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1

Introduction

The oil and gas industry are continuously looking for innovative solutions in order to perform
more with a lower cost and more safety. That’s what called most drilling societies to look to
automate the drilling process. The SPE and DSATS were the first to accept the challenge and
proposed to make an International Competition for universities all around the world in order
to design and construct an automatic rig machine with innovative ways to achieve the request.
As an answer to the SPE society, our aim of this competition is to “Design and build a
miniature drilling rig and autonomously drill a directional well through a homogeneous rock
sample to a given plan”.
Contrary to last year, the 2020 competition’s two groups both have the directional aspect,
which adds a lot of difficulty and complexity to the vertical drilling operation, and must be
completely autonomous from start to finish (save for the turn on button in the beginning), and
must contain many overlying mechanical, electric, control and hydraulic systems, and well as
various safety measures.
The National Polytechnic School Team, PolyDrill, with completely new members and a new
supervisor, is participating this year for the second time since their victory in last year’s
Drillbotics’ Group B challenge, to try and rise to the Group A Directional Drilling challenge
by modifying the 2019 winning rig to be able to drill directionally and further improve it in
various aspects despite the lack of time, resources and knowledge in the domain.

Competition Objective 2020
in the 2020 competition the team must be able to drill a vertical hole of length 4-inches (10.16
cm) followed by a given inclination for given a deviated well
When the competition drilling begins, teams competing will be required to continue to drill the pilot
hole vertically to the kick off point. The kick off point may be at any depth greater than 4-inches
(10.16 cm) below the surface of the rock.

Figure 1: Well Path
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2

Team Organization
2.1

School

The National Polytechnic School or École Nationale Polytechnique (ENP) is an
engineering school founded in 1925. The architectural diversity of its buildings reflects the
different extensions and enlargements of the areas of expertise, teachings and research.
The engineering courses offered by the National Polytechnic School of Algiers are provided
in order to produce Engineers and Researchers able to imagine, design and develop innovative
ideas, products, processes as well as building the future as well as the diversity of the
Algerian economy.
The National Polytechnic School forms engineers in various majors/specialties, which are:
Automation, Chemical Engineering, Civil Engineering, Electrical Engineering,
Electronics, Industrial Engineering, Environmental Engineering, Hydraulics, Mechanical
Engineering, QHSE - GRI (Quality, Health, Safety, Environment - Industrial Risk
Management) Engineering, Mining Engineering, and Materials Engineering.
The engineering courses are based on successful research centers and experienced teaching
teams. The school also provides many opportunities for continuing the training by a
specialization and many Doctorate Masters.

2.2

Team Members

Just like last year, our 2020 PolyDrill team is made up of engineering students from the
National Polytechnic School, who all study different majors, our team is based on the idea of
multidisciplinary and versatility, and even though we do not have any major specializing in
drilling in any way, the science of our different majors and all the extra background research
we’ve made, as well as the help of our supervisor were enough to make up this design report
which we hope will be good enough for the SPE’s standards.
Our members are:
• DJAH Houssam Eddine (Team Leader): 4th year – Mechanical Engineering.
•

LATRECHE Mahdi: 4th year – Control & Systems Engineering(Automation).

•

OUARET Manel: 4th year – Mechanical Engineering.

•

BELAKHDAR Mohamed Toufik: 5th year – Electrical Engineering.

•

DOULACHE Sid Ali: 4th year – Chemical Engineering.
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2.3

Roles

The team has defined various roles in order to ensure an efficient workflow, with each role
having a respective group working on it with one or many members with experience in the
specific field, with some versatile members in more than one group.
The roles are:
•

Finance and Coordination:
o DJAH Houssam Eddine

•

Design and Documentation:
o LATRECHE Mahdi
o OUARET Manel

•

Safety:
o DJAH Houssam Eddine
o BELAKHDAR Mohammed Toufik

•

Mechanical Design:
o DJAH Houssam Eddine
o OUARET Manel

•

Hydraulic System:
o DOULACHE Sid Ali
o DJAH Houssem Eddine

•

Electric System and Instrumentation:
o LATRECHE Mahdi
o BELAKHDAR Mohammed Toufik

•

Control System:
o LATRECHE Mahdi
o BELAKHDAR Mohammed Toufik
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3

Safety
3.1

Risk Management Approach

Risk management is the discipline that seeks to identify, assess and prioritize business risks,
regardless of the nature or origin of these risks, to process them in a coordinated and
costeffective manner, so as to reduce risk. and control the probability of dreaded events, and
reduce the potential impact.

3.2

Risk Assessment Grid

Risk is defined as the combination of a probability of occurrence of a hazardous event and the
severity of its consequences. The risk assessment is based on the estimation of the level of
probability and severity scale.
Level of probability:
LEVEL

DESCRIPTION

1

Very unlikely

2

Unlikely

3

Likely

4

Very Likely
Table 1: Level of Probability

Severity scale:
LEVEL

DESCRIPTION

1

Low

2

Medium

3

Serious

4

Very Serious
Table 2: Level and Severity of probability
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Risk Rating

Figure 2: Risk Rating

Preliminary risk analysis:

Danger

Evaluatio
n
Identification
Dangerous Dangerous Damage G P R
situation

contact
with

Drill
bit

Result
G P R

event
Accidental

Exposure
to the
rotating

Prevention / protection measures

Isolation of the drilling tool during operation
serious
injury

protector (metal cage, protective glass…. etc)
3

3 1

2

rotating tool
Rotation of
the pipe

Emergency stop button
No loose clothing, jewel, watch, bracelet,
glove, unattached long hair

drill bit
injury

2

2

Avoid being near rotating parts and tools

3

Keep the machine in the transport position
(prevent starting in this position even if the
machine is turned on).
• Avoid turning on the machine in the transport
position

Machine
under
Accidental
tension in
starting of the
transport
machine /
position
direct contact
(horizontal
with the
drill pipe)
drilling tool
serious

3

14

2 1

•

injury

Emergency stop button
Warning device

2 1
•

Projection of

injury

2

Cover of the resting tool of the machine

1 2

2
protection

Solid
Projections
Exposure
to

drilling waste

the
projection Projection of
of solid metal particle
particles
follows a

Surround the drilling area with a fixed
guard or mobile
serious
3

2

injury

• Proper sizing of the drill pipe
Reduce exposure while respecting the

2 1

safety distance

breakage of
the drill pipe
Table 3: Preliminary Risk analysis

Mechanical Risk:
High dust
Breathing

Dust

release
During
drilling

large
amounts

Difficulty
breathing

Place a filter at the top of the drilling area

1 2

1 3
of dust

Requirement
of verticality
not respected
No consequences HSE

15

Large
Instability of

machine
movement

Vibrations

the machine
during

During

Prevent a damping system

drilling
Drilling

Breakage of
the drill pipe

3 3

Maximize the weight of the machine
• The wheels of the machine must have a
safety braking system (minimize the
movement of the machine during
drilling)

2 2
Exposure to
loud noise

Noise

(sound level
above 80 db)

Intense
noise
generation
during
drilling

Risk
associated
with pinch
points,
punctures
Mechanical Lacerations,
construction cutting,
Debris, and
etc during
build up or
testing .

Bit walking

Bits drills
deviated away
from the
trajectory plan
,this risk is
also
associated
with string
wobbling

1 3

Human injuries 3

3

Personal protection (anti-noise)

-It is mandatory to wear HSE equipment
according to minimum standard(e.g. Safety
shoes,safety glasses,gloves,etc)
-Students should work from a certain height
during building up the rig structure.
-A certain range of zone isolation must be set
thus non related person will be allowed to
pass the zone.
-The connection of all parts and pieces of rig
structure must be checked properly during
and after rig construction to confirm the solid
rig structure
-All the sharp edges in rig structure will be
covered or protected to avoid human injuries.

1-install a guide shoe or riser/casing at rotary
table above the rock sample thus limiting the
Target is not
drillstring wobbling .
reached
3 3
2-Install downhole sensors,which are
accelerometer and gyro
3-Integrate the acquisition data with
algorithms to self control the drilling
trajectory
Table 4: Mechanical risk

Recommendations:
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2 1

-

Equip the machine with an emergency stop button:

This device must stop the machine in as short a time as possible, without any additional
risks. It has, moreover, the following characteristics:
1- It is located in plain view and
within reach of the manipulator;
2- It is activated in a single
operation;
3- He is clearly identified.
4- Red color.
Returning the emergency stop device after use must not cause the machine to start.
-

Isolation of the drilling area by a fixed or movable (sliding) guard (plastic plate or
glass) or by a metal cage
Cage Features: (from CSA Z432-04, Canadian Standard for Machine Safety)
-

Prevent an automatic machine logging system in the transport position (horizontal
position of the drilling system):
In this position, to avoid the risk of accidental contact with the drill bit, and the accidental
start-up of the machine, it must be equipped with a system whose objective is to prevent
accidental or deliberate starting. the start of the machine is only in drilling position
(vertical).
- Equip the machine with a warning device:
When starting a machine is a danger to people in the vicinity, it must be announced by a
horn or other effective means of communication.
- Use wheels with safety braking system:
To minimize the movement of the machine during vibrations
-

Minimum distance between the floor and the machine body: 120 mm control panel must be placed in a safe place:
It must be kept as far as possible from the drilling system

The

- Avoid extremities of parts and sharp external parts
- Display safety instructions and handling procedures on the machine body
Equip the top of the protector (drilling area), [if it is a plastic plate or glass] with a filter to
recover the generated dust.

