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Abstract  

The objective of this project is to design and build a prototype for an autonomous drilling machine 

equipped with downhole sensors. The drilling machine must be able to record the downhole 

measurement data using control algorithms. The main functions are to hit multiple targets along 

a designated path and process the real-time display of the drilling parameters and wellbore 

positioning during the final testing. The engineering constraints of this project are as follows: 

directionally steering the drill bit up to a 30 ° angle, 15° azimuth, and 10 inches displacement 

through a homogeneous sandstone rock, while the electrical power does not to exceed 25 

horsepower. The qualitative constraints are based on the demands set by the competition. These 

constraints will directly impact the grade received during the drilling operation. The team will 

deliver a fully autonomous drilling rig along with a report discussing the manufactured rig. The 

concepts align with the qualitative constraints and functions designated by competition guidelines. 

The rig will incorporate several motors and controllers that will work together to execute all steps 

to the drilling process. Main concepts that were generated and selected include the rig structure, 

a system controller, the directional drilling method, and downhole data collection and display. 

This is the first year Louisiana State University will participate in the Drillbotics Competition hosted 

by the Society of Petroleum Engineers (SPE). Team #10 of LSU’s Capstone Program looks to 

incorporate modern day engineering technologies with innovative designs developed by the team 

to produce a successful project.  
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Figure 1. Complete Structure of Drilling Rig 

II.B. Introduction 

Executive Summary  

The purpose of this project is to successfully drill a small scale well with the use of autonomous 

drilling instruments in a timely and efficient manner. This small-scale rig must be able to physically 

simulate the operations of a full-scale rig by utilizing directional drilling techniques that are found 

in the modern-day drilling applications.  

  

 

 

 

 

 

 

 

 

 

 

The rig will consist of different sub-assemblies that each serve a different function. The sub-

assemblies include a polycarbonate glass, a bottom hole assembly, the drill pipe, the fluid system, 

the hoisting system, and the support structure. Each sub assembly will be broken down and 

described throughout the report along with the appropriate engineering analysis for the critical 
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components. The design is comprised of a combination of parts designed by the team and pre-

made systems that will be purchased and constructed in order to support the functions of the rig. 

The functions are listed in Tables 1 – 3 below.  

II.B.I. Functional Requirements  

Table 1: Required Functions (CP = Competition Driven, TM = Team Driven) 

# Function Explanation 

F1 Autonomous Drilling (CP) The rig must complete the operation with no outside 

interference once it has started. 

F2 Drill Directionally (CP) The rig must be able to start in the vertical and kick off at an 

angle to hit certain points in the sample determined by the 

competition. 

F3 Display and Collect Data The rig must use sensors, including downhole sensors, to 

collect data to assist in the drilling process and display the 

data out in real time.  

F4 Safety (TM) Precautionary measures must be taken to ensure the safety 

of operators and observers.  

F5 Maximize System Efficiency 

(CP) 

The system must optimize the use of the hydraulic pump, 

hoisting motor, and top drive motor in order to allow for 

optimum efficiency during the competition.  

F6 Preserve the Quality of the 

Wellbore (CP) 

Drilling process must not affect the integrity of the well 

F7 Support all Rig Components 

(TM) 

Structure and material must be able to support the high 

frequency vibrations occurring while the drill rig is operating 
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II.B.II. Qualitative Constraints  

Table 2: Required Qualitative Constraints (CP= Competition Driven, TM = Team Driven) 

# Qualitative Constraint Explanation 

Q1 Safe Design  Design that allows for maximum safety to operators and 

observers 

Q2 Real Time Data Display Display of real time data from sensors during the drilling 

process and the quality of the user interface 

Q3 Closed – Loop Control  The rig must operate fully autonomously utilizing a closed 

loop control system that responds to data being collected 

from sensors to steer the bit  

Q4 Accuracy (TM) A drilling system that reaches the targets in a precise 

manner 

 

II.B.III. Measurable Engineering Specifications  

Table 3. Measurable Engineering Specifications 

# Name Symbol Units Values Explanation 

M1 Budget $ U.S. Dollars 10,000 

The project has a maximum 

budget of $10,000 set by the 

sponsor.  

M2 
Power 

Consumption  
Hp Horsepower 25 

The system must not draw more 

than 25 Hp. 

M3 Time  min Minutes 180 
The competition allows up to 180 

minutes to complete the well.  

M4 
Length of the 

Vertical Well 
in Inches 4 

The drill but travel 4 inches 

straight along the negative y axis.  
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# Name Symbol Units Values Explanation 

M5 Inclination ° Degrees 30 

An inclination of 30 degrees is the 

maximum amount for the 

directional targets.  

M6 Azimuth 
° 

 
Degrees  15 

The maximum angle along the x 

and z planes id 15 degrees.  

 

For the first year of enrolling in the Drillbotics competition, LSU’s Team #10 has focused on 

ensuring that the rig is able to deliver a precise well path that will be as close to the designated 

targets as possible. This will call for a large focus on the directional drilling technique and precision 

of the closed-loop control algorithm that will be implemented into the system.  

The estimated cost of the rig is estimated to be $9,000. This cost is an overestimate in order to 

ensure that the budget of $10,000 is not exceeded. The majority of the cost comes from the high 

prices of materials that are being used in order to build the ball screw assembly and drill string.  

