
UNIVERSITY OF MINES AND 
TECHNOLOGY, TARKWA. 

DRILLBOTICS COMPETITION 

PHASE I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

DESIGN 
REPORT – 
GROUP A 

2022



2 
 

 

SUMMARY 

Technology and automation have played pivotal roles in industrialization. The application of 
automation for example in the aeronautics and automotive industries have contributed significant 
towards productivity, profit margins, and safety. Unfortunately the oil and gas sector has recorded  
slow rate of automation adoption possible due to economic factors, safety concerns and low-risk 
appetite. Drilling for oil and gas is a complex process due to the heterogeneity of formations to 
drill and series of uncertainty unknown. In an attempt to address this issue, a virtual rig (drilling 
system) is been designed in this project to autonomously intersect target(s) subsurface while 
accounting for economics, safety concerns and human factors. The drilling system has been 
divided into four sub-models: well trajectory model, drill string model, steering model and 
surveying model. In this study, a control network and algorithm required for autonomous drilling 
with human in a loop are highlighted, with ambitions to develop a well-structured network at the 
start of Phase II. The drilling system will be created using mathematical models and programming 
languages. A safety plan has been drafted to address the risks that drilling team may be exposed 
to. Plans are in place for the safety plan to be updated and expanded in the next phase of the 
competition to handle potential dangers that may arise when workers are stationed to "work at the 
virtual rig." 
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CHAPTER ONE 
INTRODUCTION  

 
The invention of the cable tool drilling operations enabled the extraction of hydrocarbons from 
reserves but at a limited depth and high risk. The use of rotary systems and top drive systems 
coupled with automation, has helped to improve upon efficiency and cost reduction. The inception 
of automation in the drilling industry is dated back to 1860, when Rodolphe Leschot built the first 
automatic bit feed, which eventually led to the technique of weight on bit; an important parameter 
to consider to successfully drill a well today (Eustes, 2007).  
 
However, the oil and gas industry has always been slow to adapt to the use of automation in its 
operations, as opposed to the automotive and aeronautics industries (Eustes, 2007). This is 
basically due to economics, safety concerns, and a low-risk appetite. In addition to that, automated 
downhole pressure control, in particular, is viewed with suspicion. This skepticism is founded on 
the belief that humans are better at processing data and making judgments than machines. Another 
factor contributing to this tardy acceptance is that drilling activity is conducted under difficult 
operating circumstances, including high temperature high pressure (HTHP) downhole conditions 
and on surface in hostile environments. It is challenging to find control equipment and sensors that 
are capable of working effectively in these environments. However, these constraints are being 
addressed as technology advances (Anon., 2019). 
 
As part of efforts to accelerate the uptake of automation in the drilling industry, the Society of 
Petroleum Engineers (SPE) constituted the drillbotics competition. The competition requires teams 
to develop a full-scale drilling system (Group A: virtual rig or control system) or a miniature rig 
(Group B: physical rig) within the constraints of safety and economics.  
 
The goal of this project is to create a full-scale drilling system capable of virtually drilling a 
directional well to hit target(s) autonomously within technical constraints, while also taking safety 
and human factors into account. The technical constraints simply refer to the formation to be 
drilled, the available power, and equipment limitations.   
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CHAPTER TWO 
METHODOLOGY 

 

2.1 Introduction 
The full-scale drilling system is expected to virtually drill a directional well with its corresponding 
control scheme to intersect target(s) subsurface autonomously. The process of drilling a directional 
well, on the other hand, is a complex one. The approach taken is to first break the full-scale drilling 
system into segments. These segments or sub-models include the well trajectory model, rig model, 
drill string model, bit model, formation model, steering model, and surveying model. 
 
2.2 Well Trajectory Model 
The well trajectory is the path taken from the rig location on the surface to the target (specified by 
coordinates). Some available directional profiles are: 

i. Build hold and drop profile 
ii. Build and hold profile 

iii. Continuous Build Profile 
iv. Horizontal profile 
v. Slant well type profile 

vi. ERD well profile 
 
The choice of the profile should be aimed at minimizing cost. The well trajectory model focuses 
on the optimal path to hit the target(s). Three well profiles mostly adopted and employed have 
been considered in this model: build and hold, build hold and drop, and continuous build profile, 
due to its inclination being in the range specified by the guidelines. The model has the aim of 
allowing the system to autonomously select the optimal profile based on the target coordinates. 
When drilling to hit a single target for instance, it is economical to use the build and hold profile, 
unless for exploratory purposes where the well needs to intersect the reservoir at 90 degrees, then 
a build hold and drop profile will be necessary. When hitting multiple targets, however, using a 
build and hold profile may not be economical; however, based on the target coordinates, using a 
build and hold profile may be economical in comparison to the other trajectories. All these 
scenarios are factored into the well trajectory model in order to select the best well trajectory given 
the constraints.  
 
2.2.1 Mathematical Modelling of Build Hold and Drop Profile  
 
The build hold and drop profile, also known as the S-profile, has a complex structure and produces 
high torque and drag (Fig. 2.1). Nevertheless, it has the advantage of hitting multiple targets. 
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Fig. 2.1 Build Hold and Drop Profile 

 
Table 2.1 shows the parameters needed for the build hold and drop profile model. The radius of 
curvature Rt can be calculated from c1 (build-up rate). Likewise, R2 can be found from ɸ2 (drop-
off rate) as shown in Fig. 2.1. 
 
