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2.0 Introduction 
In the oil and gas industry, drillers are constantly challenged to safely improve both their rate of penetration 

and the overall hole quality. The rate of penetration is the most important factor in determining the amount of 

time it takes to drill the well, affecting costs for rig usage and labour. For vertical wells, the hole quality refers 

to how straight and uniform the hole is drilled, which affects the quality of the completions and overall well 

integrity. One way to address the optimization of these two important parameters is through drilling 

automation. For directional wells, the hole quality refers to similar qualities, with more emphasis on the 

straightness of the directional section of the well, as well as the section of the hole at the ‘bent’ location, which 

in industry would typically be the location of the whip stock. Because directional drilling is a specialized 

drilling skill that has traditionally been done manually by a skilled directional driller, the directional path of the 

bit will always have minor to major deviations depending on both the surrounding rock and the skill of the 

driller. 

The objective of this project is to design a safe, autonomous directional drilling system that optimizes 

penetration speed and hole condition within the given constraints of the 2019 Drillbotics Competition 

guideline. 

These constraints include the amount of available power, bottom-hole assembly limitations, and the strength of 

the drill pipe. The design should be able to relay information to the driller in real-time and should allow for a 

third-party plug-and-play interface. Our automated drilling rig must be able to start at the surface of a 

12”x12”x24” sandstone rock in a vertical drilling orientation and exit the sample on the side face at a 

maximum of 3” from the bottom. The greatest challenge is down scaling a real-world directional drilling 

method (i.e. using a downhole mud motor) to a laboratory scale, which requires a built rate (bending rate) of 

3.2 degrees per inch of drill string. We believe that what we learn in this project can be applied to real drilling 

processes to ultimately make them faster, safer, and more economic. This project can also serve to provide an 

innovative new design that can be scaled to be used the drilling of a real world well. The main challenge for 

the University of Calgary team this year was coming up with a unique, innovative design that could be safely 

implemented at both small and large scales.  
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3.0 Learnings from Drillbotics 2017-18 
The University of Calgary Drillbotics Team competed in the Drillbotics International Competition (run by 

DSATS) for the first time in 2018. The team successfully completed Phase I and was accepted into Phase II of 

the competition, where we designed and built a functional, free standing rig, capable of drilling through 12” 

depth of a rock sample containing unknown lithologies.  As a team of innovative students, we are always 

looking to improve and optimize our designs and current processes, which led us to put together a list of 

learnings and shortcomings from the previous year to reflect and improve upon for the 2019 Drillbotics 

competition. These learnings included: 

1. Create a testing plan early in the project timeline 

Though we were able to accomplish some degree of testing for the drilling mechanism of the rig, a clear 

and concise testing plan would allow us some flexibility in our timeline and give team members an idea of 

various test parameters that need to be considered during the design/building phase. For instance, testing 

the rig on rock samples of varying lithologies could have revealed the issue securing a stabilizing 

mechanism to sandstone rock whilst using water as a drilling fluid.  

2. Include considerations for rig portability and modularity 

The frame we designed was very robust and was designed not only to accommodate for both the static 

load of the top mast, but also to handle the dynamic load and inertia effects caused by the hoisting of the 

top drive, as well as the emergency case of the top drive platform’s sudden drop onto the frame surface. 

With this design comes compromises, as the rig loses points on modularity and portability. Some 

considerations that should be made are to redesign various points on the frame to accommodate the 

addition of components like a drill pipe stabilizer to minimize oscillation of the drill string during drilling 

with high revolutions per minute, which was observed last year. Moving the full frame into the testing lab 

was extremely difficult, considering its weight and lack of portable aspects. Some designs that should be 

considered are adding locking wheels to the bottom of the frame, or reduce redundant sections of the 

frame to decrease the weight and overall footprint. Any redesigns should include additional engineering 

calculations/tests to ensure mechanical integrity is not compromised. 

3. Pump Selection 

One of the weaknesses of the design was the drilling fluid (water) pump that was not properly tested to 

ensure that it would meet our expected specifications. The pump did not provide adequate pressure after 

returning fluid to the top of the drill string, which minimized the desired effects of stabilizing and washing 

cuttings out of the rock sample as we had expected.  

4. Stabilizing Mechanism 

A major point of stabilization for the drill string in this design was a cylindrical wellhead that was screwed 

on and mounted to the surface of the rock sample. Due to a lack of testing using sandstone samples (which 

is summarized above), this issue was not uncovered early. As a result of the water weakening the integrity 

of the sandstone, the stabilizer’s securement mechanism was compromised and it failed during drilling. 

Weaknesses such as this can be revealed through more thorough early testing. The stabilization 

mechanism will be a frame mounted one for 2019. 
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4.0 Safety 

4.1 During Construction/Testing 
 

4.1.1 Potential for hazardous energy 

 

The construction of the drilling rig will involve working around potentially dangerous electrical equipment in 

the range of up to 120-240 volts of power. These are mainly corresponding to the electric motors and computer 

systems that are used to power and control the rig. Although all electrical work greater than 40V will be done 

by qualified electricians, some of the engineering controls in place to safeguard against injuries include; 

• Perform a pre-job field level assessment prior to conducting electrical work (i.e. identifying 

points of potential electrical discharge, checking equipment and cables for damage, etc.) 

• Notify all team members and personnel in proximity of hazards of the work to be performed 

• GFCIs (Ground fault circuit interrupters) used for any cord connected electrical equipment 

• Appropriate lockouts using approved cables to be in place when required 

• Follow all standard electrical safe work practices and procedures 

4.1.2 Potential for injury during use of equipment (including hand tools) 

 

Some of the tools that will be used to assemble the rig can cause injury to personnel. These may include power 

tools, heavy equipment, sharp edges, and machines with multiple pinch points. Some controls in place to 

safeguard against injuries include: 

• Install a visible warning device for equipment in use, if one is not in place already (i.e. LED light 

on drilling rig to notify personnel that device is running) 

• Install emergency stop device on heavy equipment, including drilling rig 

• Prohibit loose clothing or loose hair jewellery, or any loose accessories during use of moving 

equipment 

• Establish a control zone with signage for working areas, with PPE requirements clearly indicated 

• Have protective barriers in place (safety glasses, etc.) for equipment with potential to eject 

material 

• Wear appropriate PPE for hot work (welding) such as FR clothing, have fire extinguishers in 

place, protective footwear  

• Use proper lifting techniques and ergonomics for lifting heavy objects 

• First aid kit readily available on working site 

• Compressed gas containers will have correct regulators, rated tubing, and pressure relief valves 

(will be checked by lab technician) 

• All lab personnel will be properly trained for working in a laboratory 
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4.2  Rig-Specific Safety Aspects 
 

In order to ensure that safety is integrated into the operation, the alarm from the previous year's design is still 

integrated in the controls system. However, instead of activating based on tipping of the mast, it activates 

based on the (1) immobility of the drill string (indicating an abrupt end of operation due to damage on the 

string or impediment of motion) as detected by the drill string sensor, and a sudden weight on bit increase 

through the strain gauges. Alarms integrated into the control system will trigger when various sensors exceed a 

certain threshold for safe operation (i.e. strain gauge on drill string, encoder detecting unusual positioning of 

drill bit, etc.). The power supply for the alarms will also be separated from the rig’s main power source, to add 

an additional layer of protection in the case of a power failure on the rig system. Other safety-focused design 

choices include the following: 

• Visible lights (LEDs) for all alarms  

• UPS power backup may be considered for the alarm and/or rig system  

• Guards for moving parts (motor shafts, draw works chain, etc.) to prevent accidental injury 

• Braking system for top drive and draw-works that has the capability to gradually and 

instantaneously shut down respective systems 

• Manual emergency shutoff switches for rig 

• Manual shutoff for compressor system 

• Limit switch device that will interrupt power to the entire rig system when top drive hoist hits a 

pre-measured lower limit depth (before drill bit touches the ground level of frame) 

o Limit switch support will be upgraded this year to a T-slot aluminum brace to be more 

securely attached to the frame, ensuring stability and functionality for this safety critical 

element 

To ensure the safety of everyone at the drilling site, our rig will include stack lights to indicate when the rig is 

in operation, or when it is encountering the issues mentioned. These lights will change colour to alert people 

when the rig is active, when the rig has encountered an issue, and when the rig is off. This is useful especially 

if there are simultaneous operations in the area because workers should be extra cautious when drilling is 

occurring to prevent accidental interference with the operation. 

