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INTRODUCTION 

As part of the Society of Petroleum Engineers (SPE) efforts to promote safety and efficiency in the 

automation of drilling processes, the annual Drillbotics competition was instituted through the Drilling 

Systems Automation Technical Section (DSATS). This avenue provides institutions worldwide the 

opportunity to share novel ideas in enhancing autonomous drilling. In response to the call to participate 

in the 2021-2022 Drillbotics competition, a team was formed from both University of Mines and 

Technology and Kwame Nkrumah University of Science and Technology to represent Ghana. This 

chapter of the design report summarizes the biography of team members, the main task for the Drillbotics 

challenge, the objectives of the design phase and key team activities. 

 

 

1.2 Student Biographies 

 

1. Name: Benjamin Okine-Quaye Amamoo (Team Lead) 

Institution: University of Mines and Technology (UMaT) 

Degree: BSc Petroleum and Gas (Graduated) 

Qualifications: IADC Drilling and Well control Advance Level II 

Main area of contribution: Designing and coordinating work flow 

2. Name: Joel Mensah Sekyi  

Institution: University of Mines and Technology (UMaT) 

Degree: BSc. Petroleum Engineering (Final year) 

Interest: Computer Programming 

Main area of contribution: Drilling operations 

3. Name: Daniel Elikem Braimah 

Institution: Kwame Nkrumah University of Science and Technology (KNUST) 

Degree: BSc. Mechanical Engineering (Final year) 

Main area of contribution: Design of Human Factors and user interface 

4. Name: Prince Mensah 

Institution: Kwame Nkrumah University of Science and Technology (KNUST) 

Degree: BSc. Mathematics (Completed) 

Qualifications: Research and Teaching Assistant 

Interest: Machine Learning, Mathematical Modelling and Applications 

Main area of contribution: Mathematical models and simulations 

5. Name: Osei Oswald Owusu-Asiedu 

Institution: University of Mines and Technology (UMaT) 

Degree: BSc. Electrical and Electronics Engineering (Final year) 

Interest: Robotics 

Main area of contribution: Safety Plan and coordination of reports. 
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1.2 Main Task 

The Group A challenge does not involve building a rig or drilling system. Howvere, the team will design 

automation and control modules to develop a virtual drilling system (i.e., computer models) to test and 

demonstrate the controls. The challenge requires the team to develop a full-scale drilling system model, 

including its corresponding control scheme, to virtually drill a directional well following a given 

trajectory.  The teams will design a control system that will virtually control the full-scale drilling system 

model to test and demonstrate the automated system. The processes will comprise the formulation and 

implementation of mathematical equations that emulate the real drilling systems.  

 

1.3 Objectives 

The objectives of this year’s competition include the following; 

(a) to create a virtual rig, including drill string/ Bottom Hole Assembly (BHA) and wellbore 

interaction. 

(b)  to demonstrate the model using a control model developed the team. The teams should 

incorporate virtual downhole and surface sensors in their automation and controls scheme. 

(c) to design a workflow that enables continuous improvement the automation process through the 

adoption of human factors. 

 

1.4 Team Organization 

 

The team for this year’s competition comprises of candidates from Kwame Nkrumah University of 

Science and Technology (KNUST) and University of Mines and Technology (UMaT). Candidates from 

a variety of disciplines such as Petroleum Engineering, Electrical and Electronics Engineering, 

Mechanical Engineering, Mathematics, Computer Science, among others showed interest in the project. 

Apart from the core team members, other individuals or collaborators who contributed to this projects 

include the following: 

 

1. Name: Precious Darkwa 

Degree: BSc. Computer Science (Final Year) 

 

2. Name: Sampson Owusu Bempah  

Degree: BSc. Petroleum Engineering (Final Year) 

 

3. Name: Cyprian Abeiku Maison 

Degree: BSc. Electrical/ Electronic Engineering (Final Year) 

 

3. Name : Aidoo Nana Kow Bentum 

Degree: BSc. Mathematical Science (Final Year) 

 

4. Name: Asafo-Adjei Benjamin Appiah 

Degree: BSc. Petroleum Engineering (Final Year) 
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THE SYSTEM DESIGN 

2.1 The Design  

This chapter focuses on the design of the various components for the operation of an autonomous 

directional drilling process. Figures 1 to 3 illustrate the conceptual design of the downhole system. 

Subsequently, the choice of tools and associated assumptions are discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The downhole section 

 

Figure 2: 

The downhole section 

 

Figure 3: 

Figure 8: A focus on the drill string and drill colors 
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2.2 The Well Trajectory 

The design of the well path is based on the build and hold type. This type of well path is conventional 

and offers a simplified approach of implementing a profile for a directional well [1]. This type of 

profile is often applied when a large horizontal displacement is required at relatively shallow target 

depths. Since there are no major changes in inclination or azimuth after the build-up section is 

complete, there are fewer directional problems with this profile. Under normal conditions, the 

inclination should between 15-55 [1]. Figure 4 gives an illustration of the well path considered. 

 

Figure 4: Build and hold well path 

Figure 16: A focus on the BHA and some of the concepts 

 

Figure 17: A focus on the BHA and some of the concepts 

 

Figure 24: The Well Profile 

(Build and Hold) 
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2.3 Rig System  

The automation of the drilling process largely involves the correlation of surface and downhole 

measurements with near real-time predictive models to improve the efficiency and safety. The 

autonomous drilling rig system involves the seamless use of machinery to controlling and monitoring 

the progress of drilling and formation pressures. The automation of activities on the rig floor has the 

potential to reduces safety hazards significantly particularly because most of the tasks are repetitive in 

nature. The design focus in this project is largely on the subsurface activities necessary in drilling a 

directional well. In the conceptual design of the rig, the following systems were considered; hoisting 

system, rotary system, circulatory system, control system, power system, and monitoring system.  
 

2.3.1 Hoisting System  

The hoisting system lowers or raises the drill string and other subsurface equipment into or out of the 

hole. The key routine operations include, making continuous trips in or out of the hole while 

connecting drill string extensions or pipes with increasing depth. Some pivotal components of the 

hoisting system include the following: 

 

 Derrick: This component provides the vertical clearance or height needed to lower or raise sections 

of the drill pipe during drilling trips. 

 

 Block and Tackle.  

This component is made of the following parts; 

i. Crown Block: This comprises of a fixed set of pulleys at the top of the derrick over which 

the drilling line is threaded to lift up heavy loads.  

ii. Traveling Block: This is a freely moving part under the crown block which contains a set 

of pulleys and sheaves through which the drill line is threaded.  

iii. Drilling Line: This is used to lift or lower drill pipes into and out of the wellbore.  

 

 Draw-works. This component of the hoisting system helps to reel in or out; causing the traveling 

block to move up and down.  

 Swivel. This mechanical device allows rotation of the drill-string along with a stationary rotational 

movement of the traveling block;  

 Weight Indicator. This component monitors the weights and function of down-hole tools during 

drilling operations. 

  

2.3.2 Rotary System  

The rotary system essentially controls the rotation of the drill bit during drilling operations. The Rotary 

Steerable Systems (RSS) enabled faster and efficient wellbore delivery. The highlight of operations in 

this system include the assimilation of Measuring-While-Drilling (MWD) data, and continuous 

comparison of the actual well trajectory with the planned targets. This allows for the adoption of 

corrective measures to achieve desired well plans. The rotary system consists of three (3) primary 

components namely, Drill String, Bottom-Hole Assembly, and the Drill Bit.  

 
 



8 

 

2.3.3 Circulatory System  

The circulation system monitors and regulates the circulation of drilling fluids or mud through the 

hollow drill string and up through the annular space between the drill string and wellbore. It comprises 

of a continuous system of pumps, distribution lines, storage tanks, storage pits, and cleansing units 

which work together to remove drill cuttings from the hole, regulate bottom-hole temperature and 

manage wellbore pressures while drilling.  
 

2.3.4 Well Control System  

The Well Control System or Blowout Prevention System is a critical safety equipment that is necessary 

in maintaining well integrity. The system monitors and controls wellbore pressure to prevent the 

uncontrolled and catastrophic escape of high-pressure fluids (oil, gas, or salt water) from subsurface 

while drilling. A typical blowout preventer (BOP) consists of control pods, hydraulic accumulators, test 

valves, kill and choke lines. More commonly this system comprises of an assembly of several stacked 

blowout preventers of varying type and functions and usually include rams and annulars.  
 