Tabel 2.1 Input and output parameters for build hold and drop profile 

INPUTS 
Surface and target coordinates, TVD, KOP, BUR, drop-off rate, TVD at end 
of drop, final angle of inclination 

OUTPUTS MD, target bearing B, Maximum inclination angle, 𝞪1 

 
The final inclination, 𝞪2, is known, but the inclination over the tangential section, 𝞪1, must be 
calculated. Since PS is parallel with CD, and OP is vertical:  
 

Angle a1 =  x +  y    (2.1) 
Where: 

 tan x =  OQ/OP and tan y =  QS/PS   (2.2) 
 

OQ =  H୲  −  R1 −  R2 cos a2 −  (V୲  − Vୣ) tan a2  (2.3) 
OP = Vୣ  −  Vୠ + R2 sina2        (2.4) 

QS =  R1 +  R2     (2.5) 

PS =  (PQଶ  −  QSଶ)ଵ/ଶ where PQ =  (OPଶ  +  OQଶ)ଵ/ଶ  (2.6) 
 
Having calculated the four distances OQ, OP, QS and PS, the angles x and y can be determined 
and hence the unknown a1 can be found. 
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The coordinates of the various points C, D, E and T can be determined as follows: 
At point C:  

Vୡ = Vୠ  +  R1 sin a1         (2.7) 
   Hୡ  = R1 −  R1 cos a1         (2.8) 

   MDୡ  = MDୠ  + (100a1 / ϕଵ)    (2.9) 
Point D: 

Vୢ  = Vୡ + PS cos a1       (2.10) 
Hୢ = Hୡ  + PS sin a1       (2.11) 

   MDୢ  = MDୡ + PS     (2.12) 
Point E: 

Vୣ  (known) 
   Hୣ  = Hୢ + R2 (cos a2 −  cos a1)   (2.13) 

   MDୣ  =  MDୢ  + (100(a1 −  a2) / ϕଶ)       (2.14) 
Point T: 

MD =  MDୣ  +  (V୲  −  Vୣ) / cos a2   (2.15) 

B =  ඥ(t_easting −  s_easting)ଶ / (t_northing −  s_northing)ଶ 
  

t_easting = target easting 
 t_northing = target northing 
 s_easting = surface easting 
 s_northing = surface northing 
 
2.2.2 Mathematical Modelling of Build and Hold Profile 
 
The Build and Hold Profile Build is by far the easiest directional well profile and is sometimes 
referred to as the L profile (Fig. 2.2). Table 2.2 shows the parameters needed for the build and hold 
profile mode. 
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Fig 2.2 Build and hold profile 

 
Tabel 2.2 Input and output parameters for build and hold profile 

INPUT Surface and target coordinates, TVD, KOP, BUR 

OUTPUTS MD, Target bearing(B), max inclination angle, 𝞪1 

 
From Fig. 2.2, the horizontal plan displacement of the target (H) can be calculated by: 

 

Ht =  [(N୲  −  Nୟ)ଶ  + (E୲  −  Eୟ)]ଵ/ଶ  (2.16) 
where   Nt = Northing of target   

Et = Easting of target  
Na = Northing of slot  
Ea = Easting of slot 

 
Target bearing, B = tanି(E୲ − Eୟ / N୲ − Nୟ)   (2.17) 

 
Knowing the displacement Ht and the depth of KOP (Vb), only the position of point C remains to 
be found. Point C is at the end of the build-up section when the maximum inclination is reached. 
In order to find the coordinates of C, the maximum angle of inclination must be determined. The 
build-up rate = ɸ degrees per 100 ft and let R = radius of curvature. By proportion 
 

ɸ/360 =  100 / 2ΠR    (2.18) 
Implies: 

     R =  18000 / Πɸ     (2.19) 
 
The inclination angle 𝞪 is equal to the sum of angles x and y, which can be calculated from: 
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tan x =  PF/FT =  H୲ − R  /  V୲ − Vୠ and sin y =  PC/PT   (2.20) 
Where: 

  FT/PT = cos x and PC = R.   (2.21) 
The angle 𝞪 can therefore be determined  

a =  tanିଵ(H୲ − R / V୲  − Bୠ)  +  sinିଵ(R cos x / V୲  −  Vୠ) (2.22) 
At point C: 

BE =  R sin a               EC =  R −  R cos a =  R(1 − cos a) (2.23) 
The arc BC can be determined from: 

BC/2ΠR =  a/360  implies BC =  100 a/ɸ   (2.24) 
Coordinates at C can therefore be determined as follows: 

Vୡ  =  Vୠ +  R sin a     (2.25) 
Hୡ  =  R (1 − cos a)      (2.26) 

MDୡ  =  MDୠ  +  100 a/ɸ         (2.27) 
The measured depth at T can also be found by: 

MD୲  =  MDୡ +  CT   =  MDୡ  +  (V୲  − V)ୡ / cos a             (2.28) 
 
 

2.2.3 Mathematical Modelling of Continuous Build Profile 
 
The continuous build profile is also called the J profile. It has a kickoff point and a build section 
to the target. It is like the build and hold profile but does not have a tangent section and its kickoff 
is usually at a deeper depth (Fig. 2.2). Table 2.3 shows the parameters needed for the continuous 
build profile. 
 

 
Fig. 2.3 Continuous Build 
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Tabel 2.3 Input and output parameters for continuous build profile 

INPUTS Surface and target coordinates, one of [KOP, BUR, max inclination angle 𝞪1] 

OUTPUTS MD, B (target bearing, 𝞪1) 

 
Knowing Vt, Ht, and KOP depth (Vb). From the image above, it can be seen that: 

(a1 +  a2) / 2 =  tanିଵ(H୲ / V୲  −  Vୠ)   (2.29) 
And since a1 = 0, then: 

 a2 =  2 tanିଵ[H୲ / (V୲ − Vୠ)]    (2.30) 
Also; 

sin a2 =  V୲  −  Vୠ / R       implies     R =  V୲  −  Vୠ / sin a2 (2.31) 
arc length BT / 2ΠR = a2/360    (2.32) 

Implies: 
 BT =  2Π(V୲ − Vୠ)/sin a2 ∗  a2/360  (2.33) 

