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Executive Summary  

The purpose of this project is to provide detailed description of design ideas for a fully automated 

drilling rig that can physically simulate a  full-scale directional drilling rig. We present an 

overview of directional drilling, and the last year’s comparisons of multiple design ideas for the 

individual rig sub-systems that come together to make up the drilling system as a whole. In 

addition, we present this year’s new BHA design for directional drilling. The rig sub-systems 

include the rig structure, hoisting system, rotary and circulation systems, drillstring, new BHA 

design, measurement, instrumentation and control system. These sub-systems are selected based 

on different criteria: i) Intelligent control (computer-based) and real-time measurements of 

performance parameters, mechanical specific energy, (MSE), rate of penetration (ROP), rotational 

speed, torque, WOB, and vibration, ii) Precise control of WOB and mitigation of stick/slip 

phenomenon, iii) rig mobility to allow rig accessibility for educational and demonstrational 

purposes, iv) Operational safety aspects, v) Feasible rig construction time, and vi) Economic 

practicality of each sub-system relative to the added improvements to the drilling system and its 

ease of integration with the other sub-systems. The estimated total cost of the automated rig 

construction last year summed up to about $7,300. This year cost of adding more sensors, 

manufacturing new BHA design is approximately $1,400 including 20% contingency cost.  

 

We are using the same drilling rig from last year, as it is structurally sound. Improvements from 

last year included achieving a higher rate of penetration through more durable drill pipe 

connections, improved hammer drilling methods, and better visual display and user interface 

through LabVIEWTM software with Python. This year’s design improvement focuses on building 
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a new top and bottom assembly to achieve directional drilling and the utilization of downhole 

sensors for a closed feedback loop in our controls.  

 

Last year’s design used LabVIEW to create both the front and back end of the control architecture 

code. The streamlined controls design proved efficient. This year’s design attempts to improve on 

it, by optimizing drilling parameter set points through further testing and incorporating inclination 

and azimuth controls. We will be sticking with only the LabVIEWTM software for its increased 

versatility and the possibility of exploring its machine learning capabilities for improved drilling 

efficiency.  

 

A durable and easy to manufacture drillpipe connection is important for drilling wells safely and 

efficiently. Last year, a 0.049” walled drillpipe was selected by the Drillbotics committee as a 

substitute for the thinner 0.0375” walled pipe. Thicker pipe enabled the selection of a threaded 

connection. The same 0.049” walled drillpipe is being used this year. Thus, our rig features the 

same threaded pipe connections. Last year’s team did extensive tests on drillpipe connections. 

These same connections will be used this year. An overview of the connections is provided in this 

report.   

 

Data collection and display is important to the rig personnel responsible for monitoring the drilling 

operation. Last year’s design displayed the data using LabVIEW on vertical graphs where time 

continuously progresses on the x-axis and the depth is displayed at intervals of 1/24th of a foot on 

the time (y) axis. Drilling rigs across the world use this format to display data in a quick and 
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intuitive fashion. This year’s front end display is of similar design, with inclination and azimuth 

readings added to monitor build rates.  

 

Previously, different sensors were incorporated in the design for measuring drillstring rotational 

speed, deflection and torque, pressure, displacement, and flow rate in order to automate the drilling 

process and control drilling parameters. This year, the team plans to install sensors to measure 

inclination and azimuth in order for the controls to autonomously guide the well to the desired 

target.   

 

Theoretical study on drillstring and bit-rock mechanics has been carried out to understand system 

dysfunctions which can be introduced due to the drillstring design. An active control system was 

used last year to control and mitigate any dysfunctions and optimize the drilling parameters to 

maximize ROP and minimize MSE. This is also implemented in the control algorithm this year so 

as to minimize MSE while maximizing ROP. Other systems such as hoisting, structure, and 

circulation system is similar to last year’s.  
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Safety Case  

Developing an effective and innovative design is second only to keeping everyone safe. The design 

controls risks and maintains safe work practices. This is in line with the stated goal of DSATS: 

“DSATS is a technical section of the Society of Petroleum Engineers (SPE) organized to promote 

the adoption of automation techniques using surface and downhole machines and instrumentation 

to improve the safety and efficiency of the drilling process.” The following describes the methods 

to maintain safe conditions around the rig. 

 

Job Safety Analysis (JSA) 

 

Figure 1 – OSHA Hierarchy of Controls 

 

 

This year, the team wants to implement weekly group meetings. This will allow the team members 

to be informed on the current operations concerning the project and keep everyone on track. There 

will also be mandatory group meetings prior to working on the rig. This JSA will allow the team 
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to ensure all members have the proper personal protection equipment (PPE) and inform all 

members of the tasks being worked on. In these meetings, team members will also share mishaps 

or close calls they experienced so others can learn from their mistakes. 

 

Elimination  

This control focusses on physically removing hazards. This area is the focus of the project safety, 

and is the most effective of the controls. After analysis of the rig design and current processes, the 

following elimination controls were determined and will be implemented in the design:  

• Clear polycarbonate (Lexan) shielding  

• Consolidation of power cords 

• Label all electrical components on the rig  

• Generate electrical components diagram for easier troubleshooting 

• Tray to contain drilling fluid and cuttings  

• Install safety lights 

• Pressure washer hose to replace the kelly hose 

Additional polycarbonate shielding will be used to separate the rotary components of the rig from 

any personnel in the area. Last year’s design focused on shielding below the rig floor. This year’s 

focus will be on the area directly beneath the top drive, which houses the swivel. The thickness of 

the sheeting should be 3/8th of an inch to provide adequate thickness and impact resistance. Several 

electrical safety improvements were made last year to tremendously improve safety including the 

consolidation of power cords, separation of high voltage power wires from low voltage control 
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wires. This year’s team will label all the rig’s electrical components and generate a visual electrical 

power distribution diagram to help with easier troubleshooting of power failures.  

A new pressure washer hose will replace the current kelly hose on the rig. This pressure washer 

hose will have a rating of about 3000 psi, which is more than enough to safely transfer the high 

flow rates to the rig floor. It’s thick cross sectional area, coupled with the increased flexibly make 

it ideal for running it over the black rubber guide rails above the top drive to the swivel. This 

design is meant to keep cable/hoses out of the path of rotating equipment, thus improving safety.   

Last year’s improvements also included an automatic locking system for the travelling block which 

used a cable and slow release mechanism to prevent the traveling block from falling. This system 

is detailed in the design section and will be kept this year.  

 

Substitution  

This control replaces a hazardous with a non-hazardous solution. Last year’s team removed the 

concrete blocks that were used to elevate the rig to prevent the potential hazard of the rig from 

tipping, which could injure personnel. The starting height of the rig was thus reset to allow the 

block to be placed on the floor while still allowing for the rig to drill. This eliminated the danger 

of the rig tipping by using a greater dynamic range in the vertical positioning of the bit. 

Consequently, this same design is being used this year.  

 

Engineering  

Engineering controls isolate the hazards from personnel, but do not remove the hazards 

themselves. The primary engineering control in this design is the remote control and monitoring 
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system employed last year, which will continue to keep all unnecessary personnel from the 

potentially hazardous rig.  

 

Administrative  

Administrative controls change the way that personnel work with equipment, but do not remove 

the hazards themselves. The year’s design utilizes the manual physical shutoff switch which was 

installed on the rig last year. This switch instructs anyone who will operate the rig on how to shut 

off operations, and it has proven to greatly reduce danger if the rig continues to automatically 

operate in an unsafe condition. There is already a soft switch installed in the control interface, 

which is being kept as well, but the physical switch is more visual, and can be identified more 

readily by people unfamiliar with the rig who may be in the area. 

 

Figure 2 – Master Safety Shutoff Switch 
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Another control in this category will be to place a copy of the hazard response plan for the 

university facility, where the rig is located, near the rig. Each person who is trained to operate the 

rig must be familiar with these procedures before being allowed to work on the rig. `An additional 

control to allow personnel to safely work around the rig is proper signage of the hazards to be 

encountered. OSHA standard signs will be used. A list of the hazard labels that will be required 

are: 

• Automatic equipment 

• High Voltage 

• Keep door closed  

• Heavy weight  

• Wet surface  

• Pinch point  

 

Figure 3 – OSHA Hazard Warning Signs 

PPE 

PPE is the last line of defense between a person and the hazard. Proper PPE is required for anyone 

working in the facility with the rig, per the university’s requirement. Proper PPE includes hard hat, 

safety glasses, long pants, and closed toed shoes. Anyone near the rig when heavy weights are 

being transported will be required to wear steel-toe boots. 
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Official 2018-2019 DrillboticsTM Challenge  

The official competition statement as stated in the DSATS 2018-2019 guidelines is as follows: 

“Design a rig and related equipment to autonomously drill a well, using downhole sensors, that 

obtains as much horizontal displacement from surface as possible along the rock’s “north” 

direction, as quickly as possible while maintaining borehole quality and integrity of the drilling rig 

and drillstring.”  

 

Directional Well Trajectory Design  

Due to the advent of fracking to exploit shale plays, directional drilling is increasingly important 

in today’s oil field. Originally, bent motors used in combination with sliding were the industry 

standard for directional drilling. Push-the-pipe- and push-the-bit-style motors are becoming more 

popular because of their real time steering capabilities. Because of the complexity associated with 

the small parts that would be needed to adapt a push style system to our small scale, the team 

decided to adapt a traditional bent motor design. The design process taken to arrive at the current 

BHA design is explored further in the directional design section of this report.  

 

Based on our current understanding of the competition objective, the maximum horizontal 

departure along the N/S direction, regardless of TVD is 6 inches. Also, to obtain as much 

horizontal displacement from the surface as possible, the drilling path has to be optimized, based 

on the expected bending radius of the pipe and amount of weight on bit to achieve said objective. 

Fig.4 below shows the proposed well trajectory based on a 4 in kick off point (KOP).  
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Figure 4 – 12” x 24” x 24” Rock Sample with Well Path 

 

The drilling plan at this stage details a 21 in path which subtends an angle of 16.7 0. Thus, the 

average build rate is expected to be about 0.8 0/inch. For a deviated well, the idealized plan above 

holds, building at such constant rate. This represents a J-type directional well design. The reality 

however, will be a well path with some curve radius due to the imperfections of bit rock interaction 

and control for inclination. Thus, the well should look more like the AnsysTM diagram plot shown 

in Fig 13. 

Rig Concept 

Over the past four years, the DrillboticsTM team at the University of Oklahoma has spent a 

substantial amount of energy on designing a suitable rig structure for drilling applications. In the 

2015-2016 competition season, the rig was completely reconstructed to overcome several 
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mechanical issues such as friction, misalignment, and materials. The 2016-2017 team only added 

minor changes to help implement improved drilling applications. In the 2017-2018 year, major 

modifications were made to address safety concerns and controls optimization. These included 

focus on remote connection system development and optimization, as well as advanced 

refinements to the control algorithm and information processing as will be detailed in this report. 