2.3.5 Power System   

The power system on a drilling rig supplies power to the main systems of the rig as well as ancillary 

systems like electrical systems and pumps. A typical power system consists of the fuel tanks, engines, 

generators that generate and transmit the needed power to operate most of the rig machinery.  
 

2.3.6 Well Monitoring System  

The Well Monitoring System (WMS) is utilizes the data collected from an integrated number of sensors 

to monitor well trajectory during drilling. The progress of the drilling process is accesses and corrected 

by analyzing real-time drilling parameters. The system measures, collects and records critical drilling 

parameters concurrently to inform engineers of unintended deviations of well paths. Some of these 

important parameters include: well depth, weight on bit, rotary speed, rotary torque, pump pressure, 

pump rate, fluid-flow rate, flow return, rate of penetration, hook load, and fluid properties (e.g., density, 

temperature, viscosity, gas, and sand content, salinity, solids content). The system monitors these 

essential parameters to facilitate the prediction and detection possible drilling problems. 
  

2.4 Models  

2.4.1 Torque and Drag Model  

One of the most crucial challenges limiting the drilling industry's ability to proceed beyond a given 

measured depth is wellbore friction, torque and drag between the drill string and the wellbore wall. As 

a result, numerous experiments on torque and drag modeling have been conducted. Different 

methodologies have been employed in this regard, with the main distinction being how to include 

bending stiffness and shearing forces in torque and drag calculations.  

 

Whereas torque is the moment required to twist the pipe in order to overcome rotational friction and bit 

friction, drag, on the other hand, is the sliding friction force that appears during drill string or casing 
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tripping operations.The torque and drag model employed in this project is based on the work of  

Aadnoy, 2010 which assumes a soft string model. 

 

This signifies that the pipe bending is so minor that the bending stiffness may be ignored, implying that 

the pipe is always in contact with the wellbore. The derived equations depict the hook loads for pulling 

and lowering operations and also the torque for a string in a wellbore. There are two sets of equations: 

one for straight well-sections and another for curved sections.  
 

2.4.1.1 Torque and Drag along a Straight Section 

The Coulomb friction model is used to calculate the drag along the straight segment. The force required 

to move the drill-string element with a length of ∆L is as follows: 

                              𝛥𝐹 =  𝛽𝑤𝛥𝐿(𝑐𝑜𝑠𝛼 ± 𝜇𝑠𝑖𝑛𝛼)                                                                  (1) 

 

The weight of the element is the first component of equation (1), and the additional frictional force 

necessary for moving the pipe element is the second term. The plus sign indicates that the pipe element 

is being pulled, whereas the minus sign indicates that the pipe element is being lowered. When 𝝰 is 

equal to zero, the pipe section is in a vertical position, and the friction term is reduced. When 𝝰 is equal 

to 90 degrees, the pipe section is in a horizontal position, and the weight term is reduced. 

 

The calculation begins at the bottom of the drill-string and progresses gradually upward when the drill-

string description, survey data, and friction coefficient are supplied. For straight and curved portions, 

the same approach will be applied. According to Fazaelizadeh, M., Hareland, G. and Aadnoy, B.S et al., 

2010, there are two ways for calculating the friction coefficient μ, for torque and drag. 

 

The first is assuming one friction coefficient for the entire well for both cased and open sections, trying 

to get the best match with measured hook loads. The second method is assuming different friction 

coefficients for the cased hole and open hole 

 

The following is the general equation for an entire straight segment made up of n distinct pipes:  

 ∑ 𝑭𝒊
𝒏
𝒊=𝟐 = ∑ 𝑭𝒊−𝟏

𝒏
𝒊=𝟐  +  ∑ {𝜷𝒘𝜟𝑳 × (𝒄𝒐𝒔𝜶 ± 𝝁𝒔𝒊𝒏𝜶)}𝒊

𝒏
𝒊=𝟐                                                         (2) 

 

In Equation (2) all µs can be equal or switched from open hole to cased hole friction coefficients. The 

equation also shows the static weight of a straight section during drilling when the friction coefficient is 

zero. The friction coefficient multiplied by the normal moment produces torque or rotational friction. 

Equation (3) illustrates the applied torque on a straight section. 

    

𝑇 = 𝜇 × 𝛽𝑤𝛥𝐿𝑟𝑠𝑖𝑛𝛼                                                                               (3) 

 

There is no torque in a vertical portion when 𝝰 equal to zero. Also, for 𝝰 equal to 90 degrees in a 

horizontal section, the maximum torque applies. Equation (4) illustrates the full torque along the drill-

string in a straight section. 

∑ 𝑻𝒊
𝒏
𝒊=𝟐 = ∑ 𝑻𝒊−𝟏

𝒏
𝒊=𝟐  + ∑ {𝝁 ×  𝜷𝒘𝜟𝑳 × (𝒄𝒐𝒔𝜶 ± 𝜷𝒘𝜟𝑳𝒓𝒔𝒊𝒏𝜶)}𝒊

𝒏
𝒊=𝟐                              

               (4)                                                            
 

Where T represents the bit torque. However, in a straight section, the drill-string may be made up of 

various components with various tool joints.               
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2.4.1.2 Torque and Drag along a Curved Section 

For curved borehole sections, the normal contact force between string and hole is strongly dependent 

on the axial pipe loading, and therefore referred to as a tension dominated process (Aadnoy et al., 

2009). Here, friction is computed using the assumption that the pipe is weightless but the weight is 

added at the end of the curve. 

 

The wellbore is inspected at regular intervals during the drilling procedure. The wellbore inclination 

and geographic azimuth are the two most important outputs. The depth and horizontal displacement of 

the object are calculated using this information. The dogleg angle 𝞡 is also affected by the wellbore 

inclination as well as the azimuth. The dogleg plane determines the pipe's contact surface because it 

will meet either the high or low side of the curved wellbore. For each hole segment, the dogleg angle is 

calculated as follows: 

                      𝐶𝑜𝑠 𝜃𝑖  =  𝑆𝑖𝑛 𝛼𝑖𝑆𝑖𝑛𝑖−1𝐶𝑜𝑠(𝜙𝑖 − 𝜙𝑖−1)  +  𝐶𝑜𝑠 𝛼𝑖𝐶𝑜𝑠 𝛼𝑖−1                                   (5) 

 

For a pipe element, i equal to 2, the axial force for build-up, drop-off, side bends, or a combination of 

these becomes: 

𝐹2  =  𝐹1 × 𝑒±𝜇2|𝜃2|  ×  𝛽2𝑤2𝛥𝐿2  ×  {
𝑆𝑖𝑛 𝛼2 − 𝑆𝑖𝑛 𝛼1 

𝛼2 − 𝛼1
}                                           (6) 

Where the plus sign denotes pulling of the pipe element, whereas the minus sign denotes lowering of 

the pipe element in a curved section. For a full curved section, the drag is illustrated in Equation (7) as: 

∑ 𝑭𝒊
𝒏
𝒊=𝟐  =  ∑ [𝑭𝒊−𝟏  ×  𝒆

±𝝁
𝟏

|𝜽𝟏|]𝒏
𝒊=𝟐  +  ∑ {𝜷

𝒊
𝒘𝒊𝜟𝑳𝒊  ×  [

𝑺𝒊𝒏 𝜶𝒊 −  𝑺𝒊𝒏 𝜶𝒊−𝟏

𝜶𝒊 − 𝜶𝒊−𝟏

]}𝒏
𝒊=𝟐                    (7) 

 

The equation shows the static weight of the entire curved portion when the friction coefficient is 

assumed to be zero. For the bending element i equal to 2, the torque is calculated as follows: 

   𝑇2  =  𝜇2  ×  𝑟2𝐹1|𝜃2  −  𝜃1|                                                                                                  (8) 

 

The torque calculation for the entire curved section is illustrated in equation (9) as; 

∑ 𝑻𝒊
𝒏
𝒊=𝟐  =  ∑ 𝝁𝒊

𝒏
𝒊=𝟐  ×  𝒓𝒊𝑭𝒊−𝟏 |𝜽𝒊 − 𝜽𝒊−𝟏|                                                                          (9) 

To conclude, wellbore frictions for any shape may be calculated by splitting the well into straight and 

curved parts, then adding forces and torques from the bottom to the top of the string. Each change in 

wellbore shape or pipe size is used to calculate the total. 
 