• Electrical Risk:
17

Danger

Evaluatio
n
G P R

Identification
Dangerous
Dangerous
Damage
situation
event
Operator contact
Mass defect
Electrification

42

Prevention / protection
measures

- Cable insulation
- Grounding

Result
G P

3

1

3

1

3

1

with the
Electrocution

- Differential circuit breaker

electrified wall
- Class 1 insulation material
Intervention on
- During the intervention:
electrical cables
Involuntary
Machine under
tension

Shutdown consignment

Electrification
32
Electrocution

contact

- In operation:
Insulate with movable plates
(with padlock)

Fluid projection
(fluid
lubricating
water - reflux
mud)

- Separate the hydraulic circuit from
the electrical circuit (not the
same passage)

Electrification

- Isolate motors and power supply
(walls - watertight compartments)

Leakage in the
Electric arc

hydraulic
circuit

Electrocution

33
- Insulate the cables (waterproof
sheath)

Fire catch
(vibrations)

-

Reinforce hydraulic hoses
Isolate the drilling area (glass

cage)

Sensor &
Communication
error

Failure during
data acquisition
Sensor &
communication

2

system failure
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1

1-The sensors will be tested before and 2
after installation
2-After each test or drilling
maintenance will be performed to
confirm whether the sensors can still
function properly .
3-System restart will be designed ,so
whenever data is failed to be
acquired,by restarting the system data
acquisition can work properly.

1

R

-Over load
motor
Incident of fire
-Over heating of -Explosion
battery and
-Fire
electronics
-injuries

3 3

-Insufficient
cooling

1- Tripping system for overload of
motor ensures that the equipment
does not operate beyond specified
capacity. The tripping system is
synchronized with the alarm
system within the software and the
driller is
notified in the event of an incident.
In the case of a fire, a fire
2
extinguisher is located nearby.
2- If a sensor or any other device
fails resulting in loss of
communication, the alarm system
ensures stoppage of operation. If
required, the electronics can be
cooled using a fan or compressed
air.
3- A dedicated circulation system
(cool air/ water) is provided for
cuttings transport and bit cooling.

Table 5: Electrical Risk

Recommendations:
•
•
•
•

Insulation of electric cables
Prevent grounding
Equip the device with a differential circuit breaker • Use of Class 1 insulating
material
During the intervention:
- Shutdown
- Machine logging (security system shutdown via specific padlocks)

•
•
•
•
•

Separate the hydraulic circuit from the electrical circuit (not the same passage)
Insulate motors and power supply (walls - watertight compartments)
Insulate the cables (waterproof sheath)
Reinforce hydraulic hoses
Isolate the drilling area (glass protector)
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4

Mechanical Calculations
4.1

Drill pipe Integrity

The team decided to choose the aluminum pipe for the following reasons:
-

-

Lightness: Aluminum is a very light metal with a specific gravity of 2.7 g / cm3 , about
a third of that of steel (7-8 g /cm3 ) or copper (8.96 g / cm3 ).
Mechanical resistance: Aluminum is used mainly in the form of alloys whose main
constituent is aluminum, the additive elements can represent up to 15% of its weight.
The strength of the aluminum alloy is adapted to the required application. For
example, it is considered that one kilogram of aluminum can replace two kilograms of
steel in automotive applications.
Corrosion Resistance: Aluminum naturally generates an oxide layer that protects it
from corrosion.
Ductility, malleability: Aluminum can be easily worked at low temperature and
deformed without breaking, which allows to give it very varied forms.

First of all, we will examine the physical limits of a thin-walled aluminum pipe with the
following characteristics:
Geometric characteristics:
-

Outside diameter (Do ):
Wall thickness (t):
Inside diameter (Di ):
Length (Ldp ):

3/8 in ≃ 9.53 mm
0.049 in ≃ 1.24 mm
0.277 in ≃ 7.04 mm
36 in = 914.4 mm

Mechanical characteristics: for 6061-T6 aluminum
-

Ultimate tensile strength (R ultim ):
Tensile yield strength (σe ):
Module of Elasticity (E):

4.1.1

310 MPa
276 MPa
68.9 GPa

Buckling

The critical load is the maximum load (unit: Newton, it is a force) which a column can bear
while staying straight , we are doing these calculated to set a theoretical absolute upper limit
for WOB.
KL

The slenderness ratio is given by the equation:

RS =

Where rg is the radius of gyration given by the equation:

rg = √A

20

rg
I

If : R S > Cc so we have column with a high slenderness ratio, the Euler’s Critical Load
equation is valid and given by the formula:
π2 EI
Fcr =
(KL)2
If : R S < Cc so we have column with a low slenderness ratio ,the drill pipe supports less load
than calculate by the Euler equation , the Johnson equation is valid and given by the formula:
σe KL 1
)( )
2πrg E
Where Cc is the column constant given by equation:
σcr = σe − (

2π2 E

Cc = √

K2 σe

.

I: area moment of inertia of the cross section of the column
A: the cross-sectional area of the column
L: unsupported length of column
K: column effective length factor
E: modulus of elasticity of column material

Figure 3: different types of buckling
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σe : yield strength
In our case we will take the recommended length factor K=1 because both ends of the pipe
have a free rotation and fixed translation
The area moment of inertia of the cross section of the drill pipe is determined :
π
π
I = 64 (Do 4 − Di 4 ) = 64 (0.009534 − 0.007044 ) = 2.84 ∗ 10−10 m4
π

A = 4 (Do 2 − Di 2 ) =
RS =

1∗0.9144
−10

√2.84∗10 −5

π
4

(0.009532 − 0.007042 ) = 3.24 ∗ 10−5 m2

= 308.85

3.24∗10

2π2 68.9∗109

Cc = √

1∗276∗106

Notice that

= 70.2

R S > Cc

so

Fcr =

π2 68.9∗109 ∗2.84∗10−10
0.91442

= 230 N

WOBmax = 23.44 kg

or

4.1.2

Burst

This calculator and associated equation will determine the working pressure of a known
diameter pipe. The equation used is Bellows formula which relates the internal pressure of a
pipe to the dimensions and strength of material.
Pburst =

2σe t
Do s

σe : yield strength
t : Wall thickness of the drill pipe
Do : Outside diameter of the drill pipe
s : safety factor
The safety factor was chosen as 3
Pburst =

4.1.3

2∗276∗106 ∗1.24
9.53∗3

= 239.4 ∗ 105 Pa

Bending stress

The bending stress is the stress which causes the bending of the drill pipe and allows the
appearance of a radius of curvature. For the drill pipe subjected to a simple bending, the
bending stress is given by the equation
σb =
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My
I

Where M is the internal bending moment about the neutral axis given by the equation:
EI
ρ

M=

y ∶ the distance from the point of interest to the neutral axis.
E: modulus of elasticity of drill pipe material
I: area moment of inertia of the cross section of the drill pipe
ρ : radius of curvature
The combination of the two equations gives the following equation:
σb = Ey

1
ρ

The condition that it must be satisfied for the drill pipe will be in the elastic zone is that the
bending stress must remain below the yield strength (σb <σe ) Which give:
ρ>

Ey
σe

Generally, for the annular form the choice of y is made as follows: y =

Do +Di
4

ρ > 1.034 m
The drill pipe will be in the elastic zone for a radius of curvature greater than 1.034 m which
means the drill pipe can be elastically bent.
4.1.4

Twist off

In this part we will calculate the maximum shear stress to know the torque that can be applied
to the drill pipe, the equation below gives the maximum torque applied to the drill pipe as a
function of the maximum shear stress
J
Tmax = τmax
r
Where:
-

J : the torsion constant for the section given by the equation :
π
J = 2I =
(Do 4 − Di 4 )
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r : the perpendicular distance between the rotational axis and the farthest point in the
section (at the outer surface), r =

Do
2

We can write now this formula:
Tmax = τmax

π Do 4 − Di 4
16
Do

Now we will use the Von Mises criterion to calculate the maximum shear stress, the Von
Mises criterion is given by the equation:
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τmax = √

2(σe )2 − (σa − σθ )2 − (σθ − σr )2 − (σr − σa )2
6

✓ If we assume that the axial stress due to internal pressure is negligible, and we
consider that the axial stress is only due to the WOB, then we can express the relation
of the axial stress by the following equation:
WOB
A
π
A: the area of the cross section of drill pipe given by the equation: A = 4 (Do 2 − Di 2 )
σa =

✓ The radial stress is given by the equation:

ri 2
ro 2
σr = 2
(1 − 2 )P
ro − ri 2
r
✓ The tangential stress is given by the equation:
ri 2
ro 2
σθ = 2
(1
+
)P
ro − ri 2
r2
Where:
ro : Outside radius
ri : Inside radius
P : The internal pressure
We will draw the graph of the torque as a function of the WOB and the internal pressure by
using MATLAB and we get the following graphs:

Figure 4: The torque as a function of the WOB and the internal pressure
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This graph can give us the maximum torque for a given internal pressure and weight, for
example the maximum allowed torsion for WOB = 20 kg and P = 150.105 Pa is 19.49 N.m.
note that the influence of the internal pressure on the maximum torque is more important than
the influence of WOB.
4.1.5

Drill pipe simulation

We simulated the drill pipe which subjected to buckling, we note that the maximum
displacement is at the center of the drill pipe

Figure 5: Simulation of the drill pipe subjected to buckling

4.2

Mechanical Specific Energy (MSE)

4.2.1

MSE Equation

In drilling there are two forces acting on the bit; weight on bit (axial force) and torque
(rotational force). These are additive to MSE, so there are two terms in the MSE equation.
The MSE equation can be expressed when drill rotation mode and when drill with Down Hole
Motor in terms of drilling parameters as:
MSE =

WOB 120 ∗ π ∗ RPM ∗ Torque
+
Ab
ROP

Where:
MSE: Mechanical Specific Energy
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WOB: Weight on bit
Ab : ross sectional area of bit or borehole area
RPM: Rotations per minute
Torque: Rotations torque
ROP: Rate of penetration
Teale equation is composed of two parts:
1. Thrust force or weight on bit component
2. Rotary speed component.
We ca use Miguel’s equation (2008) who added a bit hydraulic and defined Drilling Specific
Energy (DSE) as the work done to excavate and remove, underneath the bit, a unit volume of
rock. See Miguel equation below:
DSE =