Build up rate: 
 ɸ =  a2/BT =  (180 sin a2 ∗  100) / Π(V୲  −  Vୠ) (2.34) 

Or 
 ɸ =  18000/ΠR   in degrees per 100 ft  (2.35) 

 
2.3 Drill String Model 
 
The drill string must be capable of withstanding all potential loads or forces present throughout 
the drilling operations in order to hit a given target. High wellbore restoration costs will be incurred 
if any of its components fail (Amorin et al., 2020). Due to that, in an attempt to drill efficiently, a 
faster ROP is not the only parameter to consider, but also problem avoidance for dysfunctions like 
excessive vibrations and stuck pipe (Anon., 2022). As a result, the drill string model has been 
divided into two parts: the dysfunction model and the physical properties model. The physical 
properties are selected based on outputs from the dysfunction model. The dysfunction model 
includes the calculation of dysfunctions prone to the drill string such as torque and drag, buckling, 
etc.  
 
2.3.1 Dysfunction Model 
 
In the dysfunction model, the following parameters are calculated for: 
 
Torque and Drag 
 
Torque and drag is one of the critical limitations that impedes the drilling industry from going 
beyond a certain measured depth. It is therefore vital to factor torque and drag into the system and 
monitor them to make sure they are in “acceptable range”. 



12 
 

Torque, which is a moment of a force, can be defined as the measure of the force’s tendency to 
produce torsion and rotation about an axis. Torque is produced around the wellbore from different 
sources such as mechanical torque, frictional torque, and bit torque. Drill string vibration can 
contribute to additional torque.  
 
Drag is an axial force that is generated only when the pipe is moved in an axial direction. It always 
acts in the opposite direction to pipe movement.  
 
The torque and drag is from a model by C.A. Johancsik, D.B. Friesen, and Rapier Dawson. 
 

Fn = ඥ(𝐹௧∆𝜃sin(𝜃))ଶ + (𝐹௧∆𝜃 + 𝑊sin(𝜃))ଶ                    (2.36) 

∆Ft = Wcos(𝜃௔௩௚) − 𝜇𝐹௡𝑟     (2.37) 

T = 𝜇𝐹௡𝑟      (2.38) 
 
Buckling 
 
Buckling refers to the loss in the actual rectilinear shape of the drill string due to axial compression 
load. Applying a little too much WOB can damage the drill string. The drill pipe is kept steady by 
ensuring that the weight of the drill collars is greater than the bit’s WOB. Thus, when deflecting 
the wellbore, the BHA weight can be kept low in high-angle drilling. This, in turn, helps reduce 
torque and drag, which are often operational constraints in very deep directional drilling. The 
buckling model used in our system is based on a model by Palay and Bogy, 1963. 
 

Fcr = 2ට
ாூ஺೒ୱ୧୬ (ఏ)

௥
     (2.39) 

 
2.3.2 Physical Properties Model 
 
In the physical properties model, the physical properties of the drill string such as the inner 
diameter, outer diameter, length, and grade of drill pipes and drill collars to be used for drilling are 
calculated from the output of the dysfunction model to ensure that the drill string can withstand 
forces during drilling and handle uncertainties better. However, during drilling, problems like 
torsional oscillation will be monitored. 
 
2.4 Steering Model 
 
To design the steering model (Rotary Steerable System, RSS), certain calculations need to be made 
such as, the bit force, the rate of penetration, the well path, and its parameters. Bit position 
calculation and bit speed estimation, are the main considerations in designing the RSS.  
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2.4.1 Bit Force 
 
The total bit force (Fbit) shows how the applied and reaction forces are present on the bit. Here, Fbit 
is calculated using a beam bending logic. The idea here is to model how the actuator applies force 
to the bit and how the natural displacement of the bending of the RSS tool generated by the 
curvature of the well impacts the bit force. The total bit force is considered to have two elements: 

  
𝐹௕௜௧ = 𝐹௢ + 𝐹ு  (2.40) 

 
Where FO is the force caused by the RSS actuator and FH is the force caused by natural 
displacement due to the bending of the RSS. In the beam bending analysis, the behaviour of a bar 
or pipe regarding its material, geometry, and length is modelled depending on the loads and the 
contact point of these loads, which exactly represents the reality of the RSS operations using this 
specific tool. The forces on the beam are generated by the actuator and the curvature formation. 
The beam bending situation, in which the application and transmission of forces from the RSS 
body to the bit are best described, is shown in Fig. 2.4. 

 
 

Fig. 2.4 Beam Bending Analysis (Saavedra, 2021) 
 

The contact points of the beam bending schematic are the stabilizer, the offset and the bit. In 
general cases, the deflection at load (H) caused by the force W is calculated by; 
  

𝐻 =
ௐ௔మ௕మ

ଷாூ௟
     (2.41) 

 
where E is the elasticity modulus, I represent the inertia, a is the distance between the drill bit and 
the actuator location, b is the distance between the actuator location and the upper stabilizer 
and l=a+b is the length of the beam. From (2.41), it is easy to back-calculate the force on the bit F, 
or 

𝐹 =
ௐ௕

௟
= 3

ுாூ

௔మ௕
     (2.42) 
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Therefore, considering the forces FH and FO, once Hn and Ho are known, according to (2.42), they 
could be calculated as; 

𝐹ு = 3
ு೙ாூ

௔మ௕
 , 𝐹௢ = 3

ு೚ாூ

௔మ௕
    (2.43) 

 
When considering a 3D wellbore trajectory, it aims to steer the bit to reach the target azimuth and 
inclination. Compared with the 2D case, the actuator creates the offset displacements considering 
the 3D coordinates, where Hi

o represents the offset displacement projected on the true vertical 
depth (TVD) and horizontal displacement (HD) coordinates, and Hi

o represents the offset 
displacement projected on the north and east quadrants. Similarly, the natural displacements in the 
3D coordinates could be also considered by two displacements: Hi

n and Ha
n. The approach to 

calculating the displacements in the 3D case is quite similar to the one in the 2D case; therefore, 
the displacement calculations in the 3D case are not discussed here. Fig. 2.4 shows how these 
displacements look like in the 2D coordinates and the 3D coordinates, respectively. 
 

