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Abstract 

 

Drilling operations is a costly operation and any factors that contribute to the delaying of 

work operation would be unwanted by the industry. Among the many factors that 

contribute to problems are bit wear and vibration. Besides currently there are no real time 

monitoring of bit wear in the oil and gas industry. The main objective of this project here 

is to design a safe laboratory scale test rig that is capable of assimilating the actual drilling 

operations and conditions out in the field. Thorough study of material selections and 

decision making processes such as the weighted evaluation matrix and also analytic 

hierarchy process (AHP) are used in order to complete the study and thus providing a 

proper conceptual design of the laboratory scale test rig. A design concept is also 

generated together with general static analysis of the designed concept. With the lab scale 

test rig, studies on the bit wear and also vibrations could be done and thus further 

optimization of drilling practices could be done at a lower cost rather than practicing out 

in actual drilling operations. This work would illustrate the advantages of varying the 

parameters for better drilling results in the oil field. 
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Chapter 1 

Introduction 

 

1.1 Project Background 

The main component in the oil and gas industry is the hydrocarbons which are stored 

underneath the subsurface of the Earth. Hydrocarbons are used widely in our daily routines 

such as to power up vehicles, manufacturing plants, provide heat and many more. In order 

to retrieve these hydrocarbons from the Earth and produce it into products that can be used 

widely, Exploration and Production (E&P) processes are initiated. E&P process consist of 

six phases which are from Acquisition of Rights, Exploration, Appraisal, Development, 

Production, and Processing. The major part of the E&P process is the drilling process 

which is under the Exploration and Appraisal phase. When a certain geological structure 

has been identified by the geologist, exploration would be conducted and drilling will 

commence. Drilling operation is done of drilling rigs and the figure below shows an 

illustration of a rotary drilling rig. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Illustration of rotary drilling rig 
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Drilling is an operation where it is conducted around the clock non-stop in order to avoid 

non-productive time (NPT) as time is very important when operating on rigs. The amount 

of cost spent in an operation is very dependent on the amount of time spent operating on 

the rig platforms. In order to decrease the amount of time spent operating on the rig 

platforms, ways of increasing drilling performances were being looked into. According to 

King et al. (1990), hydraulic optimization has an important part in the improvement of 

drilling bit performance. It is understand from their study that by optimizing the hydraulic 

systems of the drilling operations, rate of penetration also increases. Besides the hydraulic 

system, weight is also an issue when it comes to drilling operations. Optimum weight used 

in drilling will optimize the drilling penetration but too much weight applied when drilling 

would back-fire and destroy the bit and the bottom–hole assembly.  

In order to study the optimization of the parameters used in the day to day drilling 

operation, a laboratory scale test rig is designed to simulate the actual drilling conditions 

out in the field. Laboratory drill rig is used in order to accelerate the development of 

Polycrystalline Diamond Compact (PDC) bits used for drilling oil and gas wells. 

According to studies, using the laboratory drill rig, assessments on bit cutter performance 

and drill string vibrations can be done and is based on actual drilling conditions. The figure 

below shows an example of a lab-scale drill rig. 

 

Figure 2: Example of a lab-scale drill rig 

• Rotary motor 
 
 

• Drill string 
 
 
• Bit 

 
 

• Formation 
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1.2 Problem Statement 

Till date, even with the most advance of technology, there is currently still no real-time 

method to observe for bit wear. Bit wear is one of the limiting factors for drilling. Any 

drill bits underperforming means lower rate of penetration and thus leading to increase of 

cost and time spent on drilling the particular well. Besides that, if the industry were to run 

testing for bit wear during actual operations, it will be very costly to the industry. The 

industry has always faced challenges when it comes to drilling operations. The challenges 

include prediction of bit wear when drilling through certain formations and also in 

identifying the optimum drilling parameters when using particular design of bit. 

 

1.3 Objectives 

The objective of this project is to provide a laboratory scale drilling rig that is capable of 

doing bit testing. With the lab-scale drilling rig, only then it can function to aid in drilling 

optimization through a series of lab testing of bits. When designing the test rig, it is always 

important to design a safe operating test rig in order to run testing in a safe condition 

without injuring any personnel. Another objective at the end of the project is to execute 

Finite Element Analysis studies on design. 

 

1.4 Scopes of study 

The scope of study based on the objectives can be simplified as the following: 

• Designing a test rig that manipulates with the drilling parameters such as the 

rotational speed and also the WOB which are the main contributors to the drilling 

vibration and bit wear. 

• Ensuring that the test rig is able to withstand the amount of loads and stress when 

conducting tests. 

• Ensuring the test rig is safe to be operated while doing testing. 
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Chapter 2 

Literature Review 

 

2.1 Drill bits 

The drill bit is probably the most critical item of a rotary rig operation. It is the most 

refined of the rotary-rig tools, available in many styles, and is more highly specialized for 

every condition of drilling than any other tool on the rig. To select the proper bit, some 

information must be known about the nature of the rocks to be drilled. There are two main 

types of bits normally used for rotary drilling and have several variations within these 

types, primarily based on the cutting structure used for drilling the rock. These two types 

of drill bits normally used are as follow: 

 

 Tri-cone Bits 

 

Figure 3: Tri-cone bit 
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 Fixed Cutter Bits 

 

Figure 4: Fixed cutter bit 

 

 

The polycrystalline diamond compact (PDC), is a type of a fixed cutter bit and is one of 

the most important advances since their first production in 1976 according to Kate (1995). 