III. Safety Considerations 

III.A. Operational Safety 

It is the team’s responsibility to ensure the rig would operate in a safe manner to those who are 

observing the operation. Those who are observing the drilling rig will be advised of the potential 

dangers the rig may impose. Potential dangers for this rig can be and are not limited to fire 

hazards, accidental projectiles, electrocution, vision/hearing impairment, etc. To avoid these 

dangers, the team will acquire personal protective equipment (goggles, hard hats, ear plugs, 

gloves, etc.). 
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III.A.1. Safety Cover  

In order to prevent projectiles, the team has designed a drilling rig that will surround the upper 

portion of the drilling rig. This cover is equipped with four polycarbonate walls and a carbon steel 

frame for added support to the ball screw assembly. The front of the cover includes a door that 

will secure shut using a magnetic latch located in the upper corner of the frame. The cover will be 

secured to the table by welding the square frame.  

 

 

 

 

Figure 2: Safety Cover Assembly 

 

III.A.2 Personal Protective Equipment 

The use of personal protective equipment is a must during the competition. Safe conditions must 

be presented surrounding the rig in order to ensure the safety of every involved with the rig’s 

operation. The team will follow the OSHA hierarchy of controls to evaluate the job safety 

conditions.  
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IV. Mechanical Structural Design 

IV.B. System Description/Product Architecture 

IV.B.1. Table 

 

 

 

 

 

Figure 3: Support Table 

The table has a function as the support for the drilling system to withstand its stability. Therefore, 

the table designed to has hollow rectangular 31x59.06x1.5 inches with the thickness 0.25 as the 

top surface. It also has 6 legs rather than 4 to minimize the deflection on the table, where the legs 

have a cross-sectional area of a hollow square. The material chosen is stainless steel 316, with 

the consideration of the needs of the strength and stiffness of the material to the table.  

bookmark://_Toc26936064/
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IV.B.2. Hoisting System 

 

Figure 4: Ball Screw Linear Actuator 

The hoisting method will incorporate a mechanical 3 foot in length ball screw assembly equipped 

with a carriage and Nema 23 stepper motor. The torque needed was calculated using the analysis 

below. A safety factor of 1.5 was used on all needed calculations.  

 

�⃗� = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑇𝑜𝑝 𝐷𝑟𝑖𝑣𝑒 + 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝐷𝑟𝑖𝑙𝑙 𝑆𝑡𝑟𝑖𝑛𝑔 (1) 

𝐹 ⃗ = 10 𝑙𝑏𝑓 + 6 𝑙𝑏𝑓 = 16 𝑙𝑏 

 

𝑇 =
(�⃗�)(𝑙)(𝑆𝐹)

(2𝜋𝑟)(𝑒)
      (2) 

𝑇 =
(21𝑙𝑏)(. 4 𝑖𝑛)

(2 ∗ 𝜋 ∗ .315𝑖𝑛)(. 8)
∗ (1.5) 

𝑇 = 6.06 𝑙𝑏 ∗ 𝑖𝑛 
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T: Torque   

F:  Force   

r: Ball Screw Radius = .315 in  

l: Ball Screw Lead = .4 in  

e: Ball Screw Efficiency Factor = .8  

SF: Safety Factor = 1.5   

 

IV.B.3. Top Drive Assembly 

Top drives are the most important component in an oil and gas drilling rig. It is the driving 

component that turns the drill bit in order to shape the wellbore. The top drive assembly used in 

this autonomous rig consists of 15 lb.-in motor that was chosen based off of the torque analysis 

in XI.D.3 to find a desired torque value of 12.6 lb.-in while applying a 20 lbf on the drill bit. Attached 

to the shaft is the coupling that will engage the 48” long shaft to the shaft of the motor. The drive 

shaft has a diameter of 5/32” in order to correctly fit within the parameters of the drill pipe and 

bottom of assembly. The end of this shaft is inserted into a universal joint) that will be located at 

the bend of the 15-degree bent sub. The universal joint will allow the torque from the dill pipe to 

be transmitted from the top drive motor to the drill bit through the 1.5” long shaft located on the 

opposing side of the universal joint. 
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Figure 5: Top Drive Assembly 

The top drive was chosen in order to ensure the maximum torque on the drive shaft was not 

exceeded during the cutting operation. The maximum torque on the shaft and bit was found to be 

12.6 lb*in. This is a product of the weight on bit during operation which was set to be 20 lbf as a 

reference value for the calculation.  

𝑇 = 𝐹𝑎            (3) 

𝑇: Torque on the shaft due to the (WOB) (𝑙𝑏 ∗ 𝑖𝑛) 

𝐹: “Weight on Bit” = 20 lbf applied  

𝑎: Radius of the drill bit = .75 in 

𝑇 = 𝑊𝑂𝐵 ∗ 𝜇 ∗ (
𝑎

2
)        

𝑇 =  12.6 𝑙𝑏 ∗ 𝑖𝑛 

𝜇: Friction Coefficient = 1.5 
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Figure 6: Universal Joint 

The universal joint shown in figure 4 is a critical part in the design of the drilling rig. This part will 

allow the shaft to transport torque from the top drive directly to the drill bit. This joint will be fixed 

at a 15° angle which was chosen as the bent sub angle. This angle was found to satisfy the rate 

of penetration standards set by the team.  

 

IV.B.4. Drill pipe 

Figure 7: Drill Pipe 
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Figure 8: Drill Pipe Threads 

The drill pipe is the subs-assembly that has the function to transport the drilling fluid into the 

bottom of the wellbore and provide the weight on the bit needed to penetrate the rock sample. 

The competition allows for the drill pipe to be 36 inches long and has an outer diameter of 3/8th 

of an inch including a .049-inch-thick wall. The material chosen is also stainless steel 316, with 

the consideration of the strength, stiffness of the material for the drill pipe.   