 
Fig. 2.4 2D/3D cases for well path visualization 

 
Now the bit force is considered with respective to the azimuth and inclination, using Fi

bit for the 
inclination and Fa

bit for the azimuth. Then we have the force causing the azimuth shown as: 
 

𝐹௕௜௧
௔ = 𝐹ு

௔ + 𝐹௢
௔     (2.44) 

and the force causing the inclination shown as: 

𝐹௕௜௧
௜ = 𝐹ு

௜ + 𝐹௢
௜     (2.45) 

To specify the forces Fa
H and Fi

H, following the 2D model, we have: 

𝐹ு
௔ = 3

ு೙
ೌாூ

௔మ௕
 ,      𝐹ு

௜ =  3
ு೙

೔ ாூ

௔మ௕
     (2.46) 

Following the same way, the forces Fa
O and Fi

O can be calculated by: 

𝐹௢
௔ = 3

ு೚
ೌாூ

௔మ௕
 ,      𝐹௢

௜ =  3
ு೚

೔ ாூ

௔మ௕
     (2.47) 
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2.4.2 ROP Modeling 
 
In the 2D scenario, the model considers the inclination variation, that generates the HD and the 
TVD. The ROP axial model represents the rate of penetration in the vertical direction, ROPv. Here 
a generic nonlinear function fv(⋅) is considered as a mathematical ROP axial model, or: 
 

𝑅𝑂𝑃௩ = 𝑓௩(𝑁, 𝑊𝑂𝐵, 𝛼)    (2.48) 
 

where N is the rotary speed of the drill string, WOB is the weight on bit and α is the model 
parameter representing the factors like rock properties, flow dynamics, bit type and size and others. 
Similarly, the ROP normal model (fh(⋅)) represents the rate of penetration with 90 degrees to the 
axial direction, or 

𝑅𝑂𝑃௛ = 𝑓௛(𝑁, 𝐹௕௜௧, 𝛽)    (2.49) 
 

where Fbit is the total bit force calculated by (1) applied by the RSS and the formation, and β is the 
model parameter representing the factors like well path geometry, rock properties and so on. In the 
literature, there are several ROP models to calculate ROPv Eren (2011); Bataee et al. (2010), for 
instance like Bingham model Bingham (1964), Teale model (Teale 2015) and Bourgoyne model 
(Bourgoyne et al. 1986). In this work, Teale’s model is used, given by: 
 

𝑅𝑂𝑃௩ =
ଵଷ.ଷଷఓே

஽ቀ
ಶೞ

ೈೀಳ
ቁି

భ

ಲ್
 
    (2.50) 

 
where μ is the friction coefficient, D is the bit diameter, Ab is the wellbore area and Es is the 
specific energy of the rock. For the ROPh, to the best of authors’ knowledge, few models have 
been proposed to calculate it. For the calculation of the ROPh, here the equation modified based 
on the Teale’s model is considered, given below as: 
 

𝑅𝑂𝑃௛ =
ఓே

஽൬
ಶೞ

ಷ್೔೟
ି

భ

ಲ್
൰

𝜙(𝛾)    (2.51) 

 
where ϕ(⋅) is the calibrating function and γ plays a role to calibrate such ROP model in order to 
make the output ROPh close to real measurement, tied mostly to drill bit steerability. 

 
Fig. 2.5 2D/3D ROP Cases (Andrade, 2021) 



16 
 

 
The rate of penetration in 3D horizontal direction with respect to azimuth, ROPah is then 
calculated by: 

𝑅𝑂𝑃௛
௔ =

ఓே

஽൬
ಶೞ

ಷ್೔೟
ି

భ

ಲ್
൰

∙  𝜙(𝛾௔)    (2.52) 

and the ROPi
h is calculated by; 

 

𝑅𝑂𝑃௛
௜ =

ఓே

஽൬
ಶೞ

ಷ್೔೟
ି

భ

ಲ್
൰

∙  𝜙൫𝛾௜൯    (2.53) 

 
 
2.4.3 Well path calculations 
 
In the 2D case, based on the simple geometry, the change of the inclination is then calculated based 
on the ROPh and the ROPv: 

∆𝜃 = tanିଵ ቀ
ோை௉೓

ோை௉ೡ
ቁ ∙ ∆𝑡    (2.54) 

where θ is the inclination and Δt is the sampling time interval. Therefore, the change of the 
measured depth (MD) can be calculated as: 

∆𝑀𝐷 = ඥ𝑅𝑂𝑃௛
ଶ + 𝑅𝑂𝑃௛

ଶ  ∙ ∆𝑡     (2.55) 
Then the change of the TVD can be easily obtained by: 

∆𝑇𝑉𝐷 = ∆𝑀𝐷 ∙ cos(𝜃(𝑡)) ∙ ∆𝑡    (2.56) 
Then, the change of horizontal displacement can be calculated as: 

𝛥𝐻𝐷 = 𝛥𝑀𝐷𝑠𝑖𝑛(𝜃(𝑡))𝛥𝑡     (2.57) 
where θ(t)=θ(t−1) +Δθ with θ(t) being the inclination at time t. The dogleg severity (DLS) reflects 
the angular variance on the angle for each meter drilled that can be easily calculated by: 

𝐷𝐿𝑆 =
ଵ଼଴°௱ఏ

గ∆ெ஽
      (2.58) 

Similar as the 2D case, when we calculate the change of the inclination in the 3D case, it is given 
by: 

