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Executive Summary 

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

drilling rig that can physically simulate a full-scale drilling rig. We present comparisons of multiple design 

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

The rig sub-systems include the rig structure, hoisting system, rotary and circulation systems, 

drillstring and bit-rock interactions, and measurement, instrumentation and control system. These sub-

systems are selected based on different criteria: i) Intelligent control (computer-based) and real-time 

measurements of performance parameters, such as mechanical specific energy (MSE), ROP, rotational 

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

iii) rig mobility to allow rig accessibility for educational and demonstrational purposes, iv) Operational 

safety aspects, v) Feasible rig construction time, and vi) Economic practicality of each sub-system relative 

to the added improvement to the drilling system and its ease of integration with the other sub-systems. The 

estimated total cost of the automated rig construction sums up to about $9,961, including 10% contingency 

cost.  

Different designs for each system were considered and scrutinized for technical and economic 

feasibility. With limited turn-key structures available to meet the specific needs of the design, it was decided 

that the substructure is to be built in-house.  

Different hoisting systems were considered, including hydraulic, pneumatic, and hybrid (hydraulic-

pneumatic), electro-mechanical, and drawworks systems. A hydraulic hosting system is capable of 

providing accurate measurements and control over WOB. A pneumatic hoisting system provides quick 

response and adjustments to dynamic drilling environments. Meanwhile, a hybrid hoisting system along 

with computer based control capabilities is found to be more robust, accurately control WOB, and 

continuously record digital data. Therefore, the hybrid hoisting system has been selected for this rig design.  

In order to automate the drilling process and control drilling parameters, different sensors are 

incorporated in the design for measuring drillstring rotational speed and torque. Other sensors, such as 

pressure, displacement, flow rate, and current sensors will be installed so that the drilling process can be 

autonomously controlled by the computer control system. 

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

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

control and mitigate any dysfunctions and optimize the drilling parameters to maximize ROP and minimize 

MSE.  
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Different rotational systems have been considered including rotary table type, topdrive electric 

system and topdrive hydraulic system. Rotary table system requires a 2-feet long Kelly which increases the 

rig height and reduces mobility. Electrical system (Gearmotor) weighs more and provides less torque at 

higher RPM. The hydraulic system weighs less, delivers higher torque, reduces structural costs and 

integrates easily with the selected hoisting system, hence it has been chosen. 

With sufficient flow rates obtained from public water line, a pump may not be required to circulate 

drilling fluids; however, is considered for future educational demonstrations. The water line will be directly 

attached to the swivel inlet and the fluid will flow down through the tubing and up in the annulus to the 

transparent bell nipple. From the bell nipple the fluid will flow through a return-line to a sieve and then into 

a collector tank. Overflow from the collector tank will be discharged into the sewage line. 

The main challenge was to imitate the real drilling process into small scale automated rig design. 

Lessons learnt while trying to find a solution to the challenge is that due to the massive size of the 

conventional rigs, they are limited in drilling system options such as rotational, hoisting, circulation etc. 

Even though our design is small the drilling process remains similar. The automation of the rig was another 

challenge as the conventional rigs have personnel monitoring the parameters and changing them as per 

need, whereas the small scale rig is autonomously controlled by the computer based control system with 

the help of measurements of different parameters from the sensors. 
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1. Drilling Rig Structure 

The rig structure consists of three major parts: substructure, mast, and travelling block 

1.1 Rig Substructure 

The first part is the rig substructure, seen in Fig. 1, which supports the rig derrick, with a height of 39” 

above the ground level to accommodate the rock and its pallet. This substructure has two shelves. The first 

one is the table top which acts as the rig floor and carries most of the rig equipment including hydraulic 

pump, electrical motor, VFD control system, etc. The second shelf contains a water tank, a sieve, and a 

water pump. The rig substructure is made of steel with 2”x2”x1/4” cross-section, and is capable of handling 

loads up to 1,000 lbs. All parts of the substructure will be welded together to provide rigid support. To 

improve the mobility of the table, five commercial grade caster wheels are attached to the legs of the 

substructure. 

 

Fig. 1—Drawings of the substructure dimensions in front view (left) and side view (lower right). 

1.2 Rig Mast 

The second part of the rig structure is the mast, seen in Fig. 2, which is built to carry the hosting, rotary, 

and circulation systems. The mast is fully built of Unistrut 158 - P1000 as they facilitate mounting 

equipment. The Unistrut can also act as a rail for the travelling block to move up and down while drilling, 

which reduces costs since there is no need for a separate railing system. Since the mast is 9 ft (including 

the hydraulic cylinder length) above the substructure, two hinges are attached to the mast’s legs to lay down 

the entire mast on the rig floor, which facilitates mobility.  
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Fig. 2— Drawings of the mast dimensions in front view (left), side view (lower right), and top view (upper 

right). 

1.3 Travelling Block 

The third part is the travelling block, seen in Fig. 3, which encloses the rotary and circulation systems. The 

structure of this block is made of Unistrut 114 A1000 instead of 158 P1000 to reduce unnecessary load on 

the derrick while still being able to support the equipment.  

 

Fig. 3— Drawings of the traveling block dimensions in front view (left), side view (lower right), and top view 

(upper right). 

1.4 Alternative Substructure Options 

Two different alternatives were considered for the rig substructure construction: pre-made and customized 

structures. There are many vendors who can provide good commercial quality, pre-made workbenches that 

can support the mast and other drilling equipment. The advantage of pre-made workbenches is that they 
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save time and eliminate construction complications. Though labor costs are eliminated, pre-made 

workbenches are expensive. Also, dimensions, specifications, and designs are limited in the market. 

Adopting inappropriate designs can result in uneven load distribution of the rig system, where different 

sections of the rig substructure require special support that pre-made products do not economically 

accommodate. In addition, some pre-made workbenches are long enough but too narrow which restricts the 

placement of the concrete block underneath the rig floor. Others are wide enough but too long to turn around 

corners, restricting rig mobility. This is very significant as the rig is also designed to be used for educational 

purposes, so it should be capable of passing through doors and moving from one classroom to another. 

Also, pre-made workbenches are hard to find with a properly designed secondary shelf to support the water 

tank for the circulation system. Therefore, modification to pre-made products is inevitable, which would 

consume time and raise costs. Thus, the purchase of a pre-made bench is eliminated and a customized table 

will be fully designed and built instead. A structural square steel 2”x2”x1/4” is used to provide a strong and 

rigid rig substructure skeleton, seen in Fig. 1.  

The three major components of the drilling rig structure are assembled and shown in a 3D 

illustration, seen in Fig. 4. All drawing along with the 3D rig structure are produced using SolidWorks® 

2014. The rig design cost estimates are also shown in Table 1, adding up to total costs of about $1,092 

including 10% contingency costs.  

 

Fig. 4—Complete 3D illustration of the rig structure showing the three major components: substructure, mast, 

and travelling block. 
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Table 1—Breakdown cost of rig structure 

Component Dimensions Quantity Unit Cost Cost 

  (ft) $/Unit  

Unistrut 1.25" 10 $2 $19 

Unistrut 1.625" 33 $2 $65 

Square Tubing 2" x 2" x 0.25" 56 $2 $101 

Metal Sheet 8' x 4' x 0.25" 3 $150 $450 

Angle Iron 2" x 2" x 0.25" 4 $2 $6 

Thrust Bearing  2 $39 $78 

Flange 3" 1 $25 $25 

Misc. — — — $250 

Sub-Total — — — $993 

10% Contingency — — — $99 

  — — Total $1,092 
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2. Hoisting System 

In the design of the hoisting system, the following options were considered: Conventional Drawworks, 

Hydraulic cylinder, Pneumatic actuator, Electro-Mechanical drive, and a combination of Pneumatic and 

Hydraulic systems. These five systems were evaluated from an economic standpoint as well as their 

accuracy of maintaining optimum parameters during automated drilling operations. The following 

paragraphs explain how the nominated hoisting system was selected. Each option that was considered and 

investigated is accompanied with a table summarizing the estimated costs to design that particular hoisting 

system. 

2.1 Drawworks 

The conventional block and tackle hoisting system which was considered consisted of a gear drive motor 

and single crown sheave as shown in Fig. 5 below. Due to the light weight application and the desire to 

reduce frictional losses, the travel block was designed to have a direct connection to the drilling line rather 

than using multiple sheaves and lines to gain a mechanical advantage. Measurement of weight on bit (WOB) 

would require a strain gauge on the drilling line resulting in limited accuracy in measuring the dynamic 

WOB. The rigidity of a hanging block was also considered due to the light weight drillstring. Our concern 

was that a light drillstring being rotated at higher RPM to eliminate stick/slip vibrations could have tendency 

to cause bit-bounce or backward and forward whirling of the hanging block. Although the type of drillstring 

is unknown to us, we assume that pipe compression would not be enough to allow the bit to bounce off of 

the bottom of the hole due to the drillstem length. With this being said, the drillstring could potentially be 

bounced off the bottom of the hole due to its light weight combined with a free hanging traveling block. 

This would result in an uncontrollable WOB. Under these circumstances, we chose to go in a different 

direction with our design although the construction of such a hoisting system would be highly economical. 

Table 2 below shows the estimated cost to develop this type of hoisting system. 

Table 2—Breakdown cost to build a drawwork hoisting system 

Component QTY Vendor Cost 

Gearmotor 1 Dayton $250 

3/16” Sheave 1 eBay $20 

Drilling Line — Northern Tools $35 

Total +10% Contingency — — $336 
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Fig. 5—Design of the block and tackle hoisting system. 

2.2 Hydraulic System  

The Hydraulic system we considered consists of a rotating motor and pump which form a hydraulic 

transmission. The following advantages and disadvantages were considered to evaluate the hydraulic 

hoisting system. A hydraulic system offers a direct vertical drive of the drillstring which in turn provides 

extremely accurate control of WOB. The reduced number of moving parts lessens mechanical losses. The 

main concern with this design is that it requires high fluid pressures, which creates an unneeded safety 

hazard. Another disadvantage of this system is the slow response to changing drilling conditions if the 

hydraulic pump was to be switched on and off as needed. Table 3 below shows the estimated cost to develop 

this type of hoisting system. 