WOB 120 ∗ π ∗ RPM ∗ Torque 1980000 ∗ λ ∗ HPB
+
−
AB
ROP ∗ AB
ROP ∗ AB

Where:
λ: dimensionless bit-hydraulic factor depending on the bit diameter
HPB: bit hydraulic power

4.2.2

Vibrations

Vibrations in the drillstring is a common cause for drilling inefficiency. MSE trending could
be used to identify different types if drillstring vibrations.
Vibrations usually occur when one or more of the following factors are present; lithological
transitions, use of under-reamer, poor BHA design and/or poor drilling parameter
management, usually in combination with high WOB and relatively high RPM. The most
common problems associated with vibrations are complications causing additional stress to
both the wellbore and the drillstring. This type of stress could cause severe fatigue and
damage to the drillstring over time, resulting in tool failure and an additional re-trip. This is
expensive for the operation in terms of both time and cost.
Vibrations could be detected by reduced ROP, but are also some times measured by sensors
tracking in real-time. Vibrations can be divided in to three different categories as illustrated in
graph below:
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Figure 6: Different categories of vibrations

✓ Axial vibrations, also known as bit bounce, are vibrations along the trajectory of the
wellbore. This type of vibration mostly affects the bit cutters and the bearings, but also
prevent energy from being efficiently transferred to the formation.
✓ Stick and Slip vibrations happen when a part of the drillstring intermittent gets stuck
at high frequency, while the part of the drillstring above the stuck section keeps
rotating. The drillstring then gather potential energy as the string itself gets twirled. At
one point the torque becomes too high for the wellbore to hold, and the formation lets
go of the drillstring. The drillstring will then rotate rapidly as the torsional energy is
released. If the problem is not solved the drillstring will once again go stuck until
enough energy onceagain is worked up. This type of vibrations cause fatigue to drill
collar connections, and may also damage the bit.
✓ Lateral vibrations are the most harmful type of vibrations. Here the drillstring move
in a circular motion around the larger diameter of the wellbore. This type of behavior
damages the surface of the wellbore, but can also cause severe fatigue to the drillstring
components. Lateral vibrations may come as backward whirl and forward
synchronous, differencing at what direction the rotary motion against the wellbore
occurs.

4.2.3

MSE Trending

MSE is primarily used as a trending tool. This means that the specific value of the MSE curve
is of less importance than the trend. Each hole section often starts with a drill-off test to
identify the optimal parameters for this formation in combination with this drillstring setup.
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From this information, the driller can calculate the new-bit-MSE. The new-bit-MSE is the
optimal MSE available for this system, and should be identified at the start of the section.
This is because, at this point, the bit is still sharp, and should be able to achieve optimal
performance.
The new-bit-MSE will then be the lowest possible MSE for this system, and all future drilling
should be evaluated against this value.
When new-bit-MSE is identified, a trend-line should be established. The trend-line is assumed
to increase linearly with elapsed time, as illustrated in below figure, due to the need of higher
mechanical input energy which is mainly caused by three factors; bit dullness, formation
compaction and additional drag due to increased well depth.

Figure 7: MSE Trending
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5

Mechanical Design
5.1

Rig Design

The rig design is based on the design criteria given in the competition guidelines and industry
norms. Mobility, functionality, versatility, stability, and safety have been the main concerns
while designing the rig. the already available drilling rig will be used in this year’s
competition with some modifications.
For the material of construction of the drill rig, we have opted for the Stainless Steel to ensure
stability and because of the rigidity that we can gain, Moreover, his cost is efficient and easily
accessible.

Figure 8: Rig design

The rig is made of 40×40 mm steel, the vertical height is 2200 mm from the floor surface and
840 mm wide, that make the weight of the rig estimated to be 162 Kg. The height was
estimated based on the rock sample height (60 cm) and the total length of assembled drill
string, and of course the availability of the slide rails.
The rig is designed to be easily moved around, as well as to ensure quick rig up and rig down.
Jack up casters are used on each leg so that the rig can effortlessly be operated by one person.
The casters will also make it possible to put the structure down on its steel legs to ensure
stability when operating. The derrick is mounted to the rest of the structure by hinges and
bolts, and can be folded down for a steady and safe transport. The structure is designed to be
able to pass through a standard doorway.
For more mobility, we have chosen to divide the structure in two parts to be more
transportable.
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Mechanical Simulation

Figure 9: Table simulations for 700N applied charge
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Maximal displacement: 0.5 mm
Maximal stress: 0.6 MPa
Minimal security factor: 7.4
The table is stable for an applied charge of 700N.

5.2

Top Drive/Hoisting Systems Design

5.2.1

Hoisting System

The Hoisting System is the system used on a drilling rig to perform all lifting activities. These
activities basically include the lowering and lifting of necessary equipment in or out of the
hole. This system is the main component that performs the drilling operation by either lifting
or lowering the casing or drill pipes to drill and finally complete the well.
This system is one of the important systems to achieve the objective of this competition.
In our hoisting system, we will be using:
- The slides (rails) of 1200 mm.
-

guides (containing a linear bearing) that direct the movement in linear vertical
direction

Figure 10: Guide rails

The reasons that made us take this choice are:
- Availability and low cost in the market.
- Practical use and simple functioning (without lubrification).
- They are made with specific materials so they can resist to dirt, dust and moisture.
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Figure 11: Hoisting system
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5.2.2

Top Drive System

The rotary system includes all of the equipment used to achieve bit rotation. The main driver
in the system is the top drive motor; he is connected to the swivel by a universal coupling.
The swivel is connected directly to the drill pipe.

Figure 12: Top Drive system
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5.2.3

Alignment

To eliminate the alignment problem, we proposed a design for riser alignment shown in the
figure below.

Figure 13: Riser alignment

5.3

BHA Design

5.3.1

Positive Displacement Motor

The Mud motor is a positive displacement motor. It is based on the geometrical fit between
the rotating element (rotor), and the stationary element (stator). The rotor typically has a
single helix shape and is normally made of a metallic material. The stator is formed as a
double helix. The interference fit between the rotor and the stator creates a series of sealed
chambers called cavities.
Pumping action is achieved by the rotor turning eccentrically within the stator. Fluid enters
the cavity formed at the inlet and progresses within that cavity to the outlet. The result is a
true positive displacement, non-pulsating flow that is directly proportional to the pump's
speed. This allows the pump to deliver material at a wide range of flow rates from small shots
to continuous flow. The motor usually operates at higher pressures, temperatures and high
speeds.
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Figure 14: PDM
5.3.2

Sensor Sub

The proposed sensor sub is directly connected to the drill pipe, it contains an emplacement for
the sensor card; it can work as a stabilizer to reduce vibrations.

Figure 15: Sensor sub
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5.3.3

Power Section

Generally, as the number of lobes increases so does the torque (reducing the speed).
The 1 to 2 lobe configuration, used in high-speed motors, has a helical shaped rotor with a
circular cross section (1 lobe). The elastomeric liner opening of the stator is oblong in cross
section (2 lobes), and is molded in a helical shape with a pitch length twice that of the rotor
pitch length. The multi-lobe configuration, employed in low speed, high torque motors, uses a
rotor with a multiple-lobed cross section that also forms a helix. Its pitch length is longer than
the rotor’s pitch length by the ratio of the number of stator lobes divided by the number of
rotor lobes.
We choose for our design the 1 to 2 lobe configuration for its simplicity.

Figure 16: Stator

Figure 17: Rotor
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The rotor forms a continuous seal lengthwise with the stator at their contact points creating
wedge-shaped cavities containing drilling fluid in it. During drill ling operations, high
pressure fluid is pumped into the top end of the Power section where it fills the first set of
open cavities.
When drilling fluid pressure is applied to these cavities, the rotor is forced to rotate within the
stator in a motion known as nutation. Nutation is defined as the oscillatory movement of the
rotor’s axis.

5.3.4 Transmission section
A double universal joint has been used; connected directly to the lower part of the rotor.
The fluid passes through holes in the bottom of the transmission housing.

Figure 18: Transmission housing and double universal joint
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Figure 19: Transmission housing and double universal joint assembly

The bent housing is the part that allows the directional drilling, the inclination in reality is
variable, and we fixed it just to simplify the conception.
A universal single joint has been used inside the bent housing, it will be coupled to the double
joint with the drive shaft.

Figure 20: Bent housing
5.3.5

Bearing section

The bearing section contains the drive shaft that will make the drill bit rotate and the bearing
assembly.
A simple ball bearing is used at the bottom for making the output concentric and to hold the
rotor. We used a radial ball bearing_68_SKF with outer diameter of 19 mm and inner
diameter 6 mm.
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Figure 21: Bearing section
5.3.6

Bit sub

The bit sub is connected to the drive shaft on one end and to the bit on the other end.

Figure 22: Bit sub
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5.3.7

Final BHA design

Figure 23: BHA final design
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6

Hydraulic System

In the field of drilling, the drilling fluid has a significant role in carrying out drilling operations,
such as the transfer of sludge from the green surface to the drill bit. Causes a pressure drop at
the level of the drilling tool that increases the penetration rate. Part of the fluid energy issued in
the face of the drill bit and prevent clogging of the drill bit by the cuttings so that the drilling
fluid can perform its functions (transporting cuttings to the surface of the well of the hole), it is
necessary that the sludge pumps be able to prevail the pressure of the channel and, consequently,
to transport the cuttings out of the hole. Load in the annulus depends on the pressure exerted at
the bottom of the well. Our system must provide adequate fluid pressures and flows.
The automated machine will be equipped with a circulation system to lubricate and cool the
drill and machinery, to remove cuttings from the borehole and to provide additional pressure in
the pipe to prevent buckling.
As cuttings are produced, the bit can grind the trenches repeatedly (grinding or cutting particles
causes high friction and heat that can degrade machine performance), resulting in a low RDP
as well as a loss of energy and time. Both problems can be solved by installing a circulation
system.
Because the platform design does not have a closed loop fluid circulation system, a separate
tank is included to collect circulating fluid and guide it to a drainage area or to storage to
prevent slips and problems of electrical circuits due to wet ground. We will then see in the
phase II if the cost threshold will not be exceeded, the possibility of making a closed
circulation system.
We decided to keep the flow rate maintained constant during the drilling operation.