4.2.1 Compressed Air Safety Aspects 

 

As the drilling fluid will be compressed air, there is the hazard of a high-pressure buildup in either the air hoses 

or the area where the rock sample will be enclosed, leading to the potential of an explosion. Some measures 

that will be taken include the above controls (for electrical energy) as well as: 

• Dust masks as part of PPE set 

• Air containment system during drilling to prevent dust exposure  

• Adequate circulation in all areas of the rig that could contain a pressure build up 

• Ensure that materials that circulate air are rated for the maximum operating pressures (drill pipe, 

wellhead, hoses, etc.) 

• Addition of a vacuum and cyclone system to collect particulates from drilling (to be discussed in 

mechanical design section) 
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• Addition of a filter sock to the exit face of the rock sample to collect particulates once drill bit has 

penetrated the rock face 

• Shielding (i.e. plexiglass) from users to prevent dust, cuttings, or high-pressure air from causing 

injury 

• Individual silicon/rubber sealed housing for the downhole bottom-hole assembly to prevent air 

and dust from short circuiting the system, or causing an electrical hazard 

• Ensure fittings/gaskets are tight to prevent air leaks or sudden fitting failures 
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5.0 Engineering Assumptions 
 

Engineering assumptions that were made are clearly stated throughout this report, however some general 

engineering assumptions considered in the design are as follows: 

• Common drill pipe failure modes such as pipe-parting failure due to tensile stress and failure due 

to fatigue are considered implausible and an in-depth analysis was not conducted for these 

considerations 

• Additional calculations such as frame forces (and consideration for support buckling) are not 

included in this initial report, and a simple assumption is made that centrally locating the tower 

can reconcile tilting or bending issues for the supports. 

• Mechanical Specific Energy (MSE) analysis is not included in this report, although the potential 

to include it in display during final operation will be considered 

• Wellbore is assumed to be a closed system that will contain all particulates, until the point at 

which the drill bit penetrates the exit rock face 
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6.0 Current Industry Practices for Directional Drilling  
The two most common deviation tools used in directional drilling are steerable motor assemblies, 

otherwise known as positive-displacement motors (PDM), and rotary steerable systems (RSS) [1].  

Positive displacement motors are versatile and used in all sections of directional wells including kicking 

off, building angle, drilling tangent sections, and trajectory control. With a PDM assembly a bent sub or 

bent housing is used which utilizes bit tilt, the misalignment of the bit away from the drill string axis, and 

bit side force to change the hole direction and inclination [2]. 

 

Figure 1: Bottom-hole assembly with bent housing [3] 

 

Figure 2: Downhole motor and bent sub [4] 

When it comes to deviating the well in a desired location using a bent sub/ bent housing and PDM, a 

combination of ‘rotate’ and ‘slide’ sequences are used.  

Sliding occurs when the drilling rig ceases rotation of the drill string and uses the circulating fluid in the 

drill string to rotate the bit. The purpose of the bend is to facilitate the ‘sliding’ portion.  Since the bend 

orients the bit in a particular direction, the drilling occurs at an angle away from the drill string axis. Drill 

string rotation must cease at this stage, otherwise the bent sub will have little effect on the direction of the 

well as force is evenly distributed around the sidewall. Correct orientation of the bend is determined by 

measurement-while-drilling (MWD) tools containing accelerometers and magnetometers housed behind 

the motor in the bottom-hole assembly.  
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When the necessary angle is produced from sliding, the ‘rotating’ sequence is back in play. The drill 

string rotation is resumed where the bottom-hole assembly will continue in the same direction at which it 

was last pointed. Rotation is used for straight sections as it provides a higher rate of penetration.  

 

 

Figure 3: (a) Bottom-hole assembly components (i) sliding mode (ii) rotating mode [5] 

In the majority of cases, bent housing is more effective due to a shorter bit-to-bend distance which 

reduces bit offset and allows for higher build rate at a given bend size. Shorter bit-to-bend distances also 

reduces the moment arm which reduces bending stresses at the bend. The bent housing PDM is easier to 

orient and enables a longer rotation period [1].  

An evolution in directional-drilling technology has led to rotary steerable systems that overcome some of 

the drawbacks in PDMs. Using PDMs, drilling rotation must be halted to reposition to the direction of the 

new trajectory. The RSS allows for continuous rotation of the drill string while steering the drill bit.  

The methods used to direct the bottom-hole assembly with an RSS falls into one of two categories: push-

the-bit or point-the-bit [1]. Push-the-bit tools utilizes pads on the outside of the tool to push against the 

wellbore causing the bit to press against the opposing side to cause a directional change. Point-the-bit 

technologies bend the main shaft running through the tool to cause a change in direction of the bit relative 

to the rest of the tool. It requires a non-rotating housing to create the deflection within the shaft. The RSS 

is controlled using similar process MWD tools but in reverse, the driller sends the coded signal to the 

motor’s computer and the computer decodes the signal and carries out the instructions.  
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Figure 4:  Comparison of push-the-bit and point-the-bit rotary steerable systems [6] 

/ 

 

Figure 5: Weatherford’s rotary-steerable system using point-the-bit technology [7] 

 

 

Figure 6: Baker Hughes’ AutoTrak Curve RSS using push-the-bit technology [8] 
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While sliding and rotating sequences are complicated and tedious, the payoffs are seen through increased 

oil recovery in optimal well placement. The main benefit of using a rotary steerable system over a bent 

sub/ bent housing motor is the overall faster drilling speed from constant rotation. The main downside is 

the greatly increased cost of using a rotary steerable system. Large companies may benefit from faster 

drilling despite higher drilling costs per day but for many smaller companies, RSSs are not economical 

for common use [9].  

6.1 Common Failures  
 

6.1.1 Drill Pipe Failure 

 

Drill pipe failure is a prevalent drilling problem that can be classified into categories: twist off, parting, burst 

or collapse, and fatigue [10].  

Twist off occurs when the induced shearing stress caused by high torque exceeds the pipe material’s ultimate 

shear stress. In directional drilling, torques that can easily cause twist off in improperly selected drill string 

components are common. Fatigue is described as the initiation of microcracks and its propagation into 

microcracks because of repeated applications of stresses. Although a structural member may not fail under a 

single static load application, repeated application can cause it to easily fail. The failure under cyclic loads is 

considered fatigue failure. Drill string fatigue failure is the most common and costly type of failure in oil/gas 

drilling operations. Combined cyclic stresses and corrosion from fluids in contact can shorten the life 

expectancy of a drill pipe by a factor of a thousand [10].   

6.1.2 Stuck Pipe 

 

During drilling operations, a pipe is considered stuck if a pipe cannot be freed from the hole without 

damage. Stuck pipe can be classified into differential pressure and mechanical pipe sticking. It is a 

significant risk in high-angle and horizontal wells [11]. 

Mechanical pipe sticking can be caused by inadequate removal of drilled cuttings, wellbore instabilities, 

and key seating. Excessive cutting accumulation in the annular space leads to the settling of a large 

amounts of cuttings to the bottom of a directional well and can pack a bottom-hole assembly, causing pipe 

sticking. It is common practice to circulate bottom up several times to flush out and cuttings that may be 

present [11].  

Key seating is another major cause of mechanical pipe sticking involving the wearing of a small hole or 

groove into the side of the wellbore. This groove is caused by drill string rotation with a lateral force 

pushing the drill string against the wall to create the key seat. Generally speaking, long bit runs are the 

main cause of key seats, therefore, it is common practice to make wiper trips.  

6.1.3 Stick-Slip 

 

The drill bit is prone to stick and slip during drilling operations as the bottom-hole assembly is exposed to 

large torque variations. Rotation at the surface is controlled via the top drive and stick occurs when there 
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is constant rotation at the surface while downhole rotation ceases. A build up of torsional forces 

throughout the drill string is seen until the resistance presented by the rock is overcome. The built-up 

force is released leading to the slip, which refers to the drill string spinning out of control and causing 

destructive vibrations [12]. The worst-case scenario of a stick slip leads to a twist off. While it is desirable 

to drill near the limits, we must consider the pipe material’s ultimate shear stress and operate with an 

appropriate safety factor. 

6.1.4 Bit Bouncing 

 

During a drilling operation, a drill bit can bounce up and down on the formation leading to oscillations 

between tension and compression in the drill string. Over time, this will wear the mechanical components 

of the drill string and lead to failure due to fatigue.   