The improvements made over the last few years have proven to be a success, as the rig performs 

well mechanically.  

 

This year, the team designed a new assembly for directional drilling. The engineering process is 

aimed at designing a system with minimal energy loses, optimizing the well trajectory, and 

maximizing the rig and personnel safety. Rigorous testing is scheduled to take off right after the 

new directional BHA prototype is built. This will establish the limits of the mechanical design and 

help us to engineer out safety hazards.  

 

 

Rig Mechanical System 

Structural design  

The structure of the rig must be able to support and hold the liner motion of the traveling block to 

keep the system in alignment and reduce friction within the system. Fig. 5 displays the cantilever 

rig design in which the traveling block cantilevers out from a vertical structure. Two support 

members on the back of the derrick ensure the forces do not compromise the strength of the derrick. 
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The hinges located at the base of the derrick allow the derrick to be folded on its back for 

transportation. 

 

Figure 5 – Structural Support for Cantilever Design 

 

In Fig. 6, the rig is folded into its traveling position to allow for the rig to be transported to different 

facilities and fit through limited areas, such as doorways. All four legs are equipped with casters 

to make the rig fully mobile. All electrical components are compartmentalized in a cabinet 

underneath the rig table, along with the water pump. 
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Figure 6 – Reclined Derrick Configuration (measurements in inches) 

 

The derrick can be fully erect on the rig table when there is a minimum clearance of 10 ft. as shown 

in Fig. 7. This capability will allow the rig to be used for educational purposes due to its mobility 

and low profile. The base below the derrick results in a 32 in gap between the legs, which will 

provide ample room for the rock sample provided by DSATS. Last year’s team raised the clearance 

between the ground and rig platform to ensure they could handle any changes in rock dimensions 

without compromising the safety and stability of the rig structure. Additional safety related design 

changes were further described in the safety section. The cantilever design has proven very 

successful in previous seasons, as it has stayed in alignment and withstood the forces and vibrations 

experienced during the drilling process. This design will be used in the 2018-2019 DrillboticsTM 

competition. 
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Figure 7 – Erected Derrick Configuration (measurements in inches) 

 

Traveling Block Assembly 

The traveling block is attached to the pneumatic piston moving axially on the vertical support. An 

air cylinder is mounted between the linear guide rails which will minimize the vertical height when 

the derrick is erect. The air cylinder is shown in Fig. 8, along with the pillow blocks. The blocks 

support the traveling block and allow the traveling block to move axially along the derrick. Linear 
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guide rails are used in conjunction with the pillow blocks to help the traveling block move axially 

while minimizing friction. 

 

Figure 8 – Figure 7 Linear Motion Equipment 

 

The traveling block is attached to the pillow block bearings to allow for axial motion. The motor, 

water swivel, torque sensor, RPM sensor and load cells are all attached to the traveling block. A 

face mount motor is used to centralize the motor and align the drive shaft with the thrust bearing 

that is concentric with the water swivel shaft. The torque transducer is placed between the swivel 

and drive shaft largely because the torque sensor does not allow water to be passed through its 

shaft for water circulation to the drillstring. The swivel is used with shaft seals to reduce friction 

and aid in allowing the torque transducer to pick up minute changes in torque while drilling. Fig. 

9 shows the traveling block assembly and its components. The two guide rails are parallel to one 

another to ensure alignment. They also provide the necessary support needed to prevent 

unwanted movement. 



24 
 

 

 

Figure 9 – Traveling Block Components and Assembly 

 

 

 

 

 

 

 

 

Metal Plate 



25 
 

Directional Design; Exploring Feasible Options 

After receiving the task for the 2018-2019 competition, the team began discussing ways in which 

the current design could be adapted for directional drilling. We started by discussing techniques 

that are commonly found in the industry today, techniques that most of us were familiar with 

through internships and field experience. Our team mainly talked about ways to downscale turbine 

motors and positive displacement motors (PDM) as both have been vigorously tested and proved 

efficient for directional drilling by the industry. We began by researching the designs and 

dimensions most commonly used in the industry, along with the fluid properties required for the 

designs to properly operate.   

 

The first design that we researched was the turbine motor. Due to the small scale that our drilling 

rig designed on, we knew that we would not be able to find data that perfectly fit our parameters. 

Because of this, our main focus was to find a sufficient amount of data points to create graphs 

from which we could extrapolate data from based off of our drilling rig’s parameters. We were 

able to accomplish our goal with the help of Schlumberger’s Neyrfor Turbodrill Handbook. The 

graphs that we created based off our research can be found below.  
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Figure 10- Turbine Flow Rates 

 

 

Figure 11 – Turbine Length 
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Fig. 10 shows us that a turbine motor with the required outer diameter (OD), as stated by the 

competition rules, would require a minimum of 25 gallons per minute (GPM) to begin rotating. 

Based off the flow rate and the cross-sectional area of our drill pipe we were able to calculate the 

corresponding velocity of the fluid which ended up being 133 feet per second (ft./s). From the 

power of our pump and the cross-sectional area of the drill pipe, we calculated that the maximum 

annular velocity that we can achieve is 134 (ft./s). From these two calculations we figured out that 

we could get the motor to rotate based off our current rig parameters. However, it is known that 

the industry does not run turbine motors at their lowest operating parameters because it is does not 

optimize drilling rates or efficiency. Keeping in mind that this competition is time restricted, we 

knew that we would need our motor to operate on a level higher than the minimum rotation rate. 

Unfortunately, with the minimum flow rate for the turbine being just under the maximum flow rate 

of our pump there is no room to increase the flow rate and in return, increase rotation. Fig. 11 

shows the relationship between turbine length and outer diameter. Based off the collected data, the 

required length for a turbine motor with our outer dimeter is approximately 13 feet. This is very 

short when compared to industry standards but for the scale of our rig the length of the motor can 

be no more than 10 inches. Considering the issues with both the flow rate and motor length, we 

decided to change the focus of our research to a different option. 

 

We shifted the focus of our research from turbine motors to PDMs. The approach for our PDM 

research was the same as it was for our turbine motor research; find enough data points to create a 

graph, and extrapolate to find data that fits our rig’s parameters. The information found during 

research comes from Baker Hughes’ INTEQ New Motor Handbook. The graph created from our 

data can be found in Fig. 12, below. 
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Figure 12 – PDM length 

 

Fig. 12 displays the relationship between outer diameter and motor length for PDMs. Once again, 

the data indicates that the motor would need to be much larger, 7.5 feet, than the 10 inches that we 

have available. The data in Fig. 12 assumes that the motor has an industry standard 5/6 lobe ratio, 

to cover all lobe ratios additional calculations were made based off the formulas below that were 

used in a certified honors thesis from the University of Tennessee.  

𝑃𝑃ℎ𝑦𝑦𝑑𝑑 = P∗Q
1714

 ………………………………………………………………………………….…. (1) 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = T∗N
5252

 ………………………………………………………………………………....… (2) 

𝐴𝐴 ∗ 𝐿𝐿𝐿𝐿 = Q
N∗b

 ………………………………………………………………………………........ (3)  

𝑇𝑇 = A∗Ls∗∆P
2∗𝜋𝜋

 …………………………………………………………………………………….. (4) 

Where 𝑃𝑃ℎ𝑦𝑦𝑦𝑦  represents hydraulic pressure in Pa, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ  represents mechanical pressure in Pa, P is 

pressure in Pa, Q is flow rate, T is torque in Nm, N is rotations per minute (rpm), A is difference 
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in cross sectional area of the motor in m2, Ls is length of one stator stage in m, and b is pitch radius 

of motor, in m.  

 

These formulas were used to find the mechanical power produced at the bit with different lobe 

ratios and rpms as seen in Table 2 below. We used known values from our rig as seen in Table 1 

to calculate Eq. 1. Eq. 3 (in Table 2) had to be calculated before Eq. 4 (in Table 3). Finally, Eq. 

2 could be calculated, as seen in Table 4.  

Pressure max, psi 300 

Velocity max, (ft2)/s 134 

Flow rate, Q, (ft3)/s 0.056 
Flow rate, Q, gal/min 25.160 

Length, in 8 
Diameter, in 1 
Thickness, in 0.063 

Input power, HP 3 
Efficiency, % 50 

ΔP, psi 150 
RPM 800 - 1200 

Table 1 – Known rig parameters 

# of rotor lobes 800 RPM 
900 

RPM 
1000 
RPM 

1100 
RPM 

1200 
RPM 

1 0.031 0.028 0.025 0.023 0.021 
2 0.014 0.013 0.011 0.010  
3 0.008 0.008 0.007   
4 0.006 0.005    
5 0.004         

Table 2 – A*Ls values 

Lobe # 
800 

RPM 
900 

RPM 
1000 
RPM 1100 RPM 1200 RPM 

1 0.751 0.667 0.601 0.546 0.501 
2 0.334 0.300 0.273 0.250  
3 0.200 0.182 0.167   
4 0.137 0.125    
5 0.100         

Table 3 – Table of Torque values 
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Lobe # 
800 

RPM 
900 

RPM 
1000 
RPM 1100 RPM 1200 RPM 

1 0.114 0.102 0.091 0.083 0.076 
2 0.051 0.046 0.042 0.038  
3 0.030 0.028 0.025     

Table 4 – Mechanical Power Calculations 

Once the calculations were complete, there was an obvious trend between power at the bit and lobe 

ratios. Regardless of the rpms, the smaller lobe ratios had more power at the bit than higher lobe 

ratios. Additionally, the lower rpms had more power at the bit than the higher rpms because the 

output torque deceases as rpms increase. The highest amount of power at the bit came from the 

combination of 800 rpms and a lobe ratio of 1/2 which produces 0.12 HP. For last year’s 

competition our rig was drilling with roughly 0.5 HP at the bit, a value that our team set as a goal 

to keep for this year’s competition. Due to the small amount of power at the bit and the required 

motor size, we again changed the focus of our research.  

 

The next idea our team explored was “Cable Drilling”. Simply explained, it involved trying to 

rotate a cable within the drill pipe similar to the concept and operation of a weed eater. The low 

horsepower motor rotates a thin cable, running inside of a small diameter pipe, which turns the 

weed eater head allowing the weeds to be cut by the spinning string.  The idea is that if the weed 

eater head was replaced with a drill bit, we could drill through sandstone instead of cutting weeds. 