The PDC bit may have one of three basic profiles which are the short parabolic, shallow-

cone, or parabolic. The figure below shows the three different profiles. 

 

 

Figure 5: Short, Shallow-cone and Parabolic profiles of a PDC bit (The Bit, 1995) 
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2.2 PDC drill bit design 

A drill bit design has a number of different features in order to obtain good drilling 

performances. According to Kerr (1988), features such as the number of cutters, type of 

cutters and angle of cutters are some of the examples of factors that affects the rate of 

penetration (ROP). Feenstra & D.H. Zijsling (1984) proposed that bit hydraulics is also 

another feature that is needed to be considered to contribute to a bit’s performance. PDCs 

cut deeper than natural diamonds because the cutters are larger which produces more 

cuttings. A better hydraulic system is needed in order to wash the cuttings out from the 

annulus. Besides that, the cooling function of the drilling fluid is crucial  because of the 

heat generated from the shearing of formation. Kate (1995) stated also in her book that the 

harder the formation, the more important the cooling function is to prevent the cutters 

from disintegrating. The softer the formation, tendency of bit balling would occur if bit 

hydraulics is not performing at its optimum level. 

 

2.3 Weight-on-Bit (WOB) 

Achieving the best performance of the bit all depends on properly altering the weight 

applied on the bit and also the amount of rotary speed used during a drilling operation. In 

general, the higher the rotating speed, the lower the weight on the bit or vice versa. 

According to many runs in the field or even tests in the laboratory, the optimum 

combination of weight and rotary speeds varies from different hardness of the formation. 

According to Kate (1995), PDC bits can drill very fast in soft, nonabrasive formations as 

the cutters shear deeply into the formation on each rotation. In this case, one PDC bit may 

drill for typically 300 hours or more and for several thousand feet. The bit performance 

depends on properly adjusting the WOB and rotary speed. Harder formations would 

require higher WOB in order to crush the stones but may backfire and damage the bit itself. 

Besides damaging the bit, WOB also affects the vibration behavior of the drillstring 

according to Ghasemloonia, Rideout, & Butt (2010). 
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2.4 Laboratory Drill Rig Testing 

Through the years of PDC development laboratory testing has been used to assess 

performance. Various laboratory drilling analogs have been tried including lathe, vertical 

turret lathe, planer and mechanical testing. According to J. Lund and his team in the year 

2007, full scale laboratory drilling test facilities have been built by most drill bits 

companies. However, because of the scale of the equipment required to undertake this 

work, the testing are very costly to the owners of the equipment or the contracting party. 

The results of experiments were given in the terms of torque and weight generated at 

various penetrations rates in different types of rocks. At the same time, the dull grading of 

bits is also determined from the experiments. These are the results that a laboratory drill 

rig testing provides and also wanted by the companies and the industry. This shows that 

lab testing is used to obtain the most reliable simulation of drilling operations. There are 

a lot of benefits from this lab scale drill rig testing. J. Lund and his team also mentioned 

that the drill rig testing also produces a cutter path that is very similar to a full scale drill 

bit in that the cutters are rotated in a circular path around the center of rotation of the bit. 

It is also more compliant ad it is a better representation of the downhole drilling 

environment, and ultimately, lab scale drill rig testing is more cost saving as compared to 

the full scale lab facilities.  

The drill rig capacities used in their study are shown in the table below. 

Table 1: Drill rig capacity used in the study by J.Lund and his team 
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2.5 Designing of Laboratory Drill Rig 

During the designing stage of the laboratory drill rig, there are certain specifications and 

ideas that are needed to be considered. The considerations include the rotary motion of 

the drilling movement, the downward movement, and the method to measure the vibration 

of the drilling movement. A. Ersoy and M.D. Walter mentioned in their study where to 

facilitate the testing of both PDC cutters and roller cone bits, there is a need for the aid of 

servo-hydraulic system to provide the thrust and the electric servo motor to provide the 

rotary motion. In another study by A. Ablahi in 2011, when designing the laboratory drill 

rig, the rotation of the drill bit and the action of it pressing against the rock materials 

should provide the outcome results that show the extent of rock materials that are removed 

and also the degree of bit wear can be analyzed. There are two types of modes that are 

used as a benchmark for designing. These two modes are:- 

 Rate of penetration (ROP) and rotation per minute (RPM) fixed; Vertical thrust 

(WOB) varied to sustain the ROP. 

 Vertical thrust and RPM fixed; ROP to be measured. 

 

2.6 Weighted Evaluation Matrix 

In the real world, making decisions is both important and difficult. In an organisation, a 

person must make critical decisions that all stakeholders would have confidence in, and 

those decisions are somehow justifiable. Besides that documenting the decisions made in 

structured ways is important to ensure that other people will be able to understand the 

reasons for having made a decision for future referencing. A weighted evaluation matrix 

is a tool used to compare alternatives with respect to multiple criteria of different levels 

of importance. It can be used to rank all the alternatives relative to a “fixed” reference and 

thus create a partial order for the alternatives. There are often many different criteria that 

need to be considered in making a decision. The most important step is to define the 

correct criteria, and to evaluate the choice with respect to those criteria as precisely as 

possible. The ability to use the weighted matrix means that one is able to make and take 

decisions more confidently and rationally as compared to those that do not use a proper 

strategized structure to do decision making. 
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2.7 Analytic Hierarchy Process 

According to Thomas L. Saaty, decisions involve many intangibles that need to be traded 

off. For that they have to be measured alongside tangibles whose measurements must also 

be evaluated as to, how well, they serve the objectives of the decision maker. In this case, 

the Analytical Hierarchy Process or in short AHP is a theory of measurement using the 

pairwise comparisons and relies on the judgements of experts to derive priority scales. 

