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1. Team Members and Individual Tasks

Name Previous degree obtained Current degree

Miguel BSc in Electromechanical MSc in Petroleum Engineering

Fernandez Engineering 2020-2022

Berrocal

Emre Baris BSc in Petroleum MSc in Computational Engineering

Gocmen Engineering 2020-2022

Ali Tahir BSc in Electronics MSc in Computational Engineering
Engineering 2020-2022

Alina Shashel BSc in Petroleum MSc in Petroleum Engineering
Engineering 2020-2022

Md Fazlul MSc in Information MSc in Computational Engineering

Haque Communication 2020-2022
Technology

Muhammad BSc in Electrical MSc in Computational Engineering

Usama Engineering 2020-2022

Andrew  Adel BSc in Petroleum MSc in Petroleum Engineering

Roshdy Engineering 2021-2023

Eskarous

Nora Nafiseh BSc in Petroleum MSc in Industrial Management

Rahimi Engineering 2021-2023

Muhammad BSc in Petroleum MSc in Petroleum Engineering

Suleman Engineering 2021-2023

Kyleen Weber BSc in Petroleum MSc in Petroleum Engineering
Engineering 2021-2023

Sahar BSc in Petroleum MSc in Petroleum Engineering

Kadkhoda _ Engineering 2021-2023

Masoum Ali

Reynel  isaac BSc in Petroleum MSc in Computational Engineering

Villabona Engineering 2021-2023

Gonzalez
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Name Contribution to the project

Miguel Ferndndez Berrocal ROP, T&D modeling, Drillstring modeling, ROP
Optimization

Emre Baris Gocmen RSS modeling, Real Time Steering

Ali Tahir Data management, analytics and visualization

Alina Shashel Incident detection, Formation classification

Md Fazlul Haque GUI development, Software design

Muhammad Usama Software design, Set point control

Andrew Adel Roshdy Eskarous Trajectory design and optimization, Automation and
human

Nora Nafiseh Rahimi Economic aspects

Muhammad Suleman Bit, BHA and rig equipment modeling

Kyleen Weber Bit, BHA and rig equipment modeling

Sahar Kadkhoda Masoum Ali Trajectory design and optimization

Reynel isaac Villabona Gonzalez Drillstring modeling

2. Design Criteria
2.1. Trajectory Design

Trajectory design and well path optimization have always been the crucial factors in the success of any
oil field development, yet there always have been a lot of uncertainties regarding this topic that had to
be dealt with on site with the further advancement of simulators.

Usually, 2D-trajectory design and well path can be calculated and designed manually via a set of
correlations and trigonometric geometry functions. The aim here is to be able to utilize a methodology
to digitize and automate the design criteria, and even expand and exploit methods to simulate the
trajectory in the 3D domain and optimize it using a solid set of techniques.

2.1.1. 2D and 3D Trajectory Design
2.1.1.1. Target Points Selection

It is observed that the following directional well simulation takes the build, hold, partial drop, hold
structure (Special S shape) in the North-East domain. Final survey point coordinates are 1677 m TVD,
742 m North, and 1284 m East (Figure 1).
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Figure 1. Given target points

The following data satisfies the given case study given below:

Target X coordinate Y Coordinate Z Coordinate
Target 1 238.21 137.53 1164.06
Target 2 337.47 194.84 1223.73
Target 3 759.59 438.55 1327.21
Target 4 1284.59 741.66 1677.21

Table 1. Target points
Due to certain limitations, our simulator will not comprehend that it’s a “Hold” section unless provided
with 3 points. Therefore, we calculate new points by using the traditional calculation methods. Since it’s
a hold section which means a straight line, we used the basic tangential method to calculate the extra
coordinates required to run the simulator, therefore the following formulas are used.
AV = AMD - cos |
AN = AMD -sinl-cos A
AE = AMD -sinl -sin A

The coordinates (V, N, E) are vertical, north, east, and MD is measured depth, I is inclination, and A is
azimuth.

These three fundamental formulas are to be our base for the survey point calculations required. We start

off by calculating the total measured depth between the two given trajectories that resemble a common
section (Hold section). By using the following formula, we obtain Target 2 and Target 3:

1
MD (Between target 2 and 3) = (AV? + AN? + AE?)2
AMD = 100
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However, we still need to calculate the Inclination and Azimuth in order to formulate the new survey
points completely. Therefore, to calculate the inclination we reformulate the AV = AMD. cos I formula

into I = COS_lAjTVD' — at farget 2 to target 3. As follows we calculate the Azimuth through
reformulating AN = AMD -sin]-cos A into A = cos™?! AMADNSmI . % We get Inclination and Azimuth

in degrees.

We proceed with the original formulas to calculate 3 extra survey points (Table 2).

Target X coordinate Y coordinate Z coordinate
4 1224 195 337
5 1244 244 422
6 1265 293 507

Table 2. Extra survey points

We are now left with the vertical section of the hole, which is prior to the KOP. That vertical section is
also referred to in the code as the hold section. As a result, we added three survey points to the simulator
prior to KOP to correctly plan the well path from the top. We use the following assumptions based on

industry standard rules for shallow formations and casing designs:

- The conductor hole must be vertical, and the setting depth should follow a 50-100 ft TVD

margin.

- The surface hole is preferred to be vertical and to be cased off right away due to some
uncertainties that might have a negative impact on the project, such as unconsolidated
formations, shallow gas, and other formation-related implications. Therefore, it’s preferred to

drill, case and cement as soon as possible.

Based on these statements we set 2 pre-KOP survey points and a survey point on the recommended KOP

(Table 3):
Survey points V (TVD) North (m) East (m)
0 0 0 0
1 100 0 0
2 800 0 0

Table 3. Pre-KOP survey points

Thus, after considering all the above factors and calculations, we calculate the output data that is then
inserted into the simulator to produce the well trajectory design.

Output data:
Survey points V (TVD) North (m) East (m)
0 0 0 0
1 100 0 0
2 800 0 0
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5 1244 244 422

6 1265 293 507
7 1307 342 592
9 1527 612 1060

Table 4. Given points are given in blue color, whereas the calculated points are given in black.

The following curve resembles the data after being inserted into the simulator (Figure 2).

e Survey Points
—— Optimized Path
—— Simulation

Figure 2. All 10 points fed to the simulator for generating well path

2.1.1.2. Bezier Curve

Due to the increased use of rotary steerable systems, complex trajectories are now more affordable and
can result in better well performance if the trajectory crosses the reservoir at the proper inclination and
azimuth, thus it is important to exploit the natural rock permeability characteristics, reservoir fractures,
geo-mechanics, etc. The common 2D trajectories may not be appropriate to design these trajectories
when drilling a multilateral well, particularly when the azimuth must be set to a specific direction.

The method of obtaining 3D trajectories is done by defining each coordinate of a trajectory as cubic
polynomials. The solution is obtained by determining the coefficients of the three cubic polynomials
from the initial and final coordinates, the initial and final inclinations, and the initial and final azimuths.
At the lower end of the trajectory, the cubic solution includes three different conditions:

e Free-end, in which both inclination and azimuth at the lower end of the trajectory are not
specified (free).

e Set-end, in which both inclination and azimuth at the lower end of the trajectory are specified
(set), Set-inclination & free-azimuth, in which, at the lower end of the trajectory, the inclination
is set, and the azimuth is free (set-free)

Page | 7



e Free-inclination & set-azimuth, in which, at the lower end of the trajectory, the inclination is
free, and the azimuth is set (free-set)

Second-order and third-order Bezier curves can be used to describe special planar (2D) and non-planar
(3D) trajectories. Typically, second-order Bezier curves are used for free-end trajectories and third-order
Bezier curves are used for set-end trajectories. A third order Bézier curve is a parametric curve defined
as follows:

Bzrgy=(1-w)?-S+3(1-u)?-u-C+3(1—u)-u*-Cg+u-E
Where:

¢ Bzr = Beziér coordinates [m]

e u = dimensionless parameter iterator. from 0 to 1
e S = start point coordinates [m]

¢ E = end point coordinates [m]

e (s = attractor point regarding the Start point [m]
e (g = attractor point regarding the End point [m]

The Bezier curve construction with control points (Cs, Ce) is shown in Figure 3.

Figure 3. 3 order curve construction via interpolation points

2.1.1.3. Trajectory Design Via Bezier Curve

The main core concept of trajectory design optimization is to safely maintain minimal DLS and
tortuosity as well as minimal measured depth to save time and money on operational costs.

The PWP (planned well path) function in the algorithm takes the initial survey points as input, and
after analyzing the initial survey points, it generates the optimal and ideal path. In addition, it identifies
the hold and curvature sections as well as optimizes the curvature section via the Bezier curves
(minimal DLS). The result is a vector matrix system with Survey point coordinates, Inclination,
Azimuth, and the MD. Figure 4 shows the calculated survey points by PWP function based on given
target points.
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Figure 4. Survey points calculated by PWP function in UiS simulator

The PWP function is set to calculate the difference in Azimuth and Inclination between two different
survey points. A certain tolerance value in degrees is introduced by the user (for example 0.5 degrees)
if the difference between the two survey points is less than the introduced tolerance. Then, the
simulator considers it a straight line that belongs to the same old section; however, if the difference
exceeds the identified tolerance, the simulator considers it to be a curvature section. The approach
may be observed in Figure 5.

/ PWP FUNCTION \
lﬁHHiHHHHH%II }» 1% Stage

A

{Hold section} [ Curva.ture
section

Section
construction

2" stage

Al

Optimization } 3" stage

Y
\ PWP matrix } Return /

Figure 5. Flowchart of PWP function

The next step of the PWP function is building the previously identified sections with the
corresponding calculation methods/models. In this case, hold sections remain untouched, yet the
curvature sections go through an optimization process that is done via the cubic Bezier method. The
method works with two essential variables: the distance from the start and end attractor points to the
curves start and end, ds and de, respectively. The primary purpose of the optimization is to accomplish
two conditions: do not surpass the maximum DLS (set by the user) and have the shortest length for
the curve. As a result, the algorithm used for the optimization starts with the curvature’s initial and
final point. Between these points, a middle one should be picked (Interpolated) by the algorithm, and
this point is considered as the initial guessed value of the ds and de.
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Figure 6. Detailed flowchart of PWP function

2.1.2. Trajectory Optimization
In the following section we are going to discuss certain parameters that would affect planned well path
optimization to ensure the success of such suggested well path. These parameters are as follows:

e Torque and drag calculations along the well path

¢ MD and tortuosity

e Angle of contact with the reservoir

¢ Kick tolerance well integrity/control parameters

Torque calculations. The objective is to prevent drilling and completion problems before they occur.
This is particularly necessary in wellbores with curved and non-vertical sections as drag and torque loss
are associated with directional wells.

Drag is experienced when the drill string is moved up or down the wellbore, for example when tripping
in and out of the hole. The sources of drag and torque losses include differential sticking, key seating,
poor hole cleaning, and sliding wellbore friction.

Optimal well path design, from the perspective of torque and drag, should minimize all of these effects,
such that: normal forces acting on the drill string are reduced, dynamic conditions are enhanced (static
conditions minimized).

To calculate the torque on a drill string, the soft string model can be used as the formulation for the
torque objective function. This assumes that the drill string takes the form of a heavy cable lying in the
wellbore, and any tubular stiffness effects due to the drill pipes is ignored. Calculations consider only
the state in which the drill string is rotating, without any axial movement up or down. Further details
regarding Torque and Drag Model are to be mentioned in the report.

Minimizing measured depth and tortuosity. With respect to maximum introduced DLS, our goal is
to keep the measured depth and tortuosity below the introduced tolerance while passing through the
mentioned coordinates in an optimum and safe manner. By doing so we reduce drilling time, which in
turn reduces drilling cost which increases the overall revenue of the project which is the end goal.
Through carefully designing and simulating the trajectory we reduce the chance of any un-anticipated
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scenarios such as whipstock or side tracking. Minimum measured depth and tortuosity is based upon
many factors such as target depth, formation lithology and stratigraphic column.

Maximizing contact angle with the reservoir. The ultimate objective of oil well drilling is to construct
wells, which will allow maximizing hydrocarbon production. Therefore, a new condition is included
into the optimization problem: maximum reservoir contact. The optimization algorithm assumes that the
target point in the reservoir is fixed and it can be defined in terms of inclination and azimuth. The
objective of the algorithm is to enter the reservoir with a 90-degree angle based on the assumption of a
horizontal layer of the hydrocarbon bearing zone. Since the target is fixed, the main objective becomes
finding the optimal well starting point such that the designed well path could enter the reservoir from
the defined target at defined angle while keeping DLS below its maximum limit.

Kick tolerance and MAASP (maximum allowable annulus surface pressure). The maximum
allowable annulus surface pressure (MAASP) is the maximum pressure that can be allowed to develop
at the surface before the fracture pressure of the formation just below the casing shoe is exceeded.
MAASP can be controlled via drilling shorter or longer section based on the gas budget and the
anticipated kick intensity, and when the sections change or vary so does measured depth which is a
major factor in our path optimization proposal. Therefore, while taking MAASP into consideration the
drilled sections can be amended and therefore introduced in the process of well path optimization and
minimizing measured depth.

2.2 Models
2.2.1. Rig systems

Primary rig systems include hoisting systems, circulatory systems, and rotating systems. In the hoisting
system, the drawworks are operated by two motors with a rotating drum wrapped around it by the drill
line. The drill lines are connected with pulleys and the hanging traveling block. Unwrapping of the drill
line is done by lowering the traveling block and wrapping the drill line is done by raising the traveling
block. A detailed picture of the hoisting system is shown in Figure 7. Models for the basic components
of rig systems are described below.

Figure 7. Rig System

2.2.1.1. Block Height

Block height is given in meters showing the height of the traveling block above the rotary table. During
drilling, the max height of the block can be 91 m which is almost equal to one stand. As we continue
drilling with the stand, the height of the block decreases based on the rate of penetration (ROP) until 30
meters of formation is drilled. Then block height almost reaches 1 m which is the minimum in the model.
The stand is released from the saver sub, and the driller moves the block up again to 91 m for picking a
new stand. This process repeats during the drilling process. Based on the data, in the model, ROP is used
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to calculate the height of the block. Initially, the block height is set to 31 meters and it constantly
decreases.

At Drilling Time = 0 sec

Block Height = 31m

During Drilling:

Block Height = 31 - Drilled footage
Where:
Drilled footage = Previous MD - (ROP - Drilling Time).

As block height reaches 1 m, the drilling is interrupted, and block height is reset to 31 m, then start
drilling again. This break-in time is called connection time. The Block height graph with a constant ROP
of 10 meters is shown in the figure below.

40
30
20
10

0

Hook Height {meters)

0 20 30 50 60 80 90 110 120 140 150 170 180
Drilled Footage (meters)

Figure 8. Block height graph

2.2.1.2. Pump Pressure

Pump pressure for the circulatory system depends on pressure losses in the circulatory system (Figure
9).