To enable the design to drill horizontally, a flexible cable will be used. This aspect of the design 

is inspired by flexible handheld drill bit extensions that can be found in home improvement stores. 

The combination of the weed eater and flexible drill bit extension design has all the properties 

necessary to complete the 2018-2019 task.  
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Directional BHA Concept 

The maximum weight on bit (WOB) applied last year was about 50 lbf, where our drill pipe failed 

under torsion. This year however, the drill pipe will be sliding, so the WOB value could increase 

significantly. With the added BHA, we expect to max out at about 80 lbf this year. A finite element 

stress analysis of the drill pipe was conducted in AnsysTM to determine the stresses on the pipe 

based on the well path selected. Since the deviated well creates an approximate 170 bend in our 

pipe, the drill pipe will exceed its yield strength of 35,000 psi for aluminum 6061, under the 

assumption that it is isotropic and linearly elastic. This is shown by the von Mises stress value of 

117,000 psi. However, Aluminum is ductile, and will fail in shear. Thus, even beyond its yield 

limit, it will only undergo permanent plastic deformation, without failure. This is still ideal for our 

directional well.  

 

Drillpipe Stress Analysis in Ansys TM 

The deviated well problem was simplified by reducing the analysis to only the aluminum 6061 T6 

drill pipe. A horizontal resultant force was applied to the bottom portion of the pipe, where the bit 

is expected to exit the rock. The simplifying assumption is that the horizontal resultant force 

experienced by the drill pipe at the bit is independent of the changes in stress as weight on bit is 

applied from the surface. More accurate results will be obtained by modelling dynamic stresses of 

the drill pipe in the rock sample. This however increases the complexity of the problem. The main 

take away from this analysis is that our well path will be determined/limited by how much weight 

on bit our rig is able to exert from the surface, assuming a resultant stress relationship from the 

angle of build.  
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Our results show that for the simple geometry which kicks off at a 4 in vertical depth, a resultant 

force of 42 lbf generates the desired 6 in displacement with an equivalent stress of 117,000 psi as 

seen in Fig. 13 below. This translates into a 137 lbf Weight on bit on the surface.  

 

Figure 13- von-Mises Drill Pipe Stress Analysis 

 

Optimization of the well path will thus be a function of surface WOB. This will be controlled by 

the relationship in the Eq. 5 & 6 below: 

𝐻𝐻𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏 = 10.2 x 𝐾𝐾𝐾𝐾𝐾𝐾 0.3 ………………………………………………………………….…… (5) 

𝑊𝑊𝑊𝑊𝑊𝑊 = 𝐻𝐻𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏
tan𝜃𝜃𝑘𝑘𝑘𝑘𝑘𝑘

 ………………………………………………………………………….…….. (6) 

Where 𝐻𝐻𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏 is the horizontal resultant force at the bit in lbf, KOP is the kick off point in inches, 

WOB is the weight on bit applied at the surface, and 𝜃𝜃𝑘𝑘𝑘𝑘𝑘𝑘 is the angle subtended by drilled curve 

at some kick off point. These relationships don’t take into account the friction parameter, and are 

only to provide value ranges for testing in Phase 2. They are derived from the plot of resultant 
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horizontal force values vs. KOP as shown in Fig. 14 below. Horizontal resultant force necessary 

to generate a 6 in displacement in the N/S direction were found from analysis of the drill pipe 

section in AnsysTM. 

 

 

Figure 14 – Resultant Horizontal Force on Bit vs. KOP 

 

Since WOB could be a limiting factor, we will optimize our drilling speed by controlling rate of 

penetration (ROP) instead. This will be incorporated into our controls algorithm to help achieve 

the objective of this year’s competition, within reasonable time and safety limits. Updates will be 

provided in Phase 2. 
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Von Mises Failure Criterion 

Equivalent stress (also called von Mises stress) provides the yield failure criterion for the drill pipe. 

This stress is typically used in design work since it allows for some 3-dimensional stress state to 

be represented as a single positive stress value as seen in Eq. 7 below. It is also typically used as 

a failure theory in predicting yielding in ductile material. Thus, we compare the equivalent stress 

values to the yield strength 35000 psi for 6061 T6 aluminum. 

𝜎𝜎𝑣𝑣 = �1
2

[(𝜎𝜎1 − 𝜎𝜎2)2 − (𝜎𝜎2 − 𝜎𝜎3)2 (𝜎𝜎3 − 𝜎𝜎1)2]   …………………………………………… (7) 

Where 𝜎𝜎𝑣𝑣 is the von Mises stress value for principal state of stress, 𝜎𝜎1 is the maximum principal 

stress, 𝜎𝜎2 is the intermediate stress and is the 𝜎𝜎3minimum principal stress, all with psi units.  

 

As earlier stated, aluminum’s ductility allows it be bent significantly beyond its yield point. Thus, 

even though it fails in shear, failure of the pipe will be due more to fatigue from multiple bending 

load cycles, and erosional wear within the pipe due to the high rpm cable stripping its interior.  

 

Fatigue failure  

The proposed control mechanism for our inclination is to rotate the drill pipe at 1800 angles in 

order to guide the bit to the desired target. The aluminum pipe will be undergoing some fatigue 

loading cycles. Specific fatigue cycles of the drill pipe will be determined during the testing phase.  

 

Dogleg Severity 

In a bid to achieve maximum horizontal displacement, the dogleg severity value will increase for 

higher inclination. This will create more torque and drag on the drill pipe due to the friction 

between the drill sting and the bore hole. Optimizing our system will mean finding a low enough 
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dogleg while attempting to increase our KOP. This issue could potentially be alleviated by fine-

tuning our controls to maintain a constant predetermined dogleg during our drilling operation.  

 

New BHA design 

As stated earlier, the idea here is to transmit torque from the top drive downhole to the BHA via a 

stainless steel rod (cable).  Thus, the drill pipe remains in a static position and doesn’t rotate, but 

only slides throughout the entire drilling process. However, the rod within the drill pipe rotates to 

transmit the torque.  

 

The first step was to determine the material. The first consideration was that the material should 

be able to withstand the applied maximum torsional force without failing. The second 

consideration was that the material should be corrosion resistant as well. Our research showed that 

stainless steel satisfied both conditions and that’s what we went with.  

 

The second step was to optimize the shape and dimension of our rod so as to have enough strength 

(cross sectional area), without taking too much drill pipe volume for fluid flow. A circular rod and 

a square rod were considered. The idea of using one or the other was dependent on ease of 

assembly, and the ability to keep the rod in place during the drilling operation. Using a circular 

rod would have required a threading mechanism or epoxy to keep it in place, which would have 

weakened the cable at the contact edges. On the other hand, the sharp 900 edges on the square rod 

only requires a square hole to fit in. The assembly design is elaborated in the next few sections. 

The calculations in Table 5 show that a 1/8th in square rod takes up slightly more cross sectional 

area, but is easier to hold captive, and is thus the better of the two options.  
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Figure 15 – Cross Sectional Area for Circular Cable 

 

 

Figure 16 – Cross Sectional Srea for square Cable 
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Diameter, 

in 
Cross Sectional Area, 

in2 
Pipe Area 

Occupied, % 
Pipe  0.277 0.060 - 

Circular rod  0.125 0.012 20.4 
Square rod  0.125 0.015 25.9 

Effective square rod  0.1768 0.025 40.7 
Table 5 – Percentage area occupied by different rod shapes 

 

As can be seen from the table above, using the square rod translates to an increase in cross sectional 

flow by 20%. However, since we’ll be sliding during the whole drilling process, the reduced flow 

volume is not expected to be a problem.  

 

Next, the strength of the two shapes were compared based on the theoretical shear stress of 316 

stainless steel. The shear strength of stainless steel being approximately 75% its ultimate tensile 

strength (Aerospace Spec Sheet). This provides a theoretical value of 63000 psi of allowable shear 

stress. Based on Eq. 8 & 9, the circular rod provided a value of 24 lbf-in, whereas the square rod 

provided a higher value of 27 lbf-in, an increase of 12.5%. The higher theoretical twisting moment, 

coupled with the ease of assembly made the square rod the shape of preference.  

 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜋𝜋
16
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝐷𝐷3 ……………………………………………………………………...……… (8) 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 2
9
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿3 …………………………………………………………….…………............. (9) 

Where D is the diameter of the circular rod in inches, L is the length of the solid square sides in 

inches, 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum twisting moment in lb-in and 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum shear stress, in 

psi.  
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Torsional stress test  

There cable is fixed in place by a vice, and hence that length has no influence on the torque require 

for failure. The assumption is that the cable fails at the point where the pipe wrench torque is 

provided. This provides the worst case scenario, since the longer the cable, the more torque it will 

be able to handle.  

 

Based on connection failure of 50 lbf-in from last year’s test for the drill pipe, without accounting 

for difference in diameter and additional strength of steel, the maximum torsional stress expected 

in the 1/8th inch square rod is 115.2 ksi. This provided the upper boundary for their applied torque 

from the top drive for their drilling operation.  A static torsion test conducted this year however 

showed that 90 lbf-in twisting moment will be required to break the 1/8th inch cable. This translates 

to a shear stress value of 207.5 ksi, a value markedly 80% higher than 115.2 ksi. This proves the 

square cable should hold for the proposed design, and even provides the option of increasing 

drilling rpm values for increased drilling speeds (since the drill pipe experiences no twisting 

moment based on the proposed design). The setup for the test is shown below in Fig. 17. The 

calculation for moment was:  

Moment = Force x Distance 

Moment = 3.64 lbf x 16.5 in 

Moment = 90 lbf-in 

The results are displayed in Table 6.  
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Figure 17 – Static Cable Torsion Test 

 

Pipe wrench arm, in 16.5 
Bucket and pipe wrench weight, lbf 3.64 
Water weight at cable failure, fl oz 28 

Calculated Moment, lbf-in 90 

 

Table 6 – Maximum moment calculation from torsion test 

 

Fig. 18 below shows the generic stress-revolution behavior the cable showed during testing, not 

drawn to scale. The cable transitioned into the inelastic region at around 70% of the first revolution 

cycle, shown by the orange portion of the curve. It failed at around 75% of its second revolution, 

experiencing an approximate 6300 of twist before failure. The bottom left corner of Fig. 17 above 

displays the revolutions of twists before cable failure.  
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Figure 18 – Shear Stress vs Revolutions Cable Test 

 

Galling  

When two materials are in contact and experiencing dynamic loading, the materials will gall. This 

is due to the cohesion through metallic-bonding attractions and plasticity (the ability to deform 

without breaking). If galling is allowed to continue, the harder material will strip out the weaker 

one. Since we’re using 316 steel grade we’re not expecting galling; there should be cable failure 

before galling. However, if this becomes an issues in the testing phase, the steel will be changed 

to a 304 grade.  
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Burst Pressure    

Due to the space taken up by the square cable, there is less cross sectional for the fluid to flow 

which increase the fluid pressure between the cable and the drill pipe. It is necessary for 

engineering design. Burst pressure equation is used as follows: 

 

𝑝𝑝𝑏𝑏 = 0.875 𝜎𝜎𝑦𝑦𝑦𝑦𝑡𝑡
𝐷𝐷

………………………………………………………………………………. (10) 

 

Where 𝑝𝑝𝑏𝑏 is the burst pressure in psi, 𝜎𝜎𝑦𝑦𝑦𝑦 is the yield strength of the pipe in psi, 𝑡𝑡 is the wall 

thickness in inches, and D is the outer diameter of the pipe in inches.  