41

6.1

The drilling fluid

For reasons of cost, availability and efficiency we chose water as a mud fluid. His density is
taken at 25 C (ambient temperature) and it is equal to 997.13 (kg/m3) and its dynamic
viscosity is equal to 0.000891 (kg/m.s).

Figure 24: The circulation system

6.2

The Well cleaning

Well cleaning depends primarily on the nature of the drilling fluid, the size of the hole, the
size of the cuttings and the circulation parameters.
As the drilled cuttings are generated by the drill bit, it is necessary to remove them from the
well; to do this, then, the drilling mud is circulated in the well inside the pipe, then through
the drilling tool, causing the cuttings at the top of the ring and then to the surface. The
cleaning efficiency is according to different parameters such as:
- the size, shape, and density of cuttings.
- the speed of rotation.
-the viscosity and the annular velocity of the drilling mud.
The speed of the mud must be adapted to the nature of the drilled rock and the waste to rise to
the surface. The viscosity of the mud is also an important property; if it is too weak, the
fragments of rock will tend to settle at the bottom of the well, and if it is too high, the mud
will circulate badly.
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During the ascent, an annular top speed improves the transport of the cuttings; the ascent rate
should be at least 50% faster.
Poor movement or upset of drill cuttings can cause narrowing and variation in fluid density,
which can lead to loss of circulation.

6.3

The Mud Pump

The mud pump must provide a flow rate that is compatible with the optimum performance of
the bit used. It is a diverse volume of mud by the drilling pumps through the stand pipe and
the drill string inside the borehole.
The team decide to use Hypro 6500C Roller Pump w/ 1321-0006 (300 PSI, 22 GPM, CI,
CW). It is a good choice as a drilling pump, with its higher flow rates, it allows higher usage
peaks and less wear in normal use.

6.4

Calculations
6.4.1

Fluid flow regime

The type of flow regime will be determined by the liquid velocity, the diameters
annular and mud characteristics and the rheological type of fluid.
It is necessary to know the type of the flow regime, not only for their physical effect but also
to calculate the pressure losses, this is a very important part of the analysis hydraulic.
The transition from one regime to another is a function of the characteristics of the fluid and
the flow, and to determine the flow regime, a numerical and dimensionless number called the
Reynolds number (Re) is calculated using the relation:
ρνdi
Re =
μ
Re: The Reynolds number (dimensionless).
ρ : density of the fluid [kg / m3].
ν : kinematic viscosity of the fluid [m2 / s].
di : characteristic dimension [m]
μ : dynamic viscosity of the fluid [Pa⋅s or kg / (m⋅s) or Pl peacle, or a tenth of PO poise]
Laminar flow is when Re<2500, transitional flow when 2,500<Re<4000 and turbulent flow
when Re>4000.
6.4.2 Fluid Flow Velocity

To remove cuttings from the wellbore, the annular velocity must be greater than the cutting
slip velocity. The cutting slip velocity for a turbulent flow is estimated to be 0.0992 m²/2.
it is given by the law for setting velocity in Newtonian fluid in the turbulent flow:

V𝑠𝑙 = 1,54 √

d𝑠 (ρ𝑠 − ρ𝑓 )
ρ𝑓

Where,
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V𝑠𝑙 : slip velocity, m/s
ρ𝑠 : density of solid particle, kg/m³
ρ𝑓 ∶ density of fluid, kg/m³
d𝑠 ∶ diameter of particle, m
We made several assumptions:
• the maximum particle diameter was assumed equal to the distance between the hole
wall and the outer diameter of the BHA
• the density of the solid was 2400 kg/m3
• The equivalent diameter of the grains is spherical and the sphericity factor is equal to 1
(non-hollow grains)
Generally, a large annular velocity of the drilling mud improves the transport of the cuttings,
moreover, with the fluidizing fluids, these high speeds can cause a turbulent regime, which
increases the cleaning efficiency of the well. It is usually desirable to have a transport
efficiency; the aim will therefore be to have an annulus fluid velocity (V𝑎 ) of 0.35 m/s.
V𝑎 − V𝑠𝑙
transport efficiency =
= 71.66%
V𝑎
Assuming the flow rate is constant throughout the system, the minimum flow rate delivered
by the pump will be then determined by multiplying the annulus velocity by the annulus
cross-sectional area.
The diameter of the bore hole is estimated to be close to the diameter of the bit (38,1 mm) and
the outside diameter of the pipe is 9,53mm, which gives a cross sectional area of 1068,76
mm². The minimum flow in the system is therefore 3,74 10ˉ⁴ m³/s
-

The velocity in the nozzle:

we assume that the bit has two nozzles with a diameter of 3.10 mm (like last year) we have:
The total area of nozzles is 15.09 mm², so the velocity in nozzles is estimated to be 24.78 m/s
using the equation:
Q
V𝑛 =
A𝑛
Where:
Q: Volume flow rate
A: Cross section
6.4.3

-

Pressure Loss

Pressure Loss in Hose

first, we calculate the velocity of fluid in hose Vℎ using the equation:
Q
Vℎ =
Aℎ
so, the velocity in the hose is estimated to be 9.61 m/s.
We determine the type of flow regime. This can be done by estimating the Reynold‘s number
given by the equation:
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Re =

ρνdi
μ

Where:
Re is Reynold's number (dimensionless) calculated 75712.94> 4000 => turbulent flow
The Darcy friction factor is a dimensionless number; the pipe roughness and the pipe diameter
which are used to determine the friction factor should be dimensionally consistent (e.g. we
use roughness and diameter both measured in mm, or both measured in inches).
The flow is turbulent. In this case, the friction factor must be determined using an empirical
correlation. The Colebrook Equation, which is widely used in the field of fluid dynamics, was
chosen as a good approximation and is given by the equation (this equation will be solved
numerically using Excel):
1
ɛ
2,51
= −2 log10 (
+
)
3,7D Re√f
√f
where:
ɛ: the roughness of the hose is estimated to be 0,0001(m)
f: the Darcy friction factor (dimensionless) calculated 0.019.
Then we use the equation:
∆P₁ = ρghϝ
Where:
g: the gravity and its value is 9,81 (m/𝑠 2 )
ρ : the density of the fluid (Kg/𝑚3 )
ΔP1 : the pressure loss (Pa)
hϝ: calculated using the equation:
LV²
hϝ = 4λ
2gd
where: 4ʎ = f
L: the length of the hose (m)
V: the velocity in the hose (m/s)
The pressure drop through the hose is estimated to be 0.575 bar (ΔP1 ).
-

Pressure Loss in Swivel

We found the guide of the swivels cited in the references the following chart which helped us
to make a first estimate of the pressure loss in the swivel:
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Figure 25: Pressure loss in the swivel

For the flow rate of 3,74 10¯⁴ 𝑚3 /s (5.93gpm) and the dimension of 1‘‘ we have the estimate
of around 0.2 bar (∆P2 ).
A more accurate estimate of the pressure loss in the swivel will be provided by the manufacturer
of the swivel in the phase II.
-

Pressure Loss in Pipe

first, we calculate the velocity of fluid in the pipe V𝑝 using the equation:
Q
V𝑝 =
A𝑝
so, the velocity in the pipe is estimated to be 9.61 m/s.
We determine the type of flow regime. This can be done by estimating the Reynold‘s number
given by the equation:
ρνdi
Re =
μ
Where:
Re is Reynold's number (dimensionless) calculated 75712.94> 4000 => turbulent flow
We use these equations with the same procedure:
1
√f

= −2 log10 (

ɛ
2,51
+
)
3,7D Re√f

ΔP3 = ρghϝ
LV²
hϝ = 4λ
2gd
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The pressure drop through the pipe is estimated to be 1.136 bar (ΔP3).
-

Pressure Loss in Bottom Hole Assembly (BHA)

The pressure drops caused by flow resistance through the bottom hole assembly (BHA) must
be calculated separately with the equation:
∆P₄ = 0.5V 2 ev
1
With: ev = (β − 1)² and β = A₂²/A²₁
V is the velocity in the BHA, calculate with this equation:
Q
V=
A₂
A₁: the pipe section
A₂: BHA section
We consider the pressure drop in BHA is negligible because it is very small, then it is not
important to calculate it
-

Pressure Loss in Bit

first, we calculate the velocity of fluid in the bit V𝑏 using the equation:
Q
V𝑏 =
A𝑏
so, the velocity in the pipe is estimated to be 0.328 m/s.
We determine the type of flow regime. This can be done by estimating the Reynold‘s number
given by the equation:
ρνdi
Re =
μ
Where:
Re is Reynold's number (dimensionless) calculated 12460.93> 4000 => turbulent flow
We use these equations with the same procedure:
1
√f

= −2 log10 (

ɛ
2,51
+
)
3,7D Re√f

ΔP4 = ρghϝ
hϝ = 4λ

LV²
2gd

The pressure drop through the pipe is estimated to be 0.0095 bar (ΔP4).
-

Pressure Loss in Nozzles

We use the equation:
ΔP5 =

ρf. Q²
12032Cd²A𝑛 ²

Where
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Cd: the nozzle coefficient was determined to be 1.03 instead of 0.96 used by most bit
companies
ΔP5 : Nozzle pressure loss (psi)
Q: flow rate (gpm)
f: mud weight (ppg)
A𝑛 : the total area of nozzles(inch²)
The pressure loss in the two nozzles is estimated to be 2,884 bars.
-