Frictional Pressure Loss through surface equipment (From Mud Pumgs to Drill Pipe)

Shale
Shaker
Frictonal Pressure Loss In Mud Ie
Ancudus betweenDrill Pipe. 3 Frictional Pressure Loss 1
anaCasing > SR
o 0 Sand T

-

Frictonal Pressure Loss in
Anensius between Drill Pipe )
andHole

Frictonal Pressure Loss in
Annulus batween DC and
BHA

Frickonal Pressure Loss in
annuius Betwesn B and Holed| B

Figure 9. Pressure drops across circulatory system
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Without the downhole tool, the total pressure loss without a bit is equal to the summation of pressure
loss at the surface equipment, pressure loss through drill string (drill pipe and drill collar), and pressure
loss in the annulus. The equation below demonstrates the system pressure loss excluding the bit:

B, = 0.0001[C,, + L,(Cpq + Cpp) + L (C,p + Cp) | WV, Q1%

PV oisg
= (W)

Where:

P, = the system pressure loss excluding the bit, psi

Cse = coefficient of surface equipment (Constant)

L, = length of drill pipe (Increases as Measured Depth Increases), ft

Cpa = coefficient for annulus of the drill pipe (Constant)

Cup = coefficient through bore of drill pipe and tool joint (Constant)

Lc = length of drill collar (Constant), ft

C.a = coefficient for annulus of the drill collar (Constant)

Ca = coefficient through bore of drill collar (Constant)

W = mud weight, ppg (Constant for same mud)

PV = plastic viscosity of drilling mud, centipoise (Constant as mud properties remain same)

Vs = viscosity correction factor (Constant)

Q = flow rate, gpm

The pressure loss across the bit depends on the size of nozzles used and the amount of hydraulic
horsepower available at the bit. The smaller the nozzle area, the greater the pressure drop and velocity.
In situations where the rock is soft to medium-hard, hole cleaning is the major objective, and thus bigger

nozzles are used to maximize nozzle areas.

Q*- W
b=
7191 - A

Where:

P, = pressure drop across a bit, KPa
Q = flow rate, Ipm

W = mud weight, kg/m?3

A = total flow area, mm?2
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Pressure drop across the drill string components will be added manually to the model to calculate the
total pump pressure. Pressure drop remains constant for a certain size and type of mud motor/RSS.

2.2.1.3. Hookload

Hookload is defined by mud weight, drill string properties, BHA properties, depth of bit, and weight
on bit. The following formula demonstrates how to calculate the hook load:

Hook Load = Weight of Drill string (in mud) + Weight of BHA (in mud) + Weight of TDS
Where:

Weight in Mud = Weight in Air - Buoyancy Factor

weight of mud (kg/1)
B 7.85

Buoyancy Factor = 1

In the model, the weight of any component is determined by its length and density since the drilling
depth, and the WOB are considered as variables, whereas other parameters remain constant. Mud weight
could be also considered as constant since there is no practical impact of varying mud weight due to
pressure and temperature changes.

2.2.1.4. Top Drive RPM

The RPM for 8 1/2” hole size can vary from 80 RPM to 120 RPM. The upper value for RPM is limited
by the maximum torque in the drill string. The maximum torque one can give to drill string is limited
by the maximum torque limit of drill pipe connections, and it is constant for the whole length of drilling.
In the model, by connecting 5” DP Grade S-135 with 5 % FH connection, maximum torque is set at
38900 x 0.9 = 35000 ft-Ibs = 47,500 Nm. If torque reaches this value at any time during drilling, the
drilling will stop, and RPM would reduce before drilling again.

2.2.1.5. Top Drive Torque

The top drive applies torque to the drill string and the torque stress in the drill string. It is diminishing
along the drill string before reaching the bit. Long deviated or horizontal sections experience greater
resistance to rotation and therefore require extra torque from the top drive to rotate optimally and
maintain the required torque at the bit. The surface torque is divided into three categories (Agbaji, 2009):

e The bit torgue.
e Torque along the wellbore.
e Mechanical torque.

Then the surface torque can be calculated as:
TQ @ Surface = TQ @ Bit + TQ along the well bore + Mechanical TQ
Where:

TQ @ bit = the productive component of the torque and it depends on bit aggressiveness, WOB and bit
diameter.

TQ along the wellbore or frictional string torque results from the interaction between the drill string and
the borehole wall.

It increases with increased torsional friction losses as the drilling progresses and this is a function of
friction factor, side forces, axial load, and well profile.
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TQ bit = WOB - Bit Diameter - Bit Aggressiveness

The T&D models are defined by Aadnoy assuming a soft string model. This implies that pipe bending
is insignificant that bending stiffness is neglected, which means that the pipe is in constant contact with
the wellbore. The equations are separated into two categories: straight wellbore sections and curved
wellbore sections. The torque is defined by the normal weight component multiplied by the coefficient
of friction and the pipe radius. From Aadnoy’s model the torque in a straight inclined well, only with
pipe rotation, is given by:

T2 =T1+ purBwALpipe - sin a
The variables involved in equation are presented below:
T2 = Torque at top (i+1) , N.m
T1 = Torque at bottom (i) , N.m
B = Buoyancy factor
ALpipe = Length of the pipe segment
w = Unit pipe weight , N/m
u = Coefficient of friction (reference = 0,2)
o = Wellbore inclination , rad
r = Radius of the pipe , m

2.2.1.6. Flow in Rate

Flow rate (also known as GPM or LPM) in industry. It has a specific set of maximum and minimum
values in each hole. It is indirect control of pressure during drilling. As we drill down, the flow rate is
required to be increased to cater to more pressure loss with an increase in depth. Flow rate is usually
provided by two mud pumps working simultaneously. In the model, an 8-1/2” hole is considered with
the flow rate provided manually within the range of 90 to 100 cubic meters per hour. Starting with 90
cubic meters per hour, the exact flow rate can be calculated using the pressure drop required across the
circulatory system.

After the drilling initiation, the optimum flow rate is set using maximum hydraulic horsepower. It will
happen when the pressure across the bit drops to about 65% of total pressure loss. Therefore, 35% of
total pressure loss (Ps) occurs through the drill stem (Po). Po = 0.35 x Ps. By substituting Po with 0.35Ps
into the equation below, the optimum flow rate can be obtained giving the maximum hydraulic
horsepower.

- |I 0.35P,
J0:0001[C,, + 1, (Cpq +Cpp) + Lo(Co + €)WV

Q:

Where:

Ps = Surface Pressure, psi
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Cse =Surface Coefficient

L, = Length of Pipe, ft

Cpa = Coefficient for the annulus of pipe

Cpp = Coefficient through inside of pipe and tool joint

L. = Length of Drill Collar, ft

Cca = Coefficient for the annulus of drill collar

Ca = Coefficient through inside of drill collar and tool joint
W = mud weight in ppg

V¢ = Viscosity Correction Factor

If the calculated flow rate is larger than set limits of flow rate, then maximum flow rate is used to drill
instead of optimized value of flow rate.

2.2.1.7. Mud Weight and Mud Properties

In the model, water-based mud is used. Mud weight is selected based on pore pressure and fracture
pressure. The mud weight injected into the wellbore for the drilling of the 8.5” hole will remain constant.
Otherwise, the mud weight value is defined by the user in advance. Other mud properties will be set on
default as follows in Table 5.

PROPERTIES UNIT CRITICAL RANGE
PPG Given by user or 14 PPG
1 Mud Weight as default
2 Funnel Viscosity Sec/qt 55
4 PV Cp 30
5 YP Lbs/100 ft? 20

Table 5. Mud property

2.2.2. Bit Model

The main parameters for the drill bit are mechanical specific energy, drilling efficiency, and minimum
specific energy, which is equal to rock strength. To precisely select a bit, one should consider drilling
performance, the specific energy input, sliding fraction, and mechanical efficiency. Using Pessier and
Fear Model (1992), we will analyze the effect of bit gauge, bit profile, walking tendency, and steerability.
Mechanical Specific Energy (Es) is defined as the measure of the energy required to remove a unit
volume of the formation:
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The Minimum Specific Energy (Esmn) is equal to compressive strength of rock (o). The formula for
Mechanical Efficiency (EFFm) is:

Esmn
Es

EFFm =

The next important equation is Torque which is based on weight on bit and bit diameter:

T_quWOB
N 36

If the one substitutes torque with the equation for specific energy, then it is easy to obtain

1333 u N

1
Es = WOB(E—l_—Db ROP )

And then solving Es for ROP it will result in the following equation:

13.33 u RPM

Esmn 1
Db(grFmwoE ~ ap)

ROP =

Next, based on specific energy we can have the equation for depth of cutter:

2n T

DOC = s

Where:

¢ \WOB is the weight on bit, N

e Db is the diameter of bit, m

e Abisthe area of bit,

e Tisthe torque, NM

e Mu is the bit specific coefficient of sliding friction between bit and rock

2.2.3. BHA Model

One of the most important problems in modern drilling is directional control. The direction is controlled
by the Dogleg Severity (DLS). DLS is defined as the measure of the change in direction of a wellbore
over a defined distance. This is what controls the well path. If the calculated and actual dogleg severity
are different, the wellbore will deviate away from the target.

The direction of the drill bit and side force applied to the drill bit are the main factors that influence
DLS. The direction of the drill bit is the most apparent in how it changes the direction that you will drill,
but the side force is a little more complicated. When the direction of the drill bit is inclined towards the
wellbore axis, the axis force or weight on bit will add an extra turning angle. The side force can also
cause an extra angle to the wellbore axis.

Before elaborating on the models, the following terms must be defined:

o  Walk Angle (6w): The angle between the axis of the wellbore and baseline due to the movement
direction of the drill bit.

Page | 17



e Tilt Angle (0t): The angle between the axis of the drill bit and the baseline due to the inclination
of the drill bit.

e Push Angle (0s): The angle caused by the side force.

The following models try to find the relationship between the deformation of the bottomhole assembly,
the side force, and the tilt angle. Furthermore, the walk angle can be calculated from the tilt angle and
the side force. To calculate DLS we will also have to consider the side force and tilt angle of the bit. The
push angle can be calculated using the following formula:

ROS
fs = tan™?! (m

where ROS is the side cutting rate, which is the rate at which formation is removed in the direction
towards the wall, whereas the ROP direction is perpendicular to the side cutting rate. The following is a
figure depicting the ROS and ROP.

/,,//Tgﬂ ROS
ROP

The walk angle can be defined as the result of the total tilt angle and push angle:
0w = 0t + Os

The dogleg severity can then be calculated by walk angle divided by the length of the BHA:

DLS =2 ow
- L

The side force is the main factor in the push angle. To apply side force on the bit, the BHA is deformed.
When the BHA is deformed it will apply a side force on the wall of the wellbore. To calculate this, we
use the following model:

_ A(Fs1)?

R
0S 5

where:

e ROS is the side cutting rate, ft/hr

o Fsl isthe total side force at the bit, Ibf

e Sris the dimensionless rock strength

e Alsan empirical constant equal to 5-10"-6

When applying the side force on the bit, the cutting rate will be higher if the gauge of bit is shorter. To
make a simplified model of the BHA regarding the side force we must consider the following
assumptions:

e There is deformation in the rock (rigid body)

o Non-rotating pad and bit, pipe, and stabilizer are a rigid body
e The weight of the BHA is ignored

o Stiffness of drill pipe beyond the BHA is not considered
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Then the force model of push-the-bit can be simplified to a 3-support-continued-string model like in the
following diagram (Figure 10).

Non-Rotating Pad g

Stabilizer * A { Borehole
\ (e ol BOenoe
d b, d el
7 —— I — '9‘*?Baschne
G ! lc; G
T Non-Rotating Pad Bit
e —
- ——— .+ el
S
1 C3 ' | o G
G -
IS ¥ 3T
Lz Lt

Figure 10. BHA configuration

The different diameter positions in the axis of the BHA can be expressed by the following equations
which will be used in the next step:

el =—(@w—rb)

e2 =—(rw —rp)

e3=—(w-—rs)
Where:

e rw is the radius of the wellbore, ft
e rbis the radius of the drill bit, ft

e rpis the radius of the BHA, ft

e rsis the radius of the stabilizer, ft

Combining the equations for push angle and side cutting rate the following equation is formed:

_ A(Fs1)?
$ = SrROP

Then the tilt angle of the drilling pipe can be calculated with:

t_e1+63
L1412

The walk angle is defined as:

Bw = B + 0 A(Fs1)? N el +e3
w=0s = Grror) Y v 12

Finally, we can calculate DLS with the following equation:
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2 A(Fs1)? el +e3

DLS =12 Srror T s iz

Where:

e L1 is the distance between the bit and the non-rotating pad, ft
e L2 isthe distance between the non-rotating pad and the stabilizer, ft

2.2.4. Torque and Drag Model
An important objective of trajectory optimization is reduction of wellbore friction. Therefore, the torque
and drag module is one of the fundamental modules in any well planning software. It predicts the drag
forces and torque on the drill string. Wellbore friction, torque, and drag between the drill string and
wellbore walls are generally critical issues, which limit the drilling industry to go beyond a certain angle
and depth in highly deviated, horizontal, and extended reach wells. It may result in complex problems
such as stuck pipe, deviation from planned trajectory, borehole instability and encountering non-
homogenous formations which may lead to increased nonproductive time. The in-house well-planning
tool uses Aadnoy’s (Aadnoy, 2010) analytical soft-string torque and drag model for 3-D wells, where
wellbore friction is modelled by two sets of equations: one for straight wellbore sections, and the other
one for curved sections. The model is summarized with the following equations:
1. Drag in vertical or straight inclined section, no rotation:
Fi 1 = F; + B; wL(cosl + y; sinl)
2. Torque loss in straight inclined section without axial motion:
ATitq = Tipq =Ty = py v By wL sin (I)

3. Torque loss in vertical section:

ATiy1 =0

4. Drag in the curved section without rotation:

Fiy, = FieTwilDLi+1-DLi| L g 1 (sinl; — sinl;)
Uiv1 — 1)
5. Torque loss in the curved section without axial motion:
ATiyq = pi v By |DLiyq — DLy

Where AT is torque loss, F is drag force, 3 buoyancy factor, w weight of the drillstring per meter length,
L is length of the drillstring element, p is friction factor and r is radius of the drillstring.
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2.2.5. ROP Model

The oil and gas industry utilizes two approaches to predict the ROP in a specific field: physics-based or
traditional models and data-driven models. Physics-based models are mathematical functions obtained
during lab experiments, while the data-driven approach uses machine learning to create a model capable
of predicting ROP. Traditional models are decisive and allow for easy optimization; however, they have
limitations, such as low accuracy in ROP prediction, a strong dependency on empirical coefficients
based on lithology that varied continuously, and the requirement of static parameters as inputs that are
not always available. On the other hand, there are data-driven models, and as the title suggests, they are
purely dependent on data, thus only designed for a specific field. However, these models give more
accurate ROP prediction than traditional models, as Hegde et al. (2017) show. Also, they have no bit or
BHA specifications and are independent of the drilled layer since they have no empirical constants.

For the primary purpose of this section, accuracy in ROP prediction is not necessary and traditional
models will be used. However, many models exist, and five of them will be briefly described below.

Bingham’s Model

Bingham’s (1965) is an empirical ROP model that considers the penetration rate as a function of WOB,
RPM, and bit diameter. It is designed for any bit type. The equation used in this model is given as such:

a

WOB
ROP = K( ) RPM
Dy
Where:
e ROP is the penetration rate [m/s];
e WOB is the weight on bit [kg];
e RPM is the rotary speed [revolutions/min];
e Dy is the bit diameter [m];
e and ‘a’ and ‘K’ are rock formation constants obtained by linear regression.

As pointed by Soares et al. (2016), adjusting the coefficient bounds to fit the model with field data
received is imperative.

