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1 Introduction

The oil and gas industry are continuously looking for inti@easolutions in order to perform

more with a | ower cost and more safety. That
automate the drilling process. The SPE and DSAE&&: the first to accept the challenge and
proposed to make an Internationaetition for universities all around the world in order

to design and construct an automatic rig machine with innovative ways to achieve the request.

As ananswertothe SPBEgi et y, our aim of t hisiulatea mpet i t i ¢
miniature driling rig in order toautonomously drill a directional well through a homogeneous
rock sample to a given plano.

Contrary to last year,the 202 o mp et i t i o nhéave hatheioroley exohanges as
now the main group A, is in charge of simulatibath still have the directional aspeand
must be completely autonomous from start to finish, and must contain many overlying
mechanical, electric, control and hydraulic systesmssyell as various safety measures
simulated in one program.

The National Blytechnic School Team, PolyDrill, with of the samenembers and a new
supervisor, is participating this year for théd time since their victory ithe 2019

Dri | | boupB ahaléngessmpart olcGroup A bysimulatingthe 2@0 rig which was
intenckd for practical use, for the directiomtlll challengeand further improve it in various
aspects despite the lack of time, resources and knowledge in the domain.

Competition Objective 2021

I n the 202 1GraupAthatiengéte teamniust bebketo develop a drilling system
model that represents a fsitale system and corresponding control sche@tually drill a
directional well to a given trajectorit.doesnot involvebuilding a rig or drilling system. The team
will design automatiomnd control but will develop wrtual drilling system (i.e. computer models) to
test and demonstrate the controls.

30.48 cm 30.48 cm
- - - >
n n A A
10.16 cm 10.16 cm
v v
60.96 an
60.96cm
Y
X 3048 cm
v 60,96 cm v

Figurel: Well Path




2  Team Organization
2.1 School

L &cole Nationale Polytechnique (ENPYr The National Polytechnic Schools an
engineering schoobfinded 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 Negional Polytechnic Schobof 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.

TheNational Polytechnic Sclool forms engineers in varus majors/specialties, which are:
Automation, Chemical Engineering,Civil Engineering Electrical Engineering,
Electronics Industrial Engineeringenvironmental Engineerinddydraulics Mechanical
Engineering, QHSE- GRI (Qualty, Health, Safety, Enviranent- Industrial Risk
Management) Engineeriniylining EngineeringMaterials Engineeringand Data Science
and A.l.

The engineering courses are based on successful research centers and experienced teaching
teams. The school also provides many opporesitr continuing the training by a
specializatioras well as a Ph.D.

2.2 Team Members
Mostly the saméolyDrill that participated i2020will be participating in 2021RolyDrill is
made up of engineering students fromNeaional Polytechnic Schoglwho all study
different majors, our team is based on the idea of multidisciplinary asdtiiy, and even
though we do not have any major specializing in drilling in any way, the science of our
di fferent majors and al | matleeas well asrthe helpafolkrgr oun
supervisor were enough to make up this design repachwie hope will be good enough for
the SPEGs standards.

Our members are:
f DJAH Houssam Eddine (Team Leader)5" yeari Mechanical Engineering.

f LATRECHE Mahdi: 5"yeari Control & Systems Engineering
(Automation).

f OUARET Fatma Manel: 5" yeari Mechanical Engineering.
1 BOUDRAA Mokrane: 5"yeari Electrical Engineering.

Y DOULACHE Sid Ali: 5" yeari Chemical Engineering.

2.3 Roles
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The team has defined variousaslin order to ensure an efficient workflow, with each role
having arespective 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:

1 Finance and Coordinatian:
o DJAH Houssam Eddine

1 Design and Documentation:
0 LATRECHE Mahdi
0 OUARET Manel

1 Safety:
o DJAH Houssam Eddine
o BOUDRAA Mokrane
0 LATRECHE Mahdi

1 Mechanical Design:
o DJAH Houssam Eddine
o OUARET Manel

1 Hydraulic System:
o DOULACHE Sid Al
o DJAH Houssem Eddine

1 Electric System and Instrumentation:
o BOUDRAA Mokrane

1 Control System:
0 LATRECHE Mahdi

11




3

Mechanical Calculations

3.1  Dirill pipe Integrity

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

Lightness: Aluminum is a very lightetal with a specific gravity of 2.7 g¥ | , about

a third of that of steel (8 g /A | ) or copper (8.96 gA I ).

Mechanical resistance: Aluminum is used mainly in the form of alloys whose main
constituent iluminum, the additive elements aapresent 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 automotivepplications.

Corrosion Resistance:léminum 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 veayied forms.

First of all, we will examine th physical limits of a thiwalled aluminum pipe with the
following characteristics:

Geometric characteristics:

Outside diametef$ ): 3/8iné 9.53 mm

Wall thickness (t): 0.049én1.24 mm
Inside diameter¥ ): 0.277 iné 7.04 mm
Length ( ): 36 in =914.4 mm

Mechanical characteristics:for 606%:T6 aluminum

Ultimate tensile strengt(2 ). 310 MPa

Tensile yield strengthA(): 276 MPa
Module of Elasticity (E): 68.9 GPa
3.1.1 Buckling

Thecritical loadis the maximumoad (unit: Newton, it is a forceyvhich acolumncan bear
while staying straight , we are doing these calculated to set a theoretical absolute upper limit
for WOB.