 

2.4.2 Flow Model   

The drill string and annulus are divided into n cells for the purpose of calculating pressure. The 

hydrostatic pressure and pressure loss for each cell are calculated using updated density and viscosity, 

where viscosity for Herschel-Bulkley models (Huang, X. and Garcia et al., 1998) can be calculated as:  

                          𝜇𝛼  =  𝐾 (
3𝑛𝑎 + 1

4𝑛𝛼
 +  

8𝑣

𝐷
)

𝑛𝛼 −1

                                      (10) 
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Where na is the generalized flow index and K is the consistency index. Following that, the pressure loss 

is determined.  

  

                 (𝛥𝑃)𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙  =  
𝑓𝐿𝑝𝑣2

2𝐷
                                 (11) 

The friction factor is f, the pipe length is L, the average fluid velocity is v, and the pipe inner diameter 

is D. The pressure calculation solution provided here is to employ a numerical shooting method to 

calculate pressure profiles in the drill string and annulus, respectively. To specify it, we first create two 

initial BHP1 and BHP2 guesses, then update the density and viscosity of the bottom cell depending on 

those values, and finally calculate the pressures of the above cell.  

Repeat the process until all of the pressures in the first cell have been determined. The computed 

pressures are then compared to the surface pressures. We change initial predictions BHP1 and BHP2 if 

the differences are more than a given tolerance (as a terminal condition), and the process is repeated 

until the difference between them is less than that threshold. The following is a summary of the 

shooting method:   

Divide the wellbore into n cells of length z each.  

Insert: flow rate Q, 𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒, surface mud weight, mud viscosity, wellbore geometry, and lastly  

Calculate the pressure at cell (2) in by using two initial estimations, 𝑃𝑔𝑢𝑒𝑠𝑠,1 and 𝑃𝑔𝑢𝑒𝑠𝑠,2  by:  

                                           𝑃2,1 = 𝑃𝑔𝑢𝑒𝑠𝑠,1 − 𝜌(𝑃𝑔𝑢𝑒𝑠𝑠,1)𝑔Δ𝑧 − 𝑃𝑙𝑜𝑠𝑠,1,1                             (12)   

                                                          𝑃2,2 = 𝑃𝑔𝑢𝑒𝑠𝑠,2 − 𝜌(𝑃𝑔𝑢𝑒𝑠𝑠,2)𝑔Δ𝑧 − 𝑃𝑙𝑜𝑠𝑠,1,2                 (13)  

  

  

Where: 𝑃𝑙𝑜𝑠𝑠 is the frictional pressure loss associated with each cell.   

Repeat the above step for each cell i=2, …n-1 by:   

                                                               𝑃𝑖+1,1 = 𝑃𝑖,1 − 𝜌(𝑃𝑖,1)𝑔Δ𝑧 − 𝑃𝑙𝑜𝑠𝑠,𝑖,1                                   (14)  

                     𝑃𝑖+1,1 = 𝑃𝑖,1 − 𝜌(𝑃𝑖,1)𝑔Δ𝑧 − 𝑃𝑙𝑜𝑠𝑠,𝑖,1                                   (15) 

                                                               𝑃𝑖+1,2 = 𝑃𝑖,2 − 𝜌(𝑃𝑖,2)𝑔Δ𝑧 − 𝑃𝑙𝑜𝑠𝑠,𝑖,2                                  (16) 

Define  𝑓1 = 𝑃𝑛,1 − 𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , 𝑓2 = 𝑃𝑛,2 − 𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 .  

If 𝑓1 is less than tolerance, then the process is terminated, else divide the interval [𝑃𝑔𝑢𝑒𝑠𝑠,1, 𝑃𝑔𝑢𝑒𝑠𝑠,2] into 

2 halves and go back to Step 3.   
 

2.4.3 RSS Model  

The RSS is a form of drilling technology used in directional drilling. It employs the use of specialized 

downhole equipment to replace conventional directional tools such as mud motors. They are generally 

programmed by Measurement-While-Drilling (MWD) data. Commands are transmitted using surface 

equipment (typically using either pressure fluctuations in the mud column or variations in the drill 

string rotation) which the tool responds to, and gradually steers into the desired direction.  
  

2.4.4 BHA Model  

 The main issue in directional drilling is to control the direction of the borehole to conform to a pre-

determined trajectory. Undesirable deviations from the planned well-path increase the drilling cost 

through the need for course corrections, and the added potential troubles associated with key seating, 

pipe ticking, and even sidetracking due to lost tools (Ho and Chandra, et al., 1986).  

A successful bottom hole assembly program can be used to analyze a variety of aspects. Some of them 

can be included in a virtual directional drilling scenario, such as: estimating proper placement of 
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downhole tools/sensors from the bit, bit axis, and bit force estimation and developing a correcting 

algorithm for MWD measurements in order to maintain the best possible drilling trajectory.  
      

2.4.4.1 Mathematical Model  

According to the work of Ho H.S et al., 1986, three ways can be used to solve the mathematical models 

for BHA simulation: semi-analytical method, finite element method, and finite difference method.  

Because of its reduced complexity and processing time, the team opted to choose the finite difference 

approach as the preferable option. For the proposed trajectory.  

In directional drilling, the following simplified governing equations from this model are used, 

expressed in a right-handed coordinate system with z-axis along the line connecting the bit to a survey 

point above the BHA (Rafie S. et al., 1986). See figure,  

      (𝐸𝐼𝑈 ′′) ′′ − (𝑇𝑉 ′) ′′ + (𝑁𝑈 ′) ′ = 𝑓 1 − 𝑓 2                                                       (17)  

            (𝐸𝐼𝑉 ′′) ′′ − (𝑇𝑈 ′) ′′ + (𝑁𝑉 ′) ′ = 0                                                                    (18)  

Where;  

U, V = drill string deflections in x- and y- directions respectively   

(’) = represents the differential function along the drill string axis (d/ds)  

E= modulus of elasticity  

I = moment of inertia   

T = torque along the drill string axis (positive for right-hand drilling)  

 N = axial force along the drill string axis (positive for compression)  

 f 1= effective weight per unit Length of drill string in x-direction   

f 2 = contact force in x-direction  

Finite difference methods are used to solve the equations numerically. Iterative solutions are used to get 

the solution to a convergent state and determine where the drill-string and borehole make contact. The 

following are the program's most important assumptions:  

 

The contacts between the drill-ring and borehole wall can occur only in the vertical plane, at low and 

high sides of the borehole wall.  

On the bit, there are no bending moments.  

The borehole center-line aligns with the center of the bit (i.e. no bit offset).  

The top of the BHA makes contact with the borehole wall on the low side.  

 

Figure 5. shows the solution algorithm utilized in the computer program schematically.  
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Figure 5: Solution Algorithm for BHA processes 

  

  

2.4.5 Temperature Model 

The goal of this model is to provide a precise temperature model capable of calculating wellbore 

temperature distributions.  

 

The following is a derivation of the created temperature model, with figure 2 representing a general 

wellbore element on which the derivation is based. Because the flow direction in the drill pipe is fixed 

downwards, heat will enter the system at 𝑥 and depart at 𝑥 + 𝑑𝑥. Heat will also enter the system as a 

result of heat transfer through the annulus and heat generation from other energy sources within the 

drill pipe. As a result, the wellbore element's energy balance is stated as: 

 

  𝑄𝑝(𝑥+𝑑𝑥) − 𝑄𝑝(𝑥) = 𝑄𝑎𝑝 + 𝜙𝑝                            (19) 

 

Where; 

 𝑄𝑎𝑝 represents the rate of heat transfer with the annulus 

𝜙𝑝 represents the energy sources present within the drill pipe.  