 

IV.B.5. Bottom Hole Assembly (BHA) 

The bottom hole assembly will make up the lower half of the drill string that connects the drill pipe 

to the drill bit. It will be comprised of eight different parts with an increased diameter in order to fit 

the downhole sensor. The sensor and bearing subs will be stationary with a ball bearing included 

in the lower half of the bearing sub that will allow the bent sub to rotate as needed. A freewheel 

clutch will also be bought and installed with the bottom hole assembly that will allow for the flexible 

shaft to rotate clockwise direction in sync with the bent sub but when rotating in the clockwise 
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direction will disengage from the bent sub. This feature will allow for the drill but to rotate free from 

the bent sub in order to steer the bit toward the desired target points.   

 

 

Figure 9: Bottom Hole Assembly 

 

Figure 10: Sensor Sub 

The stabilizer follows the bit and breaks the cuttings and drilling fluid in order to prevent them from 

being stuck onto the drill pipe. This a common method used in drilling operations today. The bent 

sub is the directional drilling device that will steer the drill pipe. This sub is fixed at a 15 degree 

angle. which was determined through engineering analysis for the desired build up rate set by the 

team. The bent sub will be inserted into the bearing sub that will connect to the sensor sub using 



19 
 

threads. The sensor sub includes an open space to allow for the downhole sensor and wires to 

travel downhole. The wire will enter through the top of the non-rotating drill pipe similar to common 

technologies implemented by oil and gas service companies. The main function of the bottom 

hole assembly is to hold the downhole sensor and put the drill bit towards the targets.   

 

IV.B.6. Drill Bit 

 

 

Figure 11. Drill bit (Baker Hughes a GE Company) 

A micro Polycrystalline Diamond Compact (PDC) bit that will be provided by Drilling Systems 

Automation Technical Section (DSATS) prior to the Drillbotics competition. The drill bit will be 

made of tungsten carbide with a length of 2 inches, and a diameter of 1.5 inches. The micro 

design of the drill bit as well as the adjustable cutters on the face of the PDC bit will be very 

beneficial to the directional drilling aspect that is necessary to succeed in the competition. By 

having the option to adjust the cutters of the drill bit the team will be able to change the axial and 

side aggressiveness the drill bit, tailoring the bit to the specific needs of the rig design. The micro 

drill bit also includes two hydraulic ports or nozzles which will allow the drilling fluid to flow through 

the drill bit.  
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To ensure that the geometry of the drill bit will allow for the appropriate flowrate at the bottom of 

the wellbore, the pressure change across the drill bit hydraulic nozzles was calculated using 

equation 4. It is also important to note that with two hydraulic nozzles, each having a diameter of 

1/32nd inches, and the known parameters of the drilling fluid the pressure loss due to the drill bit 

is 2.027 psi.   

 The jetting force, the amount of force that the drilling fluid has when exiting the drill bit nozzles, 

was calculated to confirm that the drill cuttings will be removed from the bottom of the wellbore. It 

is important that the maximum possible jet impact force is used to clean the wellbore. Usually the 

size of the hydraulic nozzles are adjusted to ensure that the maximum jetting force is obtained, 

however since the nozzles of the drill bit are fixed due to the micro size of the bit the flowrate of 

the fluid was adjusted to achieve the desired jetting force which was calculated to be .00559 lbf, 

using equation 5.   

The hydraulic power being consumed by the drill bit must be accounted for to ensure that the total 

amount of power needed from the motor to run the entire system is available. By using equation 

6 The hydraulic power consumed at the drill bit is equal to .0001 hp.  

∆𝑃𝑛 = (8.311 ∗ 10−5) 𝜌
𝑞2

𝐶𝑑
2 𝐴𝑡

2          (4) 

∆𝑃𝑛 ∶  Pressure loss across nozzle 

𝜌:   Density 

𝑞:  Flowrate 

𝐶𝑑:  Discharge Coefficient 

𝐴𝑡:   Total Area of nozzles 
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𝐹𝑗 =
𝜌 ∗ 𝑞2

6016 𝐴𝑡
 (𝑙𝑏𝑓)        (5) 

𝐹𝑗:  Jetting/ Impact Force 

𝜌:  Density 

𝑞:  Flowrate 

𝐴𝑡: Total Area 

𝑃𝐻𝑏 =
∆𝑃𝑏 ∗ 𝑞

1714
  (𝑓𝑖𝑒𝑙𝑑 𝑢𝑛𝑖𝑡𝑠)      (6) 

 

𝑃𝐻𝑏:  Hydraulic power at the bit 

∆𝑃𝑏: Pressure loss at the bit 

𝑞:  Flowrate 

 

V. Circulating System 

V.B. System Description/Product Architecture 

V.B.1. Fluid  

Mineral Oil will function as the drilling fluid for the rig. The mineral oil will be able to travel down 

the length of the pipe while contacting the wires that are stretched throughout the length of the 

pipe without causing a shortage within the system. The drilling fluids main functions will be to cool 

the drill bit effectively to allow for it to cut through the sandstone sample. While cooling the bit, it 

will also be used to transport the cuttings from the bottom of the well up to the surface of the 

sample.  
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V.B.2. Fluid Pump 

 

Figure 12: Magnetic Drive Fluid Pump 

The fluid pump will be used to transport the drilling fluid from the holding tank to the bottom of the 

wellbore and out of the annulus, therefore it must have enough power and internal pressure to 

transport the fluid successfully. The fluid will enter the top of the drill pipe through the stuffing box 

and fed down through the drill pipe and out through the bit.  

 

V.C. Engineering Analysis and Materials Selection 

V.C.1. Table  

Structural analysis is necessary to predict the behavior of the table structure due to the weight on 

a bit of the drilling system and its internal weight. These loads acting on the table are modeled as 

a distributed load and point load as shown in figure 13 below.  
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          ∑ 𝐹𝑥 = 0,   ∑ 𝐹𝑦 = 0,   ∑ 𝐹𝑧 = 0,   ∑ 𝑀 = 0  (7) 

∑ 𝐹𝑥   :  Submission of forces at x-axis (lb.)              ∑ 𝐹𝑦   :  Submission of forces at y-axis (lb.) 