∆𝜃 = tanିଵ ൬
ோை௉೓

೔

ோை௉ೡ
൰ ∙ ∆𝑡    (2.59) 

Similarly, the change of the azimuth can be calculated as: 

∆𝐴𝑧 = tanିଵ ቀ
ோை௉೓

ೌ

ோை௉ೡ
ቁ ∙ ∆𝑡    (2.60) 

Following it, the change of the MD can be calculated as: 

∆𝑀𝐷 = ට(𝑅𝑂𝑃௛
௜ )ଶ + (𝑅𝑂𝑃௛

௔)ଶ + 𝑅𝑂𝑃௩
ଶ ∙ ∆𝑡   (2.61) 

And the The DLS in 3D is calculated as: 

𝐷𝐿𝑆 =
ଵ଼଴° ୲ୟ୬షభ൫ୡ୭ୱ൫ఏ(௧)൯∙ ୡ୭ୱ൫ఏ(௧ିଵ)൯ାୱ୧୬ (ఏ(௧ିଵ))∙ୡ୭ୱ (∆஺௭)൯

గ∆ெ஽
   (2.62) 
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The other difference between the azimuth and the inclination is the projection coordinates. The 
azimuth is projected on the north and east quadrant while the inclination is projected on the TVD 
and the HD quadrant. The equations of the TVD and the HD were already given. therefore, the 
definitions of displacements in the north and east directions are easily obtained, where the change 
of north displacement is: 

∆𝑁𝑜𝑟𝑡ℎ = cos (𝐴𝑧(𝑡)) ∙ cos (𝜃(𝑡)) ∙  ∆𝑀𝐷    (2.63) 
and the change of East displacement is: 

∆𝐸𝑎𝑠𝑡 = 𝑠𝑖𝑛 (𝐴𝑧(𝑡)) ∙ 𝑐𝑜𝑠 (𝜃(𝑡)) ∙  ∆𝑀𝐷    (2.64) 
 
2.4.4 Model Schematics 
 
The schematic of the work is shown in Fig. 2.6. The first step is to define a target point. This is 
done by a directional engineer. For the 2D wellbore path, the target point requires two parameters: 
the target inclination and the location of the kickoff point. For the 3D path, additional information 
is the target azimuth. Once the kickoff point is reached, the offset displacement from the RSS and 
the natural displacement are calculated and updated dynamically. Resultant forces on the bit will 
be calculated accordingly, and in turn, ROPv and ROPh will be calculated. Based on the ROP 
composition created, the outputs of the system are then continuously calculated at each survey 
station, such as HD, TVD, azimuth, inclination, DLS, and north and east coordinates.  
 

 
Fig. 2.6 Workflow of the RSS 

 
For the 2D case, some characteristics of the process are considered: 

 The development considers a constant azimuth, a target inclination, and a kickoff point. 

 The model is divided into two behaviours:  vertical well path and inclined well path. 

 The model is built per survey station depth to calculate its respective outputs. 
 
2.5 Surveying Model 
 
Directional surveying is a method used to ensure that the correct well trajectory is being drilled by 
gathering well data and performing calculations from the gathered data. Permanent records of hole 
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locations can have a significant impact on future drilling operations because they can provide the 
necessary information to help make vital decisions. Some of these decisions include determining 
the amount of orientation required to bring the well back to its planned course by monitoring the 
progress of the well, preventing collision between the current well and nearby wells, and 
determining the exact location of the bottom hole to be used in the event of a blowout when a relief 
well is required to be drilled to kill the blowing well among others. The surveying model is going 
to be used as feedback for the steering control logic. So, this outlines the importance of surveying 
and why its various techniques are essential. 
 
2.5.1 Wellbore Trajectory Calculations from Survey Data 
 
During directional well drilling, survey data (hole inclination, θ1, and hole azimuth, α1) are taken 
at various stations, i, at increments of measured drilled distance, Δd1, along the wellbore. There 
are five available methods that may be used to accomplish this task: 

i. Minimum-curvature method 
ii. Radius-of-curvature method 

iii. Angle-averaging method 
iv. Tangential method  
v. Balanced tangential method 

 
The least accurate of these is the tangential method, and the most accurate are the radius-of-
curvature and minimum-curvature methods. In compliance with the guidelines of the competition, 
the minimum-curvature method will be used. 
 
2.5.2 The Minimum-Curvature Method 
 
The minimum-curvature method uses the angles measured at two consecutive stations, i − 1 and i, 
to describe a smooth circular curve that represents the wellbore path. This method uses a dogleg 
severity ratio factor, Rei corresponding with each section of the curve. 
The coordinates xi, yi, and zi, which represent the west-to-east, south-to-north, and vertical 
(downward) depths, respectively, are given by: 
 

𝑥௜ =  
∆ௗ೔

ଶ
(sin 𝜃௜ିଵ sin 𝛼௜ିଵ +  sin 𝜃௜ sin 𝛼௜)𝑅௘௜                                                                           (2.65) 

𝑦௜ =  
∆ௗ೔

ଶ
(cos 𝜃௜ିଵ sin 𝛼௜ିଵ sin 𝜃௜ + cos 𝛼௜)𝑅௘௜                                                                          (2.66) 

𝑧௜ =  
∆ௗ೔

ଶ
(cos 𝜃௜ିଵ +  cos 𝜃௜)𝑅௘௜                                                                                                            (2.67) 

 
In equations (2.65)– (2.67),  𝑅௘௜ =  ((2 𝑒௜⁄ )(tan 𝑒௜) 2⁄ ), where ei is the angle change of drill string 
between station i and i –1:  
𝑒௜ = 𝑎𝑟𝑐 cos(sin 𝜃௜ sin 𝜃௜ିଵ  cos(𝛼௜ −  𝛼௜ିଵ) + cos 𝜃௜ cos 𝜃௜ିଵ)  
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The x, y, and z coordinates of the nth point along the well path can be determined by algebraically 
summing over the total number of survey points n, that is, 