 

The change in thermal energy over the element is given by (Bergman et al., 2011):   

 

                                    𝑄𝑝(𝑥+𝑑𝑥) − 𝑄𝑝(𝑥) = 𝑚𝑐𝑝𝑝(𝑇𝑝(𝑥+𝑑𝑥) − 𝑇𝑝(𝑥))                (20) 



14 

 

 

The heat transfer over the drill pipe is denoted by (Kabir et al., 1996) 

 

𝑄𝑎𝑝 = 2𝜋𝑟𝑝𝑖𝑈𝑝(𝑇𝑎 − 𝑇𝑝)𝑑𝑥                                         (21) 

 

Where; 

 𝑟𝑝𝑖 is the inner radius of the drill pipe 

 𝑈𝑝 represents the overall heat transfer 

 

Combining equations (20-21) gives the following differential equation for the drill pipe temperature 

distribution:           

 

𝑑𝑇𝑝/𝑑𝑥= (𝐴𝑇𝑎 − 𝐴𝑇𝑝) +(1/𝑚C𝑝𝑝)* (𝜙𝑝/𝑑𝑥)          (22) 

          Where; 

 

𝐴 = (2𝜋𝑟𝑝𝑖 𝑈𝑝)/(𝑚C𝑝𝑝)                                         (23) 

 

Heat will enter the system at 𝑥 + 𝑑𝑥 and depart the system at 𝑥 since the flow direction for the annulus 

is set upwards. Heat enters the system by heat transfer from the formation and heat generation from 

energy sources in the annulus, and heat exits the system via the drill pipe interface. The wellbore 

element's energy balance is as follows: 

 

𝑄𝑎(𝑥+𝑑𝑥) − 𝑄𝑎(𝑥) = 𝑄𝑎𝑝 − 𝑄𝑓 − 𝜙𝑎                  (24) 

 

where;  

𝑄𝑓 gives the heat transfer from the formation to the wellbore interface 

𝜙𝑎 represents the energy sources in the annulus.  

 

Following Bergman et al. (2011), the thermal energy over the annulus element may be expressed by:   

 

𝑄𝑎(𝑥+𝑑𝑥) − 𝑄𝑎(𝑥) = 𝑚𝑐𝑝𝑎(𝑇𝑎(𝑥+𝑑𝑥) − 𝑇𝑎(𝑥))                       (25) 

 

The rate of heat transfer across the drill pipe remains the same as in equation (21) and the heat flow 

from the formation to the wellbore is given in the equation below (Kabir et al., 1996).   

 

𝑄𝑓 =(2𝜋𝑘𝑓/𝑇𝐷) * (𝑇𝑓 − 𝑇𝑤 )𝑑𝑥                                                 (26) 

Where; 

 𝑇𝑤 is the temperature at the interface between the formation and the wellbore 

 

 The heat transfer from the wellbore/formation interface to the annulus is given in equation (27) as: 

 

𝑄𝑤𝑎 = 2𝜋𝑟𝑐𝑖𝑈𝑎(𝑇𝑤 − 𝑇𝑎)𝑑𝑥                                             (27)  

 

Combining equation (26) and (27) to eliminate 𝑇𝑤, the heat flow from the formation to the annulus is 

expressed by:  

 

𝑄𝑓 =(2𝜋𝑟𝑐𝑖 𝑈𝑎 𝑘𝑓) / (𝑘𝑓 + 𝑟𝑐𝑖 𝑈𝑎 𝑇𝐷)(𝑇𝑓 − 𝑇𝑎 )𝑑𝑥                  (28) 
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Updating the energy balance in equation (24) with the expressions in equations (21), (25) and (28) 

yields the differential equation for the annulus temperature distribution as shown below.   

 

𝑑𝑇𝑎/𝑑𝑥= C(𝑇𝑎 − 𝑇𝑝 ) − 𝐵(𝑇𝑓 − 𝑇𝑎 ) − (1/𝑚C𝑝𝑎)*(𝜙𝑎/𝑑𝑥)          (29) 

Where; 

𝐶=(2𝜋𝑟𝑝𝑖 𝑈𝑝)/(𝑚C𝑝𝑎)                                                  (30) 

 

And                                  𝐵=(2𝜋𝑟𝑐𝑖 𝑈𝑎 𝑘𝑓) / (𝑘𝑓 + 𝑟𝑐𝑖 𝑈𝑎 𝑇𝐷 )𝑚C𝑝𝑎                 (31) 

 

Considering equations (22) and (29), there is a set of two equations and two unknowns, explicitly 𝑇𝑝 

and 𝑇𝑎 . To take the derivation further, equation (22) is rearranged to the following form: 

 

𝑇𝑎 =(1/𝐴) * (𝑑𝑇𝑝)/(𝑑𝑥)+ 𝑇𝑝 − (1/𝐴) * (1/𝑚C𝑝𝑝) * (𝜙𝑝/𝑑𝑥)          (32) 

 

Substituting 𝑇𝑎 in equation (28) with the expression above and solving for 𝑇𝑝 gives; 

 

𝑑2𝑇𝑝/𝑑𝑥2 - 𝐷 * (𝑑𝑇𝑝/𝑑𝑥)− 𝐴𝐵𝑇𝑝 = 𝑔(𝑥)                                     (33) 

Where; 

                 𝐷 = −𝐴 + 𝐵 + 𝐶                                                  (34) 

And 

 

𝑔(𝑥) = −𝐴𝐵𝑇𝑓 − (𝐵 + 𝐶 𝜙𝑝) / (𝑚𝐶𝑝𝑝𝑑𝑥) - (𝐴/𝑚𝐶𝑝𝑎) * (𝜙𝑎/𝑑𝑥)       (17) 

 
 

Source: Langaker, V., 2017. 

The Undetermined Coefficients method is used to solve the differential equation in (2.83). The 

coefficients A, B, and C must be constants for this approach to work. On the contrary, because they 

involve the entire heat transfer coefficient, these coefficients do not remain constant throughout the 

wellbore. Because temperature-dependent characteristics like drilling fluid density and viscosity are 

included in the overall heat transfer coefficient, neither A, B, or C can be considered constants for the 

length of the wellbore. 
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2.4.6 The Drill Bit Model  

A drill bit is a tool used in the rotary drilling method to create a usually cylindrical hole (wellbore) in 

the earth's crust for the finding and extraction of hydrocarbons like crude oil and natural gas. The Rate 

of Penetration (ROP) on the other hand shows the rate at which a drill bit breaks the rock underneath to 

deepen the borehole. Modeling and measuring are widely used in industry to monitor drilling 

performance, optimize drilling parameters, detect abnormal pressures, and improve drilling efficiency.  

  

Mechanical specific energy input, drilling efficiency, and a minimum specific energy equivalent to rock 

strength are the three primary characteristics of the system. Some essential drilling performance 

indicators, such as particular energy input, bit-specific coefficient of sliding friction, and mechanical 

efficiency, play a significant influence in bit selection accuracy. The influence of bit gauge, bit profile, 

walking propensity, and steerability may be studied using the model that will be developed.  
 

4.2.6.1 Mathematical Model 

Teale first proposed the notion of Mechanical Specific Energy (MSE) in 1965. MSE, according to 

Teale, MSE is the amount of mechanical work required to remove a unit volume of material (Hamrick 

et al., 2011). This means that efficiency in drilling is measured by mechanical specific energy. MSE is 

defined as Energy-In divided by Volume-Out, and is expressed as;  

                                                                                                

                                                                     𝑀𝑆𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑜𝑣𝑒𝑑
                                        (35) 

 

Work Energy is Force multiplied by distance, and the volume of a drill hole is simply a cross-sectional 

Area multiplied by the depth of penetration (Δh). Weight on Bit (axial force) and Torque (rotational 

force) are two factors that act on the bit during drilling. The MSE Equation contains two terms since 

these are additive to MSE, ie;   

 

 𝑀𝑆𝐸 =  
𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑜𝑣𝑒𝑑
+

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡

𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑜𝑣𝑒𝑑
                            (36) 

 

𝑀𝑆𝐸 =  
𝑊𝑂𝐵∗𝛥ℎ

𝐴𝑟𝑒𝑎∗𝛥ℎ
+ 

𝑇𝑜𝑟𝑞𝑢𝑒∗2𝜋∗𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠

𝐴𝑟𝑒𝑎∗𝛥ℎ
                                 (37) 

 

The penetration per time (ROP) divided by rotations per time gives the bit's distance traveled (Δh) 

during a particular interval. This is also referred to as cut depth or penetration per revolution. On a 

minute-by-minute basis. Hence, the MSE equation is derived as;  

 