 

This year’s pipe wall thickness is 0.049 inches, with an outer diameter of 0.375 inches. Using a 

safety factor of 3, the burst strength of our drill pipe is 3 ksi. The water circulating through the 

drill pipe is pressurized at 300 psi, which is 10% of this value, thus pressure increase with the cable 

and drill pipe is negligible.  

 

Erosional wear  

Since the cable is rotation within the static, sliding drill pipe housing, there is a high probability 

that at increased rpm values, the circle of rotation circumscribed by the square cable will scrape 

out parts of the softer aluminum drillpipe material. That being said, tests will have to be conducted 

to quantify the amount of wear, in order to better inform the drilling design and plan. However, 

the idea at this point is to cover the square cable with a thin layer polypropylene material, which 

should take some of the frictional wear, without absorbing fluid flowing through the drill string. 

This should mitigate some of the erosional wear and increase the drillpipe life.  
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Material Choice 

There were a few considerations for the material to be used. The preferred material is aluminum 

since it is strong enough for the expected stresses on the rig, and is easily machined. However, the 

main issue apart from the stresses was corrosion. Beryllium-copper proved to have desirable 

mechanical properties, but was however uneconomical. Thus, the team went with stainless steel, 

chiefly due to its corrosion resistance and high yield strength. Even though it is a little harder to 

machine, the benefit of 20% increased yield strength and extreme corrosion resistance makes it a 

worthwhile material for our directional tool assembly. 

 

 The following sections describe the new top and bottom hole designs.  

Top assembly 

Based on the concept of cable drilling, a rotating cable (rod) transfers torque downhole. This 

section explains the components of the top assembly.  

 

This year’s design modification starts at the bottom of the metal plate on which the swivel rests, 

as seen in Fig. 9. This allows for modification of the current rig, with the option for future teams 

to adjust rig design as per competition objectives. The top assembly includes an aluminum block, 

a camlock system, a top spider, the drill string and the 1/8th in cable.  

 

Figure 19 a and b – Top assembly below swivel metal plate 
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The aluminum block 

A 2-inch-thick aluminum block marks the start of the rig modification as shown in Fig. 19 above. 

This is attached to the metal plate on which the swivel assembly is mounted by means of 8 bolts. 

This allows ease of future design changes, as it isn’t a permanent structural modification. The 

aluminum is threaded about half way through to allow the cam lock and dust cup unit to be screwed 

in as shown in Fig. 20 below.  

 

Figure 20 a and b – Aluminum block with holes 

 

The camlock system 

Fig. 21 a & b below simulate the camlock-dust cap without the handles. The decision to use this 

was due to the need to easily attach the drill pipe and hold it in a fixed position for sliding during 

the drilling process. The top spider resides in this unit and sends torque down hole to the BHA by 

means of the square cable. A threaded 2 in thick steel plate of equal dimension will be welded onto 

the base of the dust cap to serve as the threading mechanism through which the drillpipe is attached. 
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Figure 21 a and b – Camlock system 

 

Top Spider 

This is one of the key components of the top assembly. By means of hollow ¼ in NPT threads, the 

top spider is attached to the swivel piece via a bronze adapter, and allows fluid to flow through 

four 3/8th inch holes drilled at 450 angles apart. It transfers torque downhole by means of a 1/8th in 

square cable, around which the fluid flows. The fluid is enclosed within the sliding drill pipe, and 

reaches the drill bit by means of a bottom spider.  

 

Figure 22 a and b – Top spider 

 

 

Drill pipe and Cable 

A 36-inch-long 3/8th in OD Aluminum 6061 T6 tubing with wall thickness 0.049 in is threaded 

unto the bottom of the cam at the top assembly and at the top of the downhole motor at the BHA 

and slides throughout the drilling process. Since this is a directional well, the bent stresses expected 
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are reported in the AnsysTM drill pipe analysis section above. This drill pipe houses a 316 grade 

stainless steel 1/8th inch square cable of about 36 inches which rotates at variable rpm values to 

send torque downhole.  

 

The Bottom Hole Assembly 

A steel rod with dimensions 1 inch OD and 0.75-inch ID serves as the stabilizer housing for the 

BHA. Two pieces are welded together at an angle for directional drilling, creating a bent motor. 

The angle of 70 is determined to be the maximum bend for the BHA, using a drillbit length of 2 

inches. Table 7 shows the values at different angles, using basic trigonometric relationships. The 

highlighted section in that table gives a value of 1.7 in length for our BHA; the value that informed 

our design length. The table was generated based on different tolerance values between the drillbit 

and the 1.5 inch drilled hole, with a 10% safety factor. The representative diagram for the 

calculations in table 7 is shown in Fig. 23 below. 

 

Figure 23 – Angle optimization design diagram 
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a+b 7 0 6 0 5 0 4 0 3 0 2 0 1 0 
0.225 1.846 2.153 2.582 3.226 4.299 6.447 12.892 
0.338 2.769 3.229 3.872 4.838 6.449 9.671 19.338 

0.450 3.692 4.305 5.163 6.451 8.598 12.894 25.784 
0.563 4.616 5.381 6.454 8.064 10.748 16.118 32.231 
0.675 5.539 6.458 7.745 9.677 12.897 19.341 38.677 
0.788 6.462 7.534 9.036 11.289 15.047 22.565 45.123 
0.900 7.385 8.610 10.326 12.902 17.197 25.788 51.569 
1.013 8.308 9.686 11.617 14.515 19.346 29.012 58.015 
1.125 9.231 10.763 12.908 16.128 21.496 32.235 64.461 
1.238 10.154 11.839 14.199 17.740 23.645 35.459 70.907 
1.350 11.077 12.915 15.490 19.353 25.795 38.683 77.353 

 

Table 7 –  BHA Angle Optimization 

 

Fig.24 below shows the BHA with the 70 bend and a drill bit attached. This is a 1 in drill bit shown 

for illustration purposes. The team is still deciding on the drill bit dimensions to use and hasn’t 

finalized it yet. However, the pros of both 1.25 and 1.5-inch drill bits are being considered for the 

design. The current design calculations for the BHA is based on a 1.5-inch drill bit. However, the 

team will attempt to use the 1.25 inch provided by DSATS. If the attempt fails, the team will design 

its own bit for testing.  

 

Figure 24 – Proposed BHA 
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1.25 vs 1.5 in drill bit 

The bigger 1.5-inch bit gives us more room for sharper angles and steeper curves. That 

notwithstanding, using the1.5-inch bit will subject the cable to more bending. The bending limits 

of the cable will be further investigated in the Phase 2 testing. If based on our rpm limits, our cable 

doesn’t fail in the testing phase with the 1.25 in bit, the team will strongly consider using the 1.5 

in bit. If that happens however, the 1.5 in bit, will be custom-made for directional drilling. 

 

Top portion BHA 

The top section of the BHA features a 1-inch stainless steel tube threaded to allow for drill pipe 

connection to the BHA. It is cut at a 70 angle and welded onto the bottom portion. This is a housing 

unit and doesn’t rotate, but slides during the drilling process.  

 

 

Figure 25 a and b– Top portion of BHA 
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Bottom Portion BHA 

Within the bottom part of the downhole motor resides a bit sub assembly approximately 2.275 

inches in length.  

 

 

Figure 26 a and b– Inner Portion of BHA  

The first portion of this sub features a 0.5 in OD stainless steel rod with an 1/8th inch groove along 

it’s center axis. Since the BHA will be in compression for most part of the drilling process, the 

groove holds the cable in place as it twists to send the torque from the topdrive to the drillbit below. 

When however, the assembly is picked up from bottom to take readings of inclination and azimuth, 

the tension is carried by a washer just below the metal bearing, thus keeping the cable in place.  

 

The second portion features a 0.375 inch long tube with 2 sets of ¼ inch holes drilled drilled at 900 

angle to each other as seen in Fig. 27 This collects all the fluid flowing down through around the 

cable and funnels it downwards through a 0.25 inch ID to the drillbit for hole-cleaning purposes.  

 



49 
 

Figure 27 a and b – Holes in BHA Spider  

A 0.5 inch OD rod of length 0.7 inches runs from below the holes section to the top of an adapter 

piece. A 0.5 ID brass spacer piece of length 0.3 inches, shown in Fig. 28 below is put around this 

rod to close effectively close the 0.25 in gap inside the BHA, and help funnel the fluid into the 

holes in the piece above. The brass spacer also serves as a replaceable wear piece which centers 

the BHA components and protects them from excessive wear.  

 

 

Figure 28 a and b – Brass Wear Piece 

Roller bearing and adapter piece 

A stainless steel roller bearing and race of approximately 0.4 inches are put directly below the 

brass piece. This serves as the roller mechanism that allows the internal components of the BHA 

to rotate, while keeping the outer portion fixed and sliding.  

 

An adapter piece is welded onto the end of the 0.7-inch rod directly below where the race and 

metal bearing rests. This serves to transfer the 0.25 ID hole to a 0.375 inch threaded groove into 

which the drill bit is threaded as shown by the blue circles in Fig. 29 a. below. 
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 Figure 29 a and b – roller bearing and race assembly 

As part of an ongoing discussion, our design also features a 1.4 inch OD stainless steel tube 

housing. A 1.25 in OD piece of 0.1 inch serves as the transition piece between the 1-inch tube and 

the 1.4-inch housing. This design is based on the 1.5-inch drill bit diameter. However, as stated 

earlier, the team is leaning more towards the 1.25-inch drill bit design, which will render the 1.4 

inch housing irrelevant. If during the building phase, the team is able to weld the race and epoxy 

it successfully on the 1.25-inch housing without destroying the race, then that will be the direction 

taken. If not, the final design will incorporate the 1.5-inch drill bit design. Updates will be provided 

in the Phase 2 portion, after additional prototypes of the BHA are built.  

 

Alternate Design Concept 

The team is exploring the possibility of using an air motor system downhole to achieve bit rotation. 