∑ 𝐹𝑧   :  Submission of forces at z-axis (lb.)              ∑ 𝑀   :  Submission of moment (lb.) 

Table 4. Load list on the table 

 

 

 

 

 

 

 

 

 

From these loads, stresses on the table were calculated as shown above where the weight of the 

table is 7.14 lb. per inch and the load from the drilling system is 71 lb. The maximum loading on 

the table was assumed to be right before drilling the sandstone rock and the table will encounter 

Forces Value 

Force of the beam (F) 71 lb. 

Weight of table (W) 7.15 lb./in 

Reaction force leg 1 (R1) 107.92 lb. 

Reaction force leg 2 (R2) 312.55 lb. 

Reaction force leg 3 (R3) 72.51 lb. 

F 

W 

R1 R2 R3 

29.53” 14.765” 14.765” 

Figure 13. Free body Diagram of the table 
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Figure 14. the diagram of (a) shear force, (b) bending moment and, (c) deflection diagram along 
the table. These diagrams were obtained from the loads as shown the table 4 and the legs as 

the reaction forces to support the table. The maximum and minimum of the structural analysis is 
listed on the table 5 below. 

both the static and dynamic forces while the rig is operating. To know if the design is safe and 

stable enough for supporting the drilling system, the deflection is also calculated. 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

(c) 
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Table 5. Structural analysis on the table 

 Value X (in) 

Min Shear Force (V) -174.00 lb. 29.53 

Max Shear Force (V) 138.55 lb. 29.53 

Min Bending Moment (M) -975.38 lb.in 29.53 

Max Bending Moment (M) 815.02 lb.in 14.77 

Min Displacement (u) -0.00030 in 13.29 

Max Displacement (u) 0.00001 in 31.89 

 

As the result of the calculation, which is shown on table 5 the maximum value of the deflection is 

about 0.00030 inches that occurs in position 13.29 inches from the left. Therefore, the team 

concluded that the table design is safe enough to where it will only be causing a very small 

deflection on the table and will not cause any damage.   

 

V.C.2. Legs of The Table  

Due to the function of the legs that supports the top part of the table and the drilling system, it 

needs to be stable and not buckle while it withstands the loads (compressive). Therefore, the 

analysis conducted for the legs is calculated by the critical buckling force and comparing it with 

the reaction forces to the table, whether it is affects the excessive buckling or not on the legs. The 

analysis is done by calculating the critical buckling force using the equation. The cross-sectional 

area of the legs that are being used are shown on the figure 15 with a height of 29.53 inches from 

the ground. 

As the result found that the critical buckling forces on each of the legs are about 2,078,311 lb., 

where if it is compared to the forces that act on each of the legs are 107.92 lb., 312.55 lb., and 
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72.51 lb., those forces are far below the critical buckling force. Those means that the legs are 

on the region of stable and there will be no buckling on the legs. 

  

 

 

 

 

 

 

 

 

 

 

 

 

𝐹𝑐𝑟 =
𝜋2𝐸𝐼

(𝐿𝑒)2
       (8) 

𝐹𝑐𝑟 =
𝜋2(27992 ∗ 1000)(1.64)

(0.5 ∗ 29.53)2
= 2,078,311 𝑙𝑏. 

 

𝐹𝑐𝑟:  Critical Forces (lb) 

𝐸:  Young’s modulus (psi) : 27992 ksi 

𝐼: Moment Inertia (𝑖𝑛4) : 1.69 𝑖𝑛4 [3] 

𝐿𝑒:  Effective length (in) : 0.5 L 

𝐿:  Length (in) : 29.53 inch 

 

 

2.5” 

2.5” 

0.25”

” 

Figure 15. Effective length [3] Figure 16. Cross-sectional 
area of the legs 

Fcb 

Fcb 

29.53

” 

Figure 17. Compressive 
load on the leg 
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V.C.3. Drilling Fluid  

 

The rheological properties of mineral oil and hydraulic oil were tested in the fluid’s laboratory at 

LSU. Using a rotational viscometer, the shear stress and shear rate of each fluid was determined 

and are shown in figure 18. The shear stress vs shear rate shows that both oils are characterized 

as Newtonian fluids, due to the linear relationship, which allows the slip velocity equation for a 

Newtonian fluid to be used to continue analysis.  Through graphing the data retrieved from the 

laboratory, as shown if Figure 19, the viscosity and yield point were determined. The density and 

electrical stability of each fluid was also tested to complete the fluid analysis. Mineral oil was 

determined to have the higher viscosity of the two oils therefore it will clean the wellbore more 

efficiently.   

Using Equation 25 the slip velocity is calculated, which shows that the cuttings that will travel 

down to the bottom of the wellbore will have a velocity of 1.896 in/sec. Using the slip velocity, the 

minimum annular velocity is determined using equation 26. In order to effectively clean the 

cuttings from the bottom of the wellbore the annular velocity must be no less than 5.112 gal/hr. 