Decision making, for which we gather most of our information, has become a 

mathematical science today (Figuera et al., 2005). Decision making involves many criteria 

and sub-criteria used to rank the alternatives of a decision. Not only does one need to 

create priorities for the alternatives with respect to the criteria or sub-criteria in terms of 

which they need to be evaluated, but also for the criteria in terms of a higher goal, or if 

they depend on the depend on the alternatives, then in terms of the alternatives themselves 

(Saaty, T.L., 2008). In his study on AHP, he also includes the decomposition of the AHP 

steps. The following are the steps taken in making a decision in an organized way that 

generate priorities. 

I. Defining the problem and determining the kind of knowledge sought. 

II. Structuring the decision hierarchy from the top with the goal of the decision, 

then the objectives from a broad perspective, through the intermediate levels 

to the lowest level. 

III. Constructing a set of pairwise comparison matrices. Each element in an upper 

level is used to compare the elements in the level immediately below with 

respect to it. 

IV. Using the priorities obtained from the comparisons to weigh the priorities in 

the level immediately below. Doing this for every element and then for each 

element in the level below add its weighed values and obtain its overall or 

global priority. 

V. Continue this process of weighing and adding until the final priorities of the 

alternatives in the bottom most level are obtained. 

The AHP method uses a set of fundamental scale of absolute numbers in order to rank the 

importance of one element over another element. The following table below showcases 



10 
 

the set of numbers scaled from one to nine with the description of each number. This 

numbering was made famous by Saaty’s study. 

 

Table 2: The fundamental scale of absolute numbers used in Saaty’s study. 
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Chapter 3 

Methodology 

 

3.1 Process Flow of the Project 

 

Figure 6: Workflow of the project 

 

Identify problem statement, objective and project 

scopes 

Lab-scale Test Rig designing parameters: 

1. Rotational Speed (RPM) 
2. Thrusting (Weight-on-Bit) 
3. Torque/Vibration 
4. Safety measures 

Model development:  

1. Designing using CATIA/AUTOCAD software 

Model simulation: 

1. Static analysis using CATIA software. 
2. Predict the performance and behavior of the 

design to identify the weakness of the design. 

Report and Presentation 

Results/Data validations 

Background study and literature survey: 

1. Drill Bits 
2. Laboratory Scale Drilling Rigs 
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Key 
Milestone 

 

3.2 Gantt Chart and Key Milestones 

 

Table 3: Gantt chart and key milestones 

No                      Week 

Activities 
1 2 3 4 5 6 7 

 

8 9 10 11 12 13 14 

1 Literature Review               

2 Listing of Materials 

and Equipment 

              

3 Selection of Material 

and Equipment 

              

4 Designing of 

Concept 

              

5 Structure Analysis of 

Designed Concept 

              

6 Finalized Design 

Concept 

              

 

- List of material and 

equipment are obtained. 

- Stress analysis is 

generated. 

- First generation of lab-scale 

test rig design is produced. 
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3.3 Concept Generation 

In concept generation, there are three major steps which are the decomposition process of 

the complex system, generation of morphology chart, and also the conceptual designs 

sketching based on the morphology chart. The decomposition process is conducted in 

order to break down complex system into smaller units in order to manage and understand 

the systems better. Decomposition is divided into two categories which are the physical 

and functional decomposition. Both these two categories have their own objectives which 

will be explained in the following sub-sections. 

3.3.1 Functional Decomposition Chart 

Functional decomposition is use to identify the system designs of the project. Using the 

functional decomposition chart, we can easily showcase the systems that are used or 

systems that is needed in order for the project to work. The systems that are used in this 

project are shown in the chart below. 

 

Figure 7: Functional decomposition chart 

 

 

Functional 
Decomposition 

Rotary System 

Feeding System 

Circulation System Control System 

Clamping System 
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From the chart above, the functional decomposition is broken down to five types of 

systems. The five systems are the rotary, circulation, control, feeding and clamping 

systems. Below is a table that justifies each system’s functions. 

Table 4: Types of system and its justification of the test rig 

Types of system System Justification 

Rotary system 

 The rotary system consists of the rotating component 

that holds onto the drill string and also the drill bit. 

 The rotary system gives the test rig the rotating 

motion of the drilling test. 

 The rotary system is the main system in the test rig as 

it resembles the drilling operation on the rigs off and 

onshore. 

Feeding system 

 The feeding system resembles the hoisting system on 

a drilling rig. 

 This system is responsible of pushing the bit against 

the formation test sample or vice versa where the test 

sample is pushed against the bit. 

Circulation system 

 The circulation system is not similar to what the 

actual drilling rig where it actually brings out the 

cuttings out of the hole. 

 This circulation system is to provide the cooling 

process of the bit when the bit is rotating at a high 

speed against the sample formation. 

Clamping system 

 The clamping system is a simple mechanism where it 

holds on to the sample formation. 