Table 3— Breakdown cost to build a hydraulic hoisting system 

Component QTY Vendor Parts # Cost 

hydraulic Cylinder (36” Stroke) 1 International Hydraulics ICW-3536 $250 

Hydraulic Pump (8 gpm) 1 Northern Tool 100109 $275 

Hydraulic Fluid Tank 1 Custom — $100 

1/2 hp Electric Motor 1 MROSupply 26862 $183 

VFD 1 McMaster-Carr 7786K52 $269 

1 5/8 ” Uni-strut Trolley 4 McMaster-Carr 3626T14 $45 

Total + 10% Contingency  — — — $1,234 
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2.3 Pneumatic 

A pneumatic hoisting system was considered to retain the design and advantages of the hydraulic system 

while operating at much low line pressures to the actuator. One of the main concerns with this system was 

the precision at which it could operate. We were concerned with the fact that gases change volume 

significantly when pressurized making it difficult to achieve precision. We were also concerned with the 

ability to control travelling speeds of the topdrive and swivel assembly, especially as the bit nears the bottom 

of the hole. Table 4 below shows the estimated cost to develop this type of hoisting system. 

 

Table 4—Breakdown cost to build a pneumatic hoisting system 

Component QTY Vendor Parts # Cost 

3” Pneumatic Cylinder (36” Stroke) 1 McMaster-Carr 6491K813 $295 

Air Compressor 1 Sears 915364991 $165 

I/P Electronic Air Pressure Control 2 Omega Engineering IP610-X120 $680 

1 5/8 ” Uni-strut Trolley 4 McMaster-Carr 3626T14 $45 

Total + 10% Contingency  — — — $1,304 

 

2.4 Electro-Mechanical  

The electro-mechanical design that was considered employed the use of a ball screw and worm gearbox, 

driven by a servo motor shown in Fig. 6 below.  The traveling block was designed to use the derrick as a 

railing system to guide the topdrive and swivel on its path through the derrick. This design also eliminates 

the need for drilling line, drawworks, and sheave assembly, and therefore eliminates the frictional losses 

incurred by a conventional block and tackle system. The electro-mechanical system also provides the ability 

to push and pull the drillstring rather than a pull only option resulting in a totally rigid system. The 

mechanical advantage gained by the ball screw allows for the use of a smaller and cheaper servo motor. 

This system delivers precise positioning of the traveling block assembly and when WOB is used as the 

controlling parameter the system can make quick adjustments allowing for precise increments of weight to 

be applied to the drill bit. This system also has the ability to allow the drive motor to be programed to 

decelerate the drillstring at a specified rate as the bit nears the bottom of the hole to prevent excessive WOB 

that would most likely result in catastrophic failure of the drilling components. One downfall to this system 

is that it requires a braking system when holding a hanging load. Table 5 below shows the estimated cost 

to develop this type of hoisting system. 
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Table 5—Breakdown cost to build an Electro-Mechanical hoisting system 

Component QTY Vendor Parts # Cost 

48” Lead screw (3/4” dia) 1 McMaster-Carr 5966K7 $272 

3/4” End Mounting Block for Ball Screw 1 McMaster-Carr 60755K14 $393 

¾”  Flanged Ball Nut 1 McMaster-Carr 5966K1 $68 

1/3 hp NEMA 34 Servo motor 1 McMaster-Carr 7200K2 $850 

Worm Gear Box 1 — — $500 

1 5/8 ” Unistrut Trolley 4 McMaster-Carr 3626T14 $45 

Total + 10% Contingency  — — — $2,340 

 

 

Fig. 6—Design of the ball screw hoisting system. 

2.5 Hybrid 

A Pneumatic/Hydraulic “Hybrid” system was considered in hopes of gaining the advantages of both 

pneumatic and hydraulic systems. The schematic of this design is depicted in Fig. 7 below.  This system 

design eliminates the need for drawworks, drilling line, and sheaves. The hybrid design calls for the use of 

a double acting pneumatic cylinder that will be operated using hydraulic fluid. The hydraulic fluid is stored 

in two air-over-oil tanks that are charged by a bottle of nitrogen. These tanks will hold more than enough 
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oil to stroke the cylinder one way. One volume tank will charge the cylinder for its outward stroke and the 

other for its inward stroke. The pressure in these tanks will be controlled by two I/P electronic air pressure 

controllers. The maximum pressure in the volume tanks will not exceed 150 psi which eliminates high fluid 

pressures in the hydraulic lines. This system offers direct vertical drive of the drillstring as well as rigidity, 

and as long as pressure to the cylinder is maintained, it does not require a braking system. Economically, 

this system is more viable than an electro-mechanical hoisting system and offers much of the same benefits. 

One concern with this system is the mixing of the gas and oil as pressure is bled from the tank. Any trapped 

gas in the oil would make the cylinder spongy and result in poor speed control of the cylinder when the gas 

begins to compress. Table 6 below shows the estimated cost to develop this type of hoisting system. 

 

Fig. 7—Design of the hybrid hoisting system. 

Table 6—Breakdown cost to build a Hybrid hoisting system. 

Component QTY Vendor Parts # Cost 

3” Pneumatic Cylinder (36” Stroke) 1 McMaster-Carr 6491K813 $295 

2 Gal ASME Vertical Pressure Tank (200 psi) 2 McMaster-Carr 1584K2 $524 

Gas Regulator 1 Miller-Smith 40-275-580 $150 

I/P Electronic Air Pressure Control 2 Omega Engineering IP610-X120 $680 

Safety valve 2 MSC Industrial Supply 32150914 $60 

1 5/8 ” Uni-strut Trolley 4 McMaster-Carr 3626T14 $45 

Total + 10% Contingency — — — $1,930 
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2.6 Summary  

Upon the evaluation of the different hoisting systems, it was decided that the conventional drawwork type 

system would not be a suitable solution due to its lack of rigidity and the difficulty in precise measurements 

of a true WOB and drillstring vibrations. Both the hydraulic and pneumatic systems were also considered. 

The hydraulic system was not chosen due to safety concerns when dealing with high pressure hydraulic 

lines coupled with the slow response to a changing drilling environment. The pneumatic system was 

avoided due to concerns about smooth and precise movements of the travelling block assembly. The hybrid 

and electro-mechanical systems were compared. Both have the ability to operate with extreme precision 

and both are rigid systems. We chose the hybrid system over the electro-mechanical system for the 

following reasons: the lead screw of the electro-mechanical system would incur frictional losses, require a 

braking system, and the electro-mechanical system would cost approximately 18% more than the hybrid 

system. 
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3. Rotary System 

The main function of the rotary system is to generate and transmit rotary motion to the drilling bit. This 

system mechanically provides torque or force moment required to rotate the drillstring and consequently 

the drilling bit at different rotational speeds. Different equipment, arrangements, and mechanisms can be 

employed to optimize bit rotation. Bit rotation can be achieved via rotary table, topdrive, and/or downhole 

mud motor or turbine. The latter arrangement will not be taken into consideration as per the DSATS 

competition guidelines. Meanwhile, a detailed comparison of rotary table versus topdrive systems will be 

established in order to incorporate the best candidate into the automated drilling machine. Those 

arrangements can be run using various mechanisms, such as electric and hydraulic systems. The rotary 

system selection requires in-depth evaluation and comparison of the different options in order to achieve 

the highest standards of safety, efficiency, and minimal costs as well as facilitate control and monitoring of 

drilling parameters. In addition, we should take into account the DSATS competition guidelines and 

regulations. The rig is meant to be small with minimal height and the WOB should not exceed 50 lbs 

throughout the drilling process. In addition, the rig power supply is limited to 2.5 hp and we will invest up 

to 1.5 hp into the rotary system. Torque and bit rotational speed are also critical parameters that will 

determine the design specifications. In order to obtain the desired rate of penetration (ROP), we assume 

that maximum rotational speeds of 300 rpm will be sufficient. The required bit-rock contact torque can then 

be estimated at different rotational speeds using Eq. 3.1 (Pavone and Desplans 1994). A range of 300-1 rpm 

yields a torque range of about 14-80 lbs-in with a safety factor of 2.0. Based on these requirements and 

estimations, we will nominate the most efficient rotary system candidate. All major parts considered in this 

rotary system will be purchased from the market which eliminates expensive manufacturing labor costs as 

well as probable complications.  

𝑇𝑏𝑖𝑡 = 0.541 (𝑊𝑂𝐵)1.1 (𝑅𝑃𝑀)−0.3  ……………………………………………………..….   (3.1) 

3.1 Rotary Table System 

This system is situated on the rig floor and run via a drive motor. A conventional rotary table system design 

consists mainly of a swivel, Kelly, rotary table, rotary drive, and drillstring, seen in Fig. 8. The swivel 

essentially performs three functions: it supports the drillstring load, allows drillstring rotation, and provides 

connection to the rotary hose for mud circulation. The swivel is connected to a hollow, hexagonal or square 

pipe, called the kelly, which is connected to the uppermost part of the drillstring. The kelly transmits torque 

from the rotary table to the drillstring via bushings. The rotary table is run by a rotary drive installed on the 

rig floor. Slips are used to suspend the drillstring in the borehole when making connection.  
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Fig. 8—Traditional kelly and rotary table system, showing major components, including the swivel, kelly, 

rotary table, rotary drive, and drillstring (after Bourgoyne et al. 1986). 