 

𝑉𝑠 = 1.89√
𝑑𝑠

𝑓
𝑝

(
𝜌

𝑠
− (7.48 ∗ 𝜌

𝑓
)

7.48 ∗ 𝜌
𝑓

)       (15) 

𝑉𝑠: Slip Velocity 

𝑑𝑠: diameter of cuttings 

𝑓𝑝: particle frictional factor 

𝜌𝑠: density of cuttings 

𝜌𝑓: density of fluid 
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𝑉𝐴 =
𝑞

(
𝜋
4

) ∗ (𝑑2
2 − 𝑑1

2)
       (16) 

𝑉𝐴: Annular Velocity 

𝑞: Flowrate 

𝑑2: Diameter of wellbore 

𝑑1: Outer diameter of pipe 

 

 

Table 6. Fluid Comparison 

RPM Mineral Oil, τ Hydraulic Oil, τ 

Gel strength, 3 2 1 

6 4 2 

100 56 22 

200 111 44 

300 164 66 

600 315 131 
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Figure 18: Fluid Properties 

 

Figure 19: Newtonian Fluid Comparison 

 

V.C.4. Fluid Pump 

 In order to determine the necessary power, the fluid pump must yield the total pressure loss 

within the system was calculated using equation 9. By inserting the total pressure loss of the 

system into equation 10, along with a safety factor of 1.5 the total hydraulic power the fluid pump 

must have in order to support the system is 6.35*10-4 hp. The pump that was selected is a one 
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phase 115V, 1/12 hp fan cooled motor, which is significantly more than enough power to support 

the drilling rig. 

𝑃1

𝛾
+

𝑉1

2𝑔
+ 𝑧1 =

𝑃2

𝛾
+

𝑉2
2

2𝑔
+ 𝑧2 (9) 

 

𝑃1:  Pressure at the fluid tank 

𝑃2:  Pressure above the annulus 

𝑉1:  Velocity of fluid from fluid tank 

𝑉2:  Velocity of fluid out of the annulus 

𝛾𝑚𝑜:  Specific gravity of mineral oil 

𝑔:  Gravity 

 

𝑃𝐻 =
∆𝑃 ∗ 𝑞

1714
      (10) 

𝑃𝐻: Hydraulic power 

∆𝑃: Pressure loss 

𝑞: Flowrate 
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V.C.5. Drill Pipe 

V.C.5.1 Buckling Analysis 

 

The drill pipe is one of the critical parts of the drilling system, where it allows the fluid to flow to 

the wellbore and connects the motor to the drilling bit. Due to the dimension of the pipe being very 

small and thin (shown on figure 19 and 21), the pipe is connected to the compressive load which 

may cause the pipe to buckle. 

 

 

 

 

 

 

 

 

The main cause of buckling within the pipe is due to high internal pressures generated by the 

drilling fluid traveling throughout the pipe during the circulation of fluids from the pump. The pipe 

that will be used in the design is considered a thin-walled pipe that will buckle when the pressure 

of the fluid flow exceeds the critical pressure of the pipe. The critical pressure calculation can be 

performed using equation 11 below. This analysis is needed to set the pressure of fluid flow from 

the pump to the borehole.  As the result of the calculation, the team found that the internal critical 

pressure of pipe is about 5.09 ksi. By considering the safety factor of 1.5, the allowable internal 

pressure for the pipe is about 3.39 ksi.  By calculating the critical internal pressure, it can be also 

Fcb 

Fcb 

36” 

Figure 19. Compressive 
load on the drill pipe 

Figure 20. Effective 
length for the drilling 

pipe 

Figure 21. Cross-sectional 
area of the drill pipe 
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done using the formula of pipe burst, which results in a pressure of 5.71 ksi of the pipe. Therefore, 

the fluid pressure from the pump going to drill pipe needs to be set below or equal to the allowable 

internal pressure of the pipe to avoid buckling and burst on the pipe. Based on the calculation on 

the fluid analysis, the fluid pressure loss from the pump to the pipe is about 8 psi, this means that 

there will be no buckling nor burst due to the pressure of the fluid to the pipe.  

𝑃𝑐𝑟 =
2𝜋2𝐸𝑑𝑡

(1 − 2𝑣)𝐿2
              (11) 

𝑃𝑐𝑟 =
2𝜋2(27992 ∗ 1000)(0.046)(0.375)

(1 − 2(0.27))(36)2
= 5089.09 𝑝𝑠𝑖 

𝑃𝑐𝑟:  Critical internal pressure (psi) 

𝐸:  Young’s modulus (ksi) : 27992 ksi 

𝑑: diameter (in) : 0.375 in 

𝑡:  pipe wall thickness (in) : 0.049 in 

𝑣:  Poisson’s ratio ( 0.27) 

𝐿:  pipe length (in). : 36 in  

𝑃𝑏𝑢𝑟𝑠𝑡 = 0.875
2𝜎𝑦𝑡

𝑑𝑜
     (12) 

𝑃𝑏𝑢𝑟𝑠𝑡 = 0.875
2(24.99 ∗ 1000)(0.049)

0.375
=  5.71 𝑘𝑠𝑖 

𝑃𝑏𝑢𝑟𝑠𝑡: Critical internal pressure (psi) 

𝜎𝑦:  Yield strength (ksi) : 24.99 ksi 

𝑑𝑜: outer diameter (in) : 0.375 in 

𝑡:  pipe wall thickness (in) : 0.049 in 
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Along with the internal pressure, buckling can also occur due to the excessive axial compressive 

forces from the weight on bit (WOB). Therefore, the critical load analysis on the drill pipe will be 

performed for the load from the WOB. When the load of WOB exceeds the critical buckling load, 

it may cause the pipe to buckle and cause a damage to the whole drilling system. The critical 

buckling load equation of the pipe is listed on equation 13 below. This is needed to set the WOB 

while the drilling process is performed.  As the result of calculation, the team found that the value 

for critical buckling force for the pipe is about 145.32 lb., and the allowable forces with safety 

factor 1.5 is 96.88 lb. Therefore, the WOB needs to be set below 96.88 lb., to avoid buckling on 

the pipe 

𝐹𝑐𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2
=

𝜋3𝐸 (𝑑𝑜4 − 𝑑𝑖4)

64 (𝐾𝐿)2
       (13) 

𝐹𝑐𝑟 =
𝜋3(27992 ∗ 1000) (0.3754 − 0.2774)

64 (36)2
 = 145.32 𝑙𝑏.       