Bit bouncing can be observed as a fluctuation in weight on bit measurements. It can be mitigated through 

optimization of drilling parameters and avoiding revolutions per minute and weight on bit combinations 

that lead to oscillations near the system’s natural frequency [13]. 
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7.0 Testing Plan 
 

7.1 Measuring Maximum Allowable Torque of DSATS Provided Drill 

String 
 

This test will be conducted using a high precision digital torque wrench and vice grip to determine the 

actual maximum allowable torque that can be withstood by the drill string, which is in theory, the highest 

point of failure on the rig due to its thin walled specifications. (3/8” diameter x 36” long; 0.049” wall 

thickness). The drill pipe will be secured on a vice grip and a torque will be applied via the torque wrench 

until signs of buckling are seen, at which point the torque reading will be recorded and several trials of 

this test will be conducted. Similar maximum allowable torque tests will also be conducted on the 

threaded drill pipe connection. 

7.2 Testing Pumpoff Force Exerted on Drill String 
 

When the fluid exits the bottom of the drill bit, a pumpoff force is exerted upward on the drill string, 

which is assumed to be 20 N for the calculations in this report but will be tested and further refined in 

pumpoff tests using various flow rates. 

7.3 Test Applicability of Drill Design on Various Lithologies of Rock 

(Mainly Sandstone Variations) 

 

Although the guidelines specifically indicate a homogenous sandstone rock for the competition, the 

design of the drilling rig will accommodate drilling a variety of rocks. Different varieties of sandstone 

(sorting, grain size, grain type, etc.) will be used in this testing, and potentially other lithologies. 

7.4 Test Rate of Penetration of Drilling Rig 
 

As the lithology has been stated in the guidelines to be of a homogeneous sandstone lithology, tests will 

be run to obtain rate of penetration data for directionally drilling at varying top drive rotary speed and 

weight on bit values. Results will be iterated and further optimized to obtain an optimal rate of 

penetration. 

7.5 Total Power Consumption 
 

Once the rig is completed, tests will be conducted to measure the total power input for the entire system, 

including the top drive, stepper motor, vacuum, air compressor, computer and other components to be 

used in optimizing the power consumption of the rig. 
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7.6 Calibration Tests for Push-the-Bit Actuator 

 

To ensure that the trajectory of the wellbore follows the intended path, the push-the-bit actuator will be 

tested using a variety of different fluid pressures/flow rates, which controls the displacement of the 

actuator, and therefore the deviation of the drill bit.  

 

7.7 Quantifying Chain-Spring Dynamics and Actuator Friction on 

Weight on Bit 

 

With the addition of a spring onto the chain hoist, which controls the position of the top drive, as well as 

the addition of a push-the-bit actuator which will increase friction on the drill string, tests will be 

conducted to determine the impacts of these additions on weight on bit. A new relationship between the 

stepper motor input voltage to the resulting weight on bit as measured by the load cell will be devised 

from these tests. 

7.8 Determining Lead Angle to Compensate for Bit Walk 

 

The effect of bit walk on azimuthal deviation will be quantified and compensated for. The wellhead, 

which contains a groove that the keyed outer shaft of the bottom-hole assembly will fit into, will be 

rotated to the determined lead angle to compensate for bit walk effects, and ideally result in minimal 

azimuthal deviation when the drill bit exits the rock face.  

 

Other tests will be created and run as required, to optimize final drilling parameters of the drilling rig. 
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8.0 Mechanical Design 

8.1 Major Changes 
 

Based on the results of the previous year’s competition we are considering the following major modifications 

in our new design: 

• “Push-the-bit” bottom-hole assembly to accommodate for directional drilling functionality 

• Rock stabilizer design that firmly clamps the rock, frame and wellhead together as one cohesive 

unit 

• Air drilling fluid system that enhances cutting removal, prevents issues associated with 

recirculation, and delivers more hydraulic power 

• Wellhead design that will limit azimuthal deviation and accommodate optimal drilling fluid 

airflow 

• Drill pipe stabilizer to minimize vibrations and buckling concerns 

• Compliant elements incorporated into various parts of the design to dampen unwanted movement 

and vibrations 

• Spring-chain mechanism to ensure constant weight on bit through draw-works motor disturbances 

• Threaded tool joint connection to improve strength of drill pipe connection to bottom-hole 

assembly 

• Spacers on motor carriage to better align bit and wellhead 

• Increased height of mast to accommodate for clearance of new bottom-hole assembly 

• T-slot aluminum support for travel limit switch 
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8.2 Static Components 

8.2.1 Rig Frame 

 

The rig frame used for the 2019 competition will be the same as last year’s with slight modifications to 

increase stability during the drilling process. The frame consists of steel 2” square tubing, creating a rigid 

structure that minimizes vibrations and movement. Lack of wellhead stability during drilling in the 2018 

competition created various issues. To address these issues, a new rock stabilizer has been designed. The 

rock stabilizer frame will be attached to the rig frame via bolted plates shown in Figure 7 below. 

 

Figure 7: Modification of frame to fasten to new rock stabilizer 

 

Another modification made to the frame is the addition of a drill pipe stabilizing design, in which a 0.5” 

steel sheet will be placed on the top surface of the rig frame. The steel sheet will have a 2” hole for PTFE 

tubing to be glued into. The ID of the PTFE tubing is 1”, therefore the drill pipe will only contact the 

tubing when severe bending or vibrations are occurring. PTFE was chosen as a suitable material as it is 

not only wear resistant, but also has a low coefficient of friction. This reduces both the wear on the drill 

pipe as well as frictional loses from the power delivered by the top drive, should the drill pipe contact 

with the tube. 
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Figure 8: Modification of frame to incorporate drill pipe stabilizing design 

Portability of the rig frame was noted as a concern from last year’s competition, and further 

improvements to portability, including adding wheels to the base of the frame and increasing modularity 

by collapsing the mast into the rig frame structure, will be considered throughout phase II. However, 

these desired changes are not considered as a necessity based on budgetary limitations.  

8.2.2 Rig Mast 

 

The previous mast design will be slightly modified to accommodate for the increase in bottom-hole 

assembly length. The height of the mast must be increased in order to insert the bottom-hole assembly 

into the pilot hole at the beginning of the drilling process. The mast will now be composed of four 5 

ftx40x40 mm and two 5 ftx80x80 mm 6360 aluminum columns with four 190x40x40 mm 8020 and two 

190x80x80 mm supports placed horizontally between the columns to reinforce the mast structure. As was 

done in the previous mast structure, two 10mm aluminum sheets are attached at the top and bottom 

column ends for additional support. The bottom plate, connected to the substructure frame via weldments, 

will also be bolted to the columns. The mast will be located centrally on the top face of the rig frame to 

ensure forces are exerted evenly on the rig frame.  

The previous design used a draw-works system to hoist the drill string and top drive. A counterweight 

was included to compensate for the weight of the drive, thereby reducing the power consumption of the 

draw-works stepper motor.  

In addition to last year’s design, a single rail T-slot frame piece will be bolted on the slider side of the 

mast. A limit switch will be mounted on top of this frame piece and will serve as a more rigid and safe 

way to kill power to the drill rig when the travel has exceeded a pre-defined distance.  
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Figure 9: Limit switch securely mounted to mast structure 

Another change to last year’s design will be the addition of a spring to the end of the draw-works chain. 

The addition of a spring will allow for more sensitivity when adjusting weight on bit, adding compliance 

to an otherwise rigid chain that would only allow full weight-on-bit or no weight on bit.  

A final addition that was identified to potentially improve safety was the addition of a chain guard to 

prevent injury associated with the moving chain. The chain is typically not within arms reach of any 

personnel, however this guard may be constructed based on the discretion of team members in phase II.  
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Figure 10: Spring added to chain to improve sensitivity of weight on bit adjustments 

 

 

8.2.3 Rock Stabilizer 

 

One of the main modifications to the design of this year’s rig is implementing a method that will safely 

secure the rig frame, wellhead, and rock together as one cohesive unit. This design addresses the issues 

identified last season in which the wellhead became destabilized while drilling. The securing system 

utilizes several leveling screws that will lower into the rock sample and wellhead and attach to the rock 

container via bungs welded to the square tubing of the rock container frame. The rock container attaches 

to the rig frame by bolted plates. At the bottom of the rock stabilizer design, a polyurethane rubber mat 

will be inserted to enhance damping and reduce vibrations when the rock is placed on this mat. With air 

being used as the drilling fluid this year, the rock container is designed to eliminate dust escaping 

to atmosphere for safety purposes. The wellbore is considered isolated from the outside atmosphere, and 

dust particles traveling through the sandstone pores is considered negligible. However, upon puncturing 

the face of the rock at the end of the drilling process, dust will be generated, and so the design will also 

utilize a filter bag that will be securely fasten to encapsulate the side of the rock that the drill bit will exit. 