Pressure Loss in Annulus

The value of the diameter used in these equations is an equivalent diameter calculated using
the equation:
d𝑒𝑞 = √d𝑎 ² − d𝑝 ²
where:
d𝑎 is the diameter of the annulus and d𝑝 is the outer diameter of the pipe (9.53mm).
 d𝑒𝑞 =35.64mm
first, we calculate the velocity of fluid in annulus V𝑎 using the equation:
Q
V𝑎 =
A𝑎
so the velocity in the annulus is estimated to be 0.37 m/s.
The pressure loss through the annulus was based on previous equations as for as the hose.
The flow rate is estimated to be turbulent through the annulus as well and resulted in a
pressure drop, the loss pressure in annulus is estimated to be 0,0073 bar (ΔP6).
Summary of pressure loss
The total pressure loss is:
Component
Hose ΔP1
Swivel ΔP2
Drill pipe ΔP3
Bit ΔP4
Nozzles ΔP5
Annulus ΔP6
Total ΔP𝑡

Pressure loss (bar)
0.5750
0.2000
1.1360
0.0095
2.8840
0.0073
4.8118

Table 6: results of pressure loss
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6.4.4 Pump’s Power

It‘s given by :
𝑃𝑝𝑢𝑚𝑝 = ΔP𝑡

Q
ƞ

Where:
ΔP𝑡 : is the total pressure loss in the drilling machine
Q : is the volumetric flow giving by m³/s
Ƞ
: is the efficacity of the pump = 0.8
Hence:
3,74 10¯⁴
𝑃𝑝𝑢𝑚𝑝 = 4.8118
∗ 100 = 0.225Kw
0.8
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7

Electrical System and Instrumentation

In this section, the electrical system’s actuators (motors) and the various drives that control
their speed and torque will be described, as well as the sensors both top side and downhole,
that serve as the control system’s senses, most are the same as last year’s except for a few
improvements and changes so this section will be describing each part and mentioning why it
was kept and why it was chosen in the first place or why it was changed for another one.

7.1

System Overview

The electrical system of the miniature drilling rig consists of a combination of motors, motor
drives and sensors, top side and downside that make automatizing the drilling process
possible, and are wired in such a way, optimizing the power distribution and meticulously
choosing the different parts so as to make the rig provide the best possible communication
flow between its various components.

Figure 26: Top Side Power Distribution
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Figure 27: Downside Power Distribution

7.2

Rig Actuators
7.2.1

Top Drive Motor

This year’s rig has as a top drive the ATO-SERVO-150S3000 Brushless AC Servo Motor,
instead of last year’s Induction Motor, chosen mainly for the aiming aspect of directional
drilling, its power rating of 3 kW, its precision speed control, and the enhanced durability it
features in harsh industrial environments, it has a rated speed of 2000 rpm (max speed up to
4500 rpm), a rated torque of 15 N.m (max torque up to 30 N.m), with a 150x150 mm design
frame that’s 230 mm in length.

Figure 28: ATO-SERVO-150S3000 Brushless AC Servo Motor
7.2.2

Hoisting Motor

Last year’s choice works perfectly for this year’s competition, which was a “Dual Shaft
Nema 34 CNC Stepper Motor”, initially chosen for its high torque-density rating, high
torque-to-inertia ratio, and small but effective, cool running design, it has a calculated
maximum power output of 1800 rpm , a step angle of 1.8° which allows for more precision, a
maximum output torque of 8.5 Nm, and an overall 86x86 mm design frame and 114 mm of
length.
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Figure 29: Dual Shaft Nema 34 CNC Stepper Motor

7.3

Drives
7.3.1

Rotary Motor Drive

Sinamics G120 was used in 2019 to control the induction motor, this year, since the top drive
motor was changed to the ATO-SERVO-150S3000 Brushless AC Servo Motor, the drive
had to be changed to its matched drive model, the ATOMG-1000 AC Servo Motor Drive,
first, the power drive unit is rectified by the three-phase full bridge rectifier circuit to input the
three-phase electric or municipal power, and the corresponding DC power is obtained. The
three-phase power or electric supply after rectifying can drive the AC servo motor through
three-phase sine PWM voltage source inverter frequency conversion. The whole process of
the power drive unit can be simply described as the process of AC-DC-AC. The main
topology of the rectifier unit (AC-DC) is the three-phase full bridge uncontrolled rectifier
circuit.

Figure 30: ATOMG-1000 AC Servo Motor Drive
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7.3.2

Hoisting Motor Drive

DM556 is used to control the hoisting motor’s Torque and RPM according to the varying
values of ROP which need to be controlled, the position and force calculated by the Position
Sensor and Load Cell respectively, are used to calculate ROP and then to feed back into the
PLC, and it would, in turn, following an optimization algorithm proposed but not used in the
2019 rig, control the hoisting motor’s Torque and RPM using a varying output signal (in
voltage).

Figure 31: DM556 Stepper Motor Drive
7.3.3

Pump Motor Drive

ATV312 is used to control the speed of the pump’s motor, whose role is even more important
in 2020 due the use of the Hydraulic Mud Motor, the fluid’s flow rate is proportional to the
pump’s motor’s RPM which can be controlled using this drive, this controlling the fluid’s
flow rate.

Figure 32: ATV312 Pump Motor Drive
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7.4

Surface Sensors
7.4.1

Top Drive Motor Rotary Encoder

The top drive motor’s rotary encoder (ATO-SERVO-150S3000 Brushless AC Servo Motor)
is used to measure the RPM within the drillpipe, which is the top drive RPM, eliminating the
need for an RPM sensor, it sends back a signal indicating the motor’s position which can be
used to calculate the RPM.
7.4.2

Torque Sensor

Inorder to measure the top drive Torque, the 2019 rig was supposed to have a current sensor
installed, because initially it had a BLDC Motor, now that the rig has an AC Servo Motor as a
top drive motor, the Omega TQ513 Torque Sensor, is used to measure torque applied on the
drill pipe, it has silver slip rings for a secure connextion, operates with a speed of up to 5000
RPM, and can measure RPM, it has a torque range of 0 to 0.35 N.m, an accuracy of ±0.1%, a
weight capacity of 50 in-oz.

Figure 33: Omega TQ513 Torque Sensor
7.4.3

Hoisting Motor Rotary Encoder

The hoisting motor’s rotary encoder (Dual Shaft Nema 34 CNC Stepper Motor) is used to
measure the drill pipe’s linear displacement in order to calculate and control ROP (Rate of
Penetration), the incremental rotary encoder sends back a signal indicating the motor’s
position which can be converted into millimeters.
7.4.4

Load Cell

One of the most vital measured parameters for drilling is Weight-on-Bit (WOB), will be
measured by the Omega Miniature Stud-Mount Load Cell used last year, a force transducer
that converts force applied to the drill line into an electrical signal, because it’s directly
related to the force/weight applied on the bit, it’s perfect for calculating WOB, and it needs to
be both precise and efficient because of its importance in the control procedure, the Load Cell
has an input voltage of 5-10 V (DC), an accuracy of ±(0.15-0.20)% FSO, and an ultimate
overload equal to 300% of capacity.
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Figure 34: Omega Miniature Stud-Mount Load Cell
7.4.5

Pressure Transducer

Pressure applied on the hydraulic pipes by the fluid has to be controlled and thus a FST800211 Silicon Strain Gauge Piezoelectric Pressure Sensor, just like last year’s will be used
and mounted behind the pump, it has an input voltage of 12-24 V (DC), is made of stainless
steel and has a pressure range of 1-300 Bar.

Figure 35: FST800-211 Piezoelectric Pressure Sensor
7.4.6

Flow Sensor

The YF-S201 Flow Sensor (used in 2019) is a Hall Effect based flow sensor that was
mounted in line with the circulating system fluid, that contains a Pinwheel Sensor to measure
how much liquid has moved through it, in addition to an integrated magnetic Hall Effect
Sensor that outputs an electrical pulse with every revolution, the Hall Effect Sensor is sealed
from the water pipe and allows the sensor to stay safe, the Flow Sensor has an input voltage of
5-18 V (DC), draws a maximum current of 15mA (at 5 V), has an accuracy of ±10%, and can
detect a maximum water pressure of 2.0 MPa.
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Figure 36: YF-S201 Flow Sensor

7.5

Downhole Sensors
7.5.1

6-Axis Motion Tracking

Since vibrations are an important limiter of ROP optimization, they must be measured and
controlled for an optimal drilling process, the 3-Axial Accelerometer in the Measurement Unit
uses the principle of the piezoelectric effect to measure and monitor the amplitude of
vibrations in the BHA, so they can be used to control ROP and to check for any abnormal
downhole activity.
And since this is a directional drilling challenge, the use of a 3-Axial Gyroscope is more
pivotal than ever, so it measure at all times, the position of the bit and its inclination and
azimuth, in order to effectively minimize the angle of defection from the calculated trajectory,
and to know when the bit has taken an abnormal trajectory, so the rig can correct it, in the
both the vertical and directional drilling phases, and to calculate the new trajectory in case a
correction is needed.
The 6-Axis Inertial Measurement Unit being used is a GY-521 MPU-6050 6-axis IMU, it
has, in one sensor, both a 3-Axis Accelerometer for measuring the BHA’s vibrations and a 3Axis Gyroscope mainly for measuring the bit’s coordinates as well as its inclination and
azimuth.
The IMU is 21.2x16.4x3.3 mm, has an input voltage of 5 V (DC), can detect acceleration of
up to 16 g, its gyroscope has a range of up to 2000 °/s (dps), and includes a 3.3 V voltage
regulator.
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Figure 37: GY-521 MPU-6050 6-axis IMU
7.5.2

Wireless Communication

To enable data transfer from the BHA a small size NodeMCU ESP2866 12E Wi-Fi Module
is perfect for connecting with the GY-521 MPU-6050 6-axis IMU, its external size is small
which allows for placement inside the BHA, it has an operating voltage of 3-3.6 V (DC), an
operating current of around 80 mA, and it is 16x24x3mm in dimensions.

