFT,md, 'r',BC2,md, 'k"') %

set(gca, 'YDir', 'reverse')

title ("HKLD vs MD')

xlabel ('"Weight [Kpound]")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Effect of All Forces', 'Base Case dynamic')
grid on

plot(BC,md, 'm',VFW,md, 'r',BC2,md, 'k') %

set (gca, 'YDir', 'reverse')

title ("HKLD vs MD')

xlabel ('"Weight [Kpound]'")

ylabel ('Depth [m]")

legend ('Base Case Static', 'Effect of viscous force', 'Base Case dynamic')
grid on
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