This filter bag will be able to filter particles down to 3 microns, to protect against the finest dust borne 

sand particles expected (very fine sand at 62 microns) [14]. As an additional safety feature, plexiglass 

may be installed between frame elements. This safety feature is not considered a requirement by the team, 

but this may change based on the discretion of the team in phase II.   
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Figure 11: Diagram of various components of rock stabilizer design 
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Figure 12: Rock and wellhead stabilizing bolt arrangement 

 

8.2.4 Wellhead 

 

The wellhead for this year’s design has been re-worked with several improvements in mind. The new 

wellhead will be compatible with the geometry of the rock stabilizer design. This has been compensated 

for by ensuring an adequately wide flange is used at the base of the wellhead. The new wellhead will have 

a sufficiently large diameter to accept the larger diameter bottom-hole assembly that will be used in the 

competition this year. Additionally, the wellhead will be designed to provide adequate cross-sectional 

area for well annulus airflow to a cyclone and vacuum system by using a 2” ID pipe, much larger than the 

wellbore diameter. The wellhead will also feature an internal groove design that will lock into the keyed 

drill pipe entering the hole. This groove ensures that minimal azimuthal changes occur during the drilling 

process. The groove will be part of a PVC pipe fitting located at the top of the wellhead. The rest of the 

wellhead will be made of aluminum. A compressible rubber gasket will also be placed beneath the 

wellhead flange to create an airtight seal between the flange and the rock face. Gasket maker may also be 

used to aid in sealing the rock face and flange but is not anticipated to be needed at this time.  
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Figure 13: Diagram describing components of new wellhead design 
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8.3 Dynamic Components 

8.3.1 Top Drive 

 

The top drive from last year’s rig will be utilized again for this year’s competition. The top drive is a 3 

phase AC motor that can deliver up to 5 hp. The speed of the AC motor will be controlled by a variable 

frequency drive. The top drive motor will be used to provide rotational motion to the drill pipe, flex shaft 

and bottom-hole assembly.  

8.3.2 Drill Pipe Connection 

 

The drill pipe connections used in this year’s competition will be redesigned to improve strength and 

reliability. A die will be used to create a 3/8”-24 thread on either end of the drill pipe. The top of the drill 

pipe will be threaded into the swivel, and the bottom will be threaded into the bottom-hole assembly. The 

alternative solution was using last year’s connection method of a Swagelok compression to NPT adaptor 

fitting. The threaded drill pipe is expected to obtain a stronger and more durable connection than use of 

the Swagelok fitting, and in conjunction with the use of Loctite thread locker, the threaded connection 

will maintain an air-tight steal, to maintain safety and optimal delivery of air to the bit.  

8.3.3 Drilling System 
 

8.3.3.1 Directional Drilling 
 

Figure 14 (below) represents the well trajectory defined for this competition. According to the guidelines, 

the bit can be placed in a pilot hole drilled at a depth of 1”. The bit penetrates the rock another 3” 

vertically and the kick-off point is at a depth of 4” from the rock surface. The bit must then be directed 

into a build section. In this section, the bit travels in a circular trajectory with a radius of 18”. In this 

section the horizontal departure is 12” and the vertical depth is 17”, resulting in the build rate of 3.2 

degrees per inch. The overall length of the well is 22.2”. Build rate is calculated by the following 

equation: 

𝐵𝑢𝑖𝑙𝑑 𝑅𝑎𝑡𝑒 =
180°

𝜋𝑟
 

Where 𝑟 is the radius of the circular trajectory of the wellbore in inches. It is assumed the trajectory of the 

wellbore does not deviate from this circular path.  

𝐵𝑢𝑖𝑙𝑑 𝑅𝑎𝑡𝑒 =
180°

𝜋(18")
= 3.2° 𝑝𝑒𝑟 𝑖𝑛𝑐ℎ 

This build rate represents an average that will be the aim of the control system, however the drill string 

may, at times, see localized build rates that are slightly higher or lower than this value. 
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Figure 14: Schematic of well trajectory (dimensions in inches) 

 

8.3.3.2 Bit Drive Mechanism 
 

The challenge of directional drilling in this year’s competition is an intense build rate, which is a 

constraint for running a downhole motor system through this trajectory. Two design options were 

considered for accomplishing directional drilling in this year’s competition.   

In option one, we connect the aluminum drill pipe to a flexible shaft. This shaft comprises of a rotating 

core that delivers torque to bit, and a non-rotating sleeve that applies weight on bit. The keyed outer 

sleeve is kept at a desired azimuth by fitting into a groove on the wellhead at the beginning of the drilling 

process. To initiate the drill bit to take a deviated path, a small actuator is utilized near the drill bit to push 

it toward north and build a controllable inclination. Details of the developed tool and mechanism of 

drilling is provided in the next section (Section 8.3.3.3).  

In option two, an innovative downhole turbine, which has been developed by a startup company in 

Calgary (Rocky Formulate), can be used for delivery of power to the bit. This motor is designed to 

provide various build rates depending on the applied weight on bit, and these build rates can range from 0 
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to 4 degrees per inch. In order to maintain the azimuth, the downhole motor can be rotated by a surface 

motor (top drive) located on top of the rig.  

Option one is a more passive design, as the azimuth should be set once at the beginning of the drilling 

process. A lead angle will be defined depending on our testing results to compensate for bit walk during 

the directional drilling process. Additionally, more torque can be delivered to the bit in option one (up to 

11 Nm) which is important for obtaining a higher rate of penetration. Therefore, because of its passive 

design and superior rate of penetration, option one was chosen as the preferred design. 

A Gyroscope will be used for tracking the bit position and will be located as close as possible to the bit. 

The position of the gyroscope is on the bit joint, in an isolated housing, so the well trajectory can be 

tracked knowing the variation of the position online.  

8.3.3.3 Bending Mechanism 
 

The drill pipe for this drilling operation is 0.049” thick 3/8” 6061 T6 aluminum. This pipe may not 

tolerate the applied torsional and axial loads in the build section of the well. Therefore, we have designed 

a robust flexible tool that is installed at the bottom of the drill pipe via a 3/8”-24 thread made on the drill 

pipe. The tool, which is shown by Figure 15 below, has an internal flex shaft made by connecting a 

miniature ball joint made by SDI/SP. The ball joint is 14.3 mm in outer diameter that can be deflected up 

to 15 degrees and can deliver a maximum torque of 11 Nm at 5000 revolutions per minute. The ball joints 

are modified to have a 0.125” hole in their center which can be used for sensing and instrumentation. 

However, the current design works based on a wireless sensing system. We have connected 12 ball joints 

using an 8 mm shaft (OD) drilled to have a 4 mm ID. This assembly is housed by an external sleeve that 

will not be rotating during the drilling operation but will be used to apply weight on bit. The sleeve is a 

polycarbonate tubing (1” OD, 0.75” ID) that is modified to have 1 mm deep helical grooves to ease the 

pipe bending. At both sides of this sleeve there are thrust (SKF BA8) and radial bearings (8 mm ID, 12 

mm OD) with high pressure PTFE seals to transfer the load from the drill pipe to the bit. The tool joint on 

both the top and bottom are made to transfer the drilling fluid without a significant pressure drop.  
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Figure 15: Custom designed bending tool for the development of the well trajectory 

There is also a linear grove on the body of the sleeve. This groove is a key seat that is designed on the 

wellhead for fixing the position of the non-rotating sleeve to the north direction (Figure 16). This 

wellhead is designed for directing the exiting fluid to a cyclone for separating the cuttings and dust 

resulting from drilling. The bending tool assembly does not bend initially prior to the contact of its 

actuator to the wellbore. Therefore, the first 4 inches of the well is drilled vertically, and the bending 

starts when the actuator meets the well bore.  

The actuator can push the string up to 2 mm (this can be increased depending on our test results) with a 

force of up to 200 N (assuming the fluid pressure behind the bit nozzle is 100 psig). It is possible to 

control this force by adjusting a pressure regulator valve (or flow control valve). However, at this stage, a 

constant pressure will be applied to the system. In order to control the inclination (build rate), the rate of 

penetration must be controlled. A faster rate of penetration results in a lower build rate, and a lower rate 

of penetration provides more time for the actuator to increase the well deviation. Further characterization 

of both weight on bit and lateral force imposed by the actuator will be provided in the Phase II design. It 

is expected that the applied weight on bit contributes to the build rate when the flex pipe is sufficiently 

deflected in the well bore. Under such conditions, the actuator plays the role of a fixed stabilizer (pivot 

point). Therefore, a complete relationship between the build rate can be rendered conducting a few 

drilling tests.  
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Figure 16: Keeping the outer sleeve in the north direction using the wellhead 

 

8.3.3.4 Drill Bit 
 

The design of a diamond impregnated bit is the preferred option for our drilling mechanism. This bit 

needs lower torque and weight on bit compared to PDC and roller cone bits. In this competition, the 

deliverable torque and weight on bit is limited by the thin wall aluminum pipe, so rotating the bit at 

higher revolutions per minute is one of the options to maintain a practical rate of penetration. We have 

consulted with our sponsor, Rocky Formulate, to design a custom diamond impregnated bit with a 

diameter of 1.375”.  This bit will be designed to ease the development of the build section pushing the bit 

toward the well bore wall. The alternative option is the PDC bit provided by US Synthesis in Figure 17 

below. This bit has also a favorable geometry for building an inclined trajectory based on push-the-bit 

mechanism.  