Burgoyne et al.’s Model

The second model described in this section is Burgoyne et al. (1991). It is a model that includes effects
of formation strength, formation depth, formation compaction, differential pressure, bit diameter and
weight, bit wear, rotary speed and bit hydraulics and it is expressed as a function of eight components:

ROP = f; xfrx fax fyx fix fex f,x fg
f, = et

f, = g22(13000-TVD)

f, = ea3TVD*®? (Ppore—10.5)

a,TVD(Ppore—ECD)

(@),
(&),

f4:e

f5=
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RPM\ 26
fo = ( 60 )
f, = e"a7h

ag=Pd
fg = e °350udy,

Where, f; includes drilling parameters and a; are the variable coefficients calculated using linear
regression. Coefficients are described in the following way:

- f; represents the formation strength.
- f; and f; represent pore pressure influence, where TVD is true vertical depth and P, is the

pore pressure [ppg].
- f, represents the differential pressure effect, where ECD is the equivalent circulating density.

- fs represents the variation of WOB and bit diameter and changes for bit type, where % is the
applied WOB per inch, d the bit diameter and (;v—b) the threshold WOB per inch.
t

- fg represents the influence of the RPM.

- f, represents the drill bit wear.

- fg represents the hydraulic effects, where d,, is a bit nozzle diameter and p is the viscosity of
the drilling fluid.

Most of these input variables to the model are captured by the data acquisition systems at the rig such
as the depth, the bit rotations per minute, the weight on bit, and the pumping rate. Some of the variables
such as Equivalent circulating density and the pore pressure gradient require mathematical calculations
using the data that was captured.

Winters, Warren, and Onyia Model

In 1987, Winters, Warren, and Onyia published a paper presenting a model relating roller bit penetration
rates to bit design, the rock mechanics, and operational conditions. They identified rock ductility as
having a significant influence on bit performance and the cone offset as the most crucial design feature
for drilling ductile rock. The ROP effects in this model are bit indentation, bit teeth, bit hydraulics, and
bit offset (Winters et al., 1987). The WWO model is the first to address a specific type of bit; in this
particular case, this model focuses on roller cone bits. The model equation is as follows:

1 0-D? sa-0:D-e @ b cppe
( )+ s+
N-D

ROP N-W " W w

Im

Where all parameters are in Sl units and are presented below:

o is rock compressive strength [MPa];

D is bit diameter [m];

€ is rock ductility;

N is rotary speed [m/s];

W is weight on bit [kg];

@ is the cone offset coefficient;

a, b, ¢ are model coefficients;

p is the equivalent mud density which is defined as the apparent mud density which results from
adding annular friction to the actual fluid density in the well [kg/mZ];

e pis mud viscosity [Pa-s];
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e I, isthe modified jet impact force [N].

The following equation defines the modified jet impact force:

I, = [1 _ Av—o.lzz] . Fj
Where:

e A, is the ratio of jet velocity to return velocity;
e Fjisthe jet impact force [N].

The ratio of jet velocity, A, , can be calculated, assuming three jets, from the equation:

vy 0.15D?

Vv 3d2

Where:

e d, is nozzle diameter [m];
e v, isnozzle velocity [m/s];
e v¢isreturned fluid velocity [m/s].

Winters, Warren, and Onyia’s papers are more advanced than its predecessor B&B because it provides
accurate explanations for applying the model to field data. Their paper discusses how one can predict
and interpret roller bit performance in offset wells by generating a continuous rock strength log from
interpreting field data and comparing the rock strength log to the triaxial compressive strength of the
rock at a confining pressure equal to the differential bottom hole pressure.

Hareland’s Roller Bit Model

Hareland’s (2010) model proposes a different approach to predict ROP for roller cone bits. This model
analyzed the existing drilling models and expanded on them by including bit-rock interaction. The added
complexity derives from a wedge relating the roller cone bit and rock interaction to rock failure. The
model is as follows:

80 -n-m-RPM? w b
ROP = K *(

D2 - tan? ¥ 100 -n - ccs) Wi

Where:

K is the comprehensive coefficient,

m is number of insert penetrations per revolution,

n is the number of inserts in contact with rock at the bottom,
RPM is rotary speed [revolutions/min],

D is bit diameter [m],

Y is chip formation angle [],

W is weight on bit [kg],

CCS is confined compressive strength [kPa],

Wk is bit wear,

a and b are model coefficients.
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Motahhari’s PDC Bit

Motahhari’s (2010) model predicts ROP for PDC bits and PDMs. This model is beneficial for directional
and horizontal drilling operations with PDMs since it enhances preplanning, reduction of drilling time
with ROP optimization. According to Motahhari (2010), “PDM performance/selection in the drilling
planning phase will help perform a safe and cost-effective operation by preventing motor stalls and
maintaining highest average ROP for the section.” Motahhari’s PDC bit ROP model includes the effect
of mud motors and assumes perfect bit cleaning. Its governing equation is:

G- RPM, - WOB®
ROP = Wf

Dy-S
Where:

e G is a model coefficient;

e RPM; is the total bit rotary speed [revolutions/min];
o WOBIis the applied weight-on-bit [kg];

e Dy is the bit diameter [m];

o Sisthe confined rock strength [kPa];

e ¢ andyare ROP model exponents.

2.2.6. Drillstring Model

Drill- string is an important part of the rotary drilling system. Specifically, the behavior of the drill-pipes
while operating under vibrations is of great importance. While drill-string models seem to increasingly
disregard drill-pipes, the BHA has a large impact on the system's overall dynamics and is an undeniably
important factor. Drill-pipes comprise approximately 90% of the drill string's total length and 80% of
its mass, and they are long and slender structures (Yigit, A.,2006). During drilling, it transfers torque
from the surface to the bit, affects the direction of the drilling, and transports drilling fluid.

The drill string model is mainly used to calculate buckling conditions. Drilling ahead in a simulation
will not be allowed if the drill string is buckling at any point along the drillstring. This model must
simulate the torsional oscillations (slow ones) like stick-slip; it should be made of multiple torsional
spring elements and have friction damping from wellbore contact. The amount of stick-slipping varies
with the type of rocks and the settings of the WOB/RPM. Periodic RPM oscillations at the surface
indicate stick-slip. Stick-slips are more likely to occur if a deep deviated well is combined with a hard
formation. While the slip phase rotates rapidly downhole, it can also produce strong axial and lateral
vibrations. As a result, the top drive control system taken into consideration must counteract the stick-
slip and lateral vibrations caused by the drill string or BHA when needed. This is done by controlling
the variable-speed-drive (VSD) of the top drive which controls the torque supplied to the drillstring with
a proportional-integral (PI) controller.

Furthermore, Drill string buckling is one of the potential problems that drillers are bound to face during
the drilling process. Buckling in the drill-string occurs if compressive stresses acting on the string are
greater than the internal strength of each pipe component making up the string. The crown and traveling
block considered in the system must provide support to lift and lower the drill string out and into the
wellbore to prevent this from happening. When friction between drill string/bit and rock exceeds the
torque provided by the top drive, the top of the drill string continues to rotate, which stores torsional
energy within the string. As the stored energy exceeds the friction torque, the BHA/drill bit rotates
several times faster than at the surface.
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The focus of the designed model by Rishyank (2021) for the Drillbotics 2021 Competition is the
investigation of combined axial and torsional drill string motion for directional drilling. The drill string
is modelled with four degrees of freedom using the Finite element method with mass, damping and
stiffness matrix with 4 DOFs. The evaluated parameters include downhole axial and rotational
velocities, downhole WOB, and downhole TOB.

The model presented by Ren & Wang et al. (2017) was an important base for developing the drill string
dynamics model; it used two DOF lumped parameter models to study the interaction between stick-slip
and bit-bounce. It assumes that the WOB changes sinusoidally with drill bit rotation and depends on
rock stiffness. Also, when frictional torque is calculated, Heaviside's function distinguishes between
sticking and slipping. The resulting torque on bit was expressed the following way:

a’ed Hyawse

Ty = H(p) +—

sign(@)H(x)| H(d)

Where:

a is bit radius [m];

£ is the intrinsic specific energy of rock [J.cm?];
wg¢ is normal contact force [N];

g is a bit parameter;

y is a bit-rock interaction parameter;

H is the Heaviside function.

It was concluded that WOB and angular velocity must both be increased to reduce stick-slip and bit-
bounce. However, decreasing the WOB should be done cautiously because it may have negative
influences on drilling efficiency. In addition, it was determined that the frequency of stick-slip vibrations
decreases as drill string length increases.

Stick—slip vibration of drillstring appears as periodic alternations of stick and slip phases. During the
stick phase, the bit keeps stationary for a time interval and the torque on bit (TOB) increases to a value
of breaking this state. We use the parameter stick-slip severity to evaluate the presence and intensity of
stick-slip (Wiktorski et al.,2020). It is presented as follows:

S5 = f_max — 8_min
B 20,

Where:

e O_max(min) is peaks average of downhole rotational velocity;
e 0O, is average surface rotational velocity.

The system is stable when the stick-slip severity (SS) is less than 0.5; it becomes unstable when it
exceeds 1. An SS value between these two is considered unstable. This method can be understood better
by analyzing a drill string element as in Figure 11 where two nodes at its ends, each representing a
relative displacement show the dynamic nature of the element. That involves variation in time, meaning
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a second-order ODE represents the EOM (equation of motion). Note that the Z-axis is represented with
X, and X-axis is represented in y for easy interpretation.

y
A

m,1, O,1 m,2 0,2

m.1, 6 2 sz >

AX = X2 - X1

AY=YZ2-Y1
A@=02-01

£,y f,2.v2

Figure 11. 4-Dof System: Axial and lateral translation, axial rotation and bending in plane.

The EOM contains all the information we know about the physical system. We need to solve the EOM
to find the unknown parameters by applying our knowledge of the system: known forces, displacements
and appropriate (BC) boundary conditions. The following equation demonstrates the calculation of
forces in this drill string:

MU(t) + CU(t) + KU(t) = Fex (t) + Fyq

Where:

e M is the mass matrix.

e C is the damping matrix.

o Kis the stiffness matrix.

o Foy issum of all external forces.

e U is vector matrix of displacements.
e U is vector matrix of velocities.

e U is vector matrix of accelerations.

This model considers:

o f, andf,, are axial displacements
e fy; and fy, lateral displacements

e 0y, and 6, are torsional moments
e 0y, and By, are bending moments.

To achieve an accurate analysis, we must equally distribute the mass to all parts of an object. This
concept is related to the concept of the center of mass. When the matrix layout is applied to the equations
of a beam element, translation and rotation impact the equations. The mass matrix (M) makes this
representation possible.
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Where:
- pis the density [kg/m®].
- I, is the radial moment of inertia.
- ], is the mass moment of inertia.
- Alis the cross-sectional area [m?].
- d, is the outer diameter of pipe [m].
- d; is the inner diameter of pipe [m].
- listhe length of element.
_ oz _pAl o m(d§-d])
Anda_pl’b_420’Z_ 32

The stiffness matrix defines the geometrical and material properties of elements in a system. It is
therefore an essential part of FEM. For the numerical solution of an elliptic partial differential
equation in the finite element method, the stiffness matrix (K) represents the system of linear
equations required to reach an approximation solution to this differential equation. The stiffness
matrix is represented as follows:

M ky 0 0 0 -k, 0 0 0
1 1
0 k, 0 2] 0 -k, 0 2,1
0 0 ks 0 0 0 —ks 0
1 1 1 1
0 — 0 = - —
K= 2k,1 3k, 12 2k,1 6k,1
-k, 0 0 0 k, 0 0 0
1 1
0 -k, 0 - 2K 0 k, 0 - 2k
0 0 —kg 0 0 0 kg 0
1 1 1 1
0 2k,1 0 6k,1 2k,1 0 2k, 12
Where:
EA El, GJ
ky =—,k; k3

- Eisthe Young’s modulus [N/m?];
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- G is the shear modulus [N/m?].

It is also important to characterize damping to accurately predict the true response and frequency
response of devices or the structures dominated by energy dissipation. It is challenging to model
damping matrixes and to verify them experimentally because damping cannot be measured the same
way as mass and stiffness matrices. In addition, damping is harder to determine from dynamic
measurements than natural frequency (Lei et al., 2014).

[Cp] = o[M] + B[K]

A damping system can be adjusted by modifying the two coefficients present in the damping matrix: a
and B, which are weighting parameters. In the simulation, even though gravity is evenly distributed on
the beam element, an equivalent force is used on both nodes of one element to replace distributed gravity.

Fg =1

w w w2 w w wl?. T
E 2 2 2 2

The external force is:
Fext =[0 0 0 0 —WOB 0 -TOB 0]T

Where:

e WOB is weight on bit [kg].
e TOB is torque on bit [Nm].

As for stick-slip modeling, the key step is to define the friction model. From the literature review,
friction forces can be defined either directly or through friction factor as a function of downhole
rotational velocity. Using the Stribeck function, we model the response (Wiktorski et al., 2020).

gtotal

sy = Ua + (#s == l‘d)eXp <_ 0—c>6 if 9t6tal = 0
U if @total =

Where uf is resulting friction factor, which varies depending on operational conditions (rotational
velocity and WOB), us and ug are static and dynamic friction factors respectively, which are constant

in our model, 8¢ is characteristic Stribeck velocity, which depends on initial conditions and & is an
empirical constant, § is 0.5 for steel-to-steel contact and 1 for cast iron to cast iron. In our simulations,
the values between 0.3 and 0.5 were found to be appropriate.

This friction factor f varies when operational conditions change (rotational velocity and WOB), p
and p, are static and dynamic friction factors, which are constant in our model, and 8¢ is the
characteristic Stribeck velocity that varies with initial conditions. On the other hand, steel to steel
contact yields an empirical constant of 0.5, and iron to iron contact yields a constant of 1. The
simulation we performed shows that values between 0.3 and 0.5 were found to be appropriate.
Normal force multiplied by bit radius divided by friction factor equals friction component of torque
on bit.
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In Finite Element Method, the Model is applied with boundary conditions and numerical methods are
used to solve the nonlinear analysis of structures. The central difference method is currently the solution
method we use to analyze dynamic vibration equations.

The boundary conditions are:

1) The relative displacements are constrained for the 1st node; hence the acceleration and velocities
will be zero for the 1% node.

2) For the rest of the nodes, the displacements are calculated using the numerical scheme Wilson
theta method

3) Itis assumed that a constant surface rotational velocity (RPM) is applied at the top of the string.
In addition, it is assumed that there will be no contact between the drill pipe and the bore hole
wall. to reduce the complexity of the model.

4) The last node of drill string is applied with WOB and TOB forces

Differentiating the displacement with the firstand second order time derivatives of displacements allows
one to compute acceleration and velocity. Calculating stick-slip with this equation is then possible. We
will calculate stick slip values by defining a range of input parameters within a physical limit and based
on these values we will calculate these points for the input parameters. Accordingly, a regression
function is developed based on the stick slip values, which predicts the value of stick slip for a specific
set of input and control parameters, to find the best set points for mitigating stick slip.

2.2.7. Bit Error Model

Before describing the deviation control, it is required to understand the error model used inside this
control function. The error model chosen for the deviation control is the ISCWSA Error Model (Revision
4.3) because the model evaluates the effect of various physical factors that induce some errors in the
survey measures and adds uncertainty in the 3D bit position (ISCWSA, 2017b).

The effect of the measured depth, inclination, or azimuth at a specific survey station is evaluated and
accumulated with the rest of the individual survey errors to develop a final covariance matrix that gives
the final uncertainty in wellbore position (ISCWSA, 2017b). The ISCWSA Error Model analyzes the
error according to the type of error involved and quantifies the effect over the directional drilling
performance.