                    𝛥ℎ =  𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟 𝑀𝑖𝑛𝑢𝑡𝑒
𝑅𝑃𝑀

= 
𝑅𝑂𝑃

𝑅𝑃𝑀
= 𝑃                       (38) 

Hence, the MSE equation derived from Teale is expressed as; 

 

𝑀𝑆𝐸 =  
𝑊𝑂𝐵

𝐴𝑟𝑒𝑎
 +

2𝜋∗𝑅𝑃𝑀∗𝑇𝑜𝑟𝑞𝑢𝑒

𝐴𝑟𝑒𝑎∗𝑅𝑂𝑃
                                                         (39) 

 

The following equation represents the torque in operation based on the weight on the bit and the 

diameter of the bit:   
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                              𝑇 =  
𝜇𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟∗𝑊𝑂𝐵

36
                                                                                  (40) 

 

When we replace the torque equation with the MSE equation, we get:  

𝑀𝑆𝐸 =  𝑊𝑂𝐵(
1

𝐴𝑟𝑒𝑎
+

13.33𝜇𝑁

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟∗𝑅𝑂𝑃
)                                            (41) 

 
We can define the depth of the cutter based on specific energy:  

 

                                              𝐷𝑂𝐶 =  
2𝜋𝑇

𝐴𝑟𝑒𝑎∗𝑀𝑆𝐸
                                                        

 

Where;  

MSE = Mechanical Specific Energy (psi)  

WOB = Weight on Bit (lb)  

RPM = Rotation Per-minute  

Torque = Rotation torque (in-lb)  

Area = Cross-Sectional area of bit (in2 )  

ROP = Rate of Penetration (in/hr)  

Diameter = diameter of bit, (m) 

P                 = Penetration Per Revolution (in/rev) 
 

2.4.7 Rate of Penetration (ROP) Model 

Modeling the rate of penetration of the drill bit is essential for optimizing drilling operations. Our 

virtual drilling system's rate of penetration model comprises lateral and axial components. To estimate 

lateral rate of penetration, the lateral rate of penetration model incorporates the bit force and tilt angle 

estimates. To calculate the axial rate of penetration, the axial rate of penetration model takes into 

account both operational parameters and rock properties.  
 

2.4.7.1 Lateral ROP Model 

The bit's inclination to walk sideways is factored into the lateral rate of penetration. The mathematical 

model for calculating the lateral rate of penetration given by Brett J.F et al., 1986 is as follows: 

𝛾𝑛+1 =  𝛾𝑛 + 𝑎𝑥 + 𝐴𝑟𝑐𝑡𝑎𝑛 (
𝑅𝑂𝑃𝑥
𝑅𝑂𝑃𝑧

)                               (42) 

𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑅𝑂𝑃𝑥 = 𝐴 ∗
(𝑆𝑓)2

𝑅𝑠
                                                          (43) 

Where: 

 𝛾 𝑛+1 = updated bottomhole inclination 

 𝛾 𝑛 = current bottomhole inclinations 

 𝛼𝑥 = bit tilt angle. 

Because the new inclination is reliant on the rate of penetration in the x (lateral) and z (axial) 

directions, the bit tilt angle is included. 

The following are the model's most important assumptions: 

Because slight inaccuracies can result in substantial inclination calculation inaccuracy, the model 

assumes exact penetration rate estimates. 

Factors like bit hydraulics, rotary speed, bit type, and size are also ignored by the model. 
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2.4.7.2 Axial ROP Model 

The energy required to extract a unit volume of rock while drilling is known as the bit's specific energy 

(Es). It comprises two components, according to Teale et al., 1965, thrust from the weight on the bit 

(WOB) and torque (T) from the bit rotation (RPM). The specific energy (Es) is illustrated by the 

equation below: 

 

             𝐸𝑠 =
𝑊𝑂𝐵

𝐴𝑏
+

120𝜋𝑁𝑇

𝐴𝑏𝑅𝑂𝑃
                                                (44) 

Where: 

 𝐴b is the area of the bit 

 N is the rotary speed 

ROP is the rate of penetration. 

 

The minimal specific energy (Esmin) is the amount of energy needed to remove a certain volume of 

rock. It is determined by the rock's compressive strength and the drilling fluid's hydrostatic pressure. It 

is generally proportional to the fluid hydrostatic pressure strength. The compressive strength (𝜎) of the 

drilled rock is roughly equivalent to the minimum specific energy. Thus; 

 

𝐸𝑠𝑚𝑖𝑛 =  𝜎                                                           (45) 

 
Mechanical efficiency (EFFm), according to Teale, is defined as; 

 

𝐸𝐹𝐹𝑚 =
𝐸𝑠𝑚𝑖𝑛

𝐸𝑠
× 100                                            (46) 

 
According to Teale, when evaluating the above parameters of specific energy, the independent variables 

fluctuate during the drilling operation, implying that describing specific energy by a single value is 

inaccurate. The value of Es is determined by the characteristics of the rock, which are frequently 

heterogeneous. 

 

𝐸s is a function of Torque, a variable that could be estimated on a physical rig. For the sake of 

our virtual rig, torque is expressed as a function of other drilling parameters below; 

                                                𝑇 = 𝜇
𝐷𝑏𝑊𝑂𝐵

36
                                                  (47) 

 

Where; 

 

Db is the diameter of the bit 

μ is the bit-specific coefficient of sliding friction 

 

According to Pessier et al., 1992, the bit is assumed to be a circular shaft with a flat bottom. By Axial 

ROP is calculated by combining equation 10, 11, 12 and 13 as; 

 

𝐴𝑥𝑖𝑎𝑙 𝑅𝑂𝑃 = 13.33𝜇𝑁
𝐷𝑏(

𝜎
𝐸𝐹𝐹𝑚∗𝑊𝑂𝐵

− 1
𝐴𝑏

)

               (48) 

Where; 
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Db is the diameter of bit 

μ is the bit-specific coefficient of sliding friction 

𝜎 is the compressible strength of the drilled rock 

EFFm is the mechanical efficiency 

WOB is the weight-on-bit 

Ab is the area of the bit. 
 

2.4.8 Well Path Design 

The goal of directing a well's trajectory in the right direction and hitting a geological target thousands 

of meters downhole has led the drilling industry to concentrate on instruments and methods for 

determining the location and course of the wellbore during drilling. The purpose of this section is to 

demonstrate the calculation methods required for directional well path design, as well as the application 

of trajectory and survey calculation methods in the well path design process. 

 

The profile of the well is shown in figure, The coordinates of the points A, B, C, and T must be 

determined on both horizontal and vertical views of the wellbore. Point A is defined by the surface 

coordinates, and point T by the target location. On the horizontal plan the displacement of the target 

(Ht) can be expressed as: 

 

𝐻𝑡 = [(𝑁𝑡 − 𝑁𝑎)2 +  (𝐸𝑡 − 𝐸𝑎)2]
1
2   

Where; 

Nt = Northing of target 

Et = Easting of target  

Na = Northing of slot 

Ea = Easting of slot 

 

The target bearing or proposed direction can also be calculated from the horizontal plan as; 
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𝛽 = 𝑡𝑎𝑛−1
(

𝐸𝑡−𝐸𝑎
𝑁𝑡−𝑁𝑎

)                          (49)  

 
Here, the displacement Ht and the depth of KOP(Vb), only the position of point C remains to be found. 

Point C remains to be found. Point C is at the f 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. 