Figure 38: NodeMCU ESP2866 12E Wi-Fi module
7.5.3

Printed Circuit Board

A Printed Circuit Board (or PCB for short) will be inserted inside the BHA, which contains
the Motion Tracking IMU and the Wireless Communication device, with a 5v power supply
powering both of them in order to have real time communication with the computer and the
PLC running the drilling.
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7.6

Power Consumption

Rig actuators

Power (KW)

Top drive motor

3 Kw

Hoisting motor

1.5Kw

Pump

0.225 Kw

Total

≈5Kw
Table 7: Power Consumption
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8

Control System

In this section, the control system is going to be described, it is a centralized control system
using a Programmable Logic Controller for I/O Control, and using a computer for data
collection and acquisition, which uses LabVIEW as the interfacing software, PC based control
systems have the advantages of being durable and reliable, as well as the ability to add extra
I/O to acquire or control extra areas in order to perfect the system, Data logging can be
triggered by an event within the process or scheduled to occur at regular intervals. Also, once
the data is collected, it will be transferred to the PC for acquisition and monitoring.
The control system uses the electrical parts and actuators mentioned in the last part, and uses
three different drilling modes, to allow the drilling operation to reach its target point with the
most precision and least vibrations possible.

8.1

System Overview

Figure 39: Control System Overview
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8.2

Data Acquisition

In order to make use of all the rig’s sensors’ and drives’ signals and command the whole
electric system, a main I/O control unit is necessary in order to form a centralized system, and
for that, last year’s Siemens SIMATIC S7-1200 PLC was kept, all the parameters from the
sensors and drives are converted into measurable electric signals (voltage) which are next
transferred in this central unit, then they’d be transported to the computer via Ethernet to be
exploited for different uses, mainly interfacing and simulation, the advantage of this
centralized system is that it can realize synchronous data acquisition, as well as real-time
display and preservation, also since we‘ll be using LabVIEW it is known to not only
effectively play the performance of an ordinary data acquisition system, but also to perfectly
interface through LabVIEW (for data visualization) which has a powerful visual HMI editor
and a graphical programming function, the PLC of choice is capable of executing simple but
highly precise automation tasks, modular and compact, versatile, suited perfectly to a whole
range of applications, it handles with safety both standard and safety-related tasks, with its
compact design with integrated IO, communication interfaces that meet the highest industry
requirements and a range of powerful integrated technological functions.

Figure 40: Siemens SIMATIC S7-1200 PLC

The downside sensors (in the BHA) communicate via Wi-Fi using a specialized module, all
other top side sensors, drives and actuaturs are connected directly to the digital and analog
inputs and outputs of the PLC.

8.3

Actuator Control

This sub-section will be covering the basic and elemental control systems, of the different
actuators which are the rig’s performing parts, and which are, the Top Drive Motor, the
Hoisting Motor and the Pump
8.3.1

Top Drive Motor RPM Control

The Top Drive System, has a control system which regulates its RPM, so that it can easily
follow its defined RPM Set Point, which is set to the maximum RPM possible for the Top
Drive Motor (before the start of the vibrations), using a PID controller, a limiter before the
motor, and Low-Pass Filter for the feedback brought from its rotary encoder.
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Figure 41: Top Drive Motor RPM Control Block Diagram
8.3.2

Hoisting Motor RPM Control

The Hoisting System, just like the Top Drive System, has an internal controller regulating its
RPM, which has as a Set Point, being constantly fed into the Hoisting System by the other
PID controllers which will be mentioned, the system also filters the feedback using the LowPass Filter filter.

Figure 42: Hoisting Motor RPM Control Block Diagram
8.3.3

Pump Flow Control

The Pumping System has an internal control system regulating the Flow passing through the
fluid pipes, using the same techniques as the previously mentions RPM controllers.

Figure 43: Pump Flow Control Block Diagram
8.3.5

Filtering

The feedback from the various Systems will be run through both a Low-Pass Filter in order to
remove noise and have a clear signal that does not disturb the correction process in any way.
8.3.6

PID Tuning

The Cohen-Coon and Ziegler Nichols methods will be used to tune the PID controllers for the
various Systems
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8.4

Control Modes

This sub-section will cover the three essential modes that will operate the rig, which will be
doing different tasks depending on the situation and the BHA’s position, which are in order,
the Vertical Drilling Mode, the Steering Mode, and the Directional Drilling Mode, each of
which will be explained in detail in the following sub-section parts.
8.4.1

Vertical Drilling Mode

The first mode, the Vertical Drilling Mode, controls the Hoisting Motor’s RPM using both the
drill pipe torque resulting from the Top Drive Motor’s RPM whose feedback signal is sent
back by the Torque Sensor installed with the drill pipe, and the WOB sensed by the Load Cell
with two different PID controllers, these two modes can either alternate or be active at the
same time to guarantee the best Hoisting RPM and an optimal lowering speed that doesn’t
disturb the Torque or the WOB, all the while the system is controlling the position of the drill
bit using another PID controller, which is very important so the drilling can switch to the
steering mode when at the kickoff point.
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Figure 44: Vertical Drilling Mode Control System Block Diagram
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8.4.2

Steering Mode

The Steering Mode rotates the drill pipe horizontally, so the drill bit can be pointed at the
target point, using the azimuth (which is calculated using the coordinates of the target point
entered into the system before the drilling operation begins), as a set point, the feedback is
brought back by the gyroscope, and the control is provided by a PID controller.

Figure 45: Steering Mode Control System Block Diagram
8.4.3

Directional Drilling Mode

The Directional Drilling Mode, the drilling operation’s most important part, controls the
Hoisting Motor’s RPM with the same method used in the Vertical Drilling Mode, and also
controlling the position, to accurately identify the distance to the target point and allow the
operation to stop when it is reached, the three PID controllers used in these two operations are
the same as the ones used in the vertical drilling, the Pumping System will also be pumping
the fluid, which is being regulated by another PID controller, so it can power the hydraulic
Mud Motor (Positive Displacement Motor), which allows the drill bit to push down and to the
side, sliding with its fixed angle til it reaches the target point.
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Figure 46: Directional Drilling Mode Control System Block Diagram
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8.5

Control Algorithm

The control algorithm consists of a combination of the three modes already mentioned, that
will be alternating when the drilling operation begins, when the x,y and z coordinates are
entered into the system, the optimal drilling path will be calculated, and the vertical drilling
mode will be initiated and the rig will keep on drilling vertically until it reaches the kickoff
point from which the optimal path begins (which depends on the BHA’s bending angle), it
will then initiate the steering mode, to turn the BHA so as to be facing the target point, after
that, the final mode, the directional drilling mode will start and will the rig will drill and start
deviating from the vertical well, with a fixed angle until it reaches the target point, with
maximum precision, all the while deploying the optimization algorithm which will be
optimizing ROP based on MSE.

Figure 47: Control Algorithm
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8.6

Optimal Path

The optimal path will be calculated using an algorithm based on the drill pipe’s limit of
elasticity and the time it would take for the drill bit to reach its destination, its trajectory is
initially vertical for a few centimeters and then it bends over with an angle that is narrow
enough to respect the drill pipe’s limit of elasticity, but wide enough to reach the point with
the required depth (z).

8.7

Optimization Algorithm

The same Optimization Algorithm theorized in 2019 will be implemented into the Control
System, that will change the parameters on the basis of the vibrations measured from the
sensors attached to the drill string. 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.

Figure 48: Drilling Algorithm
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Before starting the drilling operation, we have no idea about the formation, so we start drilling
the first layer with random parameters and saving drilling parameters in the same time in
order to construct a database. When we obtain sufficient data for optimization, then we will be
able to evaluate the optimal parameters.
We suppose that the next layer has the same nature of the formation, so the same optimal
parameters; we apply these parameters and save the new data in order to use them in the next
layer.
So, we are going to work with two matrixes, the first one to save parameters in real time and
the second one contains the parameters of the last layer.

Figure 49: Real Time Optimization Matrixes
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•

The Rate of Penetration (ROP)

While we were searching on the expression of ROP in function of the WOB and RPM for a
PDC bit, we found that many criteria exist. We report them in the table below:

Table 8: Different ROP criteria

In order to choose the adequate and suitable criteria of modeling the ROP in function of WOB
and RPM, we need to analyze each one of these criteria and the nearest one to the reality
should be taken.
To make the decision, we looked for in the documentation and we found a sub-program that
already conceived in advance and called MODSTAT and it is based on the “Statistic
Modeling”
The program gives the value of the correlation’s coefficient R that compares between the
theoretical results and the experimental ones.
R = √1 −

R is given by the equation:

∑(Ymod −Yexp )2
i
i

∑(Ymod −Ymoy )
i

More the coefficient R is near to 1, the model is more adequate, and the results of an PDC bit
are shown in the figure.
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Table 9: The correlation’s coefficient R

Therefore, using the results of MODSTAT we conclude that the suitable criteria modeling the
ROP in function of WOB and RPM is Eckel’s Criteria.
So now we have, the relation between the ROP and (WOB, RPM):
𝑹𝑶𝑷 =𝒂 𝑾𝑶𝑩𝒃 𝑹𝑷𝑴𝒄 … (𝟏)
•

Identification of the coefficients a, b and c:

Since we found the correlation of ROP, we have just to identify the coefficients a, b and c
from previous data (the previous layer), For that we will use the Least Squared sense:
∑ ln (𝑊𝑂𝐵)2
∑ ln(𝑊𝑂𝐵) ln (𝑅𝑃𝑀) ∑ ln (𝑊𝑂𝐵)
∑ ln(𝑊𝑂𝐵) ln (𝑅𝑂𝑃)
𝑏
[∑ ln(𝑊𝑂𝐵) ln (𝑅𝑃𝑀)
∑ ln (𝑅𝑃𝑀)2
∑ ln (RPM) ] ( 𝑐 ) = ( ∑ ln(𝑅𝑃𝑀) ln (𝑅𝑂𝑃) )
ln (𝑎)
∑ ln (𝑅𝑂𝑃)
∑ ln (𝑊𝑂𝐵)
∑ ln (RPM)
∑1

• Torque :
The torque is a linear function of the WOB, it can be written as following:
𝑇𝑜𝑟𝑞𝑢𝑒 = 𝛼𝑊𝑂𝐵+𝛽
In the ideal case, 𝛽=0 but in reality, is not the case.
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Figure 50: torque as a function of WOB