This will be used if testing of the cable drilling concept proves futile. The idea here is to use a non-

reversible ATEX air motor which provides 0.5 HP at 520 rpm. It has an internal gear reduction 

mechanism which reduces high rpm values generated from air intake pressure lines (associated 

with low motor power), to low rpm values generated to turn the bit, and simultaneously produce 

higher motor power (0.5 HP in this case). With a maximum torque rating of 10.5 ft. lbf, this motor 

is resistant to aggressive agents, and will be a great alternative concept for turning the bit downhole 
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Fig. 64 in Appendix E shows the Desouttter motor planned for purchase should this line of idea 

be pursued.  

 

Inclination and azimuth control mechanics 

The team is currently exploring ideas for the control of inclination and azimuth. The main ideas 

so far are discussed below.  

Hydraulic – gear system 

The idea for the gear-hydraulic system is to use a hydraulic mechanism to open the camlock 

system. Thereafter, a series of gears attached to the top assembly will be used to rotate the camlock 

in a particular orientation to adjust for inclination and azimuth. This idea is still being considered, 

and updates will be provided in the Phase 2 of the competition.   

 

Vestil bearing mechanism 

In this design, the rig will be mounted on a 46 inch bearing (as shown in Fig. 30 below) by means 

of frames and counter weights to balance out the weight distribution. Using an electrical motor 

and a wheel mechanism, the rig will be rotated based on desired change in inclination and azimuth. 

Data recorded from our inclination and azimuth sensors will be fed into a control loop which 

determines which angle of rotation is needed for the well to stay true to north. The team is strongly 

leaning towards this method as the concept proves to be easier to implement than the initially stated 

gear-hydraulic system. Further updates will be provided in Phase 2.  
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Figure 30 – Vestil Bearing 

Source: Digital Buyer 

Rig Hydraulics  

Circulation System  

The circulation system is one of the most critical component of the rig design. Last year’s team 

thoroughly analyzed previous year’s drilling fluid choice and improved on it. WBM drilling fluid 

was used instead of tap water for better rheology & less frictional losses in the drill string due to 

lesser drill pipe ID. Shifting to a WBM drilling fluid required closed mud circulating system with 

enough mud cleaning equipment to control the mud weight to avoid reduction in ROP.  

 

Furthermore, additional options were also considered in the form of air as well as aerated drilling 

fluids, as they could result in substantial increase in ROP. The objectives of the drilling fluid 

primarily remain to transport formation cuttings, cooling of bit and lubrication.  
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In the current rig system, the fluid is simply pumped up from a tank through PVC pipe to the 

travelling block, where it enters the drill string through a swivel. This will be replaced with a 

pressure washer hose. The fluid then travels through the drill string down to the bit and then back 

up again through the annulus along with the cuttings. The cuttings are filtered out before the fluid 

finally ends up in the circulation tank. In previous years, PAC fluid feasibility for the drilling fluid 

was conducted because of its low coefficient of friction, 0.40 as compared to water 0.70. Firstly, 

lower friction losses mean less pressure loss inside the drill string which can provide maximum 

pressure loss at the bit, resulting in higher jet impact force and cleaning. Also, lower friction again 

will provide lower friction and pressure losses in the annulus, resulting in lesser ECD, promoting 

higher ROP. Fig. 31 below demonstrates the same effect of pressure drop due to friction in a 

dynamic system. To travel from point A (pump) to point D, there is a pressure drop of 1500 psi 

(2000-500). Therefore, to travel from Point A to C, the fluid required 1500 psi pressure to 

overcome the frictional pressure. 

 

Figure 31 – Pressure drop illustration (Drillingformula.com) 

Similarly, it’s imperative to calculate the pressure drop for our case. The pressure drop is 

theoretically negligible across the current PVC pipe and hose. Pressure drop across the bit, annulus 
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and drill string is shown below. Since the bit design this year doesn’t include the nozzle diameters, 

the pressure loss design from last year is used to provide some idea of what to expect this year.  

 

Pressure Drop Across Bit 

Pressure drop across the bit is across the jet nozzles. It is a function of mud flow rate, mud weight 

and flow area of the bit. It is defined as: 

𝑃𝑃𝑏𝑏 = 𝑄𝑄2𝑊𝑊
12031𝐴𝐴2

……………………………………………………………………………….. (11) 

Where Q is the flow rate in GPM, W is the mud weight in PPG, A is the bit flow area in inch 

square and 𝑃𝑃𝑏𝑏 is the pressure drop in psi. 

 

Pressure Drop Across Annulus 

Pressure drop across the annulus, for our case, is composed of two cases. The team has discussed 

the use of collars downhole for increased WOB. Thus pressure drop will be between the open hole 

and drill collar and the other between the open hole and drill pipe. Since we do not have casing, 

the case for pressure loss between casing and drill pipe is not considered. For the above discussed 

cases, the pressure drop is defined as: 

𝑃𝑃 = 0.00001 ∗ 𝐿𝐿 ∗ 𝐶𝐶 ∗ 𝑊𝑊 ∗ 𝑉𝑉𝑉𝑉 ∗ 𝑄𝑄1.86………………………………………………………. (12) 

𝐶𝐶 = 8.6𝐵𝐵

(𝐷𝐷ℎ−𝐷𝐷𝑜𝑜)�𝐷𝐷ℎ
2−𝐷𝐷𝑜𝑜2�

2 ………………………………………………………………………….. (13) 

𝑉𝑉𝑉𝑉 = �𝑃𝑃𝑃𝑃
𝑊𝑊
�
0.14

………………………………………………………………………………… (14) 
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Where P is pressure loss in psi, L is the length of pipe in ft., 𝐷𝐷ℎ is the hole diameter in in, 𝐷𝐷𝑜𝑜 is the 

OD of drill pipe or drill collar in inches, Vf is the viscosity correction factor, PV is plastic viscosity 

in cp., C is the general coefficient for annulus around drill pipe and drill collar and B is a parameter 

which takes into account the difference between equation 2 and 3. Value of B can be obtained 

from Table 8. 

Hole Diameter, inch B Parameter 
4-3/4" or less 2.0 

5-7/8" - 6-3/4" 2.2 
7-3/8" - 7-3/4" 2.3 

7-7/8"-11" 2.4 
12" or larger 2.5 

Table 8 – Dependence of B on hole diameter in inches. (DrillingFormula.com) 

 

Pressure Drop Across Drill String  

The pressure drop in the drill string is composed of pressure drop in the drill pipe and in the drill 

collar. Pressure drop formula remains the same. The change is in the C component co-efficient 

which takes friction factor into consideration. It is defined as: 

𝐶𝐶 = 6.1
𝐷𝐷𝑖𝑖
4.86 …………………………………………………………………………………………... (15) 

Where Di is the ID of the pipe or collar in inches. Table 9 defines all parameters required for above 

mentioned calculations. 

Bit Area (in 2) 0.4453 OD bit (in) 1.125 
Q (gpm ) 3 OD pipe (in) 0.375 
W (ppg) 8.33 Max formation height (in) 24 

Nozzle D (mm) 2.35 Max Drill pipe annulus(in) 19.5 
Bit Flow Area (in 2) 0.156 Drill pipe length(in) 36 

PV (cp) 3 Drill collar length (in ) 4.5 
ID pipe (in) 0.277 ID collar (in) 0.277 

 Table 9 – Parameters for Pressure Loss Calculations 
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Circulation Fluid Consideration 

Last year’s team conducted thorough analysis to review all the pros and cons of every fluid, as the 

fluid selection will affect the ROP performance and the hole stability. The cases presented below 

include tap water, compressed air and aerated tap water as circulation fluids. In previous years 

WBM drilling fluids were ruled out because the team ultimately went for an open loop circulation 

system. The reason was ease of design and power limit constraint to design a closed loop 

circulation. Since open loop is again considered this year, the economical aspect of a WBM drilling 

fluid makes it unfeasible at this time. However as opposed to previous years, proper drain system 

will be utilized to safely take the returns away from the hole and to the drain. The pressure loss 

calculated are displayed in below. 

Fluid Selected 
Weight of 

Fluid (ppg) 
Pressure drop 
across bit (psi) 

Pressure drop across 
annulus (psi) 

Pressure drop across 
drill string (psi) 

Tap water 8.3 0.256 0.0201 5.224 
Aerated Tap Water 4 0.123 0.0107 3.1265 

Air 0.15 0.0046 0.0006 0.1856 
Table 10 – Calculated Pressure Drop for the Three Different Cases. 

Aerated Water as Circulation Fluid  

This system results in less pressure drop across the circulation path, but will add many complexities 

to the system, which will not justify the tradeoff for the marginal increases in ROP. Mud weight 

is ideally between 4-7 ppg, which will increase the penetration rate. This will however, require 

having a two-way swivel to mix both water and air line into the drill string. Although this will 

prove advantageous if done right, it requires a change in the swivel size and rearrangement of the 

setup on the travelling block possibly changing the structure of the original set up. Another big 

change will be the requirement of rotation control device (RCD) to carefully take the returns away 

from the hole. Installation of conductor pipe will be required to accommodate bell nipple and RCD 
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to achieve this. This will require additional time and effort. The team has not ruled out this option 

but has kept this as an alternative to using tap water directly. 

 

Tap Water as Circulation Fluid 

In previous years, tap water was preferred over other drilling fluids, irrespective of the highest 

pressure losses among the other system. It still remains the most convenient and easily to apply in 

the case of open circulation. Secondly, the difference in pressure drops is not enormous to consider 

shifting from tap water to either aerated or air fluid system. Furthermore, with aerated or air fluid 

system the wellbore will be exposed to higher instability risk than the tap water. Moreover, the 

entire set up is based on utilizing water as the circulation fluid. Last year, the team decided on 

experimenting hammer drilling and its efficiency. Hammer drilling is briefly discussed in the next 

section.  

 

Hammer Drilling  

Hammer drilling utilizes pulsating pressure on the drill bit to improve the efficiency as compared 

to rotatory drilling. With the same Weight on Bit (WOB) and Rotation per Minute (RPM), it has 

been observed that percussive-rotary method can be up to 7 times faster than the conventional 

rotary method. Air hammers have been used to drill gas wells all over the world since 1950s. Air 

hammers have been used on numerous wells in different fields through the world. Thus, it’s a 

proven technology but with limited application to few formation types. Advancement in its 

technology by creating hybrid bit model can be seen as future prospective as widespread 

application in drilling. 
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To induce pulsating pressure, the team has two options. One is to induce a pressure pulse in the 

water line and second, to aerate the water line to create a difference in pressure when there is both 

air and water as circulation fluid. Since the first option requires only a slight modification in the 

water line to the set-up, the team decides on continuation of water as the first choice for circulation 

fluid.  