𝐹𝑐𝑟:  Critical Forces (lb) 

𝐸:  Young’s modulus (ksi) :  27992 ksi 

𝐼: Moment Inertia 

𝑑𝑜:  Outside diameter (in) : 0.375 in 

𝑑𝑖: Inner diameter (in) : 0.277 in 

𝐿𝑒:  Effective length (in) : 1L [3] 

𝐿:  Length (in) 
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V.C.5.2 Torsional Analysis  

 

The analysis of the maximum torque on the drill pipe is needed to set the maximum torque on the 

motor while drilling process is running. The maximum drilling torque can be calculated using the 

equation 14 in which the result calculated is about 229.39 lb.in, and the allowable torque with 

safety factor 1.5 is 152.93 lb. in. Therefore, the motor needs to perform below the maximum 

allowable torque that can be supplied by the top drive motor to do drilling process. If it exceeds 

that value, then it could cause excessive vibration and yielding to the pipe.  

𝑇𝑚𝑎𝑥 =
𝜏𝐽

𝑑𝑜
=

0.75𝑈𝑇𝑆𝜋(𝑑𝑜4 − 𝑑𝑖4)

32 ∗ 𝑑𝑜
    (14)[7] 

𝑇𝑚𝑎𝑥 =
0.75(84121.89)𝜋(0.3754 − 0.2774)

32 ∗ 0.375
=  229.39 𝑙𝑏. 𝑖𝑛 

    𝑇𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 =
𝑇𝑚𝑎𝑥

𝑆𝐹
=  

229.39

1.5
= 152.93 𝑙𝑏. 𝑖𝑛 

 

𝜏:  Shear strength (psi) = 0.75 UTS  [6] 

𝑈𝑇𝑆: Ultimate tensile strength : 84121.89 psi 

𝑑𝑜:  Outside diameter (in) : 0.375 in 

𝑑𝑖: Inner diameter (in) : 0.277 in 

 

V.C.5.3 Material Analysis 

 

The material selection of the drilling pipe has been done by defining its function which is the 

pressure vessel, and the constraints. They must not fail by yielding, must not fail by fast fracture, 

where the shape and dimension have been specified by the committee of the competition. 

Moreover, the main objective of selecting the material is to minimize the mass of the drilling pipe.  
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Drilling pipe must be able to withstand a pressure up to 8 psi due to the pressure loss of the drilling 

fluid from the pump to the pipe, and without failing by yielding or fast fracture. In addition, it must 

be as light as possible.  

Function  : Pipe  

Constraints  : 1. Must not failing by yielding 

    2. Must not fail by fast fracture 

    3. Dimension is specified, outside diameter 3/8” and the thickness is 0.049” 

    4. Cylindrical shape 

Objective  : 1. Minimize the mass, m 

Free Variable: Choice of material 

The objective function is the quantity of mass that will be minimized. The mass of thin-walled 

cylindrical pipe can be formulated as equation below: 

 

𝑚 = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]𝜌𝑡  

𝑡 =
𝑚

[2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]𝜌
  

Where, 

𝑡:  thickness of the pipe 

𝑚: mass 

𝑟𝑜:  Outside radius (in)  

𝑟𝑖: Inner radius (in)  

𝜌:  density of the material  

𝐿: Length of the pipe (in) 

The stress in the wall is a hoop stress that appears as a reaction of pressure drop exerted to the 

pipe. It can be written as follows. 
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𝜎ℎ =
∆𝑃𝑟𝑜

𝑡
≤ 𝜎𝑦 

𝑚 = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]∆𝑃𝑟𝑜 (
𝜌

𝜎𝑦
) 

The index of material is 𝑀1 =
𝜌

𝜎𝑦
, and 𝑀1 must be minimized. 

The circumstance of no fracture requires that 𝜎ℎ = 𝜎𝑓. The fracture strength in the presence of 

flaw/crack size ‘a’ can be written as follows. 

𝐾𝐼𝐶 = 𝜎𝑓√𝜋𝑎 

𝜎ℎ =
∆𝑃𝑟𝑜

𝑡
≤

𝐾𝐼𝐶

√𝜋𝑎
 

𝑡 =
𝑚

[2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]𝜌
  

𝑚 = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]∆𝑃𝑟𝑜√𝜋𝑎 (
𝜌

𝐾𝐼𝐶
) 

The index of material is is 𝑀2 =
𝜌

𝐾𝐼𝐶
, and 𝑀2 must be minimized. When 𝑚1 = 𝑚2, 

[2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]∆𝑃𝑟𝑜√𝜋𝑎 (
𝜌

𝐾𝐼𝐶
) = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]∆𝑃𝑟𝑜 (

𝜌

𝜎𝑦
) 

(
𝜌

𝐾𝐼𝐶
) =

1

√𝜋𝑎
(

𝜌

𝜎𝑦
) 

𝑀2 =
1

√𝜋𝑎
𝑀1 

log 𝑀2 = log
1

√𝜋𝑎
+ log 𝑀1 

Table 7. Material index with various Crack Length (a) Values 

a a √𝝅𝒂 
𝟏

√𝝅𝒂
⁄  Slope C (Intersection point) 

1/16 in 0.001588 m 0.070621 14.16016 1 Log(14.16016) 

1/8 in 0.003175 m 0.099873 10.01275 1 Log(10.01275) 

1/2 in 0.0127 m 0.199745 5.006373 1 Log(5.006373) 
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Table 8. Various Crack Size and Corresponding Candidate Materials 

 

Therefore, based on the analysis done, the team found that the stainless steel 316 is suitable for 

this project and is chosen as the material for the drilling pipe. 