Selecting a larger bit diameter may reduce the rate of penetration as the deliverable torque and load via 

the aluminum pipe is limited. However, our design requires a larger space to effectively use the actuator 

for pushing the bit. Depending on judges’ feedback, we can reduce the hole diameter, using the fulcrum 

theory (stabilizer and weight on bit) to create the desired trajectory. The drawback to this mechanism is a 

lower build rate compared to the proposed system that pushes the bit directly.  
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Figure 17: PDC bit made by US Synthesis [15] 

 

8.3.4 Drilling Fluid System 

 

Another major change to the design of this year’s drilling rig is implementing air as the drilling fluid of 

choice instead of water that was used last year. The main reasons for switching to air as the drilling fluid 

were to enhance cuttings removal, eliminate issues associated with recirculating water as a drilling fluid, 

reduce downhole pressure, and allow an adequate flow of drilling fluid through a reduced cross-sectional 

area in the newly designed bottom-hole assembly. The air drilling system will comprise of:  

• Air compressor 

• Air hoses  

• Swivel  

• Drill pipe  

• Wellhead with 2” tee and compressible rubber gasket 

• Cyclone separator and vacuum system 

• Filter bag attached to rock surface drill bit will exit 

 

The swivel will be reused from last year, and the drill pipe will be provided for this year’s competition, 

but all other components in the air drilling system will be new to this year’s design. 
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8.4 Calculations and Free Body Diagrams 

8.4.1 Maximum Allowable Torque 

 

The maximum torque that can be applied by the motor will be limited by the drill pipe. The shear strength 

of the aluminum 6061 T6 drill string is approximately 207 MPa [16]. This proves to be the biggest 

vulnerability in maximum allowable torque calculations. In determining the maximum allowable torque 

that can be supplied by the motor, we find maximum allowable torque on the drill pipe by the following 

relation [17]: 

𝑇𝑚𝑎𝑥 =
𝜏𝐽

𝑐2
 

Where 𝑇𝑚𝑎𝑥 is the maximum allowable torque, τ is the shear stress of the drill pipe, 𝐽 is the polar moment 

of inertia assuming a hollow cylinder, and 𝑐2 is the outer radius of the drill pipe.  

𝑇𝑚𝑎𝑥 =
(207 𝑀𝑃𝑎) (

𝜋
2

(𝑐2
4 − 𝑐1

4))

(
0.375𝑖𝑛

2
∗

0.0254𝑚
𝑖𝑛 )

 

𝑇𝑚𝑎𝑥 = 24.67 𝑁𝑚 

With a safety factor of 2, we have: 

𝑇𝑚𝑎𝑥 = 12.33 𝑁𝑚 

8.4.2 Maximum Allowable Weight on Bit 

 

The maximum axial load that can be applied to the drill string will be limited by buckling considerations 

on the drill pipe. Maximum allowable axial load on the drill string is found by the following relation [18]: 

𝑃𝑐𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2
 

Where 𝑃𝑐𝑟 is the critical buckling load, 𝐸 is the modulus of elasticity (68.9 GPa for 6061 T6 aluminum) 

[16], 𝐼 is the moment of inertia, K is the column effective length factor, and 𝐿 is the unsupported length of 

the column. It is assumed that both ends of the drill pipe are translation fixed and rotation free. The design 

value of 𝐾 for this scenario is 1.2 [19]. 

𝑃𝑐𝑟 =

𝜋2(68.9 𝐺𝑃𝑎) (
𝜋

64 ((0.375𝑖𝑛 ∗
0.0254𝑚

𝑖𝑛 )
4

− ((0.375𝑖𝑛 − 2 ∗ 0.049𝑖𝑛) ∗
0.0254𝑚

𝑖𝑛 )
4

))

(1.0 ∗ 36𝑖𝑛 ∗
0.0254𝑚

𝑖𝑛 )
2  

𝑃𝑐𝑟 = 230.78 𝑁 
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𝑚𝑐𝑟 =
230.78 𝑁

9.81𝑚
𝑠2

 

𝑚𝑐𝑟 = 23.52 𝑘𝑔 

With a safety factor of 1.5, we have: 

𝑚𝑐𝑟 = 15.7 𝑘𝑔 

A safety factor of 1.5 is deemed acceptable, as there will be a drill pipe stabilizer design that should 

drastically reduce buckling concerns, and effectively decreases 𝐿, the unsupported length of the column.  

8.4.3 Maximum Allowable Drilling Fluid Pressure 

 

The maximum drilling fluid pressure is calculated assuming that the drill pipe will be the critical element 

in the design that will fail upon reaching a certain pressure threshold. The maximum pressure that can be 

exerted internally on the drill pipe is governed by Barlow’s Formula [20]: 

𝑃 =
2𝑆𝑡

𝐷
 

Where 𝑃 is the burst pressure of the drill pipe, 𝑆 is the ultimate tensile strength of the drill pipe (310 MPa 

for 6061 T6 aluminum) [16], 𝑡 is the wall thickness of the drill pipe, and D is the outside diameter of the 

drill pipe. Using ultimate tensile strength in this equation, it is then assumed that the pipe will yield at 

some pressure below the calculated maximum allowable pressure. 

𝑃 =
2(310 𝑀𝑃𝑎) (0.049 𝑖𝑛 ∗ 0.0254

𝑚
𝑖𝑛)

0.375 𝑖𝑛 ∗ 0.0254
𝑚
𝑖𝑛

 

𝑃 = 81.01 𝑀𝑃𝑎 

With a safety factor of 2, the maximum allowable drilling fluid pressure is: 

𝑃 = 40.5 𝑀𝑃𝑎 

The expected air pressure that will be used is approximately 120 psi or 0.83 MPa, so pipe burst concerns 

do not come in to play, unless assumptions stated above are nullified. 

 

8.4.4 Expected Rate of Penetration and Torque on Bit 

 

It is assumed that on average, the bit rotates at a rotary speed of 1200 rev/min and the depth of cut is 5 μm 

applying a force on bit of 150 N. This results in an rate of penetration of 6 mm per minute. Assuming the 

overall length of the well is 563 mm (22.17”) the entire well can be drilled in less than 94 minutes.  

The expected torque on bit is found using the following equation [21]:  

𝑇 = 𝐹𝑎 
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Where 𝐹 is applied force in Newtons, and 𝑎 is the moment arm in metres. 

𝑇 = 𝐹𝑂𝐵 ∗ 𝜇 ∗
𝑟𝑎𝑑𝑖𝑢𝑠

2
 

It is assumed the friction factor, μ, is 1.5, the weight on bit, being mindful of buckling considerations, will 

be kept to 150N, and it is assumed the force exerted on the bit is centralized at the half-way point of the 

radius of the bit, and so the moment arm will be half the radius of the bit. 

𝑇 = 150 𝑁 ∗ 1.5 ∗
0.035𝑚

4
 

𝑇 = 1.97 𝑁𝑚 

8.4.5 Total Power Consumption 

 

The power consumed by the top drive is calculated assuming an average torque on bit of 1.97 Nm 

calculated in Section 8.4.4 at an rotary speed of 1200 rev/min. This power consumption equation is given 

by [22]:  

𝑃 =
𝜔𝑇

𝜂𝑚
 

Where 𝑃 is power delivered to motor in Watts, 𝑇 is the torque on bit in Newton-metres, and ω is angular 

velocity in radians per second and 𝜂𝑚 is the motor efficiency. The equation assumes a motor efficiency of 

85% and no frictional loses as the torque is transmitted through the flex shaft to the drill bit. 

𝑃 = (2𝜋 ∗
1200𝑟𝑝𝑚

60
) (1.97 𝑁𝑚) (

1

0.85
) 

𝑃 = 291 𝑊 

This power required by the top drive is a conservative estimate, and testing will be conducted in phase II 

to verify the torque on bit and motor efficiency estimates, as well as to quantify effects of unaccounted for 

power losses such as frictional losses.  