 This system is used in order to prevent the testing 

sample to rotate together with the bit when the bit 

bites onto the sample. 



15 
 

Control system 

 The control system consists of the manipulation of 

the parameters that will be used in conducting the 

experiment. 

 Controls such as the variation of rotation speed, 

vibrating motion sensor, and also the amount of 

weight that is applied on the test sample. 

 

3.3.2 Physical Decomposition Chart 

Physical decomposition is to identify the components or subassemblies, with the accurate 

description of the interaction and joint between them. The physical decomposition breaks 

down the functional decomposition to its respective operating components. The physical 

decomposition chart of this project is as shown below. 

 

 

Figure 8: Physical decomposition chart 

Physical Decomposition 

Rotary 
Table 

Foot 
clamp 

Top Drive 

Servo-system  

Jack-ups 

Pumps Square 
Casing 

Data 
Logger 
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3.3.3 Morphology Chart 

The morphology chart is actually a tool to list out the possible options based on the 

functions listed out. The morphology chart eases the later selecting process as it provides 

a simpler and understandable platform for easier referencing. Below are three tables listed 

for three different types of system which are the rotary system, feeding system and also 

the clamping system. For this project, only three systems are considered while the 

remaining two systems such as the control system and also the circulation system will be 

continued in the future work planning. 

Table 5: Morphology chart for rotary system 

 

Table 6: Morphology chart for feeding system 

 

 

 

 

Functions Option 1 Option 2 Option 3 

Rotation from 

table 

Precision rotary table 

 

HAAS CNC rotary 

tables 

 

Kelly Bushing 

 

Rotation from top 

drive 

Hydraulic motors 

(consist of quill) 

CNC lathe machine 

attached at the top 
 

Drill string holder Screw-on (Box-pin) Slip-in holder Clamps 

Functions Option 1 Option 2 Option 3 Option 4 

Up and down 

motions 
Jack-ups Servo-system Top drive 

Manually 

operated  

(shaved ice) 
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Table 7: Morphology chart for clamping system 

 

Functions Option 1 Option 2 Option 3 

Holding 

samples 

Rock Specimen Holder 

 

Foot clamp

 

Band clamps 

 

Base of the 

drilling rig 
Square base Circular base  
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Chapter 4 

Results and Discussion 

 

4.1 Go/No-Go screening 

For this project, a series of decision making methods are used in order to obtain the best 

equipment to build the test rig. From the morphology chart generated before, firstly a 

GO/NO-GO screening is used. A GO/NO-GO screening is used in order to eliminate those 

items that are either not feasible or irrelevant in designing the lab-scale test rig. With the 

morphology chart obtained, a total number of 432 options were generated. After the 

GO/NO-GO screening is done from the morphology chart, the morphology chart would 

look something like this and thus giving us lesser options to include in the decision making. 

Table 8: GO/NO-GO screening for rotary system 

 

Table 9: GO/NO-GO screening for feeding system 

 

Functions Option 1 Option 2 Option 3 

Rotation from 

table 

Precision rotary table 

 

HAAS CNC rotary 

tables 

 

Kelly Bushing 

 

Rotation from top 

drive 

Hydraulic motors 

(consist of quill) 

CNC lathe machine 

attached at the top 
 

Drill string holder Screw-on (Box-pin) Slip-in holder Clamps 

Functions Option 1 Option 2 Option 3 Option 4 

Up and down 

motions 
Jack-ups Servo-system Top drive 

Manually 

operated  

(shaved ice) 
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Table 10: GO/NO-GO screening for clamping system 

 

4.2 Weighted Evaluation Matrix 

From the above screening done, it is seen that there is a significant drop in number of 

possible options which was from a total number of 432 options to only 96 options. Using 

this new number of options generated, weighted evaluation matrix is used. In weighted 

evaluation matrix, three design criteria are used which are Feasibility, Operability, and 

Reliability. A number scale is given to each designing criteria to give the materials value 

in order to calculate for better selection. Below shows the evaluation for the design criteria. 

Table 11: Design criteria evaluation for feasibility 

11- 
point 

Scale 

 

Feasibility 

0 

1 

2 

3 

4 
 

5 
 

6 

7 

8 

9 
 

10 

 Items and equipment are difficult to acquire/manufacture. 

. 

. 

. 

. 

 Items and equipment can be manufacture and acquired within the 

time limit of less than 6 months. 

. 

. 

. 

. 

 Items and equipment can be obtained off the market shelf 

Functions Option 1 Option 2 Option 3 

Holding samples 

Rock Specimen Holder 

 

Foot clamp

 

Band clamps 

 

Base of the 

drilling rig 
Square base Circular base  
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Table 12: Design criteria evaluation for operability 

11- 
point 

Scale 

 

Operability 

0 

 

1 

2 

3 

4 
 

5 
 

6 

7 

8 

9 
 

10 

 Requires a very big space and not safe to use  

(Requires a certain skill set that needs training) 

. 

. 

. 

. 

 Moderate spacing usage and safe to use. 

. 

. 

. 

. 

 Optimum space usage and safe and easy to operate. 

 

Table 13: Design criteria evaluation for reliability 

11- 
point 

Scale 

 
Reliability 

0 

 

1 

2 

3 

4 
 

5 
 

6 

7 

8 

9 
 

10 

 High expectation of system breakdown accompanied with major 

effects and high probability of failure. 