The covariance matrix could be used for calculating the ellipse of uncertainty (EOU) in the current
survey station, given a confidence level. The EOU is useful for fixing the limits of acceptance of bit
deviation if it is compared against the distance from the bit to the closest point on the Planned Well Path.

Types of Errors

There are different types of errors in the measuring tools and environments of measurement. The most
common classification of error types related to directional surveys is the following:

e Random error: It is the most natural type of error and the most difficult to predict. The random
error act in a random manner that does not follow any frequency to detect it before it happens.
To reduce the impact of this error is important to take large amounts of measurements and
average out the result. The error will affect the variability of the measure, not the mean value.

e Systematic error: It is caused by the system involved in the measurement of the physical

parameter. It is a consistent and repeatable error that can be either positive or negative and will
be reduced considerably with the calibration of the measurement tools, but it will never be 0.
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This type of error will affect the mean value of the measurement; this effect is called bias.

e Gross error: It is a very significant error caused by human negligence and will cause some
discrepancies in the measurements. This could happen due to a misunderstanding of the units,
operation of the tool, or calculation of parameters with a wrong equation, among other causes.

ISCWSA Error Model Methodology

The purpose of the ISCWSA Error Model is to evaluate the effects and quantify the various factors that
might lead to errors in the survey measurements and increment the drilling uncertainty. The errors will
be accumulated for each new survey point analyzed and summed to determine the total uncertainty of
the wellbore position (Adamovitsj, 2020).

The model has the procedure described in Figure 14 that starts with the values like the MD, V, N, E,

inclination, and azimuth of the bit. The total covariance matrix produced by the model will be used to
calculate the radii of the EOU.

L Simulated survey
Deviation control . .
information

Evaluation of
position uncertainty

v

Weighting functions

v

Error’s covariance

Total covariance
matrix

Figure 14. ISCWSA Error model methodology

The first process of the model is evaluating the position uncertainty regarding the inclination, azimuth,
and measured depth of the survey point. The derivation of the following equations can be encountered
in the ISCWSA Error Model document itself. Besides, all the equations showed below are taken from
the same source (ISCWSA, 2017b).The uncertainty in the well position caused by the errors in a survey
point is expressed with these 3x3 matrices:

dAr. 1 |S10 @1 €COS @p_y + sinay cos gy (MD, — MD,_;)cosay cos @, —(MD, —MD,_,)sina, sin¢p,
a k- 3 sinay_, singy_; +sina; sing, (MD, —MD,_,)cosaysing, (MD, —MD,_,) sinay cos ¢,
Pi COS @y_; + COS @ —(MDy, — MD,,_;) sinqy, 0
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1 [—Sin @ cos @i — sin aye,q COS Pyery (MDy,; — MDy) cos a; cos ¢, —(MDy,, — MD,)sina, sin ¢,

dAr,
7] LA 5 —sinaq sin @y, — sinay,, sin@g,; (MDy,, —MDy) cosay sing,  (MDy,, —MD,)sina; cos ¢,
Pr — COS ), — COS (ppq —(MDy4q — MDy) sinay, 0
Where:
dAry

=effect of the errors in the survey measurements in the k station
k
dATg 44

> =effect of the errors in the survey measurements in the k + 1 station
k

k = current survey station
k — 1 = last survey station
k + 1 = next survey station

The next step of the model is to weight the functions according to the observed source and type of error.
The ISCWSA model considers plenty of types of errors during the directional drilling measures.
However, the present study will consider the following five basic errors related to the depth, inclination,
and azimuth:

o Depth Scale Factor — Systematic error (DSFS)

o MWD: Z-accelerometer bias error — Systematic error (ABZ)

o MWD: Z-accelerometer scale error — Systematic error (ASZ)

e MWD: TF Ind: X and Y magnetometer bias — Systematic error (MBXY 1)

o MWD: RF Ind: X and Y magnetometer scale factor — Systematic error (MSXY1)

All the errors chosen are systematic since they are repetitive and imply some possible tool inaccuracies
that might happen in the real world. It was decided not to include more types of errors from the ISCWSA
model because the application of the rest of the errors would imply more profound studies beyond the
scope of the thesis.

The correspondent equations matrix for weighting (W) each of the five errors are the following:

Wpsrs = [MD 0 0]
sina tanDip-sina-sing
G G
Wysz =[0 —sina-cosa tanDip-sina-cosa -sing]

Wapz = [0 -

w _ [0 —cosa-singo]
MBXY1 ™ MF - cos Dip

sin @ - sin ¢ (tan Dip * cos @ + sin & - cos ¢)

V2

Wusxy1 = [0
Where:

e W = weighted function

e (G = gravity [m/sz]

e Dip = magnetic dip angle [°]

e MF = total magnetic field [nT]

Using the procedure in the ISCWSA Excel example, the covariance matrix can be obtained from the
error’s vectors calculation e and e*. The covariance matrix is expressed in the North, East, and Vertical
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axes. The covariance matrix will be used later to calculate the radii of the ellipses of uncertainty at each
survey station. The covariance matrix has the following form:

o’ Cov(N,E) Cov(N,V)
Coviptar = |Cov(N,E) o> Cov(E,V)
Cov(N,V) Cov(E,V) oy?

Where:

e gy = variance in the north-axis
e gy = variance in the east-axis

e gy, = variance in the vertical axis
e (Cov = covariance

o  Covyyrq = total covariance

Ellipse of Uncertainty

The Ellipse of Uncertainty (EOU) is used to quantify the present area of the uncertainty of a specific
survey point caused by the errors in the measures made in the directional operation. The inclination error
adds a high side dimension, the azimuth error a lateral dimension, and the measured depth error an axis
along the wellbore trajectory (Adamovitsj, 2020).

The uncertainty analysis helps to reduce the cost and provides a safe environment for effective and
sustainable drilling. Moreover, the EOU radius increases as the depth increments because the
uncertainties accumulate at each survey station. The magnitude of the ellipse is in the function of its
confidence level expressed by the standard deviation, which assumes that the errors follow a standard
distribution. The standard deviations (SDg,y) for different confidence levels and dimensions of the
ellipse of uncertainties are shown in Table 6.

Probability Confidence Level (SF)

Dimension 68.3% 90.0% 95.0% 99.0% 99.7%
1 0.9999 1.5448 1.9599 2.5758 2.9677
2 1.5151 2.1459 2.4477 3.0348 3.4086
3 1.8779 2.5002 2.7954 3.3682 3.7325

Table 6. Ellipse of uncertainties

Using the total covariance matrix Cov;,:,; and the Eigenvalues applied to the matrix is possible to
calculate the major and minor axes of the EOU. However, due to the error model involves a 3D
environment, the axes obtained in this case are the major, minor, and height of the ellipsoid of
uncertainty. The matrix becomes

oy —2Ay  Cov(N,E) Cov(N,V)
Cov(N,E) og*>—2Ag Cov(E,V)|=0
Cov(N,V) Cov(E,V) oy%2—2,

Where:
e 1 = Eigenvalue

After solving the three Eigenvalues computationally, it is possible to obtain the three radii using the
following equations (Adamovitsj, 2020):
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Ry = SF Ay

Rg = SF -/

Ry =SF-\[1,
Where:

e R =radius of the ellipse in the correspondent axis.

2.2.8. RSS Model

The original RSS model for the Drillbotics UiS Team was developed by Saramago (2020) to simulate
the movement and positioning of the bit while drilling. The model derives the forces on the bit caused
by WOB and bending of the RSS system; with these forces, the model decomposes the traditional ROP
definition into 2 or 3 ROPs values, analogous to 2D or 3D modeling (Saramago, 2020).The process of
calculation of the RSS 2D/3D model is presented by functions or operations used for foretelling the bit
position and the tool’s displacement, expressed through TVD, horizontal displacement (HD), DLS, and
I, which are the main output parameters for the development of a 2D/3D directional drilling. This new
model was designed by Saavedra L.A.J. (2021) for the Drillbotics 2021 Competition and is described in
full in his MSc Thesis.

The first step in the RSS modeling is to present the well plan design with the data needed for starting
the simulation or calculation. Apart from that data, one more parameter must be given, the target
inclination; this is the main parameter to monitor in the next process.

In the next step, the offset controller maneuvers the bit towards the target inclination using some
conditional statements. These allow increasing the offset if the bit has yet to reach the target inclination
or inverting the offset if the bit has overpassed the target inclination. Finally, when the target inclination
is reached, the offset is reduced to 0.

Afterward, the geometry function calculates the natural displacement (H,orma1) Created by the
formation. In order to achieve H some coordinates are required; these come from the HD and the TVD
of the bit, actuator, and stabilizer; thus, being possible to generate two straight-line equations that can
be used to determine the distance between ends.

The determined offset and the natural displacement calculated must be converted to force magnitude
using the beam bending model scenario. The distance from the bit to the actuator is defined as 0.5 m,
and the distance from the actuator to the upper stabilizer is defined as 2.7 m.

The model’s next step is to execute the ROP axial process; this process is in function of some parameters
that shall be explained later. Finally, the ROP normal process is also executed along with the axial
process. First, however, the normal process considers the value obtained from the bit force process; this
can be seen in the following equations (Saramago, 2020):

13.33-p-N

ROP,xia1 = (ﬁ_i)
WOB Ay
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13.33-u-N

D-(%i%)

ROPyormal = T

Both ROPs are used in the following equations; these are adopted to simulate the position of the bit and
inclination after a determined delta time (At) (Saramago, 2020):

ROP At
Incqy = Incq_q) + tan™? < norm(t)) .

ROPaxial(t) 3600
2 , At
MD(t) = MD(t—l) + ROPnorm(t) + ROPaXia](t) . m
2 , At
TVD () = TVD -1y + cos(Ince) * [ROPhorm(t)” + ROPayiarr)” - —
i 2 , At
HD(t) = HD(t_1) + Sln(lnc(t)) ' Ropnorm(t) + ROPaXial(t) . m

(Inc(t) - Inc(t_l)) -180 .

DLS =
(MD() = MDy;q)) - T

100

All the procedure showed before is implemented in a Python coded simulator, that allows iterating
thousands of times. Consequently, the algorithm of the current simulator is expressed through the
flowchart shown below, which has two groups: the group in red represents the main algorithm function.

In contrast, the group in purple represents the simulations. Where the PWP represents the Planned Well
Path and CP is the Correction Path.

YES RSS Simulator
results & plot

s it last row
PWP?

NO

v

Target inclination
Target azimuth

t v

Next PWP or CP row

ROPs calculations Offset Control
Natural
Bit force < atura

displacement

Figure 15. Simple flowchart of the RSS model simulator.
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The principle for the RSS 3D model has an extra dimension represented by the azimuth prediction. As
a result, some small differences can be seen in the simulation. The operations remain the same as
discussed before, except one more input data is required, the target azimuth. Moreover, there are two

returns for the functions of the 3D offset controller, the geometry function and bit force.

2.2.9. Safety Limit

Safety Limits for different physical parameters of the 8.5" drilling hole are tabulated below.

Parameters Units Minimum Value Maximum Value
Flow Rate Cubic meter/hour 0 100

RPM Rev/min 0 120

Mud Motor Build Angle Deg 0° 3°

DLS Deg/30 m 1° 8°

WOB Lbs 10 lbs 50 lbs

Table 7. Safety Constraints
More considerations in terms of safety are shown below.

2.2.9.1. Minimum Circulation Rate Calculation

Minimum Circulation Rate is primarily decided considering the appropriate hole cleaning. The
minimum velocity for hole cleaning is 200 ft/min or 1.016 m/s. Minimum Flow rate can be calculated
using the following formula:

)
Il
<
~

Where:

Q = Cubic meter/sec

V =1.016 m/s

A = Cross Sectional Area between Casing ID and Drill Pipe OD, m?

For 8.5” section with drillpipes OD of 5.5”’, the flow rate must not be below 78 cubic meter/hour for
proper hole cleaning.

2.2.9.2. Modeling for Buckling Limit

The slenderness is a measure of the tendency for a drill pipe to buckle. If the slenderness found to be
greater than critical ratio, then it is empirically found that Euler’s Critical Load formula is applicable.

l

slenderness = %
And K, is defined by:
K= I
A

Where I is the minimum moment area of the cross-section and 4 is the cross-sectional area, calculated
with the following equations respectively:
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_ 4 _ 1p4
I == (0D* —ID*)

[ = T
4
Where OD and ID are outer diameter and inner diameter, respectively. The critical slenderness ratio is

given as follows:
1 [2-n2E
K Oy

Where E is the modulus of Elasticity and o, is the tensile yield strength.

(0D? — ID?)

Buckling of a drill pipe is the main limiting factor when it comes to selecting a maximum WOB.
Buckling occurs when a structure, such as a drill pipe, is subjected to compressive stress and start a
sideways deflection. The deflection may cause the drill pipe to rapidly wear due to abrasion along the
borehole wall. If the deflection becomes too great, the drill pipe will start to deform plastically and
eventually lose all its load bearing capacity. To prevent the buckling effect, it is important to know the
strength of the drill pipe by using Euler’s Critical Load formula given below:

ro- n?-E-1
cr — (K . L)2
Where K is column effective length factor and L is the unsupported length of the column.
2.2.9.3. Modelling of Torque

In our case, torsional vibrations might be the most critical reasons to lead to drilling failures. Torsional
vibrations are typically represented by stick-slips, which means that the drill bit stops rotating and the
drill string accelerates and decelerates in a periodical manner. Then, it is important to know how much
torque the drill pipe can endure to prevent it from failures. One can calculate the maximum torque using:

T=‘L"L
Pr

Where T is the torque, t is the shear stress, J is the polar moment of inertia and p,- is the radial distance
to center of the pipe. From the above equation, it is easy to get the maximum torque as:

;T (oD* — ID%)
max = 16 0D

Where 1,4, iS the maximum shear stress, the shear strength depends on type material used in
construction of drillpipe.

To perform safe drilling, one should also know the shear yield strength, z,,. By using Euler-Mascheroni
constant of 0.577, one can convert tensile yield strength, o, to shear yield strength, 7, as shown in
below equation:

Ty = 0.577 - ay

The maximum torque before the drill pipe yields is:
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m (0D* —ID%)
Ty =Ty
16 oD

2.2.10. Formation Model

A kick-off point (KOP) is selected based on the hardness of the formation. In hard formations, the
deflecting tool may not respond well, so the kick-off process may take a long time and require several
bits. Large washouts may result from kicking-off in very soft formations. A soft-medium formation, on
the other hand, provides better chances for a successful kickoff.

Certain formations tend to deflect the bit either to the left or to the right. The directional driller can
compensate for this effect by allowing some "lead angle" when orienting the deflecting tool. The lead
angle will point the bit to the left if the bit is expected to walk to the right by a certain number of degrees.
(Figure 1). After the bit starts drilling, the formation effect will bring the well back on course (Inglis, T.
A, 1987).

MNorth

= East
lead angle a
™
H‘"‘-...
. actual well path
planned -~
well path
5,
"

target zone

Figure 16. Compensation for bit walk using lead angle.