Let the build-up rate be 𝝓 degrees per 100 ft and let R be the radius of curvature. By proportion; 

 

𝝓/360 = 100/ 2𝝅R                                          (50) 

 

R = 18,000/𝝅𝝓                                       (51) 

 

The angle of inclination 𝝰 is equal to the sum of angles x and y, which can be calculated from; 

 

Tan x = PF/FT =(Ht-R)/(Vt-Vb)                    (52) 

 

    And,               Sin y = PC/PT                                               (53) 

Where; 

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

 

𝞪 = 𝑡𝑎𝑛−1 (
𝐻𝑡 − 𝑅

𝑉𝑡 − 𝑉𝑏
) + 𝑠𝑖𝑛−1 (

𝑅 𝑐𝑜𝑠 𝑥

𝑉𝑡 − 𝑉𝑏
)             (54) 

At point C: 
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BE = R sin 𝝰 ;   EC = R - R cos 𝝰 = R (1 - cos 𝝰) 

The arc BC can be determined from; 

 

BC/2𝝅R = 𝝰/360                                    (55) 

 

BC = 100(𝝰/𝝓)                                        (56) 

 

This allows the coordinates of C to be determined in figure 

 

Where; 

True Vertical Depth    = Vc   = Vb + R sin 𝝰 

Horizontal departure = Hc   = R(1 - cos a) 

Measured depth         = MDc =  MDb + 100𝝰/𝝓 

 

The measured depth at T can also be found: 

 

MDt = MDc + CT 

         = MDc + (Vt - Vc)/cos 𝝰 

 

Where the measured depth (MD) is the cumulative along-hole depth for that point from the reference 

point at the surface. 
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HUMAN FACTOR AND USER DESIGN INTERFACE 

 

3.1 Introduction 

Human factors are crucial in any design phase of an autonomous process. An understanding of how 

humans can be integrated into the automated drilling processes requires a review of human 

involvement in the traditional drilling process. The following discusses some of the drilling processes 

that can be automated. The drilling or survey mode switching can be automated (i.e., built-in survey 

interval and drill string movement for on/off-bottom, slide/rotation mode switching) [2]. The steering, 

surveys and all other calculations can also be automated. Following the requirements of this project, a 

breakdown of the process in the drilling process and how humans can fit into the loop will be analyzed. 

 

3.2 Human Operations in Directional Drilling Processes 

For a directional drilling to be carried out, several intensive states of planning are carried out. These 

processes involve a lot of personnel from various specialties. The Figure 6 shows a typical flow of the 

personnel involved in the drilling process. 

 

 

 A further analysis of each personnel and their typical function is reviewed to get an understanding on 

their key roles and how they fits in the directional drilling processes. 

 

Figure 6: Personal Involved in planning and drilling a directional well[1] 
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Drillers: Drillers are as diverse a group of people as the industry in which they work.  Every drilling 

operation is different and requires highly skilled personnel to ensure that the drilling process is 

successful [3]. Drillers typical have a mechanical background and are capable of solving problems.  

Drillers should be able to communicate effectively with geologists, engineers, consultants, landholders, 

and all others involved in a drilling project. Very often drillers are expected to have stringent physical 

conditions due to the conditions they work in. The driller knows the process involved in making a hole, 

for example crushing, eroding, stirring/sluicing, and excavating. The knowledge enables a driller to 

alter the drilling method to suit each particular operation. An experienced driller uses several senses to 

keep track of what is happening down the hole [3]. 

 

 

 

 Geologist: Geology and the drilling industry have developed simultaneously and are 

interdependent. The drillers are required to have some knowledge in geology. Geologists help in 

the designing of the drilling program and conducting drilling operations [4]. Knowledge of 

formation lithology helps in the selection of key components. These components include the 

drill-bit, casing, and material choice. They help in preparing against problems like saltwater 

flows, high-pressure zones, contaminants such as gypsum, salt and anhydrite, lost circulation 

zones. 

 Surveyors: In the drilling operation, map reading and understanding topography, road atlases, 

geological and resources map, and site-specific maps are essential for the operation. Experts are 

needed to take measurements, track position using various tools and monitor the direction of the 

drilling processes. 

 Direction Planner: An operating company will mostly likely call upon a directional drilling 

company to assist in the operation. They will help in planning and directing the well along the 

proposed well path and successfully intersecting the targets 

 Operation Managers: The operations managers are generally responsible for planning and 

supervising. They head various departments in processes. They usually work with supervisors 

or supervise themselves.  A supervisor is usually employed to oversee a number of drill rigs or 

one drill rig working multiple shifts. Hence supervisors can have responsibilities for a single 

Figure 7: The Drilling Process 

 

Figure 39: The Drilling Process 
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site or they may travel between multiple sites. An effective supervisor is usually an experienced 

senior driller with good management and people skills. They can be termed as the company 

man. 

 

Now that we have an idea of the personnel involved, we have to look at a typical workflow of a drilling 

operation. All drilling operations are not the same, hence a generic methodology will be suitable. The 

main focus of this work is the drilling process; hence we are considering strictly the downhole drilling 

operation. This means that we are assuming that the drill program is already done and a clear drill plan 

is established. 

 

3.3 The Down-hole Drilling Operations Workflow 

 

The down-hole drilling operation workflow usually follows these three main procedures; drilling, 

penetrating, and controlling [3]. 

 

 Drilling: The drilling technique achieves hole making, hole clearing and hole stabilization. 

 

 Penetration: In most instances, this is the process of breaking or disturbing the formation to 

make a chip, or disturbing the formation to make a chip, to dislodge the chip. 

 

 Control: This is essential to ensure that penetration continues in the desired direction and at the 

desired rate. The process aims at chip clearing. This process requires an energy source, which is 

determined by the type of drilling technique used.  

 

3.4 The Design of the Work flow of an Autonomous Down-hole drilling operation 

 

To come up with the design of the workflow of the drilling operation, the workflow has to be 

established. The following are the assumptions that determined the design of the work flow: 

 

 The drilling program was done and everything concerning the drilling operation and activities 

are planned out. 

 The focus of the automation is on the down-hole activities. 

 The whole drilling operation is installed by the drilling teams and then allowed to drill while 

being monitored from a control room. 

 The whole system is controlled and monitored from the control room, once the operation setup 

is completed. 

 

The proposed design of the workflow of the autonomous drilling process is shown the figure 7. The 

proposed design of the work flow puts into account the procedures involved in successfully drilling a 

directional well autonomously. The flow of the work is grouped into three major sectors; the 

environmental setup, the control and operations setup and the progress and events.   
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3.4.1 Environment Setup 

 The environment can be best described as the process of implementing twin digitization.  At this stage 

of the workflow, all the data from the developed drilling plan are inputted in their corresponding 

computer models. The well trajectory and path will be created from the targets entered into the system 

manually. The directional well planning process is important for this stage of the environmental setup, 

and other twin digitization procedures. Coordinate systems, reference points, the target zones and its 

allowance, formation characteristics and other key details like choice of build-up rate, location of 

adjacent wellbores are core part of the environmental setup. The process is broken down into: 

 

 Survey data: The survey data means all the research involved on the site. This information 

includes the geological data, the site geographical location and topology, and all other key 

information. This information will be useful for the selection of the appropriate tools, materials, 

well plan and other key procedures. 

 Targets setup: The data needed for the various targets are inputted, and the type of well profile 

to use is also configured. 

 Well trajectory: The well trajectory will be automatically navigated once the plans and targets 

are configured. 

 

 

  

3.4.2 Operations and Controls 

Figure 8: The Proposed Work flow of the drilling system 
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This stage of the workflow involves all the activities that deals with the down-hole drilling process and 

the control. The cutting, penetrating and removal of chips are effectively taking place. Hence the drill-

bit and its models and functions are in operation at this point. The ROP, down-hole motors, the mud 

flow and all other energy are some of essential contribution factors to the penetration operation. To 

control the process, the closed-loop data between the sensors, the steering models, the counter-weights, 

the drill-string, the real-time directional survey, and all other auxiliaries. The sub-activities are grouped 

into two. They are: 

 

Penetration Operations: These operations are responsible for the removal of chips and getting deep 

into the path. The drill-bit, the mud, WOB, down-hole motors and other parts of the BHA are largely 

responsible the force and torque needed to accomplish the needed penetration. 

 

Control Operations: The Closed-loop of sensors and work-out components. The MWD sensors helps 

in taking measurements of the environment that aids in the directional surveying, steering and 

increasing the ROP. 

 

3.4.3 Progress and Events 

Progress and events inform on how the work is going, the key events, milestones and other activities 

within the processes. This part of the process is informational and links the human within the loop to 

acquire data, analyze, make a decision or take an action. This is the part linked directly to the human 

interface. 

 

3.5 Methodology for the design of human involvement in the loop 

 

The objective is to establish a methodology that can be used consistently to approach the design of the 

human factors and human interface modules. The methodology used for the design of the human 

interaction with automation is picked from the research paper “A model for Types and Levels of 

Human Interaction with Automation”, by Raja Parasuraman, Thomas B. Sheridan, Fellow, IEEE, and 

Christopher D. Wickens. 

 

The methodology is founded on three basic concepts; levels of automation of decision and action 

selection, human information processing, Functionality of automation. 