•

Identification of 𝜶 and 𝜷:

We will be using the Least Squares method based of the previous data of Torque and WOB
and therefore we can get the 𝛼 and 𝛽 coefficients.
•

Mechanical specific energy in function of WOB and RPM:

Since we already have the expressions of ROP and Torque, we just have to inject them in the
MSE previous expression, Hence, we find that:

MSE =

WOB
Ab

+

120∗π∗α∗RPM1−c ∗WOB1−b
Ab ∗a

+

120∗π∗β∗RPM1−c ∗WOB−b
Ab ∗a

In order to make it clearer, we note that:
1

C1 = A

b

C2 =

120∗π∗α

C3 =

Ab ∗a

120∗π∗β
Ab ∗a

MSE = C1 WOB + C2 RPM1−c WOB1−b + C3 RPM1−c WOB−b
constraints
The constraints are subdivided in two categories:
✓ Linear constraints imposed by the resistance of the drill pipe:
WOBmin < 𝑊𝑂𝐵 <WOBmax
RPMmin < 𝑅𝑃𝑀 <RPMmax
Torquemin < 𝑇𝑜𝑟𝑞𝑢𝑒 <Torquemax
The last constraint can be written as:
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Torquemin < 𝛼𝑊𝑂𝐵+𝛽 <Torquemax
So finally,
(Torquemin −β)
α

(Torquemax −β)

< 𝑊𝑂𝐵 < 𝑚𝑖𝑛(

α

, WOBmax )

✓ Nonlinear constraints imposed by the cutter’s usury:
1

0 < 1 − 8 ∑ 𝑤𝑐𝑖 𝑊𝑂𝐵𝑖 𝑅𝑂𝑃𝑖 𝐴𝑎𝑏𝑟𝑖 𝐶𝑠𝑖 ≤ 1
Where :
𝑤𝑐 : Usury Coefficient
𝐴𝑎𝑏𝑟 : Coefficient of Abrasiveness
𝐶𝑠: Compressive Strength

i: Number of the layer
That can be written as:
𝑑𝑒𝑝𝑡ℎ

1

𝑑𝑒𝑝𝑡ℎ

𝑖
𝑖
(1 − 2∗𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑡ℎ
− 8 𝑤𝑐𝑖 𝑊𝑂𝐵𝑖 𝑅𝑂𝑃𝑖 𝐴𝑎𝑏𝑟𝑖 𝐶𝑠𝑖 )2 ≤ (2∗𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑡ℎ
)2

𝑊𝑂𝐵𝑖 and 𝑅𝑂𝑃𝑖 represent the average values on the layer “i”
The problem obtained is a nonlinear programming problem (PNL), with linear and nonlinear
constraints. Which requires a previous WOB and ROP’s data.
• Final mathematical problem:
We have:
1
𝑊𝑓 = 1 − ∑ 𝑤𝑐𝑖 𝑊𝑂𝐵𝑖 𝑅𝑂𝑃𝑖 𝐴𝑎𝑏𝑟𝑖 𝐶𝑠𝑖
8
In real time optimization, the following considerations should be taken:
𝑊𝑓 = 0 , 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑡𝑖𝑚𝑒
{
1
𝑊𝑓 = 1 − ∑ 𝑤𝑐𝑖 𝑊𝑂𝐵𝑖 𝑅𝑂𝑃𝑖 𝐴𝑎𝑏𝑟𝑖 𝐶𝑠𝑖 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
8
Final mathematical problem is:
𝑴𝒊𝒏 (𝐂𝟏 𝐖𝐎𝐁 + 𝐂𝟐 𝐑𝐏𝐌𝟏−𝐜 𝐖𝐎𝐁 𝟏−𝐛 + 𝐂𝟑 𝐑𝐏𝐌 𝟏−𝐜 𝐖𝐎𝐁 −𝐛 )
(𝐓𝐨𝐫𝐪𝐮𝐞𝐦𝐢𝐧 − 𝛃)
(𝐓𝐨𝐫𝐪𝐮𝐞𝐦𝐚𝐱 − 𝛃)
< 𝐖𝐎𝐁 < 𝐦𝐢𝐧 (
, 𝐖𝐎𝐁𝐦𝐚𝐱 )
𝛂
𝛂
𝐑𝐏𝐌𝐦𝐢𝐧 < 𝐑𝐏𝐌 < 𝐑𝐏𝐌𝐦𝐚𝐱
𝒅𝒆𝒑𝒕𝒉𝒊
𝟏
𝒅𝒆𝒑𝒕𝒉𝒊
(𝟏 −
− 𝒘𝒄𝒊 𝑾𝑶𝑩𝒊 𝑹𝑶𝑷𝒊 𝑨𝒂𝒃𝒓𝒊 𝑪𝒔𝒊 )𝟐 ≤ (
)𝟐
{
𝟐 ∗ 𝒕𝒐𝒕𝒂𝒍 𝒅𝒆𝒑𝒕𝒉 𝟖
𝟐 ∗ 𝒕𝒐𝒕𝒂𝒍 𝒅𝒆𝒑𝒕𝒉
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8.8

Interfacing

The interfacing software is LabVIEW, mainly because of the huge customization potential it
has, as well as the advantages it features, such as parallel processing, fast real time
measurement data visualization, ease of interfacing with instrumentation and over different
communication links, as well as The single biggest advantage of LabVIEW lies in its ability
to quickly facilitate taking measurements.

Figure 51: Human machine interface for the autonomous drilling

8.9

Drilling Events and Handling

During the drilling operation, certain events can occur. This can either be planned events like
target depth reached or special events like twist, buckling or stuck pipe/bit., the team will give
a definition and diagnostic to some of these events and how they can be handled.
8.9.1

Stick/Slip

Definition:
The sticking of the drill bit followed by the release from rock “slipping” once the torque
reaches a certain point. This occurs erratically when drilling certain rocks with certain
parameters.
Diagnostics:
Typically occurs when drilling soft rock with a high WOB and low RPM. The depth of cut
will increase
(in layman's terms, this mean the bit is taking a bigger bite) and the torsional forces likely to
increase.
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Solutions:
when these diagnostics are spotted, back-off WOB significantly, keep RPM steady. If no
change, back off RPM. Pick up off bottom, go back drilling and bed the bit with a very low
WOB and RPM, full flow rate. Gradually stage up parameters.
8.9.2

Twist-off

Definition:
A complete shearing of the drill pipe at some point along the string caused by excessive string
torque.
This is what happens when stick-slip isn’t brought under control, or when the driller is not
paying attention.
Diagnostics:
Likely when stick-slip is becoming a problem. Typically occurs when drilling soft rock with a
high WOB and low RPM. The depth of cut will increase (in layman's terms, this mean the bit
is taking a bigger bite than usual) and the torsional forces likely to increase.
Solutions:
When these diagnostics are spotted, back-off WOB significantly, keep RPM steady. If no
change, back
off RPM. Pick up off bottom, go back drilling and bed the bit with a very low WOB and
RPM, full flow rate. Gradually stage up parameters.
8.9.3

Stuck Pipe – Key Seating

Definition:
The drill string becomes stuck due to a string buckling creating something of a keyhole microborehole adjacent to the actual borehole. This causes sections of the pipe to become immobile
and is usually caused by too much WOB or poor directional control.
Diagnostics:
Immobile drillstring. Steep drop in ROP, combined with a high torque increase. Need to be
careful here as pipe-whirl can easily follow.
Solutions:
This can be mitigated by knowing definitively the maximum buckling force, applying a SF
and not exceeding this value.
Determine the stuck point of the drill pipe, by converting the string elongation to stuck point
downhole, proceed to pull to maximum allowable over pull and attempt to establish string
rotation. If unsuccessful, proceed to jar, but do NOT do so with string rotation. Pumping a
lubricant downhole can also assist with freeing the pipe, since the coefficient of friction is
reduced.
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8.9.4

Stuck Pipe – Pack-off

Definition:
The drill string becomes stuck due to poor borehole quality effectively blocking up the hole.
Whether this is done at some point up the hole or down at the BHA level, it is usually the
cuttings falling back down that cause this.
Diagnostics:
No circulation is likely to be possible, and there will be a severe increase in SPP. Rotation is
likely to be difficult and high torque will be a good indication of this.
Solutions:
DO NOT JAR INTO TIGHT HOLE. Attempt to pick up off bottom and circulate clean.
Important to establish if pipe movement is possible up or down. From here, it is usually
advisable to alter the fluid properties to remove the cuttings. High-viscosity sweeps can be
helpful here, all the while attempting to restore rotation and circulation. Jar in the direction the
pipe is NOT stuck.
8.9.5

Stuck Pipe – Differential Sticking

Definition:
The drill string becomes stuck due to a high differential pressure between the drill string and
the formation. Think of the borehole as a vacuum cleaner, and the drill pipe being sucked into
it.
Diagnostics:
Usually a sharp or gradual drop in ROP combined with a proportional increase in torque. This
is most clearly seen when rotating the string off-bottom, where a torque increase is indicative
of differential sticking. Cutting sizes will also vary and SPP should increase.
Solutions:
In our case, this is highly unlikely to occur.
8.9.6

Bit balling (Fluid Overpressure)

Definition:
The blocking of drill bit nozzles and gradual collection of mud/rock deposits on the drill bit
blades, making drilling impossible.
Diagnostics:
Sharp increase in SPP, with a drop in torque can be seen. Look out for large collections of
gumbo coming over the shakers. Mud parameters almost guaranteed to be out of spec. Very
common in shaly formations where no shale inhibitor is used (KCl, PAC, KOH- etc.)
Solutions:
In almost all cases the bit needs to be pulled and cleaned. Mitigating actions can be taken in
our case.
Since there is every possibility of encountering a swelling clay, ~3-4% KCl should be added
to the system if a WBM is used. Using OBM will likely eliminate this problem altogether.
When coming back to bottom in any situation once drilling has commenced, low WOB, high
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RPM and full drilling flowrate need to be used.
We’ll need to program the system to make a wiper trip (non-rotational trip to surface and
back) every x-millimeters with no flow – essential for good hole cleaning.
8.9.7

Drilling Fluids – Progressive Gels

Definition:
The long-term increase in mud PV as a result of drilled solids becoming colloidal over an
extended period of time. More common in WBM.
Diagnostics:
Any decent Mud Man will be able to spot this, since his 10 and 30 min gel rheology tests
should pick up the fact that PV is rising. On the rig floor, the driller will see a gradual SPP
increase and over a long period, the mud will start to look like a thick custard.
Solutions:
Decent shakers and a centrifuge usually solve this problem beforehand. Dumping a diluting is
the most immediate solution after the fact. In our case, the use of a mesh screen will be
critical to ensuring tiny drilled solids to not become colloidal too early. Attaching a
conventional kitchen filter around the fluid collection bucket can help with this, combined
with a tiered bucket collection/separation system.
8.9.8

Vibrations

As defined previously,there are three main types of vibrations that can occur while drilling:
axial, torsional and lateral. Each of these modes has a different type of destructive nature:
a8xial vibrations can cause bit bounce, torsional mode can cause irregular downhole
rotation and lateral mode can cause large shocks as the BHA impacts the borehole
wall. All three vibration types can occur during rotary drilling and they can all
cause significant damage.
Diagnostic:
It can be detectected using downhole IMU sensor or when acceleration over threshold occur.