In our automated drilling rig design, there is no need for making connections and we will be using 

a single pipe to drill 2 ft of concrete. Therefore, the less expensive square kelly can be utilized, as the target 

depth is very shallow and the required torque ratings are relatively low. The use of rotary table system in 

our automated drilling machinee involves several advantages as well as disadvantages. One advantage is 

that the rotary drive is installed on the rig floor, eliminating excessive load on the derrick. Also, this yields 

more options of rotary drives with various specifications. This also allows the use of the considerably heavy 

speed reducer gearboxes in order to achieve the desired torque and rotational speeds. On the other hand, 

the use of a kelly in the rotary table system yields several disadvantages. Lower efficiency is encountered 

as torque is transmitted form the rotary drive all the way to the drillstring, where energy losses are 

significant, especially at the kelly. This small rig is also intended for educational purposes, so it should be 

suitable to fit through classroom doors. However, the use of a kelly adds another 2 ft into the overall height 

of the rig, limiting the rig mobility. Even if a hinge is used to lower the rig height during mobilization, the 

kelly length will be translated onto the rig floor and again introducing new mobilization restrictions. 

Another disadvantage is that excessive weights can bend the kelly, resulting in uncontrollable vibration in 

the drillstem as well as difficulty in the kelly longitudinal movement through the bushing.  

3.2 Topdrive System 

Topdrive is another common rotary system option. This system replaces the kelly and rotary table 

arrangement with a hydraulic or electrical drive installed on the rig derrick. It is meant to provide flexible 

arrangement that can fit into various rigs. Topdrive rigs enable faster rig up/down which saves operating 

time and costs.  In addition, one or more motors can be installed to meet the desired drilling parameters and 

requirements. The topdrive is free to travel up and down the derrick along with travelling block without 

restrictions. Topdrive systems are capable of drilling more difficult wellbores with optimal safety/efficiency 

and minimal costs/drilling problems. They also enable bit rotation and mud circulation when raising or 

lowering the drillstring, reducing frequency of friction problems in the borehole, and in turn reducing costs. 

A typical topdrive system mainly consists of motor drive, swivel, and drillstring. The rotational force is 
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generated by the motor and transmitted to the swivel which translates the rotational force to the drillstring, 

carries the hanging load of the downhole assembly, and allows fluid circulation.  

Concerning our automated design, the use of topdrive systems has several advantages as well as 

disadvantages in comparison to rotary table systems. When implementing topdrives, the overall rig height 

becomes shorter, making the rig more mobile and accessible, even in classrooms for educational purposes. 

This system allows various combinations of motors which gives various options of drilling torques and 

rotational speeds to optimize ROP. On the other hand, the major disadvantage of this system is that the 

topdrive load is supported by the derrick which requires stronger and more stable derrick structure. 

Otherwise, structure failure or excessive vibrations in the drillstring might result.  

Topdrive rotary system is preferred to rotary table system for our automated machine. The following is a 

comparison of electric and hydraulic topdrive systems.  

3.2.1 Electric Topdrive System 

Electric systems are very common when designing topdrive rotational systems. Electric motors are 

available in wide variety of options and typically cost less as electricity is abundant. Though, when high 

torques are required, electric motors become very large and costly. Electric motors are very good for 

applications that demand high rotational speed and low to medium torque. This system basically converts 

electric energy into rotational kinetic energy to rotate the drillstring. In our design, we are limited to the 

given and estimated parameters, including power, rotational speed, and torque. Fig. 9 shows a schematic 

of the travelling block and the electric topdrive assembly. The major components in this system are the 

variable frequency drive (VFD), electric motor, swivel, and drillstring.  

 

Fig. 9—Detailed drawing of the electric topdrive system, showing the major system parts in place, including 

the VFD, electric topdrive, and swivel. 
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Electric motors can be either Direct Current (DC) or Alternating Current (AC). Generally, both 

motors rely on electromagnetism as their working mechanism. A typical DC motor basically consists of 

casing with stationary coil windings (stator) on the outside, an inner rotating armature (rotor) with coil 

windings connected to the motor shaft, and a commutator. When the direct current flows through the motor 

end-cap assembly into the coil windings of the armature, a new magnetic field is created. An interaction 

with the outside magnets occurs which causes the armature, and in turn the shaft to rotate. The commutator 

controls the direction of current flow inside the motor, reversing the resultant magnetic field. A typical AC 

motor basically consists of a stationary stator with coil windings and a rotor with magnets surrounding the 

shaft. When alternating electric current is supplied to the outer stator coils, it creates a rotating magnetic 

field which in turn results in an induced rotating magnetic field in the rotor. The interaction between these 

two rotating magnetic fields yields shaft rotation. For our application, AC motors are more suitable as they 

are available for lower costs with relatively high horsepower ratings. In addition, the rotational speed of 

AC motors can be directly controlled via a VFD which makes it a suitable candidate for an electric topdrive 

system.  Furthermore, the overall design of different types of AC motors is simple and robust, and requires 

less maintenance compared to DC motors. Specifically, we are interested in 3-phase power distribution as 

it, compared to single-phase, constantly provides uniform power throughout the cycle. In addition, 3-phase 

motors are available in smaller sizes and various ranges of power, and generate higher locked-rotor torque 

in comparison to single-phase motors.  

Two Different AC motors were considered to operate the electric topdrive system with major 

specifications shown in Table 7. The different sizes of the two motors are taken into consideration when 

designing the derrick and travelling block structures. Both motors run on 3-phase power distribution, 

frequency of 60 Hz, and voltage of 208-230/460 volts. When comparing the costs of the two motors, Baldor 

motor is about three times less expensive than Dayton gearmotor, but consumes three times more energy 

per unit time with 1.5 hp. The gearmotor can deliver almost double the maximum torque which ensures the 

rotary system is ready for cases of stuck bit. The gearmotor also provides sufficient rotational speeds as 

desired. Baldor M3154 is F1 floor mounted which may induce reduction in efficiency as well as 

complications in the derrick and travelling block designs when vertically mounted. Therefore, Dayton 

gearmotor is selected to provide the system with the required rotational energy.  

A VFD is required to control the speed of the electric motor. A VFD controls the frequency and 

voltage supply to the electric motors. Frequency is directly proportional to the rotational speed of the motor. 

Hitachi’s SJ700-015LFUF2 VFD was found to be suitable to deliver the required motor speed control. It 

has a 3-phase input and output, each with 230 volts. Careful consideration has to be taken in regards of the 

VFD location on the rig as it generates magnetic fields that could possibly disturb the sensors’ readings.  
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Table 7—Electric motor options for the electric topdrive system 

Motor/Spec Dayton Gearmotor Baldor Motor 

Model 4Z394 M3154 

Power, hp 0.5 1.5 

Max Torque, lb-in 106 54.72 

RPM 276 1725 

Weight, lb 28.1 34 

Cost  $736.63 $252.96 

 

Simple and economic water well swivels are found to be well-suited to provide swivel functions 

for this automated drilling machine design. Two swivels were evaluated: Bumble Bee Supply (BBS) 402 

water swivel and UKAM water swivel. Both swivels can handle the desired torque, rotational speed, and 

pressure ratings. However, UKAM can manufacture their swivel to fit the other parts, but is about $50 more 

expensive and costs $468.50. Therefore, BBS 402 swivel is preferred to provide the desired rotation and 

circulations tasks.   

Final cost estimate of the major components of the electric system is shown in Table 8. Electric 

topdrives have several advantages and disadvantages. One advantage is that electric motors can provide 

very high starting torques which assists to free a stuck bit. These motors are more environment friendly as 

they rely on electricity which eliminates potential hydraulic fluid leak problems which can be encountered 

in hydraulic systems. The simple design of the electric topdrive system makes it very efficient as the 

supplied electrical energy is directly transformed into rotational kinetic energy.  Electric topdrives have an 

average efficiency of 85% to 90% (Tapjan and Kverneland 2010). When controlled via a VFD, electric 

motors are capable of instantly adjusting to the desired rotational speeds. On the other hand, electric motors 

are relatively heavy which complicates the design of the rig structure and increases costs. Electric motors 

are also weak in torque and require gearboxes to provide sufficient torsional force which adds into the 

weight and costs of the derrick and travelling block designs.  

Table 8—Total cost estimate (including shipping costs) for the electric topdrive system 

Part VFD Electric motor Swivel Total 

Cost $434.00 $736.63 $435.45 $1,606.08 

 

3.2.2 Hydraulic Topdrive System 

A hydraulic topdrive system is another alternative that can provide rotational motion to the drill bit. This 

system basically converts the energy of the hydraulic fluid flow and pressure into kinetic energy. It typically 

consists of three major components: generator, control system, and actuator. Figs. 10 and 11 show our 
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hydraulic topdrive design, where the generator is a hydraulic pump, driven by an electric motor with a VFD 

for speed control. The control system components are responsible for pressure and flow control and they 

include pressure relief valves, piping, fittings, etc. The actuator is a hydraulic motor that will deliver the 

rotational torque to the swivel (BBS 402 swivel). The hydraulic fluid is drawn and filtered from a reservoir 

and recycled into the same tank. 

 

Fig. 10—Illustration of the hydraulic topdrive system components that are located in the derrick travelling 

block. A and B show the hydraulic fluid flow direction. 

 

Fig. 11—Illustration of the hydraulic topdrive system components that are located on the rig floor. A and B 

show the hydraulic fluid flow direction. 
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First we start off with the selection of the electric motor. When fully loaded, electric motors tend 

to operate most efficiently, so motors with higher horsepower than desired are inefficient as they will waste 

extra power, especially when the hydraulic pump is idle. Also, under-sizing the electric motor negatively 

impacts system efficiency and performance. Two electric motors are considered for this job: Marathon 

motor and Baldor Motor. Both AC motors run on 3-phase power distribution, frequency of 60 Hz, and 

voltage of 208-230/460 volts. The major characteristics of the two motors are shown in Table 9. Both 

generate the same maximum RPM of 3450, but Marathon motor outputs three times more power as that of 

Baldor Motor. Though Baldor motor is less expensive, Marathon motor is the preferred option as it is 

capable of providing sufficient power to operate the hydraulic pump. Again, Hitachi’s SJ700-015LFUF2 

VFD is also suitable to deliver the required motor speed control for the hydraulic topdrive system. In this 

case, the electric motor is not the topdrive, but the power generator which will be placed on the rig floor. 