. 

. 

. 

. 

 Average expectation of system breakdown accompanied with 

moderate effects and average probability of failure. 

. 

. 

. 

. 

 Low expectations of system breakdown accompanied with minor 

effects and low probability of failure. 
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From the tables of design criteria evaluation, the weighted evaluation matrix tables are generated for each systems as shown 

below. 

Table 14: Table of weighted evaluation matrix for rotary system 

Criteria Weight 
Precision Rotary 

Table 
CNC rotary table Hydraulic motors 

CNC rotary attached from 

top 

Feasibility 0.45 5 2.25 5 2.25 7 3.15 7 3.15 

Operability 0.3 6 1.8 5 1.5 7 2.1 6 1.8 

Reliability 0.25 5 1.25 5 1.25 7 1.75 6 1.5 

Total     5.3   5   7   6.45 

 

Table 15: Table of weighted evaluation matrix for rotary system (holder) 

Criteria Weight Screw-on (Box-Pin) Slip-in holder 

Feasibility 0.45 8 3.6 7 3.15 

Operability 0.3 7 2.1 7 2.1 

Reliability 0.25 8 2 6 1.5 

Total     7.7   6.75 
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Table 16: Table of weighted evaluation matrix for feeding system 

Criteria Weight Jack-ups Servo-system Top-drive system 

Feasibility 0.45 6 2.7 7 3.15 5 2.25 

Operability 0.3 6 1.8 7 2.1 6 1.8 

Reliability 0.25 4 1 8 2 7 1.75 

Total     5.5   7.25   5.8 

 

Table 17: Table of weighted evaluation matrix for clamping system 

Criteria Weight Rock Specimen Holder Foot Clamp 

Feasibility 0.45 6 2.7 7 3.15 

Operability 0.3 6 1.8 5 1.5 

Reliability 0.25 7 1.75 6 1.5 

Total     6.25   6.15 
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4.3 Analytic Hierarchy Process 

Besides using the weighted evaluation matrix, a method called the Analytic Hierarchy 

Process was also used to verify the selection of the equipment. Using the number scale 

that Saaty and his team provided in their study, the table below shows the AHP matrices 

generated and also the statistical scores of the equipment selected. The points are given 

accordingly to the importance that one equipment would operate better over the other 

suggested equipment.  

 

Table 18: AHP matrix for rotary system 

 

Table 19: AHP matrix for rotary system (Drill string holder) 

 
Screw-on (Box-

pin) 
Slip-in holder Sum 

Statistical 

Score 

Screw-on  

(Box-pin) 
1 8 9 0.89 

Slip-in holder 1/8 1 1.125 0.11 

 

 

 

 

Precision 

rotary 

table 

CNC 

rotary 

tables 

Hydraulic 

motors  

(Top drive) 

CNC 

rotary 

attached 

from the 

top 

Sum 
Statistical 

Score 

Precision 

rotary table 
1 2 1/9 1/7 205/63 0.095 

CNC rotary 

tables 
1/2 1 1/7 1 37/14 0.077 

Hydraulic 

motors  

(Top drive) 

9 7 1 2 19 0.552 

CNC rotary 

attached 

from the top 

7 1 1/2 1 19/2 0.276 
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Table 20: AHP matrix for feeding system 

 Jack-ups Servo-system 
Top-drive 

system 
Sum 

Statistical 

score 

Jack-ups 1 1/8 1/3 35/24 0.07 

Servo-

system 
8 1 6 15 0.727 

Top-drive 

system 
3 1/6 1 25/6 0.203 

 

Table 21: AHP matrix for clamping system 

 

Rock Specimen 

Grinding 

Machine 

Foot Clamp Sum 
Statistical 

Score 

Rock Specimen 

Holder 
1 4 5 0.8 

Foot Clamp 1/4 1 1.25 0.2 

 

From the above tables and comparing the results obtained from the weighted evaluation 

matrix and the AHP matrices, it is determined that the highlighted equipment are to be 

selected to construct the initial phase of the laboratory drilling test rig. The AHP matrices 

generated verified the validity of the weighted evaluation matrix and thus shows the 

similarity in the usage of two different decision making approach. From the weighted 

evaluation matrix and AHP method, the total score calculated shows clearly that some of 

the equipment or materials stands out to be used for designing the lab scale test rig. A 

table of the selected equipment generated by the weighted evaluation matrix is shown 

below. 

Table 22: Selected equipment using weighted evaluation matrix 

System Equipment 

Rotary system Hydraulic motors and screw-on 

Feeding system Servo-system 

Clamping system Rock specimen holder 
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4.4 Selection of Specific Equipment for Different Systems 

Now that all the decision making for the equipment used in the different systems were 

selected, specifications of the equipment are to be decided in order to be used for future 

fabrication. The designing specification of each systems were determined and is shown 

below. The designing of the lab-scale test rig is scaled down from what the actual offshore 

oil rig is operating on.  

Table 23: Design specification of the lab-scale test rig 

Parameter Specifications 

Max rotational speed 2400rpm 

Vertical feed rate 0.3 – 60m/hr 

Max vertical force Approximate at 100kN 

Rock sample size 3inch – 6inch diameter 

 

4.4.1 CATIA Assembly Drawing 

From the previous sections, the decision making process was showcased and equipment 

are determined. For this section, the overall design specification of the design concept and 

the CATIA assembly drawing are shown as follow.  