For the majority of the drilling operation, the stepper motor will be used primarily for braking purposes, 

which is expected to consume 6W of power [23]. The computer system that drives the controls is 

estimated to run using 252W of power, assuming 90% CPU usage with several USB type devices running 

concurrently [24]. The air compressor and vacuum are assumed to run at 50% of their rated capacities, 

which are 2.5 hp (1.86 kW) and 1.5 hp (1.12 kW) respectively. The total expected power consumption of 

the drilling rig is expected to be 3.53 kW. 
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Table 1: Total Power Consumption 

Component Power Consumption (kW) 

Top Drive + Stepper Motor 0.297 

Computer System (90% CPU load) 0.252 

Air Compressor 1.86 

Vacuum 1.12 

  

Total 3.53 

 

8.4.6 Free Body Diagram 

 

 

Figure 18: Free body diagram indicating forces exerted on entire drill string 

In this free body diagram, the following variables are represented: 

𝐹𝑔1: Force of gravity of counterweight 
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𝐹𝑔2: Force of gravity of top drive 

𝐹𝑔3: Force of gravity of drill string 

𝐹𝑚: Force applied by motor 

𝐹𝑓: Force of friction applied at push-the-bit actuator 

𝐹𝑁: Normal force against push-the-bit actuator 

𝐹𝑝𝑜: Pumpoff force exerted on drill string from exit of drilling fluid air at drill bit nozzle 

It is assumed that the spring between the chain and top drive carriage is sufficiently stiff and thus will be 

considered negligible for the sake of this free body diagram. The contribution of the spring to the 

dynamics of the drill string will be defined in testing during phase II. 

From this free body diagram, force on bit can be found via the following force balance: 

𝐹𝑂𝐵 = 𝐹𝑔2 + 𝐹𝑔3 − 𝐹𝑔1 − 𝐹𝑓 − 𝐹𝑚 − 𝐹𝑝𝑜 

𝐹𝑂𝐵 = 𝑚2𝑔 + 𝑚3𝑔 − 𝑚1𝑔 − 𝜇𝐹𝑁 − 𝐹𝑚 − 𝐹𝑝𝑜 

Where 𝑚1, 𝑚2, and 𝑚3 are mass in kg, 𝑔 is gravitational acceleration, and μ is the coefficient of friction 

between the push-the-bit actuator and the wellbore wall, assumed to be 0.25 but will be subject to change 

pending the results of further tests in phase II. Pump-off force, 𝐹𝑝𝑜, is assumed to be 20N, but will also be 

subject to further tests in phase II. 

𝐹𝑂𝐵 = (25𝑘𝑔) (
9.81𝑚

𝑠2
) + (10𝑘𝑔) (

9.81𝑚

𝑠2
) − (10𝑘𝑔) (

9.81𝑚

𝑠2
) − (0.25)(200𝑁) − 25.25𝑁 − 20𝑁 

𝐹𝑂𝐵 = 150 𝑁 

𝑊𝑂𝐵 =
𝐹𝑂𝐵

9.81𝑚
𝑠2

 

𝑊𝑂𝐵 = 15.29 𝑘𝑔 

This weight on bit is an optimal target for our drill rig, as it is just below the maximum allowable weight 

on bit of 15.38 kg calculated in Section 8.4.2. 
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9.0 Control System 

9.1 Sensors 

Multiple sensors will be placed throughout sections of the drilling rig to collect information, using this 

information to monitor the current drilling state. The sensors will be calibrated per the manufacturer 

guidelines, as well as further during the testing phase. The following section will outline the parameters 

measured and the sensors used for each measurement. 

9.2 Control System Details 

The control system will consist of the following devices in a closed loop system: 

• Primary computing device 

• SIMULINK real-time system 

• Programmable Logic Controller (PLC) 

• Stepper Motor 

• Stepper Motor Controller 

• Top Drive 

• Top Drive Variable Frequency Drive (VFD) 

• Load Cell (Strain Gauge) 

• Gyroscope 

• Accelerometer 

• Air Compressor/Water Pump 

• Optical Encoder 

The SIMULINK system will be connected to a 68-pin analog I/O device that will be the primary point of 

communication between the various controllers. As we are still in the design phase, the possibility of 

replacing this system with a more modern controller like a Raspberry PI 3 is still an option, and further 

research and feasibility analysis will help us determine the best option moving forward. For the purpose 

of this report, the SIMULINK system will be the primary control system we will be using for automating 

the directional drilling process. A mapping of the I/O devices is shown in Figure 19 below, that indicates 

availability of analog signals. 
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Figure 19: I/O pin map 

Data will be transferred from downhole sensors to storage in the primary computing terminal. As the 

volume of data is expected to be fairly large (MBs), the sample frequency of the sensor signals will be 

done in high frequency bursts (~1000 Hz range) to allow for optimal sampling while minimizing noise. 

At these frequencies, the data will be converted to readable data using methods like the Fast Fourier 

Transform, as well as a series of compression techniques. One option that will be considered is converting 

the data into a series of MP3 files which will minimize signal breakage, and information loss, as MP3 file 

transferring will include automatic compression and simple extraction. Quality of data is paramount in 

this operation, especially because this data will be fed back into a closed loop to optimize the drilling 

process in real time. To ensure quality of data, it is assumed that the harsh operating conditions (high 

vibration, temperature, pressure) will lead to incorrect/noisy data, which we will accommodate for by 

synchronizing timestamps between downhole and surface sensors to ensure that a match is found. 

Parameters that have an optimal value (e.g. rotary speed) will be determined experimentally in Phase II of 

this competition. 

9.3 Data Visualization 
 

LabView will be the primary user interface on which extracted data will be visualized, mainly in 

graphical form, for easy user interpretation and analysis. The UI will display relevant data from the 

aforementioned sensors that are included in the Simulink system (e.g. revolutions per minute, drilling 

trajectory, weight on bit, current position of bit, etc.), and will also provide alerts if an event has occurred 
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during the drilling operation. As no testing has been conducted as of the completion of this report, no 

visuals of real data can be shown at this time. Preliminary testing, as per the testing plan, will be 

completed in Jan 2019.  

Some sample visuals of drilling data to be expected, is shown in Figure 20 below. 

 

Figure 20: Depth vs. time 
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Figure 21: Rate of penetration vs. weight on bit 

 

9.4 Software Preparation and Startup Tests 

Upon start-up of the main Simulink Real-Time System, a routine Power-On-Self-Test (POST) is 

conducted, all sensors and intermediate logic components are checked for appropriate and expected 

output signals. In the case of the intermediate logic components, this means a “ready” signal that is 

produced after each component goes through its own POST. In the case of the sensors this means natural, 

non-operational, predefined values, such as room-temperature for all thermal sensors, near-zero vibration 

for all gyroscopes and accelerometers, atmospheric pressure for the pressure sensors, maximum distance 

to from motor to rock sample, and no strain on the drill string. If any of these signals do not match the 

expected values, or fall within their allowed range, the rig is not correctly prepared for operation and 

drilling will not commence. Should the element causing POST failure turn out to be an intermediate 

component (e.g. controllers), the software will attempt to restart the controller and re-run the test. 

Once the POST completes successfully the drilling mechanisms will start per the prescribed pattern. The 

air compressor will be initialized. Unusually low current values or values near zero are evident of an 

overheated, jammed, or otherwise malfunctioning compressor or power source. Current spikes can be 

caused by a short-circuited, jammed, or overloaded compressor or a malfunctioning power source. Air 

compressor failures can be corroborated by increased bit temperatures, and changes in drilling difficulty. 

Should the drilling fluid system fail, the drilling process will cease. 
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9.5 Closed Control Loop System Algorithms 

 

Figure 22: Control diagram for directional drilling rig 
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Figure 22 above shows the complete control system for this drilling system, along with data flows 

between the various mechanical and electrical elements.  

Weight on bit is obtained from a strain gauge (load cell), which is positioned between the stepper motor 

chain and the top drive hoist, meaning it will measure tensional and compressional forces that are exerted 

during a drilling operation. The load cell will be calibrated such that the zero mark will be at the state 

where the bit is “off the bottom”. The pump-off force of the drilling fluid will be considered in this 

calibration. The analog signal will be passed through a filter block in the SIMULINK system before being 

used in the control loop (and to user display), to reduce noise and for sensor calibration. This information 

will be used to adjust the stepper motor controller when various weight on bit setpoints are reached. For 

example, when weight on bit reads to values higher than the upper limit (determined experimentally), the 

stepper motor’s rate of descent will be reduced to lower the weight on bit.  

The analog gyroscope will measure the deviations of the drill bit in the x, y, and z directions. The choice 

of gyroscope includes software to reject some elements of vibration and is stable under high vibrational 

environments. These aspects will be further evaluated during the testing phase.  