So, the VFD location on the rig will change correspondingly.  

Table 9—Electric motor options for the hydraulic topdrive system 

Motor/Spec Marathon Motor Baldor Motor 

mfr. Number 5K49KN2047-G Jm3107 

Power, hp 1.5 0.5 

Max RPM 3450 3450 

Cost  $223.02 $161.23 

 

 Driven by the electric motor, a hydraulic pump will be used to deliver the hydraulic fluid to the 

topdrive hydraulic motor. However, the pump selection is very dependent on the hydraulic motor 

performance charts and curves. Therefore, we will first select a hydraulic motor. White Drive Products 

show a good selection of motors in Series 125 and 126. Model 050 is found to be the most appropriate as 

it is capable of providing high torques and rotational speeds at relatively low pressures and flow rates. 

Model 050 can provide maximum continuous torque and rotational speed of 531 lb-in and 397 rpm, 

respectively.  

 Using the previously selected Marathon electric motor, the hydraulic pump is limited with 1.5 hp 

supply and is expected to deliver sufficient pressures and flow rates to the hydraulic motor. For our 

application, we will consider several factors to select the proper pump: pressure rating, flow rate, input 

speed, efficiency, size and weight, and cost. Compared to piston and vane pumps, the simple, small, and 

less expensive gear pumps are capable of providing pressures up to 4,000 psi with considerably high flow 

rates for our small automated machine purpose. So, two gear pumps are taken into consideration: Concentric 

pump and McMaster-Carr pump, with specifications in Table 10. The latter is capable of displacing more 

fluid per revolution outputting high flow rates to operate the hydraulic motor. However, McMaster-Carr 
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pump is limited to 2,400 rpm while the electric motor is capable of delivering 3450 rpm. On the other hand, 

Concentric pump has more suitable specifications and is available for lower costs, so we are selecting it for 

our system. Further calculations will follow in the next section to verify this selection.  

Table 10—Hydraulic pump options for the hydraulic topdrive system 

Motor/Spec Concentric Pump McMaster-CARR Pump 

Model 1070045 6296K38 

Fixed Displacement, cu. In./rev.  0.388 1.647 

Max continuous Pressure, psi 3300 2700 

Max RPM 5000 2400 

Cost  $186.08 $220.37 

 

Final cost estimate of the major components of the hydraulic system is shown in Table 11. The 

hydraulic system has several advantages as well as disadvantages. One major advantage of the hydraulic 

topdrive system is that it is capable of generating torques more than double that produced by the selected 

electric system. Plus, hydraulic motors are light which lowers the overall weight on derrick, reducing the 

structure building costs. Hydraulic motors are also compact and small which helps reduce the height of the 

overall derrick, so it is more mobile and accessible. On the other hand, hydraulic systems have more 

complex and expensive designs. In addition, the use of hydraulic fluids can result in leaks if not properly 

equipped. Also, the power of hydraulic motor decreases with higher temperatures and lower fluid 

viscosities. Moreover, contamination of hydraulic fluid can result in system failure as debris particles can 

plug valves and fittings, and reduce the pump efficiency over the long run.   

Table 11—Total cost estimates (including shipping costs) for the hydraulic topdrive system 

Part VFD Electric motor Gear Pump Hydraulic motor Swivel Total 

Cost $434.00 $223.02 $186.08 $307.00 $435.45 $1,585.55 

 

3.3 Selected Alternative 

For the purpose of this automated drilling machine, the hydraulic topdrive system is found to be the best 

alternative in comparison to the electric system. Besides the previously mentioned advantages, hydraulic 

motors are stronger and can provide very high torques which would resolve the potential stuck bit problems 

without the need for the heavy and costly speed reducers. Hydraulic motors are capable of torque stalling 

(zero rotational speed) for long time periods, such as stuck pipe situations (Gordetsov and Bobyr 2014). 

Hydraulic drives are inherently explosion proof which eliminates the danger of igniting any surrounding 

flammable gases. In addition, hydraulic fluid contamination problems can be resolved by installing filtration 

equipment. The problem of low overall efficiency of the hydraulic system can also be resolved by using a 
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power generator with higher horsepower output (The other rig systems are using minimal horsepower in 

this design, so we can actually raise horsepower above 1.5 for rotary system). In addition, the hydraulic oil 

selected should have sufficiently high viscosities in order to minimize power losses throughout the system.  

Figs. 10 and 11 show a detailed illustration of the hydraulic topdrive rotary system designed for the 

automated drilling rig machine. The system starts at the VFD which controls frequency and voltage input 

to adjust the speed of the AC electric motor. The electric motor is placed on the rig floor, away from the 

circulation water tank located below the rig floor. This motor is accompanied with a ground connection for 

safety purposes. The electric motor will output horsepower and rotational speed into the hydraulic pump 

which in turn will draw hydraulic fluid from the tank and pump it all the way to the topdrive hydraulic 

motor through hydraulic hoses. The topdrive hydraulic motor will provide drill bit rotation. Another 

hydraulic hose comes out of the topdrive to circulate the fluid back into the reservoir. Flow control 

components are also added to the system to provide control and safety.  A relief valve is placed at the pump 

discharge line in order to relieve pressure in case of a blocked valve or any system pressure build-up. A 

hydraulic fluid filter is placed at the suction line between the pump and tank in order to reduce 

contamination and equipment plugging.  In addition, tee-connectors, adapters, as well as shaft couplings 

are used to mate the different system parts. 

In order to verify the performance of this combination of parts, calculations are required to roughly 

estimate the flow rates and pressures that the pump can actually deliver to the selected motor. First we will 

consider three sources of energy loss throughout the system: hydraulic pump efficiency, hydraulic motor 

efficiency, and fluid pressure loss throughout the system. Gear pumps generally have efficiencies of about 

85-90% while the motor’s efficiency is dependent on the operating conditions on the motor performance 

chart, seen in Fig. 12. Meanwhile, due to the short hydraulic fluid travel path, pressure losses in the pipelines 

are negligible compared to the pump and motor efficiency. As a preliminary procedure, the overall 

efficiency will be assumed to be 75% of the horsepower input. Knowing that the hydraulic pump provides 

fixed displacement of 0.388 cu. in./rev., we will, for example, operate at 2.6 gpm. Therefore: 

𝑅𝑃𝑀𝑚𝑜𝑡𝑜𝑟 =
231 × 𝑞

𝐷𝑖𝑠𝑝
=

231 ∗ 2.6

0.388
= 1548 𝑟𝑝𝑚 

So, the 1.5 hp electric motor will have to provide 1548 rpm to the hydraulic pump. Using the 1.5 hp provided 

by the electric motor, we find that: 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =
1714 × 𝐻𝑃 ×  𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙

𝑞
=

1714 × (1.5) × (0.75)

(2.6)
= 741 𝑝𝑠𝑖   

Considering flow rate of 2.6 gpm and pressure of 741 psi, the hydraulic motor will provide torque 

of about 257 lb-in and rotational speed of about 190 rpm, which according to our previous estimations are 
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suitable. In case there was a need for higher torques, higher pressures are required for fixed flow rates. This 

is done by utilizing an electric motor with higher horsepower output as long as it is below 2.5 hp as per the 

competition regulations. Also, in case higher rotational speeds were needed, higher flow rates are required 

for fixed pressures. This is done by lowering the horsepower input and increasing the rotational speed of 

the electric motor.  

 

Fig. 12—Displacement Performance Chart of the 050 Hydraulic motor. Besides the actual torque and rotational 

speeds, the motor efficiency is also indicated for different pressures and flow rates (after White Drive Products).   

Total cost estimates are shown in Table 12. Several connection and flow control equipment are 

included in this design. Marathon electric motor and Concentric pump have keyed shaft diameters of 5/8” 

and 1/2”, so a black oxide steel, two piece clamp rigid shaft coupling is used to mate the two shafts. This 

Dayton 3ZN45 coupling is designed with a sufficient maximum torque of 1600 lb-in as well as eight 

vibration resistant socket cap screws. To ensure safety, a McMaster-Carr tamper-resistant adjustable steel 

relief valve is installed at the pump discharge line. A McMaster-Carr filter is installed at the suction line 

between the pump and the tank. Hydraulic hoses as well as other fittings are also required in order to fully 

connect the system.  
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Table 12—Detailed cost estimates (including shipping) for the selected hydraulic topdrive system 

Item Quantity Brand Unit Cost Total Cost 

Variable Frequency Drive 1 Hitachi $  434.00 $     434.00 

Electric Motor 1 Marathon $  223.02 $     223.02 

Hydraulic Gear Pump 1 Concentric $  186.08 $     186.08 

Hydraulic Motor 1 White Drive Products $  307.00 $     307.00 

Swivel 1 Bumble Bee Supply $  435.45 $     435.45 

Relief Valve 1 McMaster-Carr $    68.18 $        68.18 

Filter 1 McMaster-Carr $    38.66 $        38.66 

Tank, Piping, and Fittings     $     300.00 

Contingency Cost 10%   $     199.24 

    Total $  2,191.63 

 

3.4 Summary 

The hydraulic topdrive system was found to be the most suitable candidate to provide rotational motion to 

the drill bit of the automated drilling machine. Safety, performance, efficiency, and costs were all taken 

into consideration. The final rotary system design basically includes an electric motor controlled by a VFD, 

a hydraulic gear pump, a hydraulic motor, and a swivel. Altogether, they deliver rotational energy to the 

drillstring and in turn to the drill bit. This system is capable of providing sufficient torques and rotational 

speeds. This system is also small and more compact which positively contributes in making the overall rig 

design more mobile and accessible, even inside classrooms for educational purposes.  
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4. Circulation System  

For the purpose of our automated drilling machine, the major functions of the circulation system is to cool 

and lubricate the downhole bit and machinery, and remove the produced rock cuttings from the wellbore. 