Table 24: Specification of the overall structure of the lab-scale test rig 

Parameter Specification 

Structure base 1.5m(L) x 1.0m(W) 

Height of structure 1.75m 

 

The drawing consist of the hydraulic motor, servo-hydraulics, rock specimen holder, 

structure base and also the rock sample. 



26 
 

        

Figure 9: Isometric view of the design 

 

 

Figure 10: Front and left view of the design 
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Figure 11: Top and right view of the design 

 

 

4.4.2 Hydraulic Motor Selection 

Firstly for the rotary system, different types of hydraulic motors are found off the internet 

and comparisons between each type of hydraulic motors are made based on the design 

criteria. 

Table 25: Morphology chart for the selected types of hydraulic motors 

 Option 1 Option 2 Option 3 Option 4 Option 5 Option 6 

Hydraulic 

motors 

 
TC SERIES 

SMALL 

FRAME 

LSHT 

MOTORS 

 
TJ SERIES 
MED. 

FRAME 

LSHT 

MOTORS 

 
TG SERIES 
LARGE 

FRAME LSHT 

MOTORS 

 
MTE 
Hydraulics 

400 Series 

 
Roller bearing 
hydraulic motors 

5000/5100 

SERIES 

 
Bushing 
Hydraulics 

motor 257 

SERIES 

 

Based on the six options above, hydraulic motors were reviewed from three different 

companies namely Parker Hydraulics, MTE Hydraulics and also PERMCO. All these 

selected hydraulic motors are initially selected based on the availability of the motor in 

the market. However selecting the best motor for the requirement of this project is 
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necessary in order to provide the best performance from the lab-scale testing rig. 

Hydraulic motors are required to operate to a maximum rotational speed of 2400. Higher 

torque value of the motor also indicates that the motor can provide a better torque value 

at the bit when testing is being run. The table below summarizes the maximum rotational 

speed and the maximum torque value that the motor can provide. 

Table 26: Summary of maximum rotational speed and torque value of hydraulic motor 

 Option 1 Option 2 Option 3 Option 4 Option 5 Option 6 

Hydraulic 

motors 

TC SERIES 

SMALL 

FRAME 

LSHT 

MOTORS 

TJ SERIES 

MED. 

FRAME 

LSHT 

MOTORS 

TG SERIES 

LARGE 

FRAME 

LSHT 

MOTORS 

MTE 

Hydraulics 

400 Series 

Roller 

bearing 

hydraulic 

motors 

5000/5100 

SERIES 

Bushing 

Hydraulics 

motor 257 

SERIES 

Max rpm 902rpm 1024rpm 660rpm 2500rpm 2400rpm 2400rpm 

Max torque 
Up to 306.1 

Nm 

Up to 

648Nm 

Up to 

1428Nm 

Up to 

1032Nm 

Up to 

1530Nm 

Up to 

1265Nm 

Price 

(Approx.) 
USD 74.96 USD329.90 USD550 USD400 USD599 USD425 

 

Based on the summarized table, options 1 to option 3 are eliminated as the targeted rotary 

speed is less that the then decided designed specification which is at 2400rpm. Whereas 

options 4 to 6 are within range. The torque values of options 4 to 6 shows that the MTE 

hydraulics 400 series are lower than the ones offered by PERMCO, thus eliminating the 

possible option 4. A comparison was made between the benefits of using a roller bearing 

motor and the bushing hydraulics motor. Bushings are a sleeve that is usually made of soft 

semi-porous material to hold the lubricant.  Roller bearings normally are of higher quality 

as compared to the bushing motors. This is because of the bushes that do not hold lubricant 

as well as bearings do which means that they will fail more easily as compared to the roller 

bearing motors. From the design specification of the hydraulic motor, option 5 which is 

the 5000/5100 series PERMCO roller bearing motor stands out more as the chosen 

equipment for the rotary system. The specifications and pricing list of each equipment can 

be referred in the appendices. 
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4.4.3 Servo System Selection 

From the selection process in the previous section, the servo system is the choice for the 

feeding system in the project. Different types of servo related systems are gathered from 

the market and further comparisons were made to get the final choice of equipment. The 

following is a table of the equipment of choice and their respective specifications.  

Table 27: Types of servo related systems with their specification and approximate cost 

No Type Price (USD) 
Max Output 
Thrust (kN) 

Max Speed 
(mm/s) 

1 
EMG-ESZ electric servo 

cylinder 
Approximate  at 

200 
100 30 

2 TOX Electric Power Module 
Approximate at 

1800 
100 100 

3 Parker ETR Series 
Approximate at 

199 
100 729 – 972 

4 
Tsubaki Emerson Power 

Cylinder – T series/ Eco series 
Approximate at 

400 
117 30 – 36 

 

As stated in the previous sections, the output thrust or weight acting on the bit should be 

approximate at 100kN. All the suggested types of servo system provides the amount of 

required output thrust. However, there is a big contrast in the speed rate of each types of 

servo systems. The required vertical feed rate for the project is ranging from 0.1mm/sec 

to 20mm/s. This numbers are referenced from the laboratory scale drilling test rig used in 

Lund’s study. From the above table, the Parker ETR series and TOX Electric Power 

Module has the highest maximum speed which is not necessary in the usage of this project. 