In the digital twin the phenomena of wellbore extension while drilling at each increment must be
considered. Modeling formation should be based on rock type, unconfined compressive strength (UCS),
and confining compressive pressure (CCS). Newly formed wellbore geometry and changing rock
strength may result in a change in build rate. 2D drilling propagation model is developed. Depending on
changing in TVD related to each formation, build up rate scale factor, build up rate noise factor, walk
rate, formation aggressiveness and CCS are assigned (Table). After defining the precalculated BUR
ahead of bit, the model calculated the updated build up rate for the current TVD (DSATS, 2021).

Formation Type TVD_Top (m) bur_scale_factor bur_noise_mag (°/30m) bur_noise_factor (Unitless) walk_rate (°/30m) formation_aggressiveness (Unitless) ~ CCS (psi)

Formation_1 0 0.8 2.0 0.8 0.0 0.5 29100.0
Formation_2 150 0.6 2.0 0.5 04 0.6 29169.8
Formation_3 400 0.9 2.0 0.5 04 0.5 29355.8
Formation_4 900 1.0 2.0 0.1 0.2 0.8 297743
Formation_5 980 0.8 2.0 0.2 0.6 0.5 30230.0
Formation_6 1100 15 2.0 0.9 1.0 0.6 307415
Formation_7 1200 1.0 2.0 1.0 0.0 04 31299.5
Formation_8 1320 15 2.0 04 0.5 0.2 319133
Formation_9 1450 05 2.0 02 038 0.6 32587.5
Formation_10 1530 2.0 2.0 0.1 0.7 0.5 33299.0

Table 8. Formation Table
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2.3. Algorithms
2.3.1. ROP Optimization

Finding the optimal value in a space solution entail finding the maximum or minimum for a real function.
An optimization algorithm will be chosen based on the complexity of the equation or problem. Drilling
is a crucial and expensive process in oil and gas industry. Drilling wells can be classified in two
categories depending on the objective: exploration wells and development (or production) wells. While
the goal of the first ones is to find hydrocarbons and gather data for development, the seconds goal is to
produce. Pressure is typically uncertain during drilling exploration wells and therefore mud weight and
casing design practices are conservative, and the ROP is low, making impossible to optimize it.

According to NPD (Oljedirektoratet), overall costs during oil and gas operation can be divided in
different categories: Investments, Operating Costs, Exploration costs, Disposal and cessation and other
costs. Then, development wells are included in investments and exploration wells in Exploration costs.
Development wells made up 27% of the overall costs last year, which prices could round from NOK
200 million to NOK 700 million per unit in case of mobile rigs. Moreover, the dominant cost elements
are the oil services and rig rent, which account 30% and 45% of the drilling expenses respectively.
Therefore, it is necessary to optimize drilling to save drilling costs and reduce Non-Productive Time
(NPT).

Soares and Gray, 2019a describe the drilling optimization as the “process of designing equipment and
selecting operational parameters to minimize well drilling cost”. Thus, the rate of penetration (ROP),
defined as the volume of rock removed expressed as depth per time unit, is a key metric to measure
drilling performance. Although high ROP is considered a good metric to measure drilling efficiency and
performance, drilling faster can affect cutting transport and lead to bore hole instability and poor hole
cleaning

Optimization is strongly linked to modeling since a good ROP prediction will optimize other parameters.
Considering that one of objectives is to reduce drilling costs, we considered different physical
boundaries as constraints for the optimization process to improve ROP, reduce Torque, MSE and
HMSE, and therefore mitigate drilling problems. Traditional models for optimization are deterministic
and easy to optimize while they present low accuracy in ROP prediction, have empirical coefficients
based on lithology that varied continuously and require static parameters as inputs that are not always
available.

ROP optimization depends on dynamic and static drilling parameters. Dynamic parameters can be
controllable (weight on bit [WOB], rotary speed [RPM], flow rate [Q]) or uncontrollable whether the
driller can alter it manually during operations or not. Static parameters include formation properties such
as compressive strength and formation pressure among other things.

For the purpose of this study, the MSE needs to be minimized. This can be performed by adjusting the
set-points for the WOB, the RPM, and the ROP, being aware of other factors, such as wellbore stability,
drilling safety, and cutting transport (Khadisov et al., 2020). MSE is a parameter to measure efficiency
in drilling, and it is defined as the energy required by a drill bit to dislocate a unit of volume of rocks.
Thus, the concept indicates how effective the process will be. For example, if the rock is crushed into
smaller fragments than necessary, this leads to extra energy usage. In contrast, with the rock fragments
being too big, this will also lead to extra energy usage, making necessary the breakage of these fragments
into smaller pieces (Khadisov et al., 2020).

The equations for MSE are displayed below:

Total Energy Input
MSE = gy Inp

Volume Removed
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The above equation can remodel to a more functional equation as:

_ Vol Energy Input =~ Rotational Energy Input

MSE =
S Vol Removed Vol Removed
or
MSE _WOB+21'[*RPM*T
" Area Area * ROP
Where:

e WOB is weight on bit [kgf].

e Area is the area of the drill string [m?].
e RPM is the drill string rotation [rpm].
e ROP is the rate of penetration [m/s].

e Tis the torque [N].

In addition, minimization of HMSE (by minimizing Torque) is key for maximizing ROP data driven
models and it can be accomplished by modifying controllable surface parameters. Hydromechanical
Specific Energy is a relevant parameter to improve drilling efficiency. Mohan et al, 2014 describe
HMSE as a parameter that “measures the energy to drill a unit volume of rock and remove it from
underneath the bit”. HMSE includes axial, torsional, and hydraulic energy and is different from MSE
because it includes a hydraulic term.

Whyd + Waxi + Wrot

HMSE = Volume of rock removed

WOB, 120mNT + C,AP,Q

HMSE =
Ab + Ab * ROP

Where:

®  Whyd, Waxi, Wro are the hydraulic, axial, and rotational power [KW].
e Nisrpm [l/s].

e APy is the pressure loss across the bit [Pa].

e T istorque on bit [N.m].

e A, hole section area [m?].

2.3.2. Real Time Steering

Model, as can be seen in Figure 17. Internal functions of the trajectory control optimizer (TCO)
determine the best-planned path that the well should follow to reach the final target as fast as possible
while assuring the integrity of the well. On the other hand, the RSS Model simulates the directional
drilling by calculating parameters (bit position, bit forces, and bit velocities) using the RSS Model
developed by Saramago et al. 2020 with some optimizations.
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Figure 17. RSS Simulator General Architecture (Saavedra Jerez, 2021)
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Bit Position:

The interaction between the two modules inside the simulator begins with the TCO calculating the
planned trajectory and determining the corresponding RSS tool’s opening (offset) in a specific position
and time during the drilling. The RSS tool is unusual since the complete cylindrical tool’s body opens
from the rest of the BHA axis towards one face of the borehole and pushes the bit in the opposite
direction (following a push-the-bit mechanism). The bit position simulated by the RSS Model, using the
correspondent offset value, is returned to the TCO to determine if the bit is deviated and plan a temporary
correction path to steer the bit back to the planned trajectory.

Since the TCO has many operations to perform, the code implemented in the simulator was divided into
3 functions, listed below:

e Planned Well Path (PWP) function: Calculates an ideal path the well should follow during the
drilling simulation. Such ideal path will be called Planned Well Path (PWP).

¢ Deviation Control (DC) function: Checks if the bit location is too far from the PWP at a certain
depth. It detects if the bit has deviated or is following the PWP.

e Correction Path (CP) function: Constructs a temporary trajectory that brings the bit back to the
PWP further ahead of the current bit location where the bit has deviated.

Figure 18 shows a simple description of how the simulator works. The blue squares represent the TCO’s
functions, and the purple square represents the RSS Model’s function. The first step is to feed the
simulator with the corresponding inputs that will be used in the simulation. The most relevant are the
target coordinates, the dimensions of the BHA tool, the drilling operational parameters, and the
constraints set by users.

Planned well
path (PWP)

Correction
path (CP)

Normal Correction
instructions RSS Model instructions

Bit position

Deviation

No deviation
control (DC)

Figure 18. RSS Simulator Modules Operation (Saavedra Jerez, 2021)

Once the input’s initialization is done, the planed well path (PWP) function starts to design an optimal
trajectory that the simulation should follow. The PWP survey points are given in three coordinates
(Vertical, North, East), and each survey has the corresponding inclination and azimuth. The PWP
function determines the target inclination and azimuth to reach for the next simulation step (set by the
user).
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The targets determined by the PWP function are the instructions that lead the RSS Model. The RSS
Model will calculate the three ROPs, bit coordinates, azimuth, inclination, among other outputs. These
results are then transferred back to the TCO, specifically to the deviation control (DC) function, which
checks if the current bit location varies too much from the planned bit location. If the deviation is not
big enough, the drilling will continue normally until the next survey point. However, if the deviation is
considerable, then the correction path (CP) function is called.

The CP function searches for the nearest point to reach on the PWP, starting from the current bit location
(deviated). In other words, it tries to get the bit to return to the PWP for the next simulation steps.
Therefore, the CP function also gives some offset instructions to the RSS Model function that overwrites
the normal instructions for a temporary period.

Planned Well Path (PWP) Function

The ideal trajectory should be optimal to reach the final target without generating a high DLS, and it
must be as short as possible to save time and operational costs. The PWP function creates this ideal path
by analyzing the initial data survey points, identifying the hold and curvatures sections, and optimizing
the curvature sections using the cubic Beziér method. The final product is a matrix containing mainly
the survey station’s coordinates, inclination, azimuth, and MD for the PWP, which will be considered
the ideal path for the respective project.

RSS Model Function

After the PWP is defined, the simulation part can start by executing the RSS Model function. The RSS
Model function algorithm needs some inputs, especially three variables from the PWP function: the
maximum percentage of offset used for the RSS, inclination target, and azimuth target of each PWP’s
survey station. After receiving the input data, the first process is setting the offset of the RSS for the
next simulation iteration. The 3D Offset Controller is the simulator’s part that determines how much the
current inclination and azimuth need to be modified to reach the target inclination and azimuth given by
the PWP trajectory. With the reaction forces on the bit and using some drilling parameters (sliding factor,
RPM, borehole diameter, WOB, specific energy of the rock, and steerability of the bit), it is possible to
get the three ROPs in the axial, inclination, and azimuth direction. The combination of the inclination
and azimuth ROPs controls the bit’s direction in the current simulation iteration. Both ROPs must
oppose the bit’s reactive force. Finally, the simulator calculates the movement or new location of the bit
using the equations proposed by Saramago et al. (2021). The results are placed into a matrix that will be
presented to the user as a Microsoft Excel file that could be plotted. At the same time, the matrix of
results is passed to the DC function, which will analyze these values.

Deviation Control (DC) Function

The DC function checks the simulation results to know if the current bit direction is correct at a
corresponding depth or there is some difference between the target and current bit location. The DC
function works with two sets of bit coordinates: the PWP survey station coordinates and the simulated
survey station coordinates.

The algorithm starts by calculating five systematic errors from the Industry Steering Committee on
Wellbore Survey Accuracy (ISCWSA) Bit Error Model (ISCWSA, 2017). The errors calculated are
helpful to create an ellipse of uncertainty (EOU) following the methodology of Adamovitsj (2020) in
each simulated survey station. The EOU is placed in the orthogonal plane to the space vector formed by
the last and the current simulated bit survey station (Figure 19). Thereafter, the DC function calculates
the magnitude of the vector formed from the center of the EOU (tail) and the intersection point (head)
with the vector constructed from the two most proximal PWP survey stations. This formed vector is
called the vector of error (VOE). Then, the vector from the center to the perimeter of EOU (following
the same direction as the VOE) is calculated.

Page | 41



—— Optimized Path
—— Simulation

flloo
1200
1300
14005
15007
1600
1700

Orthogonal plane to
the simulated trajectory

~1600

~1700

-180

-190

-200Q®

0 ~2100
15501500 1 454

Figure 19. Ellipse of Uncertainty (EOU) Calculation (Saavedra Jerez, 2021)

As a result, there are two vectors with the same direction but different magnitudes: the VOE and the
vector inside the EOU. The DC function interprets that the bit has deviated if the module of the VOE is
larger than the module of the vector from the center to the perimeter of the EOU. Otherwise, it means
that the bit still is inside the EOU. In case that the bit is classified as deviated, then the current simulated
bit location is sent to the CP function.

Correction Path (CP) Function

The main objective of the CP function is to find a survey station (reach point) on the PWP that allows
the correction path to join the PWP again in a safe manner. Furthermore, the correction path must end
with the same inclination and azimuth as the optimized reach point. Once the bit is on the PWP path
again, the CP function stops and lets the PWP function continue working with the RSS Model function.

The CP function selects the closest survey station to the current bit location as the initial reach point to
intersect the PWP. After that, it calculates the minimum distance to create a curvature that does not
surpass the maximum DLS and matches the same inclination and azimuth of the reach point. If the
minimum distance is larger than the linear distance from the bit to the reach point, then there is no space
to build the curve, and the algorithm chooses the next survey station on the PWP as the new reach point.
Once this point is found, the optimization of the reach point starts. The CP function test the actual reach
point with the cubic Beziér method to check if the

DLS generated is not more than the maximum DLS set. Besides, the tortuosity of the curve also is tested.
If both requirements are fulfilled, then the final reach point is selected as the actual. Otherwise, the CP
functions test the next survey station on the PWP until finding a reach point that merges the PWP with
the same inclination and azimuth, respecting the maximum values of the DLS and tortuosity. The
process described is better appreciated in Figure 20.
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Figure 20. Correction of the Bit Deviation (Saavedra Jerez, 2021)
2.3.3. Set Point Control

Surface Control Loop:

Surface Control Loop

Surface
Control

RPM, WOB,
Flow rate

) | Drilling |

l System I

Trajectory
Control

Determine
Bit

Position

Directional
Measurement

Figure 21. Control diagram — Surface control loop (Pastusek et al., 2019)

Figure 21 shows that three PID controllers are used in the control algorithm, which is constructed in the
form of nested control loops. The outermost loop is the reservoir navigation loop, next is the geo-string
loop and nested within that is the surface control loop. The surface control loop is often referred to as
the "directional drilling control loop”. If a rotary steerable tool is in use, then there is an additional
downhole control loop. The innermost loop, the downhole control loop, is often proprietary since it links
to hardware devices. The outermost loops (reservoir navigation and geo-steering) are at this time,
manual loops, although software models for formation inversion are involved. The directional drilling
control loop (a.k.a. surface control loop) is the system of most commercial interest at present.
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PID Controller 1:

The first PID controller is used to control pumps to manipulate the flow rate in the system. This flow
rate will be adjusted according to the ROP set point. The PID controller will receive the feedback from
the ROP optimization module and will adjust the flow rate according to the ROP.

PID Controller 2:

The second PID controller will be used to control the WOB by controlling draw works. The WOB set
points are considered from ROP optimization model. So, PID controller will receive the feedback from
the ROP optimization module and will adjust the WOB according to the ROP.

PID Controller 3:
The third PID controller will be used to control RPM by controlling the top drive. The RPM set points
are considered from ROP optimization model. So, PID controller will receive the feedback from the

ROP optimization module and will adjust the RPM according to the ROP by changing the RPM.

Directional Drilling Control

»{ ROP Model —|

ROP

Simulation
BHA Model  f—u, Stee RSS Simulator survey GUI
station

A\ 4

Sensors

A
WOB,N

Drill String
Dynamics Model

Figure 22. Set point selection from GUI

The control mechanism is based on feedback loop, which is implemented (hierarchy-wise) on top of the
RSS simulator. Figure 22 shows the feedback loop, the Graphic User Interface (GUI) is used to fix the
set points required by the simulation models shown in Figure 22. These setpoints are the reference points
required by the Proportional Integral Differential (PID) controller, as these are the references against
which the output of the RSS simulator is matched.