Crushing or cutting the concrete block particles yields high friction and heat which can deteriorate the 

machinery performance. As the concrete cuttings are being produced, the bit may grind the cuttings over 

and over resulting in low ROP and waste of energy and time. Both problems can be resolved by installing 

a circulation system. Different drilling fluids are used for circulation, such as freshwater, water-based mud, 

oil-based mud, and foam. The fluid selection is mainly based on performance, costs, and environmental 

effects. Since we are only drilling 2 ft of concrete, the least expensive tap water will be sufficient. The 

system should be evaluated and designed to deliver sufficient differential pressures and flow rates to carry 

out the cuttings right away as the bit is penetrating the concrete. The evaluation will consider whether a 

pump is needed or pressures and flow rates of tap water faucet is adequate.   

The rig structure will be designed to accommodate a pump, so it can also be used for educational 

purposes in class or for drilling deeper holes for other purposes. The major components of the system are 

the pump, water tank, and sieve. In case a pump is installed, the water will flow from the tank through PVC 

pipes, smooth flexible rubber tubing, the swivel, down the drillpipe, and up the annulus. In addition, there 

will be a flow nipple at the top of the concrete block surrounding the drillpipe, so the water and cuttings 

flow to the sieve, and then back into the water tank. If no pump is needed and a tap water faucet was 

accessible, circulating water will be drawn directly from that faucet through a hose and into the PVC pipe 

inlet. The PVC pipes will go up to the derrick top, and then a flexible pipe will go down to the swivel in a 

loop pattern to accommodate for the fact that the swivel is moving along with the traveling block during 

drilling. The fluid will flow down through the tubing and up the annulus to the bell nipple. The fluid will 

then flow through the return line to the sieve into the collector tank. The overflow from the collector tank 

will be directed into sewage line. In order to verify whether the tap water faucet would provide sufficient 

circulation, pressure loss calculations are needed. We will consider downhole pressure losses in the drillpipe 

and annulus as well as bit nozzles, and surface pressure losses through piping, bends, and fittings. 

According to the US Department of Environmental Quality (2014), public water supply systems in 

Oklahoma must maintain a minimum pressure of 25 psi throughout the distribution system. In order to 

estimate a flow rate that will provide sufficient cutting transport ratio, calculations were done at different 

flow rates. Final calculations show that a 25 psi differential pressure yields 10 gpm flow rate though 1” in 

pipe diameter, and 90% cutting transport ratio with 1.21 safety factor.  

Note: Bourgoyne et al. (1986) and Massey (2006) provide the equations used to perform the following 

surface and subsurface pressure loss calculations. 
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4.1 Pressure Loss Calculations 

First, we will consider slip velocity and cutting transport ratio calculations. Operating at 70˚ F, the following 

assumptions, seen in Table 13, about the operating conditions, tap water, rock cuttings, and piping bends 

and fittings will be made: (The following calculations are done using field units) 

Table 13—Assumptions for downhole pressure loss calculations 

q, gpm 10 db, in 1.5 IDp, in 7/16 

ODp , in 1 μw, cp 1 ρw, ppg 8.33 

ds, in 0.0393 (1 mm) ρs, ppg 16 ε, in 0.0006 

Lp, ft 2 dn, in 0.375 Nozzles 3 

 

Knowing that water is a Newtonian fluid, the annular velocity can be calculated as follows:  

𝑣𝑎 =
𝑞

2.448(𝑑𝑏
2 − 𝑂𝐷𝑝

2)
=

(10)

2.448(1.52 − 12)
=  3.268   𝑓𝑡/𝑠 

Now, we calculate the particle slip velocity. To account for the potential presence of turbulent eddies, we 

will first use Stoke’s law to estimate the slip velocity, then check for turbulence. Stoke’s law determines 

the slip velocity of spherical particles through Newtonian liquids in the absence of turbulent eddies:  

𝑣𝑠 =
138(𝜌𝑠 − 𝜌𝑤)𝑑𝑠

2

𝜇𝑤
=

138(16 − 8.33) (0.0393)2

1
 = 1.63   𝑓𝑡/𝑠 

𝑅𝑒 =
928 𝜌𝑓𝑣𝑠𝑑𝑠

𝜇𝑤
=

928 (8.33)(1.63)(0.0393)

(1)
= 495.2 > 0.1 → 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑒𝑑𝑑𝑖𝑒𝑠  

To account for the turbulent eddies, we calculate friction and slip velocity as follows:  

𝑓 =
14

𝑅𝑒
+

6

1 + 𝑅𝑒0.5
+ 0.4 =

14

495.2
+

6

1 + 495.20.5
+ 0.4 = 0.686 

 𝑣𝑠 = 1.89√
𝑑𝑠

𝑓
(

𝜌𝑠−𝜌𝑤

𝜌𝑤
) = 1.89√

(0.0393)

(0.686)
(

16−8.33

8.33
) = 0.434 𝑓𝑡/𝑠 

Now, we calculate Reynolds number again and iterate until the slip velocity does not change with iterations. 

An Excel VBA code was written to handle this iteration process. A slip velocity error criteria of 0.1% was 

selected. The following are the results:  

𝑅𝑒 = 101     𝑎𝑛𝑑     𝑓 = 1.181     𝑎𝑛𝑑     𝑣𝑠 = 0.331 𝑓𝑡/𝑠 

Therefore, the transport velocity and transport ratio can be calculated as follows:  

𝑣𝑇 = 𝑣𝑎 − 𝑣𝑠 = 3.268 − 0.331 = 2.937   𝑓𝑡/𝑠    𝑎𝑛𝑑     𝐹 =
𝑣𝑇

𝑣𝑎
=

2.937

3.268
= 90%  
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Now, we have to figure out whether a regular tap water faucet with minimum differential pressure of 25 psi 

can continuously deliver an average flow rate of 10 gpm to the system. First, we will account for the 

downhole pressure losses inside the drillpipe:  

𝑣𝑝 =
𝑞

2.448 𝐼𝐷𝑝
2 =

10

2.448 (7/16)2
= 21.342 

𝑓𝑡

𝑠
 → 𝑅𝑒 =  

928 (8.33)(21.342)(7/16)

(1)
=  72178    

Since Re >4000 then the flow is turbulent. The friction factor will be calculated using Swamee-Jain 

equation:  

𝑓 = 0.25 [log10 (
𝜖

3.7 𝐼𝐷𝑝
+

5.74

𝑅𝑒0.9)]

−2

=  0.25 [log10 (
0.0006

3.7 (7/16)
+

5.74

721780.9
)]

−2

= 0.0242 

𝑑𝑃𝑓−𝑝𝑖𝑝𝑒 =
𝑓 𝜌𝑤𝑣𝑝

2

25.8 𝐼𝐷𝑝
 𝐿𝑝𝑖𝑝𝑒 =

(0.0242) (8.33)(21.3422)

25.8 (7/16)
 (2) = 16.29 𝑝𝑠𝑖  

Pressure loss in the annulus is calculated as follows:   

𝑣𝑎 =
(10)

2.448(1.52 − 12)
=  3.268  

𝑓𝑡

𝑠
     𝑎𝑛𝑑    𝑑𝑒 = 0.816 (1.5 − 1) = 0.408 𝑖𝑛  

𝑅𝑒 =
757 𝜌𝑤𝑣𝑎𝑑𝑒

𝜇
=

757 (8.33)(3.268)(0.408)

1
= 8412  

𝑓 =   0.25 [log10 (
0.0006

3.7 (0.408)
+

5.74

84120.9
)]

−2

= 0.0347 

 𝑑𝑃𝑓−𝐴𝑛𝑛𝑢𝑙𝑢𝑠 =
(0.0347)(8.33)(3.2682)

25.8 (0.408)
(2) = 0.587 𝑝𝑠𝑖  

Note: the annulus length is taken as 2 ft the entire time to ensure complete circulation at any point of the 

drilling process.  

Assuming a bit with three 12/32’ nozzles, the pressure loss through nozzles is as follows:  

𝐴𝑛 =
3𝜋

4
 (

12

32
)

2

= 0.331 𝑖𝑛2 

Assuming a discharge coefficient (Cd) of 0.95:  

𝑑𝑃𝑛𝑜𝑧𝑧𝑙𝑒𝑠 =
8.311 × 10−5𝜌𝑤𝑞2

𝐶𝑑
2𝐴𝑡

2 =
8.311 × 10−5(8.33)(10)2

(0.95)2(0.331)2
= 0.699 𝑝𝑠𝑖 

Therefore, the total downhole head less is:  
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ℎ𝑑𝑜𝑤𝑛ℎ𝑜𝑙𝑒 = (𝑑𝑃𝑓−𝑝𝑖𝑝𝑒 + 𝑑𝑃𝑓−𝐴𝑛𝑛𝑢𝑙𝑢𝑠 + 𝑑𝑃𝑁𝑜𝑧𝑧𝑙𝑒𝑠) ×
144

𝑝𝑠𝑓
𝑝𝑠𝑖

𝑔 (
𝑓𝑡
𝑠2) × 𝜌𝑤 (

𝑠𝑙𝑢𝑔
𝑓𝑡3 )

= (16.29 + 0.587 + 0.699) ×
144

32.174 × 1.936
=  40.62 𝑓𝑡 

The rig structure design is essential in order to estimate surface pressure losses. As per the rig 

structure design, there are frictional pressure losses at the hose, PVC pipes, and flexible tubing, as well as 

secondary pressure losses at three 90˚ elbow bends, one entry, and one exit. In our design, these secondary 

losses are significant compared to the frictional pressure loss because the pipe or hose is relatively short in 

length. Sudden contraction and expansion losses are neglected here, but can be considered when fittings 

are specified precisely for construction. Also, the piping length is estimated based on the structure design 

as 17 ft. Another 10 ft is added to account for the hose connection from the faucet location to the rig, 

yielding a total flow length of 27 ft. The piping diameter will be 1” and the pressure required to supply the 

desired 10 gpm will be estimated. Afterwards, the piping diameter will be minimized to reduce costs. The 

average absolute roughness are assumed for different flow paths: hose, PVC pipes, and flexible pipe. The 

following values, seen in Table 14, will be used for the surface pressure loss calculations: (The following 

calculations are done using customary English units) 