 

3.5.1 Levels of Automation of Decision and Action Selection 

The levels of automation are ranked from high to low. They are ranked from 1 to 10. 

 

High 10.  The computer decides everything, acts autonomously, ignoring the human 

 9.  informs the human only if it, the computer, decides to 

 8. informs the human only if asked, or 

 7. executes automatically, then necessarily informs the human, and 

 6. allows the human a restricted time to veto before automation execution, or 

 5. executes the suggestion if the human approves, or 

 4. suggests one alternative 
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 3. narrows the selection down to a few, or 

 2. The computer offers a complete set of decision/action alternatives or 

Low 1. The computer offers no assistance; human must take all decisions and actions 

 

 

3.5.2 Human Information Processing 

Human information processing has been classified into for simple stages. The Figure 8 shows the four 

stages.  

 

 

 

  

Sensory processing, perception/working memory, decision making and response selection are the 

models for human information processing. They are essential in how human interaction with 

automation should be designed. 

 

3.5.3 Functionality of the Automation 

The function of automation is classified to be among these four: 

 Information acquisition:   Automation of information acquisition applies to the sensing and 

registration of input data. These operations are equivalent to the first human information 

processing stage, supporting human sensory processes [4] 

 Information analysis:  Automation of information analysis involves cognitive functions such 

as working memory and inferential processes. At a low level, algorithms can be applied to 

incoming data to allow for their extrapolation over time, or prediction [4]. 

 Decision Selection:  The third stage, decision and action selection, involves selection from 

among decision alternatives [4] 

 Action Implementation:  The final stage of action implementation refers to the actual 

execution of the action choice. Automation of this stage involves different levels of machine 

execution of the choice of action, and typically replaces the hand or voice of the human [4]. 

 

3.6 The flow of the methodology 

The methodology suggested a flow chart of how the process should be carried out. The Figure 9 shows 

the flow chart. This flow chart will be used for the design of the automation and human interaction. 

This will be done by classifying the workflow into the appropriate functional categories and then using 

the requirements from the guidelines to specify the level of automation required. 

 

3.6.1 Implementation 

Figure 9: Simple four-stage model of human information processing 

 

Figure 53: Simple four-stage model of human information processing 

 

Figure 54: Simple four-stage model of human information processing 

 

Figure 55: Simple four-stage model of human information processing 

 

Figure 56: Simple four-stage model of human information processing 

 

Figure 57: Simple four-stage model of human information processing 
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To implement the methodology for the design, the work flow is first grouped and a code:  

Table 1: The Aggregate work flow and their key models 

Activity/ Work  Key 

Research and Survey data of the drill site A 

Directional well planning and targets setup B 

Well trajectory  C 

Penetration (chip removal and cleaning), movements, and all the models (drill-bits, drill-string, etc) 

involved in the process 

D 

Controls and Sensing 

(Steering, directional surveying, Force and torque control, RPM, and other parameter sensors) 

E 

Feedback, milestones and events  F 

                                                                                                                                                                                              

 

Figure 10: Flow Chart showing application of the mode of 

types and levels of automation 
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In order to keep things simple and focused, the activities are not over simplified. They are bundled 

together into core functionalities. These steps will then be classified into:  

Table 2: Categorization of the activities into automation functions and level 

Automation 

level 

Information 

Acquisition 

Information 

Analysis 

Decision Selection Action 

Implementation 

10 F   E 

9    D 

8 D F   

7 E   C 

6   F  

5     

4     

3     

2  A   

1 A, B    

 

 

Activity A 

 

From the categorization of the activity, it is on the first level in terms of information acquisition. The 

reason for this is because this process is purely a human effort. In fact, the process of researching the 

site and preparing plans for the site are not automated at all. However, analysis the information can be 

done with an automation process to a very low-level degree such as the level 2 automation. 

As far as the scope of the work is concerned, this is not really relevant. 

 

Activity B 

 

The input of the targets of the directional drilling. The target to reach is not automated, it is 

implemented by the operators based on their directional well drilling plans. For this reason, it is on 

level 1.   

 

Activity C 

 

The well trajectory will be computed autonomously. It is therefore on the level 7 of action 

implementation, where it executes automatically and then necessarily informs the human operator. 

 

Activity D 

 

During the process of penetration, information such as the Rate of Penetration, RPM, wear rate, Fluid 

and Solid energies should be acquired at a level 8 of automation. They should inform the human if only 

asked. The reason is not to overload the human with too much information, since it can lead to a natural 

objection to analyze it. It is more crucial for the user to keep an eye on the progress of the process and 
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achievement of various milestones in the drilling process, than a continuous evaluation of display of 

parameters all over the screen. 

 

In terms of the action’s implementation, that is penetrating and adjusting the parameters to meet the 

necessary load, shearing and energy conditions to successful penetrate this action should be implement 

at a level 9; informs only if the computer decides to. For example, while the drilling processing is 

going, and the bit is penetrating the crust, it is possible to reach an obstacle during the process that 

might be far above the minimum requirement for the mechanical properties of the drill, in this case the 

system has to inform about possible material infidelities and higher energy requirements. 

 

Activity E 

 

The control functions such as steering, directional surveying, sliding and rotation are to be done 

autonomously. The human should have no say within this process at all. It is placed on level 10 of 

automation of the action implementation. For information acquisition, especially from the sensor 

(MWD) that form part of the control loop, their automation will be at level 7 of the automation. 

 

Activity F 

 

Activity F is a crucial part of the human interface. This is added in the design to have a fully functional 

block that involves the humans. Within this activity are preset milestones, ideally the various targets. 

Possible, geological milestones can also be set, where when a particular geological structure is hit, it is 

considered a key event in the process. Informational acquisition is placed on level 10, since the 

computer has to automatically give out the information so far after reaching a particular milestone. 

Informational analysis is placed at level 8. The reason being that the computer will analyze all 

necessary information that preceded that stage, and then hand it over at the human’s request.  

 

Some room will be made for decision selection at each milestone, this could be a decision to pause the 

process for a while and take care of certain surface events. An example will be to refill the mud 

reservoir before the next milestone begins, just in case it was over used. This is placed at level 6; 

allows the human restricted time to veto before automatic execution. 

 

3.7 The Human Interaction of the Autonomous directional drilling process 

 

Based on the Analysis of the various levels of automation and the process of the directional drilling 

process, the design of the User Interface and human involvement is proposed based on the model of 

rocket launching and space missions. Simply put, the system comprises of; the launch pad and the 

rocket systems, and the control room. The autonomous drilling process design will be analogous to that 

of the rocket launching and space missions. The process involves setting up the rig and all of its 

necessary activities and then having a control room that can involve humans into the automation 

system based on the various levels of automation proposal. 

 

3.8 The Rig and the Control Room  

 

The goal is to achieve autonomous drilling and involve humans within the loop at some level of 

automation. The automation requires a process that successfully installs the drilling rig, puts the control 
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systems, the feedback and data exchange systems in operation. Here, the human activities are reduced 

to a very few steps and in an application like this, the personnel are reduced to very few people and 

these individuals will mostly likely be just the field engineers. With their functions restricted to the 

control room. 

 

3.9 The Control Room  

 

The control room in this case will mainly be made of computers and their communication networks. In 

the proposed concept, the control room will ideally need three monitors, performing the monitoring of 

these three unique functions: 

 

 The environment and setup 

 The control and feedback system 

 The process and real-time activities. 

 

This choice of these three main interface setups is based on the four main functions of automation: 

 Information acquisition 

 Information Analysis 

 Decision Making  

 Action Implementation 

 

The Interface type  The Functionality 

The environment and setup Information Acquisition 

The Control and Feedback system Information Analysis 

The process and real-time activity Decision making and action implementation 

 

 

 

 

 

 

3.9.1 The environment and setup 

 

The environment will perform an automation function focused on information acquisition. This 

information includes: 

 ROP, (m/h) 

 RPM (rev/min) 

 Lithology (% concentrations) 

 Mud Properties (density, plastic viscosity, yield point, etc.) 

 Pore pressure 

 Unconfined Rock Strength 

 Wear 

 



32 

 

Hence, the design of this user interface is to enable the display of this information according to the 

level of automation. In this case by default, certain group of data will always be displayed, whilst 

others will be displayed upon request. 