𝑥௡ = ෍ 𝑥௜

௡

௜ୀଵ

 

𝑦௡ = ෍ 𝑦௜

௡

௜ୀଵ

 

𝑧௡ = 𝐾𝑂𝐷 +  ෍ 𝑧௜

௡

௜ୀଵ

 

 
2.6 Control Network and Algorithms 
 
After modeling the sub-models, the next step is to develop the control network and algorithms 
(linking of sub-models) needed for autonomous drilling. However, a fully autonomous system 
comes with challenges. Therefore, human is included in the loop of the automated system to 
compliment the shortcomings of automations. Human factors are implemented in the project and 
may be update moving deeper into the project to provide a balance between automation and human 
involvement in the drilling process. 
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CHAPTER THREE 
HUMAN FACTORS 

 

3.1 Introduction 
 
Anywhere repetitive or dangerous operations take place, it is unsafe and expensive to utilize 
humans for such tasks only. Therefore, the allure of mechanization and autonomy beckons in such 
instances. The process for technology development follows a path. According to Phil Vollands of 
Varco International, there are three eras of evolution: mechanization, semi-automation, and local 
automation. The process starts with mechanization. That is, removing human power and labour 
and substituting mechanical power. Not only does that get the human out of the way, it allows for 
more force and torque to be applied. The next step is to automate the particular operation. At this 
point, the human’s role changes from brute strength to using their intelligence to supply the 
machine the brains and vision for the automated operation. That makes this a local 
semiautonomous operation. An ultimate goal is to completely automate an operation making it 
totally autonomous. No human intervention is needed except for startup and for emergencies 
(Anon., 2007). 
 
Mechanization in this project is the translation of the drilling process into a virtual environment, 
where human power and labour is substituted for. This project’s focus is on a semiautonomous 
approach where the human does not apply brute strength but uses intelligence to supply the 
machine the brains and vision for the automated operation. This simply means that the fundamental 
ideology behind the drilling process is supplied by the human, therefore the need to include human 
in the loop of the automated process. To achieve this objective, it is important to create a user 
experience where the human interacts with the drilling process. Applying concepts of level of 
automation, in fully automated processes like surveying where the computer makes decision, the 
human is only informed to keep posted about the progress. However, in an event of undesirable 
events, the human can override the autonomous process. A user interface has been created to 
enable a good user experience where the human can interact with the autonomous process. 
 
3.2 User Interface Design 
 
The Figs. 3.1 to 3.5 below show snippet of the user interface design for the project. The interface 
has four tabs namely: the home, view, plot and datasheet tab. The parameters pane shows input 
parameters that the user can key-in. The output pane shows output parameters of all the models 
discussed in this work. Our program has a time-plots interface that will display the output 
parameters against the drilling simulation time. Also, a 3D view tab is included to view the well 
trajectory in 3D case. The program is designed with a simple start and stop button to start and end 
the simulation. An output of readings from the drilling simulation is displayed on the datasheets 
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tab which will include the data from all the survey stations, data from the formation types and data 
of coordinates of each target reached. 
 

 
Fig. 3.1 User Experience from Home Tab 

 

 
Fig. 3.2 User Experience from the View Tab 
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Fig. 3.3 User Experience from the Plot1Tab 

 

 
Fig. 3.4 User Experience from the Plot2 Tab 
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Fig. 3.5 User Experience from the Datasheet Tab 
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CHAPTER FOUR 
SAFETY REPORT 

 

4.1 Introduction 
 
Though the well is being drilled virtually, safety plays a pivotal role in the entire design of the 
drilling system. The safety plan depicts the interaction for recognizing the physical and wellbeing 
dangers that could injure workers, methods to forestall mishaps, and moves toward action when 
mishaps happen. The main methodology towards drawing a safety plan is in any case risk 
evaluation. During all the phases of the project, it is expected to experience potential safety 
dangers. Inventive thoughts and configuration come next to the wellbeing and security of the 
individuals. Moreover, safety is seen as being essential to everybody and a guiding principle for 
the natural gas and oil industries. 
 
4.2 Risk Assessment 
 
Risk assessment is an essential part of the planning stage of any drilling system. Wherever 
possible, risks are eliminated through the selection and design of facilities, equipment, and 
processes. If risks cannot be eliminated, they are minimized by the use of physical controls or, as 
a last resort, through systems of work and personal protective equipment. 
4.2.1 Forms of Risk Assessment  
There are two basic forms of risk assessment includes; quantitative risk assessment and qualitative 
risk assessment (Amamoo et al., 2022): 
 
Quantitative Risk Assessment  
 
A quantitative risk assessment attempts to measure the risk by relating the probability of the risk 
occurring to the possible severity of the outcome and then giving the risk a numerical value. This 
method of risk assessment is used in situations where a malfunction could be very serious.  
 
Qualitative Risk Assessment  
 
The more common form of risk assessment is the qualitative assessment, which is based purely on 
personal judgement and is normally defined as high, medium, or low. Qualitative risk assessments 
are usually satisfactory since the definition (high, medium, or low) is normally used to determine 
the time frame in which further action is to be taken. Such assessments are often produced by 
specialized bodies. If used, they must be appropriate to the particular job, and they may need to be 
extended to cover additional hazards or risks. 
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4.3 Risk Assessment Process 
 
The HSE approach to risk assessment (5 steps) will be used to discuss the process of risk 
assessment. It is, however, easier to divide the process into six elements: 

 Hazard identification.  

 Persons at risk.  

 Evaluation of risk level.  

 Risk controls (existing and additional).  

 Record of risk assessment findings.  

 Monitoring and review.  
 