Table 14—Further assumptions for surface pressure loss calculations 

ρw, ppg 8.33 νw ft2/s 1.05 x 10-5 L, ft 27 

dh, in 3/4 ε, in 3.96 x 10-4 kelbow 0.4 

kentry 0.5 kexit 0.5 Zin, ft 0 

Zout, ft 10 Pin, psi ??? Pout, psi 0 

 

𝐴ℎ =
𝜋

4
 (

1

12
)2 = 0.0055 𝑓𝑡2  →   𝑣̅ =

𝑞

𝐴ℎ
=

10
7.48 × 60

0.0055
= 4.09 

𝑓𝑡

𝑠
 

𝑅𝑒 =
𝑣̅ 𝑑ℎ

𝜈𝑤
=

(4.09) (
1

12)

(1.05 × 10−5)
= 32361 > 4000 → 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝐹𝑙𝑜𝑤  

𝑓 = 0.25 [log10 (
0.000396

3.7 (1)
+

5.74

323610.9
)]

−2

= 0.0242  

So, the frictional head loss through the hose is:  

ℎ𝑓 = 𝑓
𝐿

𝑑ℎ

𝑣̅2

2𝑔
= (0.0242)

(27)

(
1

12)

(4.09)2

2(32.174)
= 2.03 𝑓𝑡   
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Secondary head losses are calculated as follows:  

ℎ𝑠 = (𝑛𝑒𝑙𝑏𝑜𝑤𝑠 × 𝑘𝑒𝑙𝑏𝑜𝑤 + 𝑛𝑒𝑛𝑡𝑟𝑦 × 𝑘𝑒𝑛𝑡𝑟𝑦 + 𝑛𝑒𝑥𝑖𝑡 × 𝑘𝑒𝑥𝑖𝑡) ×
𝑣̅2

2𝑔

= (3 × 0.4 + 1 × 0.5 + 1 × 0.5)
(4.09)2

2 (32.174)
= 0.57 𝑓𝑡 

So, the total surface head loss is:  

ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 2.03 + 0.57 = 2.6 𝑓𝑡  

And the total surface and downhole head losses are:  

ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + ℎ𝑑𝑜𝑤𝑛ℎ𝑜𝑙𝑒 = 40.62 + 2.6 = 43.22 𝑓𝑡  

Using Bernoulli equation:  

ℎ𝑝 + (𝑍𝑖𝑛 − 𝑍𝑜𝑢𝑡) +
𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡

𝜌𝑤𝑔
+∝𝐹𝑙𝑜𝑤

𝑉𝑖𝑛
2 − 𝑉𝑜𝑢𝑡

2

2𝑔
= ℎ𝑡𝑜𝑡𝑎𝑙 

We know that Hp = 0 as we are assuming no pumps are used in these calculations. The inlet and exit 

velocities will be taken at the hose and the annulus, respectively. Also, αFlow = 1.06 for turbulent flow. So,  

0 + (0 − 10) +
(𝑃𝑖𝑛𝑙𝑒𝑡 − 0) × 144

(8.33 ×
7.48

32.174
)(32.174)

+ (1.06)
(4.09)2 − (3.268)2

2(32.174)
= 43.22 

→ 𝑃𝑖𝑛 = 23.22  𝑝𝑠𝑖 

So, when using a 1” water pipe, a minimum water supply differential pressure of 23.22 psi is 

capable of delivering 10 gpm which yields cutting transport ratio of 90%. Since the water supply differential 

pressure is a minimum of 25 psi, we can go backwards and calculate the minimum diameter needed to 

deliver 10 gpm. So, we will set the inlet pressure at 25 psig and solve back for the diameter (via Excel 

Solver). This yields a minimum diameter of 0.82”. Using a piping diameter of 1”, we have a safety factor 

of 1/0.82 = 1.21. 

4.2 Summary  

The automated drilling machine will be equipped with a circulation system in order to lubricate and cool 

the bit, and remove the wellbore rock cuttings. Tap water will be the circulating fluid as it is the least 

expensive, easily accessible, and capable of producing the desired pressures and flow rates. A regular tap 

water faucet is found to be capable of providing the required pressures and flow rates. With a differential 

pressure of 25 psi, and piping diameter of 1”, the circulation system yields cutting transportation ratios up 

to 90% with a safety factor of 1.21.  
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5. Bit and Drillstring Mechanics 

As per the DSATS guidelines, the drillstring chosen will ensure drilling dysfunctions. Understanding 

drillstring and bit mechanics is important to eliminate such dysfunctions. To mitigate bending and stick-

slip effects, we have 2 parameters (RPM & WOB) to be controlled in order to ensure smooth operation with 

maximum ROP.  

5.1 Mitigation of Stick/Slip  

Stick/slip is a severe torsional drillstring oscillation. There are different approaches that can be used to 

mitigate stick/slip: optimization of drilling parameters, downhole damping devices, and active surface 

controllers. 

5.1.1 Optimization of Drilling Parameters  

The method of manually optimizing drilling parameters cannot be pursued as the drilling process has to be 

autonomous and continuous. Once the drillstring is received and rig is constructed, experiments can be 

carried out so a correlation/model between RPM and WOB can be developed for stick/slip mitigation. This 

model can be fed into the control system for optimization of the drilling process. 

5.1.2 Downhole Damping Devices  

The second method to mitigate vibration is to use vibration damping devices in the drillstring. This approach 

(Hutchinson et al. 2013) uses a shock sub or torque limiter with response characteristics installed in the 

bottomhole assembly (BHA). It continuously monitors downhole vibrations while the driller makes 

adjustments to surface parameters whenever the downhole shock levels increase. Another approach is to 

actively adjust the damping characteristics of a downhole shock-absorber by using downhole shock and 

vibration measurements. Therefore, the BHA axial and torsional stiffness is changed, in response to 

downhole dysfunctions and without data transmission delay or driller’s reaction. This new adaptive shock-

absorber has a magneto-rheological damping fluid whose viscosity changes with changes in downhole 

vibrations. The self-adapting shock-absorber contains (1) a torsional bearing; (2) a spring-stack; (3) shock-

absorbing damper section; and (4) electronics containing vibration sensors, damper control logic, memory 

and a turbine-alternator supplying electrical power. The method of addition of a damping device is also 

restricted by the guidelines of the competition. 
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5.1.3 Active Surface Controllers  

5.1.3.1 Drillstring Model  

In the active surface controllers, we can have stick/slip predicted under given conditions on basis of models. 

Different parameters are monitored and prediction of stick/slip is done on the measured conditions. One of 

the most popular model considered here is composed of two sub models: one deals with torsional drillstring 

dynamics while the other deals with the bit rock interaction (Rudat, Hannover and Dashevskiy 2011). The 

drillstring is modeled as a mechanical oscillator with one rotational degree of freedom as seen in Fig. 13.In 

the drillstring model the active inertia of the drillstring is concentrated in one rigid body with the mass 

moment of inertia J.  

 

Fig. 13—Mechanical model of drillstring with one degree of freedom (after Rudat, Hannover and Dashevskiy 

2011). 

According to Rudat, Hannover and Dashevskiy (2011), the dynamics of the system can be described using 

the angle, φ1, representing the rotational displacement of the rigid body with respect to the surroundings. 

The angular position of the base point of the spring is labelled φ2. Taking the derivative of both angles with 

respect to time, the angular velocities, ω and Ω, are obtained. 

𝜔 =
𝜕φ1

𝜕𝑡
  ………………………………………………………………………………………………. (5.1) 

 𝛺 =
𝜕φ2

𝜕𝑡
  ……………………………………………………………………………………...…...…. (5.2)  

The equation of motion of the drillstring model is given below: 
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𝐽
𝜕2φ1

𝜕𝑡2
+ 𝑑

𝜕φ1

𝜕𝑡
+ 𝑐φ1 = 𝑑

𝜕φ2

𝜕𝑡
+ 𝑐φ2 − 𝑇𝑏𝑖𝑡  …………………………………………………...…. (5.3)

  

And it can also be written as: 

𝜕2𝛼

𝜕𝑡2 + 2𝐷𝜔𝑜
𝜕𝛼

𝜕𝑡
+ 𝜔𝑜

2𝛼 = −
𝑇𝑏𝑖𝑡

𝐽
  ………………………………………………………….…. (5.4) 

5.1.3.2 Bit-Rock Interaction 

The bit-rock interaction model provides a relation between the applied WOB, and the resulting torque on 

bit, Tbit at a given angular velocity, ω. The velocity-dependent friction coefficient can be calculated as: 

𝜇(ω) = 𝑎1 + (𝑎1 − 𝑎2)𝑒
−|𝜔|

𝑎3    ………………………………………………………………...…. (5.5) 

The resulting torque from bit-rock interaction is given by: 

𝑇𝑏𝑖𝑡 =
𝜇(ω)W𝐷𝑏

3
 ………………..………………………………………….……………...…. (5.6) 

In order to apply the drillstring and the bit models to the real drilling process, the model parameters like ω, 

WOB and Tbit have to be measured. The Gauss–Newton algorithm is used for offline parameter 

identification while Extended Kalman filter is used for online parameter identification.  