 

3.9.2 The Control and Feedback System 

 

The Control and Feedback system is where the human can interact with the models within the 

constrains allowed. This interface allows the human to do the following: 

 Setting the key milestones. The milestones will be in the form of the depths of drilling. 

 Setting the minimum and maximum allowable values for various parameters. This will enable 

triggering of alerts. 

 

3.9.3 The Process and Real-time Activity 

This interface displays the drilling process in a simplified version and gives the real-time information 

on the most relevant parameters. 

 

 

 

 

 

 

 

 

Figure 11: The Environment and setup User interface (Shows the data of ROP, RPM, WOB at various 

depths) 
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Figure 74: Environment and Setup User Interface ( Mud Properties at various depth) 

 

Figure 75: Environment and Setup User Interface ( Mud Properties at various depth) 

 

Figure 12: Control and Feedback Interface (Milestone setting tab) 
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Figure 13: Control and Feedback User Interface (Setting the tolerance for the various operational 

parameters) 

 

Figure 89: Control and Feedback User Interface (Setting the tolerance for the various operational 

parameters) 

 
Figure 14: Control and Feedback Interface ( Alerts for out of range parameters) 
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Figure 15: Process and Real-time activity Interface (Displays graphical the activities going on and 

some parameters in real-time) 
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  SAFETY PLAN 

5.1 Introduction 

The safety plan describes the process for identifying the physical and health hazards that could harm 

workers, procedures to prevent accidents, and steps to take when accidents occur. The first approach 

towards drawing a safety plan is to begin with risk assessment. 

5.2 Risk Assessment 

Risk assessment involves the process of identifying hazards and risk factors that have the potential to 

cause harm (hazard identification), analyze and evaluate the risk associated with the hazard (risk 

analysis, and risk evaluation) and determine appropriate ways to eliminate the hazard, or control the 

risk when the hazard cannot be eliminated (risk control). [Canadian center for occupation health and 

safety] 

 

 

5.2.1 The five steps to risk assessment 

The five steps to risk assessment were followed to undergo an intensive risk assessment. These five 

steps are: 

i. Identify the hazards 

ii. Decide who might be harmed and how 

iii. Evaluate the risks and take actions to prevent them 

iv. Record your findings 

v. Review the risk assessment 

To avoid complexity and repetition in the report, the five steps to risk assessment points were joined 

although the risk assessment was done on a step-by-step approach. 

 

5.2.1 Types of risk assessments 

There are several different types of risk assessments available for making risk assessment. 

 Qualitative risk assessments: This involves the use of personal judgement to identify hazards 

around the workplaces, assess risks and plan control measures. 

 

 Quantitative risk assessments: This type of risk assessment uses quantitative tools and 

techniques to measure the level of risks. A risk matrix may be used so that a value can be assigned 

to the likelihood and severity of risks. For example, you might use a 3x3 matrix with the following 

values: 

LIKELIHOOD PROBABILITY SEVERITY 

Highly Unlikely 1 1 

Likely 2 2 

Highly Likely 3 3 

To calculate the level of risk, the following equation can then be used: 
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Risk = Severity x Likelihood 

 

 Generic risk assessments: This assesses the hazards and risks involved in work tasks and 

activities. They can be used in different locations and by different companies for activities that 

are the same/similar, so they are often used as risk-assessment. To ensure generic assessments 

are relevant and that they are going to be effective at mitigating risks, you need to review them 

and adjust or update them accordingly. 

 

 Site-Specific risk assessments: These are the most important types of risk assessments, as they 

are carried out for a specific activity in a specific location. These assessments may be completed 

after carrying out generic risk assessments to gain a better understanding of hazards and risk-

control methods in the workplace. Site-specific risk assessments can help you plan and implement 

control measures proportionate to the level of risk. As the most thorough method of risk 

assessment, they can help you keep your workforce and members of the public safe and protect 

your business from the legal liability and reputational damage that comes with health and safety 

breaches. 

 

 Dynamic risk assessments: They are carried out on the spot, during unforeseen circumstances. 

If there are sudden, significant changes to the health and safety of the workplace or work 

activities, written risk assessments may not be applicable. Risks may need to be considered on 

the spot to assess whether it’s safe for work to continue. 

The type of risk assessment implemented in our safety plan is the qualitative and generic risk 

assessments. With the aim of updating the safety plan, quantitative risk assessment will be implemented 

to know the level of risk faced and prioritize the control process accordingly. 

5.3 RISK ASSESSMENT AT CONTROL ROOM 

The drilling process is autonomous, with human monitoring the drilling process in a control room. 

Such environment poses hazards to personnel. The first approach towards ensuring the safety of the 

personnel was to undergo a risk assessment. By going through the five steps to risk assessment, the 

following hazards were identified. 

 

5.3.1 Visual hazards 

According to the Mayo Clinic, spending a large portion of your workday at the computer can cause 

eyestrain. This is exactly what operators in the control room experience. Since they 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.  

 

To reduce fatigue and eye strain, the Occupational Safety and Health Association (OSHA) recommends 

operators 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. Light levels or intensity should be suitable for the task at 

hand. 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 
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by closing blinds on windows and dimming the overhead lights. Also, correctly positioning monitors 

slightly below eye level, minimizing screen glare and increasing computer font size all can help 

alleviate eyestrain. 

 

5.3.2 Fire hazards 

Fires in control rooms 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 

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. The control room’s personnel are put in peril, 

equipment is damaged and processes are shut down or severely interrupted. 

 

A high – sensitivity smoke detector has been installed in the control. These detectors employ 

sophisticated air-sampling techniques to identify potential fire situations before there is visible smoke 

or open flame. Air from the protected area including the room and its subfloor area is drawn 

continuously through a piping network into the detector where particles of combustion are measured at 

levels of obscuration as low as 0.0075% per foot. This is approximately 1,000 times more sensitive 

than a conventional smoke detector. At this stage of a fire, only invisible products of combustion such 

as the outgassing of electrical components are present. This incipient stage is followed by visible 

smoke, flame, and finally, intense heat. By continuously sampling the air in a data center, a high-

sensitivity system can detect airborne particles of combustion and provide the earlies warning possible. 

This system is immune to false alarm from dust or other containments. This type of detection often 

buys the personnel 30 minutes or more of advance warning in the event of a fire emergency. This time 

can be used to locate the source of the situation and take correction actions to prevent the fire from 

escalating and minimize the damage done to the data center and its vital contents. 

 

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 are 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. According to the Occupational Safety and Health Act, when an employer has provided portable 

fire extinguishers for employee use, the employer must also train workers on the general 

principles of fire extinguisher use. Training of employees and provision of fire extinguishers are 

vital in the fight against fire outbreak since employees will be able to know what to do if fire 

erupts. 

c. Emergency-exit routes should never be locked or blocked. 

 

In an event of fire outbreak, it is important to undergo the steps to take when an accident occurs (which 

will be discussed in Chapter 5.4). The first thing to do is follow the evacuation protocol. This involves 
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employees moving to the emergency assembly point. The next step, which is incident stabilization 

involves contacting emergency numbers provided and people responsible for taking action in the case 

of fire outbreak. However, if the fire is at the incipient stage, employees can apply knowledge gained 

during induction and frequent training programs organized. It is assumed that before a person is 

employed, he or she must undergo induction. It is also assumed that there are frequent training 

programs organized. 

 

5.3.3 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 control room) which 

leads to dirty work environments. 

The control room’s 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. 

Restrooms, break rooms, lunch areas and refrigerators should be regularly sanitized, and workers 

should be told to throw out food before it spoils. 

 

5.3.4 Ergonomics hazards 

People working in the control room 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 

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. 

Employees can be monitored for musculoskeletal disorder symptoms. OSHA advises paying attention 

to any pain, fatigue, numbness or weakness, as these may be signs of an ergonomics problem and the 

start of a more serious issue. 
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5.4 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 that time but 

had the potential. 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 effect of the accident. 

 

5.4.1 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 

hospital for further treatment after first aid has been administered. It is also important that emergency 

exit is always not blocked before or during an accident to ensure effective evacuation process. 

 

5.4.2 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 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 fire. 

The source of fire is going to determine the type of extinguisher to use. 

 

5.4.3 Property conservation 

The final directive to take in case of an accident is to conserve the properties from damage or further 

damage without causing any 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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