 

Figure 23: ADXRS646 gyroscope [25] 

 

The y direction (sideways deviation from horizontal drilling path) is expected to be constant, with little 

deviation due to vibrational effects. The gyroscope sensor is located at approximate 1” from the tip of the 

bit to minimize input lag in obtaining real time data of the bit position. This data will be read into the 

SIMULINK system and a well trajectory diagram will be generated in the user GUI (example shown 

below): 
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Figure 24: Sample well trajectory diagram 

 

The z direction (depth) will be controlled by the weight on bit also. Because the design utilizes a flex 

shaft as a bending mechanism, a higher weight on bit will increase the deviation of the drill bit in the z 

direction (decrease relative to rig floor). There may be an interaction between the weight on bit and the 

deflection of the bottom-hole assembly, which will be corrected for during testing. Once the bit delta z 

reading begins to increase in greater increments, this will be the signal that a horizontal position has been 

reached, and the weight on bit should be maintained at the current level to continue drilling in the 

horizontal direction. The gyroscope is expected to be wireless, to prevent the need to run thin wiring 

through the harsh environment of the drill string and bottom-hole assembly, where the wire has a high 

possibility of damage and data noise. The sensor housing may be made of stainless steel, however the 

cover will be either a Teflon or hard plastic material due to limitations of Bluetooth technology. 
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Figure 25: Optical Encoder [26] 

 

To further increase precision of the trajectory drawing (as well as to verify data), an optical encoder 

pictured in Figure 25 above, is installed at the top of the mast next to the stepper motor to measure the 

total measured depth. The encoder will return data to determine how many units of chain have been 

shifted forward since the start of drilling, which allows us to calculate a total measured depth relative to 

the rig floor. Because the stepper motor adjusts the chain hoist by single link increments, the 

measurement of total measured depth will be precise, so long as the chain does not slack (which is 

unlikely) during the drilling process.  

A 5-volt analog accelerometer (shown below) will be installed on the upper section of the drill string 

(closer to the top drive) to monitor vibrations during drilling. 

 

Figure 26: ADXL335 5V analog accelerometer [25] 
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Figure 27: Accelerometer wiring diagram [25] 

 

The signal from the accelerometer will also be included in the closed loop feedback system, with upper 

limits to be determined via experimentation. During the testing phase, the frequency of a sandstone rock 

sample will be evaluated to determine rotary speed that induces severe vibrations to the rig structure. 

These rotary speeds will be avoided during operation using various software controls. In addition, 

structure vibrations will be monitored using accelerometer data to ensure high performance drilling 

avoiding damage to the structure. If at any point during drilling, the vibrations reach any of the severe 

levels obtained during testing, the SIMULINK real-time system will send a signal to the variable 

frequency drive to increase/reduce frequency (and resulting revolutions per minute) to the top drive 

motor. The accelerometer will be wired to the SIMULINK system directly, as its position at the top of the 

drill string does not involve any complex wiring into the bottom-hole assembly. Wireless solutions will 

be considered during the procurement and testing phase of this project.  

In order to optimize the rate of penetration, the control system will utilize real time data from the weight 

on bit, accelerometer, and other sensors to actively adjust the revolutions per minute until the optimal rate 

of penetration is reached, at which point this value will be maintained by the variable frequency 

drive/stepper motor. This will be completed after vigorous testing has been conducted on the system.  

Accelerometers placed on the rig structure and top drive will be connected to the SIMULINK system 

through the 68-pin analog I/O device to allow real time data acquisition from the sensor. As with the 

weight on bit controls, testing will be a very large component of the control system design process, as 
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mechanical constraints (natural frequency of the structure and drill string) and optimal control parameters 

need to be determined experimentally. Having the sensors connected to the SIMULINK system during the 

testing phase will allow us to determine how the mechanical constraints are expressed in terms of analog 

signal values and set the constraints of the control system accordingly. 

Rate of penetration is another important parameter used to optimize drilling performance and is 

influenced by weight on bit and by rotary speed of the drill string. To control rotary speed, a closed loop 

control algorithm will be utilized with integration of accelerometer data and variable frequency drive 

control which in turn controls the speed at which the top drive spins the drill string. Once the mechanical 

limits are determined, the algorithm can be constructed so that the vibrations in the structure and the drill 

string stay below these limits and can be manipulated, along with weight on bit, to increase rate of 

penetration. 

As aforementioned in the safety section of this report, various alarms are present on the current rig (with 

multi-colored visuals) to indicate various faults in the system. These LED lights are positioned on the 

HMI, next to a manual emergency shutoff button that will interrupt power to the entire system. On the 

software side, measures are taken to ensure various drilling parameters don’t reach pre-set limits. 

Additional failsafe devices are also installed, including a limit switch to ensure the ceased operation of the 

drill string upon reaching a pre-set depth (i.e. before the drill bit hits the floor). The limit switch, shown in 

Figure 27 below, is installed on the slider side, and issues a simple shutoff command to the control system 

upon activation. 

 

Figure 28: Limit switch [25] 

 

An S-Beam Load cell, shown in Figure 29 below, is installed between the hoist chain and the top drive 

motor to measure the weight on bit. The accuracy of the sensors is high, with non-repeatability of ±0.05% 

of the rated load or smaller, which is sufficient for our operations.  As mentioned in the section above, the 

load cell will be connected to the SIMULINK system through the 68-pin analog I/O device to allow real 

time data acquisition from the sensor. Testing will be a very large component of the control system design 

process, as mechanical constraints (drill string compressive strength) and optimal control parameters need 

to be determined experimentally. Having the sensors connected to the SIMULINK system during the 

testing phase will allow us to determine how the mechanical constraints are expressed in terms of analog 

signal values and set the constraints of the control system accordingly. 
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Weight on bit is an important parameter for optimizing drilling efficiency, and to maintain safe drilling 

operations. To control weight on bit, a closed loop control algorithm will be utilized with integration of 

load cell data and stepper motor control which in turn controls the vertical movement of the top drive and 

the amount of weight transferred to the drill string. Once the mechanical limit is determined, the 

algorithm can be constructed so that the weight placed on the drill string stays below this limit and can be 

manipulated (along with rotary speed) to increase rate of penetration. 

 

Figure 29: S-Beam load cell [27] 

A variable frequency drive, shown in Figure 30 below, is used to control the AC motor used for the top 

drive. This variable frequency drive is capable of measuring both revolutions per minute of the drill string 

and torque output of the AC motor.  

 

 

Figure 30: Variable frequency drive [28] 

 

The major sensors, and their positions on the rig are shown in Figure 31 below. 
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Figure 31: Sensor layout diagram 

On the software side, the Simulink control model is shown in Figure 32 below. 

Optical 
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Motor 
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+ Top Drive 
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Cell 
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Figure 32: Simulink control diagram 

The current user interface (to be upgraded to be more visually appealing/intuitive) is shown in Figure 33 

below. 

 

Figure 33: 2018 competition user GUI 
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There are various sliders for ease of testing different drilling parameters, or in the case where a parameter 

needs to be adjusted during the drilling process. The final drilling operation will be automated and won’t 

involve any user input apart from the initialization of the system. 

9.6 Control Algorithm Overview 
 

The control systems for weight on bit and rotary speed mentioned above will need to be combined to 

effectively control rate of penetration. A combination of increasing weight on bit and/or increasing rotary 

speed can lead to vibrations in the structure and drill string, therefore both systems need to be able to 

communicate to control effectively. As mentioned above, a rotary encoder (and possibly 

LIDAR/ultrasonic sensors) will be used to measure vertical positioning of the top drive, and from this 

data we can calculate rate of penetration. Once rate of penetration is known, rotary speed, weight on bit, 

or a combination of the two can be increased gradually. For the algorithm driving controller, we have two 

options, a switch operated controller, or a PID controller. Testing will be done to determine most efficient 

option between the two moving forward. 

The proposed control system will start by increasing weight on bit past the starting threshold to start the 

drilling process. Next, weight on bit will be increased and the corresponding change in rate of penetration 

measured. If the rate of penetration has increased, the algorithm will continue by increasing weight on bit 

and again measuring the corresponding change in rate of penetration. This will continue until an increase 

in weight on bit no longer corresponds to an increase in rate of penetration. At this point (known as the 

Founder Point), increasing weight on bit will result in a departure from the linear curve, therefore weighto 

on bit will be at its optimum value for a given rotary speed.  