5.1.3.3 Energy-Based System Analysis 

Stick/slip oscillations of the drillstring can be classified as self-excited oscillation. We can examine the 

energy balance for one oscillation cycle and analyze the behavior of the system. Depending on how much 

energy is supplied to and dissipated by the system, oscillations either increase or decrease. The change of 

energy ΔE of the drilling system during one oscillations cycle with the period τ is calculated as: 

ΔE = ΔE𝑆 + ΔE𝐷 ………………………………………………………..………………………...…. (5.7) 

With supplied energy:   

ΔE𝑆 = ∫ 𝑇𝑏𝑖𝑡(
𝜏

0

𝜕𝛼

𝜕𝑡
)

𝜕𝛼

𝜕𝑡
 𝑑𝑡 = ∫

3

𝐷𝑏

𝜏

0
𝑊𝜇(ω)

𝜕𝛼

𝜕𝑡
 𝑑𝑡 ……………….……………………………...…. (5.8)  

And dissipated energy:  

ΔE𝐷 = − ∫ 𝑑
𝜏

0
(

𝜕2𝛼

𝜕𝑡2
)

2

 𝑑𝑡   ………………………………………...……………………………...…. (5.9)

  

To analyze the stability of the system, oscillations of α with the amplitude γ and the frequency f=1/(2π).  
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𝛼 = 𝛾 sin 𝑡 ………………………………………..…………………………………………...…….. (5.10) 

 
𝜕𝛼

𝜕𝑡
= 𝛾 cos 𝑡 = 𝜔 − 𝛺  ………………..…………………………………………...……………..... (5.11) 

Comparatively, small values are used for γ to analyze the stability at a specific operating point of the system. 

Using the above equations to solve for WOB, we get: 

𝑊𝑐𝑟𝑖𝑐(Ω) =
𝐷𝑏𝑑𝛾2𝜋

3 ∫ (𝑎1+(𝑎1−𝑎2)𝑒
−|Ω+𝛾 cos 𝑡|

𝑎3 )𝜀 cos(𝑡)𝑑𝑡
2𝜋

0

   ………............................................................. (5.12)

  

The above equation can be used to find optimum WOB for drilling operations to operate without stick/slip. 

5.1.3.4 Mathematical Solution-Based System Analysis 

Another way of analyzing the drillstring model is through solving Eq. 5.4 and calculate the angular 

displacement at a specific torque measured at a specific rotational speed and WOB. 𝛼(0) =

𝜃 𝑎𝑛𝑑 
𝜕𝛼

𝜕𝑡
(0) = 0 are the initial conditions; also, we take into account that the drillstring will start rotating 

first and then WOB will be applied introducing torque. The initial time t=0, is the time when WOB is 

applied. The second initial condition implies that there is no change in the difference between angular 

displacement of the bit and that of the topdrive which means that there is no stick/slip. Eq 5.4 is a linear 

non-homogeneous equation and its general solution is given by: 

𝛼(𝑡) = 𝑐1𝑒𝜆1𝑡 + 𝑐2𝑒𝜆2𝑡 + 𝐾𝑜   …………………………………………………………………..... (5.13) 

where  𝜆1 = −𝐷𝜔𝑜 − 𝐷√𝜔𝑜
2 − 1 , 𝜆2 = −𝐷𝜔𝑜 + 𝐷√𝜔𝑜

2 − 1 and  𝐾𝑜 =
−𝑇𝑏𝑖𝑡

𝐽𝜔𝑜
 

Using the initial conditions, constants c1 and c2 are calculated and substituted into the general solution. The 

solution obtained is: 

𝛼(𝑡) =
𝑇𝑏𝑖𝑡

𝐽𝜔𝑜
( 

𝜆2𝑒𝜆1𝑡

𝜆2−𝜆1
−

𝜆1𝑒𝜆2𝑡

𝜆2−𝜆1
− 1)   ………..........................................................................………. (5.14) 

With the above equation, we can find the angular displacement between topdrive and bit. If the 

measured value of angular displacement is equal to or less than the calculated one, we can say that there is 

no stick/slip in the system. In both of the above model based methods of preventing stick/slip, downhole 

measurements of rotational speeds is required. Due to economic and technical constraints, these 

measurements are not feasible. 
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The stick/slip phenomenon occurs due to storage of energy in long drillstrings in form of twists. 

With our drillstring, being approximately around 3-feet, and the WOB to be less than 50 lbs, the probability 

of stick/slip phenomenon is very low. However, the drillstring chosen will ensure drilling dysfunctions, and 

hence a preliminary stick/slip mitigation system is described below. 

5.1.3.5 Active Control System Algorithm 

Another simple and feasible active control system can be designed which will change the parameters on the 

basis of the vibrations measured from the sensors attached to the drillstring. An initial set of parameters can 

be fed into the system. If the system is stable and the vibrations are negligible, we can program the system 

to change the drilling parameters in order to increase ROP. If the system is unstable with large vibrations, 

drilling parameters will be gradually decreased until the vibrations are mitigated. For the implementation 

of such systems, measurements of rotational speed, ROP, WOB, and torque along with feedback control 

system for rotational speed and WOB, are crucial. Algorithm-1, seen in Fig. 14, will be used to implement 

the system. 

 

Fig. 14—Flow chart of the algorithm followed to achieve vibration control. 
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5.2 Mitigation of Bending 

If the drillstring is too weak that it bends under WOB of 50 lbs., drilling dysfunction can occur. In such a 

case, the drillstring will bend and touch the walls, resulting in higher friction, so higher torque magnitudes 

are required to rotate the drillstring. To mitigate such drillstring bending problems, strain gauges will be 

installed on the pipe and calibrated to measure the change in length in the desired direction indicating 

bending. The control system, upon detecting drillstring bending, will reduce the WOB to treat the problem 

and prevent further dysfunction.  

  



41 

 

6. Measurements, Instrumentations, and Control System 

6.1 Data Acquisition and Control  

Data acquisition is the process of sampling data measured by sensors, and converting signal samples to 

numerical values that can be used to control and monitor the drilling process. We compared different data 

acquisition and control systems for this automated drilling rig design. Programmable logic controllers and 

computer based control systems were the two systems considered. Those systems were compared based on 

several attributes, including price and adaptability.  

6.1.1 Programmable logic controllers  

Programmable logic controllers, PLC, are stand-alone industrial controllers that continuously monitor the 

state of input devices and make decisions based on a written program to control the state of output devices. 

The major advantages of PLC systems are that they are robust, usable in harsh environments, flexible, and 

very reliable. The major disadvantages of PLC systems are that they are expensive and rely on computers 

for human interface, data storage, and management. 

6.1.2 PC-Based Control  

Control programs are written on computers and interact with the devices through an input/output card. 

Computer based control systems have several advantages: they are cheap, flexible, and fast communication 

between control programs and equipment, and they support multiple programming languages compared to 

PLC systems; also, they are not tied to one hardware platform. Plus, they excel at data storage and trending 

as they have excellent hard drives. PC-based control systems have several disadvantages: they are not 

designed for harsh environments, they have long boot time, and they can lock up and crash during 

operations. 

6.2 Control System Architecture  

For our design, we choose to use PC-based control systems because they are flexible, cheap, easy to 

program, and capable of managing the data generated. As seen in Fig. 15, the data acquisition module to 

be used is distributed by Omega. It has 4 analog output channels, 16 analog input channels, and 8 digital 

input/output channels. The module provides 24 bit data resolution. Fig. 16 shows a schematic of the control 

system architecture.  



 

Fig. 15—Image of an I/O USB Omega data 

acquisition module (after Omega 2014a) 

 

Fig. 16—Control system architecture. 

6.2 Measurements 

To make the drilling process autonomous and effectively control it, various parameters have to be measured.  

For this rig design, the parameters to be measured include: WOB, rotational speed, ROP, torque, pressure, 

and vibrations on the drillstring. 

6.2.1 Weight on Bit  

To optimize the drilling process, it is critical to be able to control WOB which will be measured using a 

load cell mounted between the hoisting piston and the topdrive motor. The load cell, seen in Fig. 17, will 

have the capability to measure both tensional and compressive forces. A strain meter will be used to convert 

the strain measurements to 0-5v signal.   

 

Fig. 17—Image of a strain meter and a load cell (after Omega 2014b, 2014c) 

6.2.2 Rotational Speed 

Rotational speed will be measured using an optical RPM sensor. It will be mounted between the swivel and 

the motor and a reflector will be mounted on the topdrive motor shaft. 
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6.2.3 Rate of Penetration  

Drilled depth will be obtained using an infrared displacement sensor. The readings from the displacement 

sensor will be used to compute ROP.  

6.2.4 Torque 

Torque will be measured using a torque sensor mounted between the topdrive motor shaft and the swivel. 

Industrial torque sensors are very expensive; hence, for this design we choose to use a bike torque sensor 

manufactured by Thun, seen in Fig. 18. Strain gauges will be used to monitor the torque applied on the 

drillstring. Strain gauges will be mounted on the drillstring and the signal will be transferred from the 

rotating drillpipe using a slip ring. 

 

Fig. 18—Image of bike torque sensor manufactured by Thun (after Thun 2014) 

6.2.5 Pressure  

Pressure on the hydraulic lines will be monitored by using pressure transducers mounted at different points 

in the rotary and hoisting systems.  

6.2.6 Current  

A non-contact current measuring sensor will be attached to the electrical supply cable in order to measure 

the current, and hence calculate real-time energy consumption. This measurement will be used to determine 

the real-time mechanical specific energy at the bit.  

6.3 Data Handling and Display 

Personal or university provided computer will be used to handle and store data generated from the drilling 

process. A program will be written in VBA to scale and log input data generated from sampling sensor 

readings.  Human interface will be made using Microsoft Visual Studios to display measurement readings 

and trends of variables. The variables to be displayed and logged include WOB, ROP, depth, torque, 

instantaneous power consumption, pressure, and drillstring rotational speed. 
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6.4 Instrumentation and Control Options 

Below are control and instrumentation systems for different rig designs that have been considered  

1. A rig design with hydraulic hoisting system and topdrive hydraulic motor  

2. A rig design with hybrid hoisting system and topdrive hydraulic motor 

3. A rig design with electro-mechanical hoisting system and electric topdrive motor  

6.4.1 Hydraulic Hoisting System with Topdrive Hydraulic Motor 

In the first design considered, the hoisting system has a VFD controlled hydraulic pump, four solenoid 

valves, a pressure transducer, and two relief valves, seen in Fig. 19. The increase of WOB or the lowering 

of the drillpipe are controlled by closing SV_02 and SV_04, opening SV_03 and SV_05, and controlling 

the pump speed using the VFD. Inversely, reducing WOB or raising the drillpipe is controlled by opening 

SV_02 and SV_04, closing SV_03 and SV_05, and controlling the pump speed using the VFD, as seen Fig. 