Solutions:
For both lateral and axial we should decrease RPM by 10% & increase WOB by 10%.
8.9.9

Leak (Sudden Leak)

Cause:
-Hydraulic fittings failure.
-Pump overspeed.

Diagnostics:
-Suddent drop in pressure 25% in 100.

Solution:
- Limit pump speed.
-Emergency shutdown by operator.
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9

Finance
9.1

Rig Cost Estimation

Item Description
PDM Printing
Drill Pipes
ATO-SERVO-150S3000 Brushless AC Servo Motor
ATOMG-1000 AC Servo Motor Drive
Omega TQ513 Torque Sensor
Omega Miniature Stud-Mount Load Cell
FST800-211 Silicon Strain Gauge Piezoelectric Pressure
Sensor
YF-S201 Flow Sensor
GY-521 MPU-6050 6-axis IMU
NodeMCU ESP2866 12E Wi-Fi Module
Wires and connections
Others

Total Rig Cost (USD)
Total (Plus 20% Contingency Cost)
(USD)

Unit
Cost
(USD)
300
10
688
372
200
200
65

No.
of
Units
1
20
1
1
1
1
1

Total
Item Cost
(USD)
300
200
688
372
200
200
65

8
7
4
300
200

1
1
1
1
1

8
7
4
300
200

2544
3053

Table 10: Rig Cost Estimation

9.2

Funding Plan

The 2019 Rig is going to be used, as the changes and improvements have been minor.
The team plans on contacting multiple companies for sponsorship in this project, as a few have already
shown interest in providing sponsorship.
The National Polytechnic School and our Advisor will help us and provide the necessary tools and
workspace as well as guide us to finding sponsorships.
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10

Schedule

Figure 52: Schedule
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Appendix
A

Summary of Equations

Calculations
Euler’s Critical Load

Formula
2

Fcr =

The area moment of
inertia of the cross section
of the drill pipe
the cross-sectional are

I=

π EI
(KL)2

π
(D 4 − Di 4 )
64 o
π

Results
230 N

2.84 ∗ 10−10 m4

A = 4 (Do 2 − Di 2 )
KL
RS =
rg

3.24 ∗ 10−5 m2

column constant

2π2 E
Cc = √ 2
K σe

70.2

Barlow burst equation

Pburst = D es
o
Ey
ρ=
σe

The slenderness ratio

2σ t

Minimum radius of
curvature
radial stress

tangential stress

τmax
Maximum torque

Pressure Loss
Pump’s Power

=√

1.034 m

depends on internal
pressure

ri 2
ro 2
(1
+
)P
ro 2 − ri 2
r2

depends on internal
pressure

σa =

Maximum shear stress

239.4 ∗ 105 Pa

ri 2
ro 2
σr = 2
(1 − 2 )P
ro − ri 2
r
σθ =

axial stress

308.85

WOB
A

depends on WOB

2(σe )2 − (σa − σθ )2 − (σθ − σr )2 − (σr − σa )2
6
Tmax = τmax

π Do 4 − Di 4
16
Do

∆P = ρghϝ
𝑃𝑝𝑢𝑚𝑝 = ΔP𝑡

depends on internal
pressure and WOB,
see Figure 4
See Table 6

Q
ƞ

Table 11: Summary of Equations
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depends on internal
pressure and WOB

0.225Kw

B

Rig Specifications

Figure 53: Rig Specifications 1
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Figure 54: Rig Specifications 2
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Figure 55: Rig Specifications 3
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Figure 56: Rig Specifications 4
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Figure 57: Rig Specifications 5
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C

Power Consumption
C.1

Top Drive Motor

The planned Top Drive Motor (ATO-SERVO-150S3000 Brushless AC Servo Motor), has a rated
speed of 2000 rpm (max speed up to 4500 rpm), and a rated torque of 15 N.m (max torque up to 30
N.m), if these parameters (2000 rpm/15 N.m) were used, the power consumed would be of 3kW
C.2

Hoisting Motor

The same power consumption calculations as the 2019 ones can be used since the hoisting motor is the
same one.
The torque is estimated using the equation bellow:

Where:
F: force acting on the ball screw.
P: The lead of the ball screw.
ƞ: Efficiency factor for the ball screw

Figure 58: Positive Efficiency (Rotational to Linear)

The total force acting in the ball screw was estimated to be at most 500 N, from weight of drill
string, top drive motor and carriage.
For the lead, we have chosen M14 ball screw, to ensure precision in WOB and to get a large
domain of variation for the ROP, Safix has been chosen as supplier and their smallest available
lead for M14 ball screw is 2 mm.
The efficiency factor for the ball screw was set as 0.32
87

Finally, we find: T=0.5 N.m

Table 12: Resistance of threaded shaft
To provide a rough estimate of the power consumption of the hoisting motor, the carriage is estimated
to be able to move from bottom to top of the rock within 10 seconds, which results in ω=188.5 Rad/s,
the efficiency factor for the hoisting motor was set as 0.9, and the motor power required was
calculated to be: P=105 W
C.3

Computer

The computer, which is the same one used to control the 2019 rig, is a Dell OptiPlex 7440 AIO, has a
maimum power consumption of 700 W, but since it’s only going to be used for controlling the
different processes and interfacing it’s expected to consume a maximum of 200 W.
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D

BHA Specifications

Figure 59: BHA Specifications 1
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Figure 60: BHA Specifications 2
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Figure 61: BHA Specifications 3
91

Figure 62: BHA Specifications 4
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Figure 63: BHA Specifications 5
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Figure 64: BHA Specifications 6
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Figure 65: BHA Specifications 7
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Figure 66: BHA Specifications 8
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Figure 67: BHA Specifications 9
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Figure 68: BHA Specifications 10
98

Figure 69: BHA Specifications 11
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Figure 70: BHA Specifications 12
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Figure 71: BHA Specifications 13
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Figure 72: BHA Specifications 14
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Figure 73: BHA Specifications 15
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E

Motors Specifications
E.1

Top Drive Motor
ATO-SERVO-150S3000 Brushless AC Servo Motor

Figure 74: Top Drive Motor Dimensions

Table 13: Top Drive Motor Specifications
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E.2

Hoisting Motor
Dual Shaft Nema 34 CNC Stepper Motor

Figure 75: Hoisting Motor Dimensions

Table 14: Hoisting Motor Specifications

Table 15: Hoisting Motor Step
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F

Pump Specifications
Hypro 6500C Roller Pump

Figure 76: Pump Dimensions

Table 16: Pump Dimensions

Table 17: Pump Specifications
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Table 18: Pump Performance Data 1

Table 19: Pump Performance Data 2

G

Drive Specifications
G.1

Top Drive Motor Drive
ATOMG-1000 AC Servo Motor Drive

Figure: Top Drive Motor Drive Advantages
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Table 20: Top Drive Motor Drive Specifications

Table 21: Top Drive Motor Drive Specifications

108

G.2

Hoisting Motor Drive
DM556 Stepper Motor Drive

Figure 77: Hoisting Motor Drive Advantages

Table 22: Hoisting Motor Drive Specifications

Figure 78: Hoisting Motor Drive Uses
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G.3

Pump Motor Drive
ATV312 Pump Motor Drive

Figure 79: Pump Motor Drive Interface

H

Sensor Specifications
H.1

Torque Sensor
Omega TQ513 Torque Sensor

Figure 80: Torque Sensor Technical Drawing
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Table 23: Torque Sensor Specifications

Figure 81: Torque Sensor Specifications
H.2

Load Cell
Omega Miniature Stud-Mount Load Cell

Figure 82: Load Cell Technical Drawing
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Table 24: Load Cell Dimensions

Figure 83: Load Cell Specifications
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H.3

6-Axis IMU
GY-521 MPU-6050 6-axis IMU

Table 25: Gyroscope Specifications
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Table 26: Accelerometer Specifications
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Table 27: Other Specifications
H.4

Pressure Transducer

FST800-211 Silicon Strain Gauge Piezoelectric Pressure Sensor
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H.5

Flow Sensor
YF-S201 Flow Sensor

Figure 84: Flow Sensor Technical Drawing

Figure 85: Flow Sensor Specifications
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Figure 86: Flow Sensor Flow Range
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I

Wi-Fi Module Specifications
NodeMCU ESP2866 12E Wi-Fi Module

Table 28: Wi-Fi Module Specifications
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Table 29: Wi-Fi Module Sensitivity

Table 30: Wi-Fi Module Dimensions
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J

2018-2019 Rig Cost

Table 31: 2018-2019 Rig Cost Estimation
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