The bottom hole assembly BHA design this year rotates the drill bit as the drill pipe slides 

throughout drilling. This allows for ease of well control to the desired target. An advantage of 

hammer drilling however is less well deviation. Therefore, the utilization of hammer drilling will 

have to be extensively tested to determine if the marginal increase in ROP exceeds the percentage 

loss in dynamic well path control. That notwithstanding, the mechanism might be employed in the 

drilling of the vertical hole section. Hammer drilling calculations are nonetheless shown below to 

determine what pressures to expect if utilized.  

𝐹𝐹 = 400 𝑙𝑙𝑙𝑙𝑙𝑙 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)  
 

𝐴𝐴 = 0.0314 𝑓𝑓𝑡𝑡2 
 

𝑃𝑃 =
𝐹𝐹
𝐴𝐴

=
400

0.00314 x 106
= 0.13 𝑀𝑀𝑀𝑀𝑀𝑀 

 

Where P is the pressure generated at the bit-rock interface, F is the maximum force generated by 

the piezoelectric transducer, and A is effective bit contact area.  

Thus, the pressure generated is insufficient to fracture the rock formation. This force however, 

weakens the formation and allows for more efficient drilling of the formation by cutting. 
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Vibration through hydraulic flow fluctuation mechanism 

The water circulating through the drillpipe assembly is pressurized at 300 psi. Using a separate 

hydraulic solenoid valve, pressurized water flowing through the swivel can be pulsated to desired 

rate by controlling the rotary valve, depicted in Fig. 32. Pulsating flow of pressurized water 

through the nozzle will create a varying impulse force on the rock bit interface. Impedance force 

exerted by the water flow through the bit nozzle will be sufficient for the bit to impact at force 

greater than rock fracture stress. Amplitude of the vibration is dependent on the stiffness of the 

bellow coupling. Frequency of the solenoid valve will determine the rate of fluctuation of water 

pressure at the bit nozzle. Thus, the frequency of hammering can be controlled by changing the 

frequency of solenoid valve, which in turn affects the rate of penetration. 
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Figure 32 – Hydraulic Flow Mechanism 

 

Using hammer drilling in conjunction with rotary drilling means extra loads on the drill pipe. 

The aluminum drill pipe must be able to with stand the axial loads and must not buckle during 

the hammer drilling. 

 

Stress analysis calculations done to find vibration frequency limit of the same drillpipe from last 

years are shown in Table 11. 
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Young’s Modulus (psi)  E  1.00E+07 
Length (in) L 36 

Outer Diameter (in) OD 0.375 
Inner Diameter (in)  ID 0.277 

Thickness (in)  t 0.049 

Density (lbs.s2/in2)  ρ  0.036 

Area (in2) 

 

0.05 

Inertia (in4) 

 

0.00068 

Critical Bucking Load (lbs) 

 

51.785 

Constant 

 

1943.651 
Allowable tensile stress (ksi) S 25 

Frequency limit (Hz) 

 

17.5 
Table 11 – Stress Analysis Calculations 

 

 

 

 

 

 

 

 

 

 

 

 

𝐴𝐴 =
𝜋𝜋
4
∗ (𝑂𝑂𝐷𝐷2 − 𝐼𝐼𝐷𝐷2) 

𝐼𝐼 =
𝜋𝜋
4
∗
𝑂𝑂𝐷𝐷4 − 𝐼𝐼𝐷𝐷4
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𝑃𝑃𝑐𝑐𝑐𝑐 =
𝜋𝜋2 ∗ 𝐸𝐸𝐸𝐸
𝐿𝐿2

 

𝑎𝑎 = √(𝐸𝐸𝐸𝐸/𝜌𝜌𝜌𝜌)  

�1− 𝑆𝑆
𝑃𝑃𝑐𝑐𝑐𝑐

 

𝜋𝜋. 2𝑎𝑎
𝐿𝐿2
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Control Architecture  

The goal of every drilling company is to maximize efficiency and safety. An innovative way to 

increase safety is to adapt autonomous drilling. The Drillbotics competition will include a 

homogeneous sandstone causing there to be no unknowns in lithology. Therefore, the focus of the 

controls will be to adapt an autonomous program to achieve efficient directional drilling; which is 

required by the Drillbotics competition.  

 

Summary 

The architecture of the control system is shown in Fig. 33. Electromechanical sensors monitor 

parameters of the rig such as ROP, WOB, and flow rate; and send a voltage corresponding to the 

related parameter achieved by proportional calibration to the rigs DAQ. The rig continuously 

collects these parameters, but the program is designed to use the average over a hundredth of a 

second. The rig uses the National Instruments USB-6353 DAQ which communicates with a 

LabVIEW program on the computer via USB. The LabVIEW program simultaneously inputs the 

drilling parameters for analysis. Predetermined set points in the LabVIEW modules allow the 

program to then change the drilling parameters via sending out mechanical output voltage signals 

to actuators such as the Top Drive and pneumatic system.  
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Figure 33 – Control Architecture Process 

 

Data Collection 

Data acquisition is one of the most important processes in autonomous drilling. Proper data 

collection is required because it is the first step in changing the drilling parameters; and if not done 

correctly, the remaining processes are pointless. The rig uses a PC-based data acquisition method 

that uses the combination of modular hardware (sensors and DAQ), application software 

(LabVIEW), and a computer to both acquire and display data. The basic structure of this process 

is shown in Fig. 34 below.  

 

Figure 34 – Data Collection System (www.NI.com)  

Sensor 
Voltage

DAQ Data 
Collection

LabVIEW 
Input

LabVIEW 
Processing

Mechanical 
Output to 
Actuators

Drilling 
Process

http://www.ni.com/


64 
 

 The NI USB-6353 allows for voltage input, temperature input, waveform output, counter input, 

quadrature encoder input, timer output and digital I/O; although, only voltage and digital I/O are 

used. This system has been chosen because of its compatibility with LabVIEW as well as the low-

cost/high-productivity it provides.  

 

Historical Code Design Summary 

Last year’s design also used LabVIEW as the main control software, both for the front and back 

end. LabVIEW’s ability to control both multiple inputs as well as outputs along with the easy to 

interpret graphical interface is the reason this program was chosen. The easy to interpret graphical 

interface also provides a means of creating a quick screenshot drillers panel that allows you to 

interpret what is happening at every step during the drilling process.  

 

New Code Design Summary 

This year’s design will also use LabVIEW for both the front and back end of the control system. 

Data collection, drilling modules, output, and display will all be controlled by LabVIEW. Results 

from Phase 2 testing will provide more accurate set points to optimize and fine-tune drilling 

parameters.  

A.I.: The team will attempt to incorporate an A.I. module in this year’s controls. If 

successfully implemented, this will allow for predictions of drilling parameters to be compared to 

real time drilling measurements so as to give an idea of how efficient the rig is operating. Further 

research is still required, however an A.I. module is planned to be purchased from LabVIEW and 

incorporated into the rigs controls. The team believes that the A.I. software will allow for better 

calibration and can make effective changes to make the code more efficient as well.  
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Calibration 

Each sensor is manually calibrated individually. A voltage is manually sent to an actuator, and a 

voltage is in turn read from the corresponding sensor. This process is done multiple times for each 

actuator/sensor combination and a function for that combination is created. This allows for each 

voltage to be proportionally corresponded to a specific numerical value. An example of this is a 

voltage of 0.2 volts sent to the torque sensor which generates a torque of 0 lbf-in and a voltage of 

9.4 volts which generates a torque of 30 lbf-in as seen in the Fig. 35 below. Calibration of the 

sensors and finding the proportional gains of each process is the key to control optimization.  

 

Figure 35 – Torque Sensor Calibration 

 

Visual Control Interface 

A visual display screen is crucial as to allow the driller to make rapid decisions. Importantly, it 

must be user-friendly and easy to read real time drilling parameters that are collected by the rig’s 
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sensors. The drilling parameters must be continuously monitored as to make sure the rig is 

performing as necessary; also, to ensure the safety of the rig crew.  

 

Last year’s control panel and this year’s potential control panel are shown in Fig. 36 and Fig. 37 

respectively. Last year’s control panel was adopted and modified slightly. The torque gauge now 

only displays the torque on the surface, as last year’s design displayed both torque on the surface 

along with downhole torque. Azimuth and inclination indicators were also added to this year’s 

design.  
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Figure 36 – Previous years control display 

 

  

Figure 37 – This year’s potential display 

  

Drilling Parameters: RPM, Depth (in.), WOB (lb), Torque (lb-in), ROP (in/min), MSE (psi), 

Pump Rate (GPM), Standpipe Pressure (psi), Inclination (degrees), and Azimuth (degrees). 
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Analysis charts: ROP v/s Depth.  

Closed Loop System 

This year’s drilling process will be controlled by a downhole closed loop system made possible by 

the use of PID controllers. The main parameters focused on are the inclination and azimuth of the 

BHA; and all parameters within the system will be changed to correct these values. For instance, 

ROP and WOB can control the direction the bit tends to go; therefore, the ROP and WOB will be 

programed as to allow for changes in the inclination. Some practice with these parameters will 

allow for more accurate calibration and in turn will allow for better control of inclination.  

 

Drilling Malfunctions  

The control code will be designed to account for problems that may occur during the drilling 

process. For example, say the bit becomes stuck, the code will recognize that a huge spike in torque 

means to stop rotating and lift off bottom and see what the problem is and then either trip out for 

changes or try again. Optimizing this process will take many trial and errors but in the end the 

team believes it will be beneficial.  

 

Controls Optimization and Mechanical Design  

Further tests will have to be conducted to determine the effective relationship between Weight on 

Bit, Rate of Penetration, Torque and BHA design angle.  This will be done in Phase 2, and will 

provide values to optimize both the mechanical design and controls algorithm to efficiently reach 

the drilling target with minimum time and maximum safety.  
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Remote plug and play capability 

This year’s rig will feature remote connectivity and control of rig operations, and remote 

monitoring of rig operations through cameras at the rig location and a live video stream to the 

monitoring location. This decision was made last year, and this year’s team will be using the same 

features. The decision was made to proceed with early implementation of these features for two 

primary reasons. The first is remote control greatly enhances safety of personnel as it removes the 

autonomous rig supervisor and other personnel from the rig site. This is a powerful engineering 

control which eliminates potential hazards from the start. The second major benefit of remote 

connectivity is that this will facilitate simpler and more cost-effective transition to a plug and play 

interface when the DSATS committee formalizes its definitions and examples of proposed data 

communication protocols and interfaces for subsequent competitions. The goal of this plug and 

play capability in a full-scale rig will be to facilitate the rapid integration of autonomous drilling 

technologies to industry and to reduce the time and cost for integration. A third benefit of remote 

connectivity is superior quality control. The proposed system will be capable of remote connection 

anywhere there is internet connection. If a more secure connection is desired, the system could 

readily be adapted to a private wired or wireless intranet, to ensure data integrity. 