Crack Size Candidate Materials Comments 

1/2 in Low Alloy Steel and Stainless steel 

Stainless steel is a material that 

satisfies the “yield before break 

criterion”. Besides that, it can be 

used for several application, such 

as pipes, pressure vessel, liquid 

gas container, etc. 

1/8 in Titanium Alloy 
This material is too expensive 

although it is has lightweight 

1/16 in Low Alloy Steel 

Low Alloys Steel still contains the 

small amount of titanium which 

team assumed it can be costly. 

a=1/2 in a=1/8 in 

a=1/16 

in 

Figure 21. Ashby Chart of Density Fracture Toughness vs Density/Yield Strength 
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VI. Electrical Circuit 

The electrical circuit will be powered through a 120V AC source through a direct connection with 

wall outlets. Each of the rig sensors will receive power from 5V jumpers on the printed circuit 

board (PCB) connected to an external 5V power source. The PCB also includes signal 

conditioning for the current sensor, hall effect sensor, and flow meter in the form of amplification 

and pull up resistors. The digital sensors that do not need signal conditioning will go directly to 

the Arduino pins on the controller. The data processing occurs in the controller which send signals 

out to the motor drivers. The drivers are connected to an external 36V power source and power 

the motors. 

VII. Control System 

The closed loop control algorithm will continuously collect data from the sensors and makes 

appropriate adjustments to the actuators. It contains continuous loops that monitor the weight-on-

bit, RPM, and flow rate and ensure that they do not exceed their maximum values. The main 

autonomous drilling loop begins by calculating the required azimuth, inclination, and measured 

depth for the target coordinates. It then moves into the directional adjustment section of the control 

algorithm. It first corrects the azimuth by rotating the top drive. Then it adds weight-on-bit and 

drills bit only in order to build the correct inclination. From there the algorithm moves into the 

section dedicated to maximizing rate of penetration. It does this by continuously measuring ROP 

and adjusting the RPM and weight-on-bit until the maximum value is found. This sequence will be 

repeated for each target. 
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VII.A Directional Adjustment 
 

All of the code that controls the autonomous drilling will be written in C++ in the Arduino IDE. The 

directional adjustment loop section of the control algorithm is the first section of code to execute 

which is shown on figure 22 below. It will take the 3D coordinate inputs and use trigonometric 

calculations to determine the desired azimuth, inclination, and drilling distance to reach the target. 

The azimuth will be calculated as the inverse tangent of the given y over x values, the inclination 

will be calculated as the inverse tangent of the given z over y values, and the drilling distance will 

be calculated in two steps to first find the hypotenuse of the triangle in the x,y plane and then in 

the x,y,x plane. First the correct azimuth will be achieved but rotating the top drive until the 

measured azimuth matches the desired azimuth. Then the desired inclination will be achieved by 

applying weight on bit and rotating the bit only which will build inclination. Once the desired 

inclination is achieved the code will advance to the continuous drilling section.   
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Figure 22. Directional Drilling Loop Diagram 
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VII. B Continuous Drilling 
 

The purpose of the continuous drilling loop is to reach the target as fast as possible. The variables 

that can be changed for this are the weight on bit and the RPM of the top drive. The value that 

describes how fast the drilling is happening is referred to as rate of penetration. In order the 

maximize rate of penetration, both weight on bit and RPM will begin at small values and the 

current rate of penetration will be measured. Next, the parameters will be increased slightly, and 

the rate of penetration will be measured again. If the value has increased, the loop will continue 

with the weight on bit and RPM progressively getting larger. The loop will stop once the rate of 

penetration no longer increases or has started decreasing. Then it will return to the last values 

where the rate of penetration was at maximum. This will continue until the target is reached. The 

diagram of the continuous drilling loop is shown as bellows.  
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Figure 23. Continuous Drilling Loop Diagram 
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VII.C. Data Processing  
 

To convert the voltage and pulse values into data that is useful to the control algorithm, the data 

will have to be processed in continuously executing loops. Measuring the torque of the top drive 

will be done by a current sensor. A function determined from the datasheet of the sensor will be 

used to convert the voltage signal into a current signal. That current signal will be multiplied by a 

known torque constant of the top drive to return torque. This will be continuously monitored to 

ensure the value does not exceed the maximum torque on the drive shaft. The weight on bit 

sensor is a digital sensor with a library provided by the manufacturer to interpret the data. No 

additional processing will be necessary. The RPM sensor and flow rate sensor both work by 

sending pulses to a digital input pin. The number of pulses will be counted every second and, in 

the case of the RPM sensor, multiplied by 60 to return RPM. In the case of flow rate sensor 
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Figure 24. Data Processing Loop Diagram 
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VIII. Project Management 

VIII.A. Schedule and Milestones 

Figure 25: Project Gantt Chart 
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VIII.B. Budget  

The budget limit is $10,000; however, the team does not plan to go over the budget limit. The 

budget was divided into five different categories: fluids, electrical parts, safety components, 

material/manufacturing, and contingency. With all the components the team deemed as relevant 

for the project, the total cost to manufacture the drilling rig came to be $9,761.11 with material 

and manufacturing taking the majority of the budget. A pie chart that shows the estimated budget 

is shown below 

 

Figure 26: Budget Overview 

 

 

bookmark://_Toc26936097/
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IX. Summary and Conclusions 

In summary, the team will design and build an autonomous drilling rig. The rig will directionally hit 

targets within the rock while also collecting and displaying data in real time. The Drillbotics 

competition will be held in May 2020. The team will use sensors to find drilling parameters such 

as flow rate, weight on bit, and revolutions per minute and display those values to the operators. 