This set-point control method will be able to get reference values from the GUI and run the simulations
in the backend, if the output of the RSS model does not match the set-points set by the user through the
GUI then control takes appropriate action to adjust these values.

2.3.4. Incident Detections
2.3.4.1. Stuck Pipe

Pipe sticking occurs when pulling the drillstring from the borehole requires a strength exceeding the
maximum allowable tensile strength of the drillstring, which is defined as maximum load that a material
can support without fracture when being stretched. This means the drillstring or a portion of it cannot
be rotated and/or reciprocated within the wellbore. Stuck pipe incidents are usually either mechanical
or differential (Oriji, B. and Aire, 1., 2020).
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2.3.4.1.1. Mechanical Stuck Pipe

Generally, it occurs when the drillstring is mechanically trapped downhole. There are two categories of
mechanical pipe sticking: pack-off/bridging and key seating. Pack-off and bridging are usually caused
by either poor hole cleaning due to insufficient cutting slip velocity, or wellbore instability. Pack-off is
a result of small solids settling into the wellbore, whereas bridging occurs when larger sizes of the same
solids wedge themselves across the drillstring. Key-seating happens when the drillpipe, which is of
smaller diameter than the drill collars, rubs against the side of the hole and wears a small-diameter
channel. Occurring mostly due to a sharp change in direction of the wellbore (a dogleg), or if a hard
formation ledge is left between softer formations that enlarge over time.

Diagnostics of mechanical stuck pipe

Pack-off and bridging are characterized by little or no drillstring movement. It leads to impossible or
restricted circulation with relatively high standpipe pressure and restricted rotation and axial movement.
High values of torque would be an optimal method to indicate the pack off and bridging at their early
stages of occurrence.

There are several operational signs that can indicate the presence of key seating. A keyseat causes
constant torque and drag spikes at the tool joints while tripping out of the hole and vice versa. Sudden
drag is also another indicator when the BHA reaches high-dogleg (potential keyseat) depth.

Remediation steps
To free a pipe due pack-off/bridging incidents, one should proceed through the following steps:

e Circulate mud with a low flow rate.

o If pipe got stuck while moving up or in static position, apply torque without exceeding the make-
up torque while jarring down with maximum trip load.

e But if drill string gets stuck while moving down, jar up with no torque application.

e Regain circulation.

To free a pipe due to key seating, one should go through the following steps:

o |f the drill string gets stuck while moving up, apply toque with maximum load while jarring
down.

o If the drill string gets stuck while in down-motion, jar up with maximum trip load. Torque
should not be applied while jarring up.

¢ Reduce the flow rate while working the pipe.

2.3.4.1.2. Differential Stuck Pipe

Differential sticking occurs in an open hole when any part of the pipe becomes embedded in the mud
cake. When this happens, sticking can result because the pressure exerted by the mud column is greater
than the pressure of the formation fluids on the embedded section. As general case, the hydrostatic
pressure exerted by the drilling fluid column is greater than the pore pressure of the formation. The
required force which has to be applied to free the drill string has to be greater than the force that is
related to the differential pressure (Oriji, B. and Aire, 1., 2020).

Diagnostics of differential stuck pipe
While drilling permeable or depleted zones, the signs of differential pipe sticking would be increase in
torque and drag and uninterrupted mud circulation, which differentiates this type of pipe stuck from the

others. Sometimes it is unable to rotate the string when the incident happens. When drilling in highly
depleted zone, there may be a high-pressure variation.
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Prevention and remediation steps

To prevent differential sticking from happening too high mud weight and low specification drilling mud
should not be used, since it can create a thick mud cake, which would impact on differential sticking.
When the BHA is across permeable formations, one should stop moving string for some period of time.
To reduce contact area, one should operate with a spiral drill collar and heavy weight drill pipe.

If sticking does occur standard field practices for freeing the stuck are applied:

e Use the maximum trip load allowed while applying torque into the drill string

e Jar up the drill string without applying torque

e Reduce hydrostatic pressure with spotting light weight pill. Hydrostatic pressure must
remain above formation pore pressure. If not, the well control situation will be introduced
accidentally.

Machine Learning Algorithms for Stuck Pipe Detection

In the work of Dan Sui, Erik Andreas Leken and Jens Lakkevik, 2021 K-NN machine learning model
have been developed and tested to identify stuck pipe drilling incident. The data to build a model was
obtained from a laboratory drilling rig.

A stuck pipe has been detected when the torque rises above a predetermined threshold and the RPM
drops to zero. According to the model's performance, five of ten stuck pipe incidents can be detected by
excluding the data outside the sensor range. Six out of ten stuck pipe incidents were detected when
invalid data were maintained. According to the cases where K-means and DBSCAN are used to organize
the data for surface measurable drilling parameters and statistical features, detection of stuck pipe should
be straightforward. RPM appears to be a critical parameter in the detection of stuck pipe. Occasionally,
the algorithm may miss an incident when the RPM has changed. For this reason, using the surface RPM
might not be the best option. The dynamics of downhole RPM can be captured with downhole sensors
or physics-based models, which can be treated as one input of a stuck pipe incident detection model.

2.3.4.2. Stick Slip

Stick slip occurs because of the friction between the BHA and the bore hole walls which disturbs the
normal or the steady rotation of the drill sting and the BHA.

A stick slip is a very severe torsional oscillation, which can cause a complete stop of the drilling bit and
an extra acceleration of the surface rotation, which can exceed the normal speed of rotation chosen for
the operation. In addition to high friction between the drill string and walls of the wellbore, drill string
buckling, stabilizer-hole contact and drilling bit aggressiveness can also contribute to stick slip.

The mass and frictional forces tend to resist rotation when started from the surface until enough torque
is generated to overcome the inertia, at which point the whole system begins to rotate. As the rotation
speed increases, it tends to oscillate around the average surface rotation speed till the drilling bit gets
the same rotational speed as the surface. Stick slips can cause the drill string to be stopped by resisting
forces. When the torque developed in the string is sufficient to overcome the resisting forces, the string
will rotate rapidly due to the sudden release of static energy. This sudden rotation level can exceed the
normal planned rotation level. There is no limit to the drilling bit speed, and it can be negative, meaning
backward rotation, or it can be zero.

Diagnostics of stick slip incident

Stick slip can be determined directly from surface parameters. A torque oscillation is occurring at more
than 20% of the average drilling torque. The RPM can vary from maximum values exceeding applied
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RPMs up to minimum values reaching zero. The impact can be seen in reduced penetration, overtorqued
connections, damaged drilling bits, and in severe cases, connections that back off.

Remediation step

One of the solutions would be to increase RPM and decrease the weight on bit. Wiper trips are usually
performed in severe cases to minimize the tight spots which can cause friction between the BHA and
the walls of the well bore.

2.3.4.3. Twist-off

Drill string problems are one of the biggest problems encountered during drilling. These problems are
usually related to over-torque or twist off causing the drill pipe to break. The materials of the drill pipe
have a specific yield shear stress and ultimate shear stress. If the torque exceeds the shear yield stress of
the drill pipe, the drill pipe deforms, and later it fractures if the torque exceeds the ultimate shear stress.
The torque of the drill pipe should not exceed the yield and fracture limits during drilling (Alani, O.,
2016).

Diagnostics of twist-off incident

The signals of twist-off incident are similar to one when slick slip incident occurs. Typically, could
twist-off occur while drilling in soft formations with a high WOB and low RPM. The depth of cut
increases as well as the torsional forces is likely to increase.

Remediation step

The solution for the problem would be fishing. Fishing the drill string equipment might cost the industry
a lot of money due to its lengthy process. Fishing the parts of the drill pipe may take days or weeks. A
twisted drill pipe that is more than 500 meters long or many kilometers long requires time and workers.

2.3.5. Formation Classification

The drilling optimization is currently one of the key topics in the oil and gas industry. A part of this
process is to classify the formations drilled based on data collected during drilling in order to shorten
drilling time and minimize drilling problems (Frankiewicz, J., 2019).

By classifying formations, real-time operations could be optimized. When the formation is known, it is
possible to estimate the pore pressure and to optimize the ROP to drill as efficiently as possible or to
prevent hole instability problems. Additionally, it will be extremely beneficial for geosteering and would
enable the well to stay within the reservoir, thereby increasing contact between the well and the reservoir.
During the well-cycle's production phase, this will allow for greater hydrocarbon flow.

In the simulator the formation classification is based on calculation the Mechanical specific energy
(MSE), which determines how much work is done to excavate a volume unit of rock. The presented
MSE equation is developed for the horizontal well. The harder the formation, the more resistance,
therefore the higher MSE value.

1 1333p,xRPM
AREA D, ~Rop _IPsil
WOB, = WOB x e~V

MSE = E,,, x WOB,(

Where:

¥p - bottom hole inclination angle
u - Drill string sliding coefficient of friction (0.25 to 0.40)
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U - drill bit coefficient of friction (0.3 to 0.85)
E,, - mechanical efficiency of new bit (35%)
WOB - Weight on Bit [Ibf]

RPM - Revolutions Per Minute [min-1]

Area - Cross-sectional area of bit [in2] or [ft2]
ROP - Rate of Penetration [in/h] or [ft/h]

Knowing MSE and therefore, unconfined compressive strength, which is equal to UCS = 0.35*MSE min,
it is possible classify the formation according to its hardness.

Strength classification of intact rock (Deere and
Miller (1966)

Rock classification UCS (MPa) Volcanic Metamorphic Sedimentary

Very weak rock 1-25 - - -
Weak rock 25-50 2 - -
Moderately hard rock = 50-100 14 4 3
Hard rock 100-200 8 4 2
Very hard rock > 200 - - -

Figure 23. Strength classification of intact rock (Deere and Miller 1966)
2.3.6. Flow Chart

All parameters in automated drilling depend on other variables. It is therefore essential to link the models
to ensure that the simulator works properly. The bit model is one of the main parts of our system. Bits
are selected by taking WOB and RPM into account and then getting the drill bit diameter that we need.
Torque and drag calculations require WOB, RPM, which ensures the drill string can withstand vibration
and buckling to ensure proper drilling. The ROP will be calculated from the WOB, the RPM, and the
buckling, along with an optimized ROP.

The flowchart shown illustrates how a section of a drilling model can be generated as part of a coupled
and interacted model. We have a rig model and a main controller in this case the driller. A controller
gives some global inputs to the RSS/Steering RSS model, such as ROP and rpm from the rig system
model and checks the inclination and azimuth calculations. We set the trajectory plan based on the
inclination angle and azimuth. Our RSS system will follow the trajectory path defined by the BHA
inclination once the drilling begins. If the results do not match the original wanted trajectory, these
results are sent to the trajectory optimization model, and a new target and offset are generated and
transmitted to the RSS model with the fixed values of the controller's inputs.

Last but not least, plots for the time-based data, depth-based data, and trajectory simulation are shown.
The results are presented to the controller to make the decision whether to specify other parameters to
change the dynamic behavior of the system.
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2.4. Software Design
2.4.1 Model Integrations
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Figure 25. Simplified software architecture of the drilling system (self-produced)

Figure 25 shows the simplified software architecture of the drilling system. The elements which are
working separately are displayed as blocks inside the whole system to achieve flexibility and modularity
which will allow the system to be scaled up in the future.

The system design is aimed to be kept as realistic as possible. The GUI is used to send set-point input
to the control system running in the backend and this control system then communicates with the drilling
system model. This model updates the control system with the model state or the current/present drilling
parameter values. This information helps the controller in deciding the net controller action. The
controller is a PID controller which is taking feedback from the drilling system model.

Al-based drilling models are also run in parallel with the drilling system model to optimize the controller
action. These models are aimed at ROP modeling, trend prediction, formation classification, trajectory
control, and Managed Pressure Drilling (MPD) control. The outputs of these models and the outputs
from the drilling simulator are stored in an excel file which is then sent to a web-based GUI by using an
application programming interface (API).

Inside the drilling system model, there are three major components: surface equipment, bottom hole
assembly (BHA) as well as BHA — formation interaction. The drilling process depends on the selected
operational parameters (from GUI), drilling equipment, and their combined influence on rock cutting.
The surface equipment in the simulation includes WOB, RPM, and flow rate. Controlling these
parameters is then called the controller action. Our BHA consists of RSS with an internal closed-loop
steering system, MWD for measurements, and other simpler equipment such as the bit or mud motor
omitted in Figure 25. RSS can be influenced from the surface by communication through downlinks.
The slow and continuous stream of data to the surface is also simulated through mud pulse telemetry.
BHA-formation interaction module provides physical parameters such as depth to the PID controller
and stores this information in the backend as well.
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2.4.2 Software Architecture

Software architecture refers to the fundamental structures of a software system and the discipline of
creating such structures and systems. Each structure comprises software elements, relations among them,
and properties of both elements and relations. The following figure shows the full software design
architecture which will be followed for this project.
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Figure 26. Software design architecture

The whole system has been made using a Linux based operating system and the system is in an online
server. Another concept of this software architecture is shared memory which helps to get
simultaneously accessed by multiple programs with an intent to provide communication among them or
avoid redundant copies. The backend system will be made using C# and python. On the other hand, the
frontend will be developed using JavaScript as well as some other languages. The core data database
which will be used in this system is InfluxDB which is an open-source time series database developed
by the company InfluxData. It is written in the Go programming language for storage and retrieval of
time series data in fields such as operations monitoring, application metrics, Internet of Things sensor
data, and real-time analytics.

2.4.3 Coding

The backend is aimed to be developed in C#, but python modules might also be used to handle some
functionality of the models. Apart from these options, the coding architecture on the backend is aimed
to be MVVM (Model View ViewMaodel) Architecture. This is an industry-recognized architecture that
separates data presentation logic (Ul/ Views) from the core business logic part of the application. Other
frameworks which exist include the model-view-controller (MVC) framework which is designed around
a central Servlet that dispatches requests to controllers and offers other functionality that facilitates the
development of web applications.
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2.4.4. API

API or (application programming interface) is an interface or communication protocol between different
parts of a computer program intended to simplify the implementation and maintenance of software. Our
AP will scale up the connectivity of the simulator as it will provide a connection with external systems
and software.

Our primary focus for API is to use a JavaScript framework called Electron. It combines the best web
technologies and is cross-platform. This library is used to create desktop GUI applications with web
technologies like JavaScript, HTML, and CSS. The final goal for this API is to make our system open
source. Any students or researchers can use this APl and continue their research using all the data.

2.5. Ul Developments

2.5.1. GUI Layout

The primary purpose of developing the web GUI is to take the input from the user and show the outcomes
in a web application. The web GUI mainly works combine of three parts: the backend, the frontend, and
the database. In the frontend, the user can insert the inputs as well as can change some specific attributes
in the simulation time. The final simulation will be done in the backend and uploaded to the team’s web
server then save all the data into the database, and finally, it generates an application program interface
(API) for the frontend.

For that purpose, the GUI is built using the following tools:

HTMLS5 and CSS3: To control the user interface design.

JavaScript: Programming language for making this GUI more interactive.
High-chart: A JavaScript Framework used for drawing our plots on GUI.
Bootstrap: For making the GUI responsive.

PHP5: Programming language for handling the backend task.