4.3.1 Hazard Identification 
 
There are many potential problems that can be encountered while drilling. Some of which include: 

 Mechanical problems: There can be issues with the drilling equipment itself, such as wear 
and tear on the drill bit or problems with the drilling rig. 

 Environmental issues: Drilling can potentially have negative impacts on the environment, 
such as air and water pollution. 

 Safety concerns: Working on an oil rig can be dangerous, and there is a risk of accidents 
and injuries. 
 

Hazard identification is the crucial first step of risk assessment. A review of accident, incident and 
ill-health records will also help with the identification. 
 
4.3.2 Evaluation of the risk 
 
During most risk assessments, it will be noted that some of the risks posed by the hazard have 
already been addressed or controlled. The purpose of the risk assessment, therefore, is to reduce 
the remaining risk. This is called the residual risk. The goal of risk assessment is to reduce all 
residual risks to as low a level as reasonably practicable. In a relatively complex workplace, this 
will take time, so a system of ranking risk is required. The higher the risk level, the sooner it must 
be addressed and controlled. For most situations, a qualitative risk assessment will be perfectly 
adequate. During the risk assessment, a judgement is made as to whether the risk level is high, 
medium, or low in terms of the risk of somebody being injured. This designation defines a 
timetable for remedial actions to be taken, thereby reducing the risk. A quantitative risk assessment 
attempts to quantify the risk level in terms of the likelihood of an incident and its subsequent 
severity. 
 
To calculate the level of risk, the following equation can be used:  

Risk = Severity x Likelihood 
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A risk matrix may be used so that a value can be assigned to the likelihood and severity of risk.  
 

 
Figure 4.1 Risk assessment matrix 

 
4.3.3 Risk control 
 
To control the risk of system malfunction or a drilling problem being encountered, the team has 
adopted and will improve upon safety limits for different physical parameters of the drilling hole, 
which are tabulated below.  
 

 
Table 4.1 parameters limitation values  (UiS design report, 2021) 

 
More considerations in terms of safety are shown below: 
 
Minimum Circulation Rate Calculation 
 
The minimum circulation rate (MCR) is a measure of the minimum flow rate required to maintain 
effective circulation of drilling fluids while drilling a well. Maintaining effective circulation is 
important because it helps to cool and lubricate the drill bit, remove cuttings from the wellbore, 
and maintain hydrostatic pressure to prevent the influx of formation fluids. 
If the MCR is not maintained while drilling, it can cause a number of problems, including: 

i. Decreased drilling efficiency: If the MCR is not maintained, the drill bit may not be 
adequately cooled and lubricated, which can lead to increased wear and reduced drilling 
efficiency. 

ii. Formation damage: If the MCR is not maintained, cuttings may not be effectively 
removed from the wellbore, which can lead to the build-up of debris in the wellbore and 
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damage to the formation. (How does bit balling lead to formation damage) 
iii. Loss of hydrostatic pressure: If the MCR is not maintained, it can lead to a loss of 

hydrostatic pressure, which can allow formation fluids to flow into the wellbore. This can 
lead to a number of problems, including wellbore instability, lost circulation, and 
formation damage. 

It is important to carefully monitor and maintain the MCR while drilling to ensure that these 
problems are avoided. 
 
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. The minimum Flow rate can be 
calculated using the following formula: 
 

𝑄 = 𝑉 ∙ 𝐴 
Where:  
Q = Cubic meter/sec  
V = 1.016 m/s  
A = Cross Sectional Area between Casing ID and Drill Pipe OD, m2 
 
Buckling Limit 
 
Drill pipe buckling is caused by applying too much force or weight on top of the drill string. A 
common consequence is that the drill string breaks and you've got a fish in the hole. Losing your 
BHA (bottom hole assembly) is literally throwing tens of thousands of dollars down the drain, as 
you lose expensive high-tech logging equipment and directional drilling tools. The buckling of a 
drill pipe is the main limiting factor when it comes to selecting a maximum WOB. To prevent the 
buckling effect, the dysfunction model is applied. 
 
Torque 
 
Torque is a measure of the rotational force applied to a drill bit while drilling. Too much torque 
can cause problems while drilling in a number of ways. One problem that can occur is that the drill 
bit can become stuck in the material being drilled. This can be caused by the drill bit being unable 
to cut through the material or by the material itself being too hard or tough for the drill bit to 
penetrate. When this happens, the torque applied to the drill bit can cause it to break or become 
damaged, which can be costly and time-consuming to repair. Another problem that can occur is 
that the material being drilled can become damaged or deformed due to the high torque being 
applied. In addition, excessive torque can cause problems for the drillbit itself. The high forces 
generated by the torque can put strain on the drill's motor and other mechanical components, 
potentially leading to wear and tear or even failure of the drill. 
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To avoid these problems, it is important to select a drill bit that is appropriate for the material being 
drilled and to apply the correct amount of torque to the drill bit while drilling. One can calculate 
the maximum torque using: 

𝑇=𝜏∙(𝐽/𝜌𝑟) 
Where 𝑇 is the torque, 𝜏 is the shear stress, 𝐽 is the polar moment of inertia and 𝜌𝑟 is the radial 
distance to center of the pipe. 
 
4.4 Risk Assessment Application to Project 
 
In an event of undertaking this project, team members are prone to certain risk. It is therefore 
important to undergo a risk assessment to reduce these risks or hazards as reasonably as low 
possible. The following have been identified. 
 