19. Fluid circulation is controlled by opening or closing SV_01 and running P_01. The drillpipe rotation is 

controlled through a VFD which controls the rotational speed of the hydraulic pump, and hence that of the 

drillstring. 

 

Fig. 19—Piping and Instrumentation Diagram (P&ID) of hydraulic hoisting system with topdrive hydraulic 

motor design. 
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6.4.2 Hybrid Hoisting System with Topdrive Hydraulic Motor 

In the second design, the hoisting system has two “current to pressure converters” (I/P converter), two 

pressure transducers, two relief valves, two accumulation tanks, and a nitrogen supply, seen in Fig. 20. The 

increase of the WOB or the lowering of the drillpipe is controlled by increasing the pressure in AT_02 using 

the IP_02 and reducing the pressure in AT_01 using IP_01 and monitoring the pressure using PT_01 and 

PT_02. Reducing WOB or raising the drillpipe is controlled by increasing the pressure in AT_01 using the 

IP _01, reducing the pressure in AT_02 using IP_02, and monitoring the pressure using PT_01 and PT_02. 

The drillpipe rotation is controlled through a VFD which controls the speed of the hydraulic pump, and 

hence the rotational speed of the drillpipe. Fluid circulation is controlled by opening and closing SV_01 

and running P_01, seen in Fig. 20.  

 

Fig. 20—P&ID of Pneumatic-Hydraulic Hoisting System with Topdrive Hydraulic Motor design. 
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6.4.3 Electromechanical Hoisting System and Electric Topdrive Motor  

In the third design, the hoisting system has a screw and a servo motor, seen in Fig. 21. The raising and 

lowering of the drillstring, and WOB is controlled by a servo motor which is controlled through a DC motor 

control card. The circulation is controlled by opening and running SV_01 and P_01. The drillpipe rotation 

is controlled though a VFD which controls the topdrive motor speed, and hence the rotational speed of the 

drillstring.  

 

Fig. 21—P&ID of Electromechanical hoisting system and electric topdrive motor design 

6.5 Summary  

The option chosen was pneumatic-hydraulic hoisting system with topdrive hydraulic motor. This is because 

this system has the fastest response to adjusting and controlling WOB. The cost for instrumentation and 
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control is $4,647.25 including 10% contingency cost, seen in Table 15. The flow chart below, Figs. 22 and 

23, shows the control process and control loops of hybrid hoisting system with topdrive hydraulic motor.  

Table 15—Breakdown cost of measurement, instrumentation, and control system 

Item Quantity Vendor Unit Cost Total cost 

Pressure transducer 2 Omega $225.00 $450.00 

Omega USB IO card 1 Omega $1,300.00 $1,300.00 

Signal conditioners 2 Omega $180.00 $360.00 

Solenoid valves 5 Dwyer $50.00 $250.00 

Strain gages 3 Omega $80.00 $240.00 

Displacement sensor 1 Arduino $15.00 $15.00 

Torque sensor 1 Thun $350.00 $350.00 

Slip ring 1 Ebay $100.00 $100.00 

Load cell 1 Omega $550.00 $550.00 

Load Cell Strain Meter  1 Omega $330.00 $330.00 

Current sensor 1 Arduino $9.60 9.60 

Rpm sensors 1 Omega $280.00 $280.00 

Contingency cost  10%   $422.50 

    Total $4,647.25 

 

 

Fig. 22—Flow chart of the hybrid hoisting system with topdrive hydraulic motor (part 1). 
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Fig. 23—Flow chart of the hybrid hoisting system with topdrive hydraulic motor (part 2). 
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7. Cost Summary  

It is critical to track the total rig construction cost limitations, especially those placed by DSATS automated 

rig design competition which restrict the rig total costs to $15,000, and only grants $10,000 for those teams 

nominated for the rig construction phase. Table 16 shows the contribution of the separate rig systems 

towards the total rig cost, summing up to about $9,961, including 10% contingency costs. The 

measurement, instrumentation, and control system accounts to about 50% of the total cost as it is the rig 

brain which will automate and control the drilling process and make immediate decisions. Meanwhile, the 

circulation system is estimated to cost a maximum of $100.00 since no pump is needed to meet the desired 

cuttings transport ratio.  

Table 16—Total cost estimate of the rig systems combined 

 System  Cost  

 Substructure $1,092.00 

 Hoisting System  $1,930.00 

 Rotary System  $2,191.63 

 Circulation System $100.00 

 Automation  $4,647.25 

 Total $9,960.88 
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8. Safety Considerations 

8.1 Drilling Rig Structure 

Along with increasing mobility, the caster wheels have a safety braking system so the table does not move 

by itself due to vibrations while drilling. The Unistrut have sharp edges at the ends. So, to protect the 

personnel from cuts, end-caps are used over the top ends. The derrick has a locking mechanism at the base 

of the structure to prevent the travelling block from hitting and damaging the rig floor and the equipment 

inside the block in case there is a catastrophic hoisting system failure. 

8.2 Hoisting System 

We have built a hybrid hoisting system which will lower the working pressure compared to that of the 

purely hydraulic system. The ASME tank has a pressure relief valve set at 150 psi for safety purposes. The 

nitrogen tank will be highly pressurized and hence a chain will be welded to one of the legs of the table to 

hold the nitrogen tanks in place. This is to prevent the possible damage to the highly pressurized 

nozzles/valves in case of a fall. Hydraulic line quick connects are used to prevent spillage of hydraulic oil.  

8.3 Rotational System 

The pressurized hydraulic lines running from the hydraulic oil tank to the hydraulic topdrive motor and 

back to the tank will have oil flowing in a pressure range of about 400 to 1000 psi. In case of any restriction 

or blockage, the hydraulic lines will develop higher pressures. According to our torque and rotational speed 

requirements, the calculated pressure is approximately 750 psi. Hence, the relief valve is installed on the 

pump discharge line to prevent high pressure buildups, and is set to a pop off pressure of 800 psi. The 

electric motor is placed on the rig floor away from the circulation water tank which is located underneath 

the rig floor. The electric motor is also grounded against electrical shocks.   
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Nomenclature  

T  = Torque, lb-in 

η  = Efficiency 

RPM  = Rotation per minute 

WOB  = Weight on bit, lbf 

q  = Flow rate, gpm 

μw  = Water dynamic viscosity, cp  

νw  = Water kinematic viscosity, ft2/s 

ρw  = Water density, ppg  

ρs  = Drilling solid particles density, ppg 

g  = Gravitational acceleration, ft/s2 

db  = Borehole diameter, in 

ds   = Drilling solid particles diameter, in 

dn  = Nozzle diameter, in  

dh  = Hose diameter, in 

IDp  = Pipe inner diameter, in 

ODp  = Pipe outer diameter, in   

An  = Total cross-sectional area of bit nozzles, in2 

Ah  = Hose cross-sectional area, ft2 

ε  = Absolute roughness, in 

L  = Length, ft 

Lp  = pipe length, ft 

va    = Annular velocity, ft/s 

vs  = Slip velocity, ft/s 

vT  = Transport velocity, ft/s 

𝑣̅  = Average velocity, ft/s 

Vin  = Inlet velocity, ft/s  

Vout  = Outlet velocity, ft/s  

F  = Cuttings transport ratio 
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Re  = Reynolds number 

f  = Friction factor  

dP  = Pressure loss, psig 

dPf  = Frictional pressure loss, psig 

hdownhole   = Downhole head loss, ft 

hsurface   = Surface head loss, ft 

htotal   = Total head loss, ft 

hf  = Major surface frictional head loss, ft 

hs   = Secondary surface frictional head loss, ft 

hp  = Pump head 

Pin  = Inlet pressure, psig 

Pout  = Outlet pressure, psig 

Zin  = Inlet elevation, ft 

Zout  = Outlet elevation, ft 

αFlow  = Flow type factor 

k  = Pressure loss factor due to entry, exit, elbow… etc.  

n  = Number of counts 

Cd  = Discharge Coefficient 

ai   = coefficient of friction characteristics 

ci   = constants 

c   = torsional spring stiffness, N/m 

d   = torsional damping constant, N-s/m 

D   = damping ratio 

Db   = bit diameter, m 

E   = energy, J 

ED   = dissipated energy, J 

ES   = supplied energy,J 

f   = frequency of oscillation, Hz 

J   = inertia, Kg-m2 

t   = time, s 
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Tbit   = torque on bit, N-m 

W   = weight on bit, N 

Wcric   = weight on bit critical, N 

α   = relative angle between surface and bit, radians 

γ   = amplitude of disturbance 

μ   = friction coefficient 

τ   = oscillation period, s 

ϕ1   = rotational angle of the bit, radians 

ϕ2   = rotational angle at the surface, radians 

ω   = angular velocity of the bit, radians/s 

Ω   = angular velocity at the surface, radians/s 

ωo   = natural frequency, rad/sec 
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Appendix A 

The following 3D figures are produced using SolidWorks® 2014 to demonstrate further details of the 

automated drilling rig systems. 

 

Fig. A1—Complete design showing all rig systems. 
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Fig. A2—Rig substructure showing the circulation water tank, sieve, and pump as well as the concrete block 

with a flow nipple mounted on top of it and connected to a water return line.  

 

Fig. A3—Rig travelling block, showing the hydraulic topdrive motor, torque sensor, swivel, thrust bearings, 

crossover sub, and Unistrut trolleys on the outside frame. 
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Fig. A4—Rig hydraulic cylinder (left) and compressed air tanks (right) of the hybrid hoisting system.  

 

 

Fig. A5—Major components of rig rotary system including hydraulic motor (top left), electric motor (top 

right), hydraulic tank (bottom left), and hydraulic pump (bottom right).  
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Fig. A6—Design of the drillbit and drillstring used for drilling demonstration.   