 

In either case, the ability for management to oversee the drilling operation in real time will be 

possible. This system will allow for greater monitoring and allow for the system to be shut down 

if a stop work condition is observed by anyone monitoring the process remotely. 
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Remote Control and Monitoring 

The system will take advantage of the flexibility of the windows development environment 

through a remote connection at the windows operating system level. This method uses 

TeamViewerTM remote desktop software which is free to download. This software allows for 

connection to the windows environment and can be used to connect to the Windows environment 

which will be running the code for the rig. 

 

Remote Cameras 

Three remote cameras will be utilized to monitor the rig remotely. This year, several systems will 

be tried with independently controlled IP cameras, and using a pre-built image controller to process 

the video feed before being sent to the final application. Lots of testing with the actual hardware 

will be required before a stable design can be established. Two possible scenarios for the front end 

application will be tested. One where the visual monitoring is a standalone system, and the other 

where the visual feed is incorporated into the GUI. The system will be designed for easy third-

party interface and flexibility to comply with the standards DSATS will release at a future date for 

plug and play capability. 

 

Drillpipe Connection 

The drillpipe is a 36" long 3/8" diameter aluminum pipe with a wall thickness of 0.049". It is 

made of 6061 series aluminum that has a relatively high strength, is workable, and does not 

readily corrode. The purpose of the drillpipe is to connect the drill bit to the rotary, hoisting, and 
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circulation systems. In this year’s design, the drill pipe slides during drilling, facilitates the control 

of the bit’s location in the hole, and serves as the flow conduit for the drilling fluid pumped 

downhole. The mechanical integrity of the drillpipe and its connections to the BHA and top drive 

are required to successfully drill a well. The bent BHA motor screws into the bottom of the drill 

pipe using an off the shelf NPT connection. Under the top drive the swivel connects to the top of 

the drillpipe using another off the shelf NPT connection. 

 

Designing a connection between the relatively thin drillpipe and the BHA and swivel that 

can transfer the torque and WOB required to effectively drill the well is the main challenge. A 

challenge in designing a connection is that the connection in no way can stiffen the drillstring or 

impose lateral forces, and fit within the diameter of the drill bit without regularly touching the 

wellbore wall. 

 

Connection Design 

For the 2019 DrillboticsTM competition, teams are able to use a thick walled 3/8" pipe. Given this 

thickness a threaded connection can be used to connect the drillpipe to the drill bit and top drive. 

In most field application the drill string is kept in tension by the hoisting system and drill collars. 

In our design the connections will be in compression because the top drive is used to apply WOB. 

Our team will build and test the following three connections. 

 

Raw Threaded Pipe 

Both ends of the aluminum drill pipe are threaded with a square thread that is one and a half 

inches long on both ends of the drillpipe. The thread has 15 rotations per inch with a thread depth 
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and width of .033". A square thread was selected because of its exceptional ability to carry high 

loads. Fabrication of the square thread is more difficult than triangular or rhombohedral threads 

and the feasibility of this form will become apparent in phase II of the competition. Each end of 

the drill pipe will be stabbed into a stainless-steel box on the stabilizer and swivel that accepts the 

threaded pin. Each time the pipe is made up to the bit and swivel the connection is broken at the 

aluminum threads. Aluminum is softer than stainless steel and over time as the connection is made 

up and then broken the aluminum thread has the potential to wear. This wear over time may cause 

a catastrophic failure during drilling. The simplicity of this design makes it the easiest and cheapest 

to manufacture but may result in more cost over time Fig. 38. 

 

 

Figure 38 – Raw Threaded Pipe 
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Threaded Pipe with Permanent Box 

The vulnerability of the threaded aluminum connection to wear during the make-up process can 

be reduced with a permanent box sealed to each end with an epoxy resin. A stainless-steel box 

designed after a typical integral drillpipe connection found in common use today that is 

permanently affixed to the aluminum threads will prevent fatigue on the aluminum threads. A 

female pin on the swivel and stabilizer will be stabbed into the box to make up the drillpipe 

connection, seen in Fig. 39. 

 

 

Figure 39 – Threaded Pipe with Permanent Box 

 

Square Kelly Connection 

A kelly is a square or hexagonal pipe that transmits the rotation of the kelly bushing to the 

drillstring in conventional rotary drilling rigs. The end of the aluminum drillpipe will be formed 

into a square using a square metal die. The pipe will be hammered the square die to a depth of 
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one and a half inches on each end. A custom machined connection, seen in Fig. 40 with a square 

interior socket will be placed around the square end connection. An interference fit will be used to 

secure the connection between the custom fitting and pip. An internal shoulder is used to support 

the WOB load transmitted from the top drive through the drillpipe to the bit.  

 

Figure 40 – Square Kelly Connection 
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Sensors  

Several sensors are used on the drilling rig to monitor the drilling process and control its 

components. The sensors can be divided in two categories: (1) Surface Sensors and (2) BHA 

Sensors.  

 

Surface Sensors  

Seven sensors are used on the surface. All are defined below:  

Laser Distance Sensor 

The laser distance sensor used is L-GAGE LE550. This sensor is an analog-discrete visible laser 

with both output options. The input supply voltage ranges from 12 V to 30 V dc with a sensing 

range of 100 mm (3.94 in) to 1000 mm (39.37 in). This sensor has a response time from 2 ms up 

to 100 ms with increased repeatability at slower speeds. It produces accurate results regardless of 

the color or sheen of the object being detected. The purpose of this sensor, seen in Fig. 41, is to 

measure the total traveled distance of the traveling block. For safety, eye protection is worn, and 

users are to avoid looking directly into the laser. 

 

Figure 41 – L-GAGE LE550 Laser Distance Sensor 
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RPM Sensor 

Monarch ROS-W is a remote optical sensor which measures the drill pipe RPM. The input voltage 

may range from 3.3 V to 15 V. The compact sensor is 2.90 in in length with 0.62 in diameter. It 

works by detecting a pulse reflecting from T-5 reflective tape and can reach a distance of 36 in 

and 45° from the drill pipe. The reflecting tape is placed on the drill pipe for the sensor to detect. 

A green LED indicator ensures the sensor is on target. The sensor seen in Fig. 42 is capable to 

measure up to 250,000 RPM.  

 

Figure 42 – Monarch ROS-W Remote Optical Sensor 

  

Torque Sensor 

Omega TQ513 (Fig. 43) is a shaft-to-shaft in line torque sensor with an excitation voltage 

maximum of 20 V. The torque sensor can measure between 0-3 to 0-2000 in-lb (0-0.35 to 0-226 

N-m) at a maximum operating speed of 5000 RPM. The model has a 3/8 in shaft and a 1/32 in flat 

key. Slip rings made from heavy-duty silver allow secure power and signal transmission to the 

operating code. It is used to measure performance of the motor and the torque it applies on the drill 
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pipe. The sensor is installed so the active end faces the place where torque is measured, in this 

case, the drill pipe.  

 

Figure 43 – Omega TQ513 Torque Sensor 

 
 

Axial Vibration Sensor 

A vibration transmitter, Dwyer VBT-1, is used in the axial vibration sensor design. The transmitter 

input ranges from 9.6 V to 32 V with a frequency ranging from 10 to 1000 Hz. It is used to 

constantly detect vibrations of the traveling block. It measures the vibrations for unusual 

conditions which may lead to potential failure. This vibration sensor in particular needs no 

software configuration or setup. At the current output the vibration measurements are converted 

to an analog signal. The sensor is pictured in Fig. 44.  
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Figure 44 – Dwyer VBT-1 Vibration Sensor 

 

Load Cell  

Weight on bit (WOB) is measured by the load cell, Omega LC203, shown in Fig. 45. The sensor 

is a compression/tension load cell which can measure both but is calibrated in tension. It works as 

a transducer to produce an electrical signal with a magnitude directly proportional to the measured 

force. This sensor is constructed with an airtight seal and heavy-duty metals. The voltage input 

supply ranges from 10 V to 15 V dc and can measure 0-25 lb to 0-10,000 lb.  

 

Figure 45 – Omega LC203 Load Cell 
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Pressure Sensor 

The rig uses two separate pressure sensors; both are TE Connectivity MSP300 pressure 

transducers. The transducers work by converting pressure measurements into an electronic signal. 

One is used to monitor mud circulation while the other tracks the pneumatic pressure of the 

cylinder controlling the traveling block motion. The sensor is compatible with measurements of 

liquid or gas pressure. With a solid machined pressure cavity, the sensor is leak proof with no need 

for O-rings or welds. The maximum supply voltage is 5 V with a maximum pressure of 15 ksi. 

The pressure sensor can be seen in Fig. 46.  

 

Figure 46 – Connectivity MSP300 Pressure Transducer 

 

Flow Meter 

An Omega FLR6315D flow meter (pictured in Fig. 47) is used to measure water flow and mud 

circulation. This sensor has an accuracy of 2% FS with no requirement of straight pipe run. The 

sensor input voltage range is 10 V to 30 V with a flow range of 1 GPM to 150 GPM. It has a 

pressure maximum at 3500 psig for liquids and 1000 psig for gasses. This sensor can be mounted 

at any orientation and has an average response time of 1.0 sec. 
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Figure 47 – Omega FLR6315D Flow Meter 

BHA Sensors  

Only two parameters are measured below the surface: Inclination and Azimuth.   

 

Inclination and Azimuth Sensor 

A 3-axis digital output gyroscope low-power angular rate sensor able to provide stability at zero 

rate level and sensitivity over temperature ranges of -40 0C to + 85 0C. As shown in Fig. 48, the 

sensor is small enough to fit inside our BHA, with dimensions: 0.16 in x 0.16 x 0.04 in. The sensor 

produces a positive-going digital output for counter-clockwise rotation around the sensitive axis 

considered giving angular velocity. It will however be calibrated for inclination and azimuth values 

based on known rpm.  The output will then be used to manage the vertical and horizontal build.  

 

It includes a sensing element and an integrated circuit (IC) interface capable of providing the 

measured angular rate to the external world through a standard serial peripheral (SPI) digital 



81 
 

interface. It’s rated for a maximum supply voltage value of -0.3 to 4.8 V and a measurement range 

of +/- 245 degrees per second.  