A better comparison would be between the EMG-ESZ electric servo cylinder and also the 

Tsubaki Emerson Power Cylinder. Their maximum speed rating are more considerable in 

this project as their range of speed are from 30 – 30mm/s. The choice of servo system to 

be chosen for the vertical thrust movement in the feeding system is finally then decided 

based on the price of each equipment. The Tsubaki Emerson Power Cylinder is more 

preferable even when the price is slightly higher than the ESZ electric servo cylinder. This 

is because the latter is currently unavailable in the market. However in the future, the 

electric servo cylinder can always be a second choice option whenever there is a need to 

change the equipment. 
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4.4.4 Material Selection for Manufacturing In-House Equipment 

For the in-house manufacturing of equipment such as the structure base, feeder to hold the 

hydraulic motor and the servo-hydraulic motor, screw-on bit holder and also the rock 

specimen holder, material of the equipment are to be determine.  In order to decide which 

materials are to be used to manufacture, the mechanical properties are listed down as 

follows for easier reference and selection. The tables below shows the different types of 

material along with the properties of each materials. Following the listed properties of 

each material, finite element analysis are done in order to differentiate the strength of the 

materials used. 

Table 28: Mechanical properties of the suggested materials used for manufacturing in-

house equipment 

No Material 
Elastic Modulus 

(GPa) 

Tensile 

Strength,Yield (MPa) 

Ultimate Tensile 

Strength (MPa) 

1 Iron 70 310 413 

2 Carbon Steel 210 415 540 

3 Stainless Steel 200 215 505 

4 Monel 600 207 310 655 

 

4.4.4.1 Finite Element Analysis  

After completing the designing using the CATIA software, the design is put through a 

generative structural static analysis. This is to determine which type of material that is to 

be used for the manufacturing. One critical part of the structure is chosen for the analysis 

and the most critical part of the test rig structure is shown in the picture below. 
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Figure 12: Critical part of the test rig 

This static analysis consist of the deformation of the part where the force is applied, the 

Von Mises stress analysis and also the translational displacement vector. The applied force 

is 100kN on the critical part. The reasoning behind the 100kN force applied on the critical 

part is that the force applied is a resemblance of the weight that is put on the drill bit in 

the drilling operations. Besides that based on the study of Lund and his team, the amount 

of vertical force applied is from the range of 100kN to 164kN. The four different types of 

materials go through the same analysis and results were obtained. Deformation of the four 

different types of material after all respective simulations shows a similar pattern of 

deforming. A screen shot of the deformation is shown in the figure below. 

 

Figure 13: Deformation of structure 



32 
 

A) Iron 

Using the designated material iron properties from the CATIA software material library, 

the iron used is the Gray Cast Iron 4.5% ASTM A-48. It has a Young’s Modulus value of 

200GPa, Poisson ratio of 0.266, density of 7860kg/m3, and a yield strength of 250MPa. 

The results of the simulation is shown below.  

 

Figure 14: Von Mises Stress value (Iron Analysis) 

 

Figure 15: Translational displacement vector (Iron analysis) 
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B) Carbon Steel 

Carbon steel has a Young’s Modulus value of 210GPa, Poisson ratio of 0.29, density of 

7870kg/m3, and a yield strength of 415MPa. The results for carbon steel from the 

simulation are as shown below. 

 

Figure 16: Von Mises Stress value (Carbon steel analysis) 

 

Figure 17: Translational displacement vector (Carbon steel analysis) 
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C) Stainless Steel 

Stainless steel has a Young’s Modulus value of 193GPa, Poisson ratio of 0.29, density of 

8000kg/m3, and a yield strength of 215MPa. The results for stainless steel from the 

simulation are as shown below. 

 

Figure 18: Von Mises Stress value (Stainless steel analysis) 

 

Figure 19: Translational displacement vector (Stainless steel analysis) 

 



35 
 

D) Monel 600 

Monel 600 has a Young’s Modulus value of 207GPa, Poisson ratio of 0.29, density of 

8470kg/m3, and a yield strength of 310MPa. The results for Monel 600 from the 

simulation are as shown below. 

 

Figure 20: Von Mises Stress value (Monel 600 analysis) 

 

Figure 21: Translational displacement vector (Monel 600 analysis) 

From all the figures of result shown for each type of material, a table is shown below 

summarizing the analysis done from the simulation. 
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Table 29: Summary of static analysis of the structure on four different materials 

Material Iron Carbon steel Stainless steel Monel 600  

Deformation Similar deformation 

Max Von 

Mises stress 

value 

7.629x107Nm2 7.623x107Nm2 7.625x107Nm2 7.621x107Nm2 

Max 

Translational 

displacement 

vector value 

1.05mm 0.351mm 0.382mm 0.356mm 

 

A smaller stress value on the structure means that the structure is made of a stronger 

element material and thus receiving lesser stress from the load given. From the above table, 

it is seen that the Von Mises stress values are almost similar ranging from 7.621x107Nm2 

to 7.629x107Nm2. Von Mises stress is considered to be safe haven for design engineers. 