Once the optimum weight on bit has been determined, the same process can be applied to find the 

optimum rotary speed for the optimum weight on bit. Rotary speed will be increased and the 

corresponding change in ratFe of penetration measured. If the rate of penetration has increased, the 

algorithm will continue by increasing rotary speed and again measuring the corresponding change in rate 

of penetration. This will continue until an increase in rotary speed no longer corresponds to an increase in 

rate of penetration. At this point, the rotary speed will be its optimum value for the optimized weight on 

bit and drilling will continue until the sample has been fully drilled. 

As mentioned above, testing will be performed to determine the mechanical failure points of weight on bit 

and structure vibration. If at any point during the drilling process these values (with a small safety factor 

built in) are reached, drilling will be stopped.  

Figure 34 below shows the relationship between weight on bit and rate of penetration. In order to 

characterize rate of penetration against the revolutions per minute and weight on bit, we will run drill-off 

tests to obtain the optimal starting values. 
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Figure 34: Rate of penetration vs. weight on bit curve [29] 

Figure 35 below shows the closed loop control algorithm controlling weight on bit and rotary speed.  

 

Figure 35: Closed loop control loop summary diagram 
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10.0 Cost Estimates 
Table 2: 2018-19 cost estimates 

Mechanical Parts 
     

Part/Service Quantity Supplier  Price/Unit 

($)  

Currency  Total ($)  

5/16" Steel Bolt 1 McMaster 

Carr 

 $            7.21  USD  $                     

7.21  

3/8" 24-Tap 1 McMaster 

Carr 

 $          17.62  USD  $                  

17.62  

Tap Handle 1 McMaster 

Carr 

 $            8.71  USD  $                     

8.71  

Pipe 1 McMaster 

Carr 

 $          19.40  USD  $                  

19.40  

Bearing 4 McMaster 

Carr 

 $            8.03  USD  $                  

32.12  

Tap M2 1 McMaster 

Carr 

 $          16.53  USD  $                  

16.53  

Washer Bearing 3 McMaster 

Carr 

 $            0.98  USD  $                     

2.94  

Shaft Seal 2 McMaster 

Carr 

 $          42.74  USD  $                  

85.48  

Plastic Tube Fitting 1 McMaster 

Carr 

 $            2.90  USD  $                     

2.90  

Set Screw 1 McMaster 

Carr 

 $            7.98  USD  $                     

7.98  

SKF Truss Bearing BA-8 2 Phidgets  $          20.00  USD  $                  

40.00  

Torque Wrench 1 Amazon  $        163.29  USD  $                

119.20  

RPM meter 1 Amazon  $          33.95  USD  $                  

24.78  

Cyclone 1 Amazon  $        400.00  USD  $                

292.00  

Vacuum 1 Amazon  $        150.00  USD  $                

109.50  

Air Compressor 1 Amazon  $        400.00  USD  $                

400.00  

Miniature Ball Joint 12 SDI-SP  $          50.00  USD  $                

600.00  

PDC Drill Bit  1 US 

Synthesis 

 $    2,000.00  USD  $             

2,000.00  

1/2" Air Hose 5 ft (air comp 

to swivel) 

1 McMaster 

Carr 

 $          27.24  USD  $                  

27.24  
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2" Air Hose 5ft (wellhead to 

cyclone) 

1 McMaster 

Carr 

 $        201.05  USD  $                

201.05        

Wellhead 
     

Aluminum Pipe Tee 1 McMaster 

Carr 

 $          39.71  USD  $                  

39.71  

PVC Pipe Fitting 1 McMaster 

Carr 

 $            7.10  USD  $                     

7.10  

Aluminum Pipe Nipple 1 McMaster 

Carr 

 $            8.28  USD  $                     

8.28  

Aluminum Pipe Flange 1 McMaster 

Carr 

 $          37.58  USD  $                  

37.58  

Pipe Gasket 1 McMaster 

Carr 

 $            1.00  USD  $                     

1.00        

Rock Stabilizer 
     

Rubber feet 25 McMaster 

Carr 

 $            0.68  USD  $                  

17.04  

Hex Head Screw (frame 

securement) 

24 McMaster 

Carr 

 $            5.12  USD  $                

122.88  

Steel Hex Nut (frame 

securement) 

100 McMaster 

Carr 

 $            0.04  USD  $                     

4.40  

Hex Head Screw (rock 

securement) 

10 McMaster 

Carr 

 $          13.92  USD  $                

139.20  

Steel Hex Nut (rock 

securement) 

100 McMaster 

Carr 

 $            0.14  USD  $                  

14.19  

Steel Square Tube 30 ft McMaster 

Carr 

 $          11.64  USD  $                

349.10  

Low carbon steel bar for bolt 

plates 

2ftx2ftx0.5" McMaster 

Carr 

 $          66.79  USD  $                  

66.79  

Polyurethane Rubber Sheet 24"x48"x0.25" McMaster 

Carr 

 $        135.55  USD  $                

135.55  

Air filter 1 Mcmaster 

Carr 

 $          10.58  USD  $                  

10.58        

Drill Pipe Stabilizer 
     

Steel Sheet 1ft x 2 ft McMaster 

Carr 

 $        164.02  USD  $                

164.02  

PTFE tubing 2" OD, 1" ID, 

1 ft length 

McMaster 

Carr 

 $        164.00  USD  $                

164.00        

Mast 
     

Spring 1 McMaster 

Carr 

 $            6.57  USD  $                     

6.57  
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Spring Stud Anchor 1 McMaster 

Carr 

 $            9.26  USD  $                     

9.26  

Single T-slot Aluminum 2x10ft McMaster 

Carr 

 $        108.65  USD  $                

217.30  

Double T-slot Aluminum 2x10ft McMaster 

Carr 

 $        187.69  USD  $                

375.38  

Spacers 6 McMaster 

Carr 

 $          17.62  USD  $                

105.72  

Single T-slot Aluminum for 

limit switch 

1 ft McMaster 

Carr 

 $          11.44  USD  $                  

11.44        

Bottom-hole Assembly 
     

Flex Pipe Housing 8ft McMaster 

Carr 

 $          25.53  USD $25.53 

Miniature Ball Couplings 12 SDP SI  $        100.00  USD $1,200.00 

Thrust Bearing 2 McMaster 

Carr 

 $            8.48  USD $16.96 

Radial Bearing 2 McMaster 

Carr 

 $            8.03  USD $16.06 

Metal Housing 2 McMaster 

Carr 

 $        250.00  USD $500.00 

Piston 1 McMaster 

Carr 

 $        500.00  USD $500.00 

Shaft seal 2 McMaster 

Carr 

 $          42.74  USD $85.48 

End Retainer 2 McMaster 

Carr 

 $          50.00  USD $100.00 

Bearing Retainer 2 McMaster 

Carr 

 $        100.00  USD $200.00 

Socket head 1 McMaster 

Carr 

 $          11.64  USD $11.64 

Socket head 2 McMaster 

Carr 

 $            7.26  USD $14.52 

Bit Sub 1 McMaster 

Carr 

 $        500.00  USD $500.00 

      

Mechanical Totals 
   

USD  $             

9,191.95        

Electrical Parts 
     

Analog Gyroscope 1 Analog  $        100.00  USD  $                

100.00  

Analog Accelerometer 1 DaFruit  $          20.00  USD  $                  

20.00  
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Raspberry PI 3 1 CanaKit  $          36.50  USD  $                  

36.50  

Limit Switch 1 RobotShop  $            3.65  USD  $                     

3.65  

Misc Wiring 1 Home 

Depot 

 $          73.00  USD  $                  

73.00  

Remote Stop Button 1 Home 

Depot 

 $        146.00  USD  $                

146.00        

Electrical Totals 
    

 $                

379.15        

      

Grand Total    USD  $ 9,571.10  
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11.0 Work Schedule  

 

 

 

 

September 2018

• Recruit team 
members 
through 
classroom 
announcements 
and newsletters

October 2018

• Start discussions 
with potential 
sponsors

• Research 
current 
advancements in 
drilling 
automation

• Summarize 
differences in 
guidelines 
between 2018 
and 2019

November 2018

• Show students 
the lab and 
existing 
eqipment

• Determine 
general design 
characteristics

• Assign sections 
of the report to 
team members

December 2018

•Create a digital 
model of the rig

•Design the control 
system

•Determine a plan 
for data handling 
and manipulation

•Obtain quotes for 
sensors/equipment

•Make a video 
outlining the design

•Write the report

January 2019

•Order any 
outstanding 
equipment needed

•Start building the 
rig

•Perform Testing as 
per testing plan on 
equipment and 
parts

•Develop control 
system algorithms 
to control rig

April 2019

•Finish building, 
testing, and 
optimizing the rig

•Optimize and 
ensure control 
system is functional

•Prepare 
presentation for 
DSATS judges

•Present rig design 
locally to sponsors 
and students
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