The web GUI has three windows showing the plots for the time-based data, depth-based data, and
trajectory simulation. Figure 28 is an example of how the results are presented to the user. They can
select some specific parameter to observe its dynamic behavior.
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Figure 28. Time-Based Real-Time Data Visualization.

Another important part of the web GUI is the 3D Graphical Visualization. Based on the given points the
final well path is shown:

RSS simulations 2.4 (TCO OFF) X
RSS Simulation V-2.4 (TCO Off)

Optimized Path
Survey Points
Simulation

Figure 29. The 3D visualization of final outcomes

2.5.2 Coding

MVC, MVP, and MVVM are three most popular design patterns. Where MV C stands for Model-View-
Controller, MVP for Model-View-Presenter and MVVM means Model-View-View-Model. All these
design patterns by and large help in developing applications that are loosely combined, easy to test and
maintain. MVC is one of the simple software design patterns. Although it is an old pattern, but this
project used this architecture. The following figure shows the MVC software design pattern.
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Figure 30. MVC design pattern

Model:

The Model represents a collection of classes that explains all logic i.e., the business model and the data
model (data access operations). It also defines the business rules for data means as to how the data can
be altered and manipulated.

View:

The View represents the user interface components such as CSS, jQuery, HTML, etc. The view displays
the data that is received from the controller as the outcome. This also changes the model(s) into the user
interface.

Controller:

The responsibility of the Controller is to process incoming requests. It gets the input from users via the
View, then processes the user's data through the Model, passing back the results to View. It normally
acts as a mediator between the View and the Model.

As this web GUI used the same process for the coding structure, the following table shows the different
parts and used coding languages.

Pattern Parts Model View Controller
Used Languages or JavaScript, HTMLS5, CSS3, PHP and JavaScript
coding languages PHP5 Ajax, Bootstrap

Table 9. Used languages

2.5.3 Inputs/Outputs

The control of the execution has only two buttons: Start and Stop. For upcoming competition there will
be another feature like to forward and backward the simulation. The system shall stop by itself when the
drilling of the block is finished, nevertheless there is a stop button on the GUI that can be used in case
of malfunctioning. In addition, in case of emergency, there is a physical button that cut the electrical
power on the whole rig.
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The following information will be displayed on the screen for
Depth/Time Based Data:

o Axial Rate of Penetration ROPx
« Rate of Penetration (Inclination) ROPy
 Rate of Penetration (Azimuth) ROP;
e True Vertical Depth (TVD)

e Inclination

e Azimuth

e Dogleg Severity (DLS)

e Bit Deviation

» Total Force (axial) £

» Total Force (Inclination) Fy

e Total Force (Azimuth) £,

o Walk Rate

e Mu

e Downhole Torque

e Downhole WoB

» Hookload

« Surface WOB

e Surface Torque

e Flow rate

e Standpipe Pressure

 Bottom Hole Pressure

e Downhole RPM

3D Data Visualization:

After completing the full simulation, the web application will visualize a three-dimensional graph which
is shown in figure 31. The true vertical depth (TVD) is in the z axis, east is in the x axis and north is in
the y axis. This section shows another important feature that is called TCO ON and TCO OFF. When
the simulation occurs then the backend generates two different datasets. One with the TCO on and
another one without TCO.

TCOON
Backend model [It?lta BIEE, Visualize into
or Simulation — \v{:}é QL ' N the web GUI
. . , - [Tco Ger
o A M A . oy

Figure 31. 3D Data visualization in Drilling Simulator
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Data Sharing Options:

Another most important feature of this web application is to share and download data after simulation.
Anyone can download and share data for specific attributes as well as whole data set from the ‘Sharing
data’ menu (Figure 32).
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Figure 32. Data download and sharing in Drilling Simulator

2.6 Data Management and Analytics

2.6.1 Database Development

Collection of data makes up a database. The process starts with database design, which requires creating
a detailed data model of the database that is to be built. This model includes all logical and physical
design patterns that will be utilized to create the database. The data model needs to go into detail
particularly with the requirements for the app and future scalability in mind (Dash et al, 2021).

Database Management System

Database Management Systems (DBMS) are software systems used to store, retrieve, and run queries
on data. A DBMS serves as an interface between an end-user and a database, allowing users to create,
read, update, and delete data in the database (Reddy et al, 2018). There are several types of database
management systems like distributed, hierarchical, network, relational, and object-oriented database
management systems.

Database Types

By looking atdrilling dataneed to decide which type of database management system is suitable
for the requirements. Drilling data is mostly arranged in the form of tables which is closely related to
relational database type.In this case, MySQL which is a relational database management system
MySQL is the most used open-source database management system (DMBS).

Process
Data available consists of tables that contain the trajectory of the drilling machine. The header of the
tables describes the information about each variable. The database consists of different tables that
include the following tables:

o 2D Data
This table consists of different depths in meters with inclination, azimuthal, and dogleg severity
angles. There are 2D data PWP, SIM and DEV in each file. This data is available when TCO is ON.

e 3D Data
This table contains 3D data of the drilling of the well. There are 3 tables regarding 3D data in each file
PWP (planed), SIM (simulated), and DEV (deviated). This data is also available in two different settings,
when TCO is ON, and when TCO is OFF.

IData [TCO [Tables |
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2D TCO ON PWP, SIM, DEV
3D TCO OFF PWP, SIM, DEV
TCO ON PWP, SIM, DEV
3D-Error TCO OFF 3D Error
TCO ON 3D Error
Short-2D TCO ON SIM
Short 3D TCO OFF SIM
TCO ON SIM

Table 10. Architecture of the tables in the database

Two kind of data is available in the database, time-based Data, and depth-based data.
Time based data has following parameters:

o Simulation Time (sec)

» Force Bit Off (N)

o Inclination (deg)

o True Vertical Depth (TVD) (ft)

. HD (ft)

o Offset (deg)

« Dogleg Severity (DLS) (deg/ft)

o Force Bit Total (N)

« Force Bit Natural (N)

» Rop Axial (ft/h)

« Rop Inc (ft/h)

Depth based data has following parameters:
e Measured Depth (MD) (ft)
o Simulation Time (sec)
o Inclination (deg)
o True Vertical Depth (TVD) (ft)
. HD (ft)
o Offset (deg)
Dogleg Severity (DLS) (deg/ft)
Force Bit Off (N)
Force Bit Natural (N)
Force Bit Total (N)
Rop Axial (ft/h)
Rop Inc (ft/h)

2.6.2. Data Visualization (2D, 3D):

Graphical representation of data is data visualization. Data visualization tools like maps, charts,
histograms, and graphs provide information about the data and help understanding the trends, patterns,
and outliers of data. Nowadays huge amounts of data make data visualization tools essential in analyzing
and in making data driven decisions. The visualization of data gives better insight of data and user can
observe the reaction of change of data visually. Spatial representation is one of the difficult tasks in data
visualization as most of the data needs to be presented in high dimensional. So, data needs to be scaled
to display in two-dimensional and three-dimensional coordinate systems while keeping in check that we
will lose very little information (An et al, 2020).

Two-Dimensional Visualization

One of the data visualization techniques is two-dimensional data visualization. There are many ways
two visualize two-dimensional data some of the types of two-dimensional visualization are scatterplot,
line graph, bar graph and histogram.
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Three-Dimensional Visualization

Datasets are increasing in size and the need for analysis and visualization of this data are also increasing.
Three-dimensional visualization provides qualitative and quantitative analysis of the data. There are
many ways to visualize three-dimensional data some of them are high-chart, e-chart, and plotly. But for
the drilling data high-chart is one of the best JavaScript tools.

Process

Data visualization is done for all the 3D and 2D datasets. In a time-based dataset, each parameter can be

plotted separately in a 2D plane over time. Depth-based data can be plotted in the 2D plane over depth.
o Two-Dimensional Visualization (Depth based)

In depth based two-dimensional visualization measured depth (MD) will be in x-axisand all the
attributes above mentioned in section (2.6.1.3) will be in y-axis of the cartesian plane.

o Two-Dimensional Visualization (Time based)
In time based two-dimensional visualization time will be in x-axis and all the attributes above mentioned
in section (2.6.1.3) will be in y-axis of the cartesian plane.

« Three-Dimensional Visualization
Now in three-dimensional visualization of the 3D datasets true vertical depth (TVD) will be in the new
third axis which is z-axis, north will be in y-axis and east will come in x-axis of 3D plane.

2.6.3. Data Pre-Processing

Transforming raw data into understandable format is data preprocessing. Data Pre-processing is a crucial
step as it directly affects the model performance and in the case of visualization, no useful insights can
be deducted from the dataset if the data is not processed effectively. Data preprocessing is checking the
quality of the data which can be done by following (Limpiyapirom, 2020)

Accuracy: To check whether the data entered is correct or not.

Completeness: To check whether the data is available or not recorded.

Consistency: To check whether the same data is kept in all the places that do or do not match.
Timeliness: The data should be updated correctly.

Believability: The data should be trustable.

Interpretability: The understandability of the data.

Major Tasks in Data Preprocessing:
e Data cleaning
e Data integration
e Data reduction
e Data transformation

The main pre-processing steps are to get the PWP calculated matrix. First, it is observed that the hold
section has arrived or not, if yes:

e Get the line from the point where the curve ends, since it's the same point where the hold
begins.
Get the last MD from the curve before
Delete the last row of PWP since this will be the 1st row of the straight
Count how many points this section has. If there is only 1 point

o PWP matrix is calculated on basis of conditions
Secondly, the curve section survey data points are found, which means that there is no hold. In this
section Inclination and azimuth at the start and end is found and using that PWP matrix is calculated.
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2.6.4 Data Analysis

Examining the data to draw conclusions, to make decisions or even just to increase the knowledge about
the data and the information extracted is the process of data analysis. Data Analysis is the process of
systematically applying statistical and/or logical techniques to describe and illustrate, condense, and
recap, and evaluate data (Noshi et al, 2019)

Data analysis on the time-series dataset is done to make it free of noise and to see if it can be used to
forecast or used for any other purpose. Time series data consists of 4 components:
o Base level.

e Trend.
e Seasonality.
e Error.

Seasonality is the repetition of the curve based on the time in week, months or years. On basis of these
components there can be two types of time series:

e Additive time series: Value = Base Level + Trend + Seasonality + Error
e Multiplicative Time Series: Value = Base Level - Trend - Seasonality - Error

A time series can be decomposed into these 4 components. On basis of change in the time series over
time, the time series data can be divided into two types:

e Stationary: mean, variance, and autocorrelation are constant over time.
o Non-stationary: mean, variance, and autocorrelation are not constant over time.

A stationary time series is free of seasonal effects. Time series can be transformed into these two forms
to the application they are to be used in i.e., it is good to make time-series stationary before the auto-
regression because it is good in regression if the predictors are not correlated. Similarly, there are
techniques to detrend and deseasonalize the series whenever it is suited for a specific application.

Time series data is mostly used for forecasting. Autocorrelation and partial autocorrelation is one way
to see if the future values can be predicted with the time series data. In autocorrelation, the time-series
data is auto-correlated with a lagged version of itself. If the autocorrelation is high, then the forecasting
can be done. When talking about partial autocorrelation, it can be understood as auto-regression. The
problem of partial autocorrelation can be formulated as:

Y= a0+ al Yt-1+ a2 Y1-3+ a3 Yt-3

This formula states the regression coefficients. Lag plots are another way to check for autocorrelation,
where the scatter plot of the series is taken with the lag of itself.

By using the above ways, the time series data is analyzed and modified according to the application in
which it is being used. Modification of the data helps in extracting the features easily and thus helps in
the training of the machine learning models

2.6.5. Data Sharing

Data sharing is sharing data resources which are very important to promote collaboration and better
research findings. This helps researchers not to repeat already done research and use it to build upon the
research of others. Data sharing ensures data circulation, reproduction results, and increased data
analysis.

Data is accessible to everyone and can be downloaded from the sharing menu of the web application.
Once the data has been selected and visualized, there are two options:

o Download the plotted data in image format.

e Download the CSV file of the selected parameters for the selected well.
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The graph plotted in the web app is interactive and shows the value along the x-axis and y-axis where
the cursor moves; the downloaded image is in PNG, JPEG, SVG, and PDF format. The downloaded
CSV and XLS files consist of the columns with the data of the selected attributes in the visualization.
From this file, the graphs can be re-plotted locally. One great advantage of this feature is to visualize
and download only those attributes that the user wants to study or use in their research.

2.7. Al to drilling simulator
2.7.1. Data Driven ROP Modeling

The O&G industry has a long tradition for physical modelling. Traditional models are deterministic and
easy for optimization while they present relatively low accuracy in the ROP estimations. While physics-
based models can predict ROP, they require data that we usually do not have.

Petabytes of relevant data are available, but they are barely used. This gives many opportunities for
Petroleum engineers to improve field operations and take the industry to the next level by for example
using Machine Learning on-site and using data-driven models. Then, the main goal is to generate an
algorithm to model ROP. Data driven approach will use both static and dynamic parameters that will be
manipulated from surface.

Rate of penetration modeling is complicated since the ROP is affected by many interacted parameters
[factors and there is no obvious correlation between a single drilling parameter and the target ROP value.
Different variables, e.g., weight on bit , rotary speed , standpipe pressure (SPP), formation/bit properties,
interact such that it is difficult to formulate an accurate mathematical model to describe their
correlations. Thanks to a big amount of available data, it makes the ML become a powerful tool to
develop data driven ROP models.

The prediction of ROP helps to select the best input parameters with the lowest cost for a high drilling
rate. Then, evaluating the most representative input parameters is crucial for the model being trained
and tested so as to be fast and accurate. The key features that better capture the ROP behavior and
provide a better simulation of its prediction are the following:

Measured Depth[m]

ROP[m/h]

Weight on Bit[kkgf]
Hookload[kkgf]

Average Surface Torque[kKNm]
RPM

Flow rate

Average Standpipe Pressure[kPa]

In our study, we use the most common ML algorithms, like Random Forest (Breiman, L.,2001), Gradient
Boosting Machines (Jerome H. Friedman, 2001), K-nearest Neighbors (Cunningham, 2007) and
Adaptive Boosting (Friedman 2000).The common model evaluation works were conducted by using
performance metrics, like coefficient of determination (R?), mean absolute error (MAE), mean absolute
percentage error (MAPE) or root mean square error (RMSE).

It is a positive sign that many good results from data driven ROP models were presented in recent years.
However, the limitations of ML approaches like data generality, quality and selection, model evaluation
and interpretation, model generality, robustness and stability, and model validation might be the barriers
of implementing data driven techniques to drilling operations in real life. Therefore, besides the common
model accuracy evaluation methods, it would be encouraged and necessary to interpret, analyze and
evaluate the developed models from an engineer’s perspective.
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2.7.2. Trend Prediction and Analysis

After collecting information and trying to predict the trend for the future events based on past patterns
is called trend prediction and analysis. Oil and Gas Industry is trying to improve operations and reduce
costs by introducing automation, machine learning and artificial intelligence. In Oil and Gas industry
drilling is very important and rate of penetration prediction is one of the most important aspect of
drilling (Bagheri et al, 2020)

Rate of penetration is depending on many drillings parameters and considering all those parameters to
drive some relation to maximize the ROP which can minimize the cost is need of the day. Thus, with
trend analysis in depth characteristics of the ROP cannot only improve the operations but also can reduce
the operational cost. Three patterns have been identified in the trend analysis that are: stationary,
increasing, and stationary.