4.4.1 Visual Hazards 
 
According to the Mayo Clinic, spending a large portion of your workday at the computer can cause 
eyestrain. Since the team members are constantly monitoring screens and using computers, they 
are faced with visual hazards such as eyes becoming dry and irritated, having trouble focusing.  
The intensity of light they are exposed to can also cause visual hazards. Low intensity of light 
causes straining of eyes which impairs vision with time. High intensity also causes glaring. Glaring 
is when light enters the eye and interferes with vision. This can lead to visual hazards such as eyes 
irritation, eye strain and overall discomfort to the eyes (Amamoo et al., 2022).  
To reduce fatigue and eye strain: 

i. The Occupational Safety and Health Association (OSHA) recommends members taking a 
ten-minute break for every hour spent looking at a display screen, giving eyes a rest and 
focusing on things at varying distances.  

ii. Light levels or intensity should be suitable for the task at hand.  
iii. According to the National Safety Council (NSC, America), manual detail work may require 

higher levels of lighting, but staring at a computer monitor does not. Excessive glare can 
be minimized by closing blinds on windows and dimming the overhead lights.  

iv. Correctly position monitors slightly below eye level, minimizing screen glare and 
increasing computer font size. 

 
4.4.2 Fire Hazards 
 
Fires usually start small. The cause of fire hazards is mainly caused by short circuit in a piece of 
electronic hardware or overheated wiring. Fire may arise from the following if: 

i. There is a wear in cords or cords are frayed or have exposed wire 
ii. Cords used have a damaged or removed prong 
iii. Overload and improper use of extension cords 
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Unfortunately, the incipient fire is often located in an underfloor area or inside a cabinet where it 
has the opportunity to grow in size and intensity without being noticed.  Once there are actual 
flames and smoke, the devastation has already begun in earnest. Personnel are put in peril, 
equipment is damaged and progress is severely interrupted (Amamoo et al., 2022). 

a. The National Safety Council in its fight against fire outbreaks recommend: 
i. Power cords should be inspected regularly for wear and be replaced if they are frayed 

or have exposed wire. 
ii. Cords should never be used if the third prong has been damaged or removed. 
iii. Cords should never overload outlets. The most common causes of fires started by 

extension cords by improper use and overloading. Extension cords used should be 
approved by a certifying laboratory and be used only temporarily to connect one device 
at a time.  

b. The team must have knowledge in the use of fire extinguishers 
c. Take notice of emergency-exit. These routes should never be locked or blocked. 

 
4.4.3 Indoor Air Quality 
 
According to the NSC, the prevalence of poor indoor air quality has contributed to a rise in 
occupational asthma and other respiratory disorders, chemical sensitivity and allergies. Some of 
the reasons for poor air quality are inadequate ventilation systems (office overcrowding, design 
that blocks off air flow to work areas; too much or too little humidity; and poor keeping of the 
work area) which leads to dirty work environments. The team’s working environment air quality 
can be greatly improved by proper maintenance, cleaning and filtration of the ventilation and air 
conditioning system. This will reduce respiratory irritants, infections and illnesses, according to 
the NSC. Preventing the accumulation of dust, pollen, dirt and other buildup on all surfaces by 
frequent cleaning, will also cut down on respiratory irritants, infections and illnesses. Cleanliness 
and orderliness, too, may prevent the spread of illnesses and diseases in the workplace (Amamoo 
et al., 2022).  
 
4.4.4 Ergonomics Hazards 
 
The team spend many hours seated at a desk, working on a computer, resulting in ergonomic strains 
and other injuries related to posture and repetitive movement. These types of hazards can be 
difficult to detect. 
A solution to ergonomic hazards is to look at the anthropometry of personnel. This involves the 
use of a variety of adjustable chairs, desks and keyboards. The OSHA has recommended guidelines 
for setting up a computer at a workstation and performing computer related task. These guidelines 
are checks to reduce the occurrence hazards associated with ergonomics and they are: 

i. Position the chair, keyboard and monitor in a straight line with your body. 
ii. Maintain a relaxed, neutral posture 
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iii. Sit up straight, adjusting the chair to provide firm back support. 
iv. Let your arms hang loosely at the shoulders. 
v. Keep your elbows at a 90-degree angle while typing. 
vi. Use an adjustable keyboard tray to position your keyboard and mouse at a comfortable 

height (usually lower than the desk surface). Place your mouse next to the keyboard, 
and keep it as close as possible to your body, to avoid reaching. 

vii. Adjust the chair’s height so that your feet are firmly on the ground. 
 
4.5 Steps to Take When an Accident Occurs 
 
An accident is defined as any unplanned event that results in injury or ill health of people, or 
damage or loss to property, materials or the environment. The term incident can be defined as an 
occurrence, condition, or situation arising in the course of work that resulted in or could have 
resulted in injuries, illnesses, damage to health, or fatalities. Some make a distinction between 
accident and incident. They use the term incident to refer to an unexpected event that did not cause 
injury or damage at the time but had the potential to do so. But in the course of this work, the term 
incident is used in some situations and jurisdictions to cover both an “accident” and “incident”. In 
an event of an accident occurring, three primary directives must be followed to stabilize the effects 
of the accident (Amamoo et al., 2022).  
 
4.5.1 Life Safety  
 
It is very important that the first thing that responders must do during an accident is to first look at 
preserving lives. This involves evacuation, administering first aid treatment, sending injured 
persons to a hospital for further treatment after first aid has been administered. It is also important 
an emergency exit is never blocked before or during an accident to ensure an effective evacuation 
process.  
 
4.5.2 Incident Stabilization  
 
After successfully going through the first directive, the next thing to do is control the incident. In 
stabilizing an incident, it is crucial to identify the impacts since failure to identify impacts 
accurately can result in an approach to lifeline stabilization that only addresses the symptoms of 
incident impacts, not the root causes. Once incident personnel gain an understanding of the 
impacts, they must develop ways to resolve them. For example, in a case of fire rupture, it is 
essential to know the source of the fire. The source of the fire is going to determine the type of 
extinguisher to use.  
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4.5.3 Property Conservation  
 
The final step to take in the event of an accident is to protect the properties from further damage 
while causing no harm. This is in a way going to neutralize the effects caused by the occurrence 
of an accident mostly in terms of cost. 
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