The team will also implement a closed-loop algorithm to allow the rig to operate autonomously. 

The team emphasizes on safety so having a personal protective equipment, a covering 

surrounding the rig, and advising viewers of the hazards/risk is of utmost importance. The budget 

for this project is $10,000. 
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XI. Appendix 

XI.A. Table of Equations 

Calculation Formula Results 

Summation of 

Forces 

∑ 𝐹𝑥 = 0,   ∑ 𝐹𝑦 = 0,   ∑ 𝐹𝑧 = 0,   ∑ 𝑀 = 0  

 

 

 
𝐹𝑐𝑟 =

𝜋2𝐸𝐼

(𝐿𝑒)2
 

 

2,078,311 lb 

Minimized Quantity 

of Mass 

𝑚 = 𝐴𝐿𝜌 

 
 

Bending Stiffness 𝑆𝐵 = 𝐶1
𝐸𝐼

𝐿3
  

Torque 

𝑇 =
(�⃗�)(𝑙)(𝑆𝐹)

(2𝜋𝑟)(𝑒)
 

 

6.06 lb-in 

 𝑇 = 𝑊𝑂𝐵 ∗ 𝜇 ∗ (
𝑎

2
) 12.6 lb-in 

Polar Moment of 

Inertia 

𝐽 =
1

2
𝑟4 

 

1.85*10-5 in4 

 

𝑇𝑚𝑎𝑥 =
𝜏𝑚𝑎𝑥𝐽

𝑟
 

 

142.37 lb-in 

Critical Pressure 𝑃𝑐𝑟 =
2𝜋2𝐸𝑑𝑡

(1 − 2𝑣)𝐿2
 5089.09 psi 

Bursting Pressure 𝑃𝑏𝑢𝑟𝑠𝑡 = 0.875
2𝜎𝑦𝑡

𝑑𝑜
 5.71 ksi 

bookmark://_Toc26936100/
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Euler’s Equation 𝐹𝑐𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2
=

𝜋3𝐸 (𝑑𝑜4 − 𝑑𝑖4)

64 (𝐾𝐿)2
 145.32 lb 

 𝑇𝑚𝑎𝑥 =
𝜏𝐽

𝑑𝑜
=

0.75𝑈𝑇𝑆𝜋(𝑑𝑜4 − 𝑑𝑖4)

32 ∗ 𝑑𝑜
 229.39 lb-in 

 𝑇𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 =
𝑇𝑚𝑎𝑥

𝑆𝐹
 152.93 lb-in 

Mass of thin-walled 

pipe 

𝑚 = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]𝜌𝑡 

 
 

 
𝜎ℎ =

∆𝑃𝑟𝑜

𝑡
≤ 𝜎𝑦 

 

 

 
𝑚 = [2𝜋(𝑟𝑜)𝐿 +  𝜋(𝑟𝑜 − 𝑟𝑖)2]∆𝑃𝑟𝑜 (

𝜌

𝜎𝑦

) 

 

 

 
log 𝑀2 = log

1

√𝜋𝑎
+ log 𝑀1 

 

 

Pressure loss 

across nozzle 
∆𝑃𝑛 = (8.311 ∗ 10−5)𝜌

𝑞2

𝐶𝑑
2  𝐴𝑡

2
 2.027 psi 

Jetting Force 𝐹𝑗 =
𝜌 ∗ 𝑞2

6016 𝐴𝑡

 (𝑙𝑏𝑓) 0.00559 lbf 

Power 

Consumption of the 

Bit 

𝑃𝐻𝑏 =
∆𝑃𝑏 ∗ 𝑞

1714
 0.0001 hp 

Voltage Loss 𝑉 = 𝐼𝑅 0.016 V 

Dissipated Power 𝑃 = 𝐼^2𝑅 7.1 W 

Error 𝑃𝑒 =
(

𝑣
𝑝

) (𝑝)

𝑣
 

9% 

Voltage Output 𝑉𝑜𝑢𝑡 =  𝐴 ∗  𝑉𝑖𝑛 13.5 V 
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Slip Velocity 𝑉𝑠 = 1.89√
𝑑𝑠

𝑓
𝑝

(
𝜌

𝑠
− (7.48 ∗ 𝜌

𝑓
)

7.48 ∗ 𝜌
𝑓

) 1.896 in/sec 

Annular Velocity 𝑉𝐴 =
𝑞

(
𝜋
4

) ∗ (𝑑2
2 − 𝑑1

2)
 .00142 gal/sec = 5.112 gal/hr 

Pressure Loss 
𝑃2 − 𝑃1

𝛾
= (𝑧1 − 𝑧2) −

𝑉2
2

2𝑔
 8.523 psi 

Hydraulic Power 𝑃𝐻 =
∆𝑃 ∗ 𝑞

1714
 .000635 hp 

Azimuth 𝑎 = 𝑡𝑎𝑛 ^ − 1 (
𝑦

𝑥
)  

Inclination 

𝑖 = 𝑡𝑎𝑛 ^ − 1 (
𝑧

𝑦
) 

 

 

Drilling Distance 

𝑐 = 𝑠𝑞𝑟𝑡((ℎ2) + (𝑧2)) 

 

 

 𝑉 ⃗ = 𝑟 ∗ 𝜔 2.49 in/s 

 𝑉 ⃗ = 1/2 ∗ 𝑚 ∗ (𝑉^2 )  

 𝑊 = 𝐹 ⃗ ∗ 𝑑 11.625 lbf-ft 

 