 

Figure 48 – A3G4250D MEMS motion sensor  
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Cost estimate and funding plan 

2017/2018 year’s design phase report details the costs incurred for the structural rig design, linear 

motion and rotating equipment as seen in Appendix D. This allowed for financial focus on the top 

and bottom hole assembly for the directional component included this year. Tables 12 and 13 

below detail the price and cost for the parts list used for this year’s design. As stated above in the 

materials section, stainless steel was selected due to its high yield stress and corrosion resistance 

property.  

 

NPT threads  

 

Part Name Quantity  Price, $ 
NPT MALE RIGID HOSE FITTING  3 5.78 

NPT PIPE CAP  2 6.85 
NPT PIPE FEMALE COUPLING  2 42.72 

NPT PIPE HEAD PLUG  2 24.3 
NPT PIPE FEMALE COUPLING  6 15.82 
NPT PIPE FEMALE COUPLING  6 13.69 

NPT PIPE HEAD PLUG  6 5.95 
NPT PIPE CAP  6 7.43 

NPT PIPE FEMALE COUPLING  6 20.98 
NPT PIPE SEAMLESS PIPE NIPPLE  4 9.45 
NPT PIPE SEAMLESS PIPE NIPPLE  4 5.88 

Total   158.85 
Plus 20% Contingency Cost total    190.62 

Table 12 – NPT Threads 

 

 

 

 

 



83 
 

Top and bottom hole assembly  

Parts  Dimension Quantity Price, $ 
Stainless steel plates (3)        

 12" x 12", 1/8" thick 1 52.87 
  12" x 12", 1/4" thick 1 49.64 
 12" x 12", 1/2" thick 1 106.64 

Aluminum (7075) plate   12" x 12 ", 2" thick 1 60.00 
Stainless steel tubes (3)        

  36", 1" OD, 1/4 " thick 1 29.53 

 
12", 1.5" OD, 1/8" 

thick 1 23.78 

 
12", 1.25" OD, 1/8" 

thick 1 21.78 

Stainless steel pipe 
12", 1.25" OD, 1/8" 

thick 1 21.78 

Brass tube  
12", 3/4" OD, 0.12" 

thick 1 23.11 
Stainless steel solid bars       

 12", 1/2" Diameter 1 13.09 
  12", 3/4" Diameter  1 16.67 

Tap and die kit  - 1 266.39 
Adjustable Tap Wrenches - 1 33.60 

NPT Taper Pipe Taps - 1 86.90 
Solid Carbide Twist Drill Bit 1/2" 1 14.60 

Lexan Sheet  48" x 96" x 0.25 " 1 80.07 
Square Cable 48", 1/8" Diameter 1 35.00 

Pressure Washer Hose  9' 1 10.00 
Gasket material (.RAM nitrile rubber)  15" x 15", 1/16" thick 2 20.53 

Stainless steel roller bearing 1/2" ID, 1" OD 3 70.00 
Total   1035.98 

Plus 20% Contingency Cost total      1243.18 
Table 13 – Top and BHA parts  
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Phase 2 plan 

Moving forward, the Phase 2 portion of the completion will involve strategic planning and a 

streamlined schedule. Prioritization of critical design elements is key. Parts will have to be ordered 

in time, components machined on schedule and rigorous testing undertaken thereafter. The main 

lessons learning during the testing phase will inform the reengineering of the BHA design for 

maximum functionality, efficiency and safety. The team will determine ways to identify parts 

failure ahead of time, using both engineering metrics and empirical techniques, so as to increase 

testing phase efficiency.  

 

Controls optimization will be done simultaneously with parts manufacturing so as to reduce the 

downtime in at the testing phase. Controls performance based on higher sampling frequencies will 

be evaluated, as this will improve drilling efficiency without taking from computational costs. 

Furthermore, implementation of a Machine Learning module will be heavily researched and 

hopefully incorporated into controls.  

 

Rig improvements suggested in the report such as changing kelly hose to pressure washer hose, 

incorporating safety lights, and labelling rig parts, among others, will be done alongside the afore 

mentioned processes to save on time. All activities during this Phase will be aimed at improved 

rig design, and fine-tuning implemented ideas, with the hopes of generating more possibilities of 

novel techniques aimed at improving the drilling automation industry.  
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Appendix A – Summary of Equations Used  

Calculations  Formula  Reference*  Results  

Hydraulic Power  

 

13 4.5 HP 

Mechanical Power 

 

13 
Dependent on 

Lobe # and 
RPM 

Torque 

 

13 
Dependent on 

Lobe # and 
RPM 

Von Mises 

 

 
 

10 117 ksi 

Pipe Internal cross 
sectional area   3 0.06 in2 

Square cable cross 
sectional area 

 

- 0.015 in2 

Circle cable cross 
sectional area 

 

- 0.012 in2 

Circular cable torsion 

 

10 24 lbf-in 

Square cable torsion 

 

10 27 lbf-in 

Maximum cable 
moment M = Force x Distance 10 90 lbf-in 

Burst pressure  

 

3 3 ksi, S.F = 3 

BHA angle 
optimization Trigonometric Relationships  - 

Depended on 
angle and 
tolerance  

Pressure drop across 
bit  

 

3 Dependent on 
fluid selected 

General coefficient 
for annulus 

 

3 13.82 

Viscosity correction 
factor  

 

3 0.87 

Pressure drop across 
annulus 

 

3 dependent on 
fluid selected 

𝐿𝐿 ∗ 𝑊𝑊 

𝜋𝜋
𝐷𝐷2

4
 

𝜋𝜋 𝐼𝐼𝐼𝐼2

4
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Coefficient of drill 
string 

 

3 3125.2 

pressure drop across 
the drill string 

 

3 Depending on 
fluid selected  

Pressure at bit from 
hammer P = F/A - 0.13 MPa 

Pipe Area  

 

3 0.05 in2 

Inertia 

 

3 0.00068 in4 

Critical Buckling 
Load 

 

3 51.785 lbs 

Constant 
 

3 1943.651 

Frequency limit (Hz) 

 

3 17.5 Hz 

 

Table 14 – Equations summary  

*Numbers in this column correspond to ordered reference list 
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Appendix B – BHA Engineering Specs 

 

Figure 49 – New Proposed design assembly  
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Figure 50 – New Proposed design Wireframe view  

 

Figure 51 – New Proposed Design exploded view 
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Figure 52 – Dimension specs for the BHA  
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Appendix C – Sensor Specs 

L-GAGE LE550 Laser Distance Sensor 

 

Figure 53 – Laser Sensor Specifications   

Source: WalkerIndustrial.com 
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Figure 54 – Laser Sensor Operating Ranges and Conditions 

Source: WalkerIndustrial.com 
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Monarch ROS-W remote optical sensor 

 

 

Figure 55 – RPM Sensor 

 

Figure 56 – RPM Sensor Specs 

 
 
Source: Grainger.com  
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OMEGA TQ513 Torque Transducer  

 

Figure 57 – Torque Transducer  

Source: Omega Industries 

 
The TQ513 Series are designed to measure the rotating torque using shaft-to-shaft in-line 
placement. Heavy-duty silver slip rings provide secure transmission of power and signal from the 
rotating shaft to your instrumentation. An optional 1024 ppr optical encoder is available to 
measure angle or speed.  
 
SPECIFICATIONS 
Excitation Voltage: 20 Vdc maximum 
Bridge Resistance: 1000 ohms 
Output at Full Scale: 2.0 mV/V nominal 
Linearity: 0.10% FS 
Hysteresis: 0.10% FS 
Zero Balance: 1.0% FS 
Operating Temperature: -54 to 121°C (-65 to 250°F) 
Compensated Temperature: 21 to 76°C (70 to 170°F) 
Thermal Effects 
    Zero: 0.0036% FS/°C 
     Span: 0.0036% FS/°C 
Overload Capacity: 150% FS 
Material: 
    <100 in-lb: SS shafts, aluminum sensor 
    ≥100 in-lb: Steel shaft and sensor 
Maximum Shaft Speed: 5000 RPM 
Electrical Connection: 4-pin twist lock connector (mating connector supplier); 10-pin twist lock 
connector with optional optical encoder (mating connector supplied) 
 
Source: Omega Industries   
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Axial Vibration Sensor  

Dwyer VBT‑1 vibration transmitter. 

 

Figure 58 – Axial Vibration Sensor dimensions 

Source: Dwyer Industries 

 

 

 

Figure 59 – Axial  Vibration Sensor Specifications  

 

Source: Dwyer Industries 
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Omega LC203 load cell 

 

Figure 60 – Load Cell Dimensions  

Source: Omega Industries 

 

 

  

Figure 61 – Load Cell Specifications 

Source: Omega Industries 
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MSP300 Pressure Transducer 

 

Figure 62 – Pressure Transducer Dimensions  

Source: TE Connectivity  

 

 

Figure 63 – Pressure Transducer Specifications  

Source: TE Connectivity  
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Omega FLR6315D flow sensor 

 

Figure 64 – Flow Meter Specifications  

Source: Omega Industries  
 

 

 

Figure 65 – Flow Meter Specifications Sheet 

Source: Omega Industries  
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A3G4250D MEMS Motion Sensor 

 
Figure 66 – Motion Sensor Specifications  

Source: STMicroelectonics 
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Figure 67 – Motion Sensor Specifications Sheet  

Source: STMicroelectonics  
  

 

 

 

 

 

 

 

 

 

 

 



100 
 

Appendix D – 2017-2018 Rig Costs Incurred  

Description  Quantity  Price, $ 
1/2" x 48" Linear Rail with mounting plate 2 462.40 

1/2" Linear Pillow Block 4 484.00 
1-1/4" x 36" Air Cylinder 1 140.00 

7/16" Tie Rod Ball Joint End 1 5.80 
1-1/4" Pivot Bracket 1 8.00 

Leeson 1/4 HP 50 Hz Phase C-Face motor  1 248.00 
Total   1348.20 

Plus 20% Contingency Cost Total   1617.84 
Table 15 – Linear Motion and Rotating Equipment 

 

Metal Dimensions, ft.  Price, $ 
2" x 2"x 1/4" Angle 25 99.75 

10" x 2-1/2" x 0.24" C-Channel 12 356.40 
8" x 3/8" Plate  6 129.60 
2" x 1/4" Bar 12 26.04 

1/4" x 1-1/4" Bar 6 8.80 
1/4" Brass Rod 2 5.36 

Total   625.95 
Plus 20% Contingency Cost Total   751.14 

Table 16 – Aluminum Cost Analysis 
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Appendix E - Alternative Design  

 
Figure 68 – Desoutter M39-520-KSL-ATEX Air Motor 

Source: Zampini Tool Production 
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Figure 69 – Air Motor Design Specifications  

Source: Zampini Tool Production 
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