Three patterns have been identified in the trend analysis that are: stationary, increasing, and stationary.
In total 7 patterns were identified. To identify these trends, following steps were followed:
o Build a model using polynomial function with (y,, ..., y;) at time (t,, ..., t;) with a window size
N.
e Receive new data y;,, attime t; 4
e Calculate estimated error e; 1 and th; 4
e On basis of error and threshold value it is decided if to add a new point to the dataset and set i
=i+1,ortouse t;,, asastart time for new trend and set ty = t;11, Yo = Vit1-
e Then the change points are saved and the process repeats.

To study that how severe the trend is i.e., changing abruptly or slowly. This changing can be calculated
by calculating the change rate, that is given by:

_ Yend ~ Ystart

CR - 100%

ymean

If CR is negative, this indicates a decreasing trend. If CR is positive, this indicates an increasing trend.
By defining the threshold values, one can define if the change is severe or mild.

2.7.3. Formation Classification

Lithofacies could provide a qualitative description of subsurface reservoirs by indicating their rock
physical properties. It is possible to classify lithofacies based on in situ logging. Different lithofacies
may be distinguishable by neutron, density, gamma ray, etc., based on the depositional environments of
the reservoir as well as detectors and logging tools.

The idea of using automated algorithms to determine the lithofacies is not new. However, the recent
advancements in machine learning methods encourage to include uncertainty analysis. A data-driven
uncertainty analysis provides information that cannot be obtained from traditional machine learning
evaluation methods, which allows to improve the accuracy of formations identification. Any step of the
machine learning pipeline can introduce uncertainty. Data collection can introduce measurement errors,
and data sufficiency can be a source of concern. The choice of learning algorithm and the
parameterization of the resulting model affects the model's variability as well.

As a result of research on uncertainty analysis conducted by Michael C. Darling, 2021, the minimum
prediction deviation (MPD) can be used to identify regions of well log input in the supervised machine
learning model where the uncertainty is low so that predictions can be verified. It is a covariate-
dependent method, which captures three level of uncertainties involved:
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e Intrinsic: Despite having a complete understanding of the probabilistic structure, classification
remains uncertain.

o Empirical: Estimated outcomes produced by a learned classifier are uncertain.

e Density: Data density and the significance of uncertainty.

Predictions with high uncertainty (low model credibility) indicate that alternative valid interpretations
of the data exist and the model's ability to distinguish between them. Models that assign a label with
high uncertainty, such as one with a wide distribution over its probability, should be viewed with
skepticism, even if its probability is relatively high. Like the model’s performance metrics, uncertainty
measures are biased by the specifics of the training data. Nonetheless, uncertainty still provides
knowledge that is not otherwise available.

Another way to improve predictions quality is probability calibration by using a scaling algorithm,
proposed by Runhai Feng, 2021. The scaling algorithm is applied to fit post-regression on the output
probability obtained from a pre-fit classifier, typically, based on a supervised machine learning
technique.

The following machine learnings techniques could be considered: random forests and support vector
machine. Random forest is one of the most popular machine learning algorithms because of its relative
ease of use and robustness. It is a technique that combines predictions from multiple decision trees to
make a better prediction than individual trees, which can be considered as an ensemble learning model,
and the overfitting problem can be avoided.

Support vector machine is currently the most widely used ML-based pattern classification method
available. Using different kinds of kernel functions, which in SVM represent bridges from linearity to
nonlinearity, this technique aims to project nonlinear separable samples onto another higher dimensional
space (Lgken. and Lekkevik, 2021) The training data are used for a pre-fit of the random forest classifier,
and the validation data are used for a calibration of probability by the scaling algorithm.

2.7.4. Q-learning for Trajectory Control

For the last couple of decades, finding the optimized drilling path has been one of the key concerns for
drilling engineers. Even if for a large number group of people, it takes a couple of months to plan a well.
The main motive of this thesis project is to find the optimal drilling path and avoid the collision in two-
dimensional grid view. To trace the optimal path, this thesis will apply the reinforcement learning
algorithm in Python and MATLAB. Finally, visualize an optimal drilling path in two-dimensional grid
view as well as will visualize on this web Application. Also, will include more details in the phase Il
report.

e Optimize drilling path by avoiding collision in 4 @0 @: obstacles
two-dimensional grid view. @
e This thesis will use the grid view for 2 :
implementation because a two-dimensional '|
plane, is one of the easiest and simplest £ ..n IJ,
environments to test reinforcement learning = @ ®
algorithm. Suitable ® l
« In this environment, agents can only move up, . Path g
down, left, right in the grid, and there are traps ®o
in some tiles. 4 |
e The agent starts at the fixed start position and -« 2 0 2 a

when it arrives at the goal or trap, episode ends. _ ) o
Figure 33: find an optimized path

in two-dimensional grid view
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Will use a 2D program
for finding the optimal

drilling path
Using thE_R-L Using path Finder in
(Q-Learning) | | python/Matlab Find
generateag- | | the optimal path from
table | Q-Table

Figure 34. Q-learning for trajectory control chart

2.7.5. Q-learning for MPD Optimization

Managed pressure drilling (MPD) is used in those unconventional drilling prospects where the
difference between the pore pressure and fracture pressure is so low, that even the fluctuations in bottom
hole pressure (BHP) caused by mud pump operation, threatens the well-bore integrity (Hilts, 2013).
MPD responds to these variations by adjusting the surface back pressure by using a choke valve. In
automated MPD, the bottom hole pressure pg4p, IS automatically adjusted by controlling a choke valve
opening by a controller. The control system always employs a pressure controller to optimize the BHP.
The most common one is a PID controller, but a brief overview of previous and current work done in
the domain of MPD, shows various other techniques have also been employed for this controller.

The proposed methodology aims to combine Al with classical PID controller to get the most out of two
areas of engineering. The block diagram in Figure 35, includes a Deep Reinforcement learning (DRL)
agent which is trained to replace the hydraulic model / driller or any other decision maker for the set
point estimation for choke pressure. The dataset used to train this agent is exported by the hydraulic
model simulations running on the OpenLab simulator. After training the DRL agent, it outputs the choke
pressure and this set-point is fed to the PID controller whose gains (K,, Ki and Kp) are tuned by another
DRL agent. The PID controller is also planned to be simulated in OpenLab simulator as a part of MPD
simulation.

OpenLAB Dirilling Reinforcement
Simulator Learning agent

A

Gathering
simulation data to
train DRL

Adjusting Kp, Ki
and Kd

Y Y

DRL fqr sey-pomt Set-point calculation - PID Controller Sendlr)g (:ontro|>
estimation signal

OpenLAB Drilling Simulator

A

Feedback loop

Figure 35. Block diagram for the methodology followed in the proposed study (self-produced)

In the proposed scheme both PID and DRL are used together to introduce a more flexible controller
for the MPD operation. The aims of this approach can be summarized as follows.
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e To replace the drillers and other decision makers with a DRL agent for set-point estimation of
choke pressure.

e To express the gain of the PID controller in terms of physical parameters to be controlled or
manipulated by the DRL agent during tuning of the PID controller.

o To compare the performance of the agent with existing methods and testing the models for
variance analysis.

3. Human Factors

Automation has been a vital factor of our industry lately and with the intention to push the industry to
low to zero carbon. Over time, it’s going to play an even more vital role in regard to reaching that scheme.

A general Philosophy in life is to always strike a balance between different aspects and integrate them
to achieve the most efficient results. Automation follows the same Philosophy where we are to strike a
balance between Human interface and intervention as well as automation support with each
complimenting the others, like a two-variable equation that can’t be solved with the absence of one of
the variables.

3.1. The Current Role of Automation

We integrate automation in the Oil and Gas industry to make our life easier and reduce human errors in
real-time operations. The advantages are the following:

e Reduced cost and increased safety: Al and digital technology make it possible to reduce costs
by both replacing some human labor and enhancing the safety and accuracy of existing human-
driven tasks. Automating manual tasks of the drilling process such as pipe handling can reduce
safety risks. Qil and gas automation reduction on time allows for more scalable processes and
reduces workplace injuries.

e A more connected enterprise: Upstream producers working in remote areas benefit from
automation by using drones and submersibles to help monitor inspection processes.
Measurements of pressure and flows of oil and gas can be improved through automation and
can benefit upstream, midstream, and downstream producers. Interconnected, automated
systems allow for the easy distribution of data and greater efficiency enterprise wide.

o Improved efficiency and output: Modernizing and automating internal IT processes helps all
energy operations to simplify production and boost yields, reducing carbon footprint while
increasing potential revenue.

Point number one is the most important in the drilling industry since drilling is the most expensive and
risky stage. The application of automation is key to managing and monitoring operations as well as to
preventing errors to avoid critical drilling incidents. Thus we would decrease non-productive time in
operations such as whipstock or sidetrack. In turn, this will increase safety and save money.

3.2. The Role of Humans

Humans built the technology, they must therefore supervise it, even though Al and neural-networks
technologies have huge potential for the future of the industry. Humans should therefore be able to
understand how technology works, be able to supervise and intervene when it fails, and program
technology according to their wishes. Humans should intervene when Al fails and take the initiative to
resolve the issue.
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In summary, the role of humans in automated systems is shifting as machine learning and cognitive
computing lead to higher levels of automation. Often, in such systems, human operators are assigned
the role of monitoring or supervisory control rather than active control.

3.2.1. Human and Automation Integration and Reaching Optimization

As mentioned previously, automation increases safety margins. Skilled workforce is present to control
the process and ensure it is properly functioning, so both entities complement each other. Therefore,
both are integrated in one equation that aims towards a common result.

Automation + Human interference = Optimization

The following is an example of an automated system. This example shows how the automated system
responded instantly to hook loads that exceeded normal levels. As a result, the driller (Human factor)
was alerted that an issue had been detected and reacted accordingly. The automation system control and
the supervisory role of the driller are fully integrated in this example.
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Figure 36. Automation system applied to drilling operations (Hook load monitoring)

4. Economic Perspective

Drilling companies in the E&P industry can implement the software outcome. The project is about
developing a digital twin that simulates real-time drilling operations. Looking at this competition from
a drilling company perspective, they could need, for example, a program to simulate a specific complex
process. To calculate this process, companies need to develop a relevant software with the integration
of a vast array of models. Nowadays, such systems are being integrated at a high pace in the industry
for planning and onsite drilling.

In the future it could be an idea to consider, to build a Drillbotics Center for students to work and
develop new digitalization tools for drilling companies. This student center would consist of students
and senior researchers where the main goal is to apply data analytics and Machine Learning techniques
into drilling operations. These approaches would lead to efficiency and reduction of cost in the drilling
operation. A estimated cost of the student center is presented in Table 11.
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Cost unit Yearly cost Cost

Acquisition of drlling software 100,000 Kr/Mear
High performance computer 100,000 Kr

Two full time employees 1,200,000 Kr/Year

Table 11. Suggested price of the student center sevices

In terms of profitability, if a small drilling company has an annual drilling spending of 100 milllion
Kr, even a 10 % decrease in the cost of this operation due to integration of software and
digitalization could lead to 10 million Kr per year in savings. In addition, what the software could
mean to the employees should be considered. For example, automating this process could lead to
saved time and energy for employees. Another benefit to consider is the reduction of human error
and the benefits of using a Digital Twin that can model the processes going on with minimum error
since it is based on underlying codes in backend. A hypothetical review of the profit is presented in
Table 12.

Profit umt Percentage Profit
Diecrease i eost 5 10
Increase in sutomation of process Incresse efficiency for employees
Reduction in buman error %% 10

Table 12. Hypothetical benefit of consulting the student center

An investment in the student center will regardless be beneficial for the drilling industry. It is a training
process for young students to learn how to apply analytical tools to industrial work. In long term,
educated students with analytical skills will be great assets for drilling companies. It is a new workforce
that can drive innovation and digitalization inside the company.
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5. Open Source

The basic concept of open source is to denoting software or system for which the original source code
is made freely available and may be redistributed and modified. Another goal of this web application is
to make it open source for the students as well as for the researchers. As it mentioned in the ‘Data
Sharing’ section that anyone can download the simulated data and share with the others in addition to
download the code from the GitHub and Bitbucket. Furthermore, the APl will be available on the
instruction page of the web application by which anyone can reuse the RESTful API for their data
analysis and do more investigation on it.

~

Rest Web Service

Server
HTTP HTTP
Request Response
= 15
Client

Figure 37. RESTful Web Services Architecture

6. Plan for Phase 11

In this year's competition, the team is primarily made up of students enrolled in different master's
programs. This multidisciplinary team as well as an advice from a teacher from the Petroleum
Engineering Department forms the best combination to be able to model a real-time drilling simulator.

Meetings in person were held weekly to introduce team members to the UiS Drillbotics past work as
well as future projects and objectives for the 2021-2022 Edition. In addition, each meeting includes
an update on our progress over the past week(s) to the rest of the team. Several workshops were held
to plan, discuss some issues regarding the development of the real-time drilling simulator as well as
how to integrate the work of each member of the team.

Currently, meetings are being conducted at a meeting room at University of Stavanger. However, in
the case scenario Covid-19 restrictions might be imposed in Norway, meetings would be conducted
through Microsoft Teams weekly to keep social distance.

Most of the team members are graduating in spring of 2021. Their master thesis topics are going to
be developed based on their work on various simulator models. The following table also represents
the plan for the first semester of 2021, which may undergo some changes in the future.

ID |Task Name Duration  |Start Finish January 2022 February 2022 March 2022 April 2022
01 Jo6 [11 [16 [21 [26[31 |os [10 [15 [20 [25]02]07 [12][17]22]27]01 Jos [11 [16 [21]26

1 |Trajectory Design 10 days Mon 03/01/22 |Fri 14/01/22

2 |Directional drilling systems |15 days Mon 17/01/22 |Fri 04/02/22

3 [Models 15 days Mon 24/01/22 |Fri 11/02/22

4 |Models integration 15 days Mon 14/02/22 |Fri 04/03/22

5 |Trajectory control 15 days Mon 07/03/22 |Fri 25/03/22

6 |Drilling optimization 15 days Mon 28/03/22 |Fri 15/04/22

7 |Real Time Drilling Simulator|30 days Mon 28/02/22 |Tue 29/03/22

8 |Data Visualization/GUI 20 days Mon 28/03/22 |Fri 15/04/22

Table 14. Proposed Work Plan
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7. Budget

The cost of the project is difficult to estimate since the global pandemic has changed the way how the
work is done. However, the team needed high-performance computers to perform the simulation and
construction of the GUI of the Real-Time Drilling Simulator.

Since team A is developing a virtual rig, not many resources are needed besides the computational
resources and some minor expenses for the first phase of the competition. Nevertheless, the uncertainty
for next year's competition’s location and mode of evaluation, makes it complicated for us to assess the
total costs. More specifically, whether the team will travel or if we will remain at our respective
universities while the judges evaluate our work.

Hence, we should have an emergency budget in case the current pandemic situation becomes more stable
and the competition is held in Celle, Germany. Hotel costs in this scenario range from 10000 Kr to
20000 Kr, and the cost of the flight tickets is about 10000 Kr for each member, from Stavanger to
Hannover airport, after which we must take another transport to reach Celle. Nevertheless, the
Drillbotics competition will be better defined soon and there may be some changes.

Unit Cost

Travel, roundtrip (4 members) 50,000 Kr
Accommodation (4 members) 40,000 Kr
Cost of transportation of physical rig 30,000 Kr

Extra (taxi, food.....) L0000 Kr

Table 13: Hypothetical cost of traveling to attend the competition.
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