Design will fail if and only if the stress value is more than the strength of the material 

itself. In this case of the simulation, the higher Von Mises stress value means that the 

material is not a good choice to be used for the building of the structure. Iron has the 

highest among the four choices of materials. Following iron are stainless steel, carbon 

steel and lastly Monel 600 in order. Even though the maximum Von Mises stress value of 

all the materials does not exceed the strength of each material, over time, the stresses on 

the parts will soon give away in the structure. This statement is further supported by the 

translational displacement vector generated by the simulation. The structural analysis 

shows the maximum translational displacement vector that each material will endure when 

the loads are applied. The values are range from 0.351mm to 1.05mm. The highest 

displacement seen; which is 1.05mm from the iron material shows that iron is a no-go 

material to be chosen as the material in building the structure. Comparing carbon steel and 

Monel 600, both materials have the better Von Mises stress value and lesser translational 

displacement. Now that from the technical part of understanding, the costing of each 

material should be put into consideration as well. Below is a short summary of the current 

market cost of each material. 
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Table 30: Cost of the suggested material to be used in the manufacturing of equipment 

No Material Cost (USD/Kg) Properties 

1 Iron 0.5 

- Soft and ductile 

- Malleable 

- Stress corrosion cracking 

- Rust in the present of moisture 

- Galvanic corrosion 

- Fatigue resistance 

2 
Carbon 

Steel 
0.5 

- Used as manufacture parts in machinery 

- Durable 

- Capable of withstanding shocks and 

vibration 

- More tough and elastic than mild steel 

- Stronger in compression than in tension 

3 
Stainless 

Steel 
1.6 

- Corrosion resistance 

- Sanitary quality 

- More durable than most sheet metals. 

- Inter-granular corrosion under intense heat 

900 to 1500oF 

- Sensitive to hydrochloric acid. 

- Pitting can occur 

- Expensive 

4 Monel 600 3.0 

- Good corrosion resistance 

- Stronger than steel 

- Extremely expensive 

 

Iron and carbon steel are the cheapest as compared with stainless steel and Monel 600. 

However the strength of the material is more critical to be considered as the main factor 

of choice in building the structure. Even though Monel 600 is a stronger element as 

compared with the carbon steel, the price of Monel 600 is far too expensive at USD3.0/kg. 

From the simulation and comparing the cost of each material, the best option for the choice 

of material is the carbon steel.  

4.4.5 Screw-on Bit Holder and Rock Specimen Holder 

The screw-on bit holder is an equipment that will be joining the drilling bit and the 

hydraulic motor. This bit holder has two box ends. One side of the box will have a diameter 

that is according to the hydraulic motor output end and the other the box diameter 

according to the bit thread diameter used. The rock specimen holder on the other hand is 

also made up of similar material such as the screw-on bit holder. Selection of the material 
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used in designing this rock specimen holder is similar to the process in coming to the final 

material used for the screw-on holder. This is because the material used is easier to get 

and able to be manufactured in-house. The design specifications are shown in the table 

below. 

Table 31: Design specification of the rock specimen holder 

Parameter Specification 

Base of holder 0.8m(L) x 0.5m(W) 

Height of holder 0.22m 

Clamping size 3inch – 6 inch diameter 

Screw diameter 0.01m 

Screw length 0.26m 

 

 

Figure 22: Rock Specimen Holder (Isometric View) 
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Figure 23: Rock Specimen Holder (Front View) 

 

Figure 24: Screw handle (Isometric and front view) 
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Chapter 5 

Conclusion 

The oil and gas industry is an industry where the cost of operating is very important and 

all the companies would want to save cost. One of the factors that contributes to costly 

drilling operations is the drilling bit not performing at its best as there are occurrence of 

bit wear and also vibration. This brings up the matter of having a lab-scale drilling rig in 

order to run testing of bits and to assimilate the drilling conditions that are faced on the 

drilling rig within the laboratory itself. Thus the project of designing the lab-scale drilling 

test rig. Using the GO/NO-GO screening to identify the more feasible equipment before a 

series of decision making approach was used such as the weighted evaluation matrices 

and also the Analytical Hierarchy Process in order to help ease the selection process. The 

conceptual design was generated and then a thorough analysis of the design concept is 

done in order to select the best material used for the manufacturing of in-house equipment. 

Carbon steel was the final choice of material for the manufacturing of the test rig structure. 

The objective of the project was met as at the end of the project, a designed was generated 

and finite element analysis of the design structure was done. From the positive outcome 

of this project, a safe operating drilling test rig would be manufactured to be used in aiding 

drilling optimization of the drill bits in future researches. 
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Recommendation 

As a recommendation, as this project has only three systems namely the rotary system, 

feeding system and also the clamping system; in the future work, the circulation system 

and also the control system should be integrated together with the current system 

generated. This is to fully have a laboratory scale drilling rig that resembles fully to what 

the oil and gas drilling rig platform has. Besides that, using the ANSYS CFD Fluent 

software is a plus point when running simulation that involves the circulation system as 

the circulation of drilling mud is very much important to the drilling operations. This is 

because the circulation system would then cool the drilling bit and also help in drilling 

performances. 
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Appendices 

Appendix 1 – TC Series Hydraulic Motor 
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Appendix 2 – TG Series Hydraulic Motor 
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Appendix 3 – TJ Series Hydraulic Motor 
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Appendix 4 – PERMCO 5000/5100 Series Hydraulic Motor 
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Appendix 5 – Yuken AC Servo Motor Driven Hydraulic Pump 
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Appendix 6 – ETR Series Electric Cylinder 
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Appendix 7 – Tsubaki T Series Power Cylinder 
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