The slenderess ratio is given by the equation: 2 —

Where O is the radius of gyration given by the equatiolO -
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https://en.wikipedia.org/wiki/Structural_load
https://en.wikipedia.org/wiki/Column

If : 2 ># sowe haveolumn with a high slendernessratio,ihe | er 6 s Ceguation c al L
is valid and given by thiermula

A %)

+

&

If : 2 <# sowe haveolumn with a low slenderness ratibe drill pipe supports less load
than calculateythe Euler equation , the Johnson equation is aaigiven by théormula

A+,
C ;0
Where# is the column constant given by equation:

A

LIo

# —

): area moment of inertiaf the cross section of the column
A: the crosssectional area of the column

, - unsupportedengthof column

+: column effective lengtfactor

% modulus of elasticitypf column material

A :yield strength
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https://en.wikipedia.org/wiki/Formula
https://en.wikipedia.org/wiki/Formula
https://en.wikipedia.org/wiki/Area_moment_of_inertia
https://en.wikipedia.org/wiki/Length
https://en.wikipedia.org/wiki/File:ColumnEffectiveLength.png
https://en.wikipedia.org/wiki/Modulus_of_elasticity

Buckled shape
of column
shown by

dashed line

Theoretical K

0.5 0.7 1.0 1.0 2.0 2.0
value

Recommended| oo | 550 | 12 | 10 | 210 | 20
design value K

-—T—-‘:"i*‘"f"‘*‘*‘*é\** Rotation fixed and translation fixed

End condition 5 O Rotation free and translation fixed

key Rotation fixed and translation free

Rotation free and translation free

Figure2: different types of buckling

In our case wavill take the recommended length factor K=1 because both ends of the pipe
have a free rotation and fixed translation

Thearea moment of inertiaf the cross section of the drill pipe is determined

) — $ $ — MINMWL OB T CPuEpT |
A=-% $ - TBIMWLOoBITY NT 08 Zp T i
2 8 o Tdpu

o
# “— x®
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https://en.wikipedia.org/wiki/Area_moment_of_inertia

Notice that 2 ># SO & COom

or 7/ " ' =

3.1.2 Burst

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

0 N
A :vyield strength
O Wall thickness of the drill pipe
$ : Outside diameteof the drill pipe
O: safety factor
The safety factor was chosen as 3

4.1.3 Bending stress

The bending stress is the stress which causes the bending of the drill pglewadhe
appearance of a radius of curvature. For the drill pipe subjected to a simple bending, the
bending stress is given ltiye equation

- U
A —
)
Where M is the internal bending moment about the neutral axis given by the equation:
%)
) M

UDOEARE O O&D IDIERNT BTE O AGRAEDAA O AWEIO
% | AOT BEDACOEANEREDAOAOEAI
YAORAAT Al BT ADEEMROTGRA O BERROBEDA
m: radius of curvatre

The combination of the two equations gives the folloveggation:

P

A %~
M
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https://en.wikipedia.org/wiki/Modulus_of_elasticity
https://en.wikipedia.org/wiki/Area_moment_of_inertia

The condition that it must be satisfied for the drill pig# be in the elastic zonis that the
bending stress must remain below yiedd strength{ <A ) Whichgive:
%J

"x

Generally, for the annular form the choicdlb$é made as followdd ——
M p8iof

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 ben

3.1.4 Twist off

In thispart 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

*
4 V4 o)
Where:
- *:thetorsionconstanfor the section gixen by the equation
‘ * Q) Pt $ $
- O the perpendicular distance between the rotaktiaxia and the farthest point in the

section (at the outer surfac€), —

We can write now this formula;:
A $ $
pe $

Now we will use the Von Mises criterion to calculate the maximum sezss, the Von
Misescriterion is given by the equation:

4 Z

¢ A A A A A A K
¢

z

V 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 W) we can express thalation
of the axial stress by the following equation:

A: the area of the cross section of drill pipe given by the equation: =  $
V The radial stress is given by the equation:
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https://en.wikipedia.org/wiki/Torsion_constant

O

A 5P o0
V The tangential stress is given by tlgpation:
P O O
5 of ©°

Where:

OdOutside radius
OgJnside radius

0: The internal pressure

We will draw the graplof the torque as a function of the WOB and the internal pressure by
using MATLAB and we get the following graphs:

This graph can give us the maximum torque for a given internal pressure and weight, for

19.65 —
19.6 —
19.556 —
19.5 —

19.45 —

torque(N.m)

2.5 2 15 1 05 0 WOB (Kag)
=107 '

internal pressure(Pa)

Figure3:The torque aa function of the WOB and the internal pressure

example he maximurallowed torsion for WOB = 20 kgnd P = 15@ 1tPa 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.

3.1.5 Dirill pipe simulation

We simulated the drill pipe whicdubjected to buckling, we note that theximum
displacement is at the center of the drill pipe
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E=)péformée modale : 1(E=)

L

Figure4:Simulation of the drill pipe subjected to buckling

3.2 Mechanical Specific Energy (MSE)

3.2.1 MSE Equation

In drilling there are two forces acting on the bit; weight on bit (axial force) and torque
(rotational force). These ardditive to MSE, so there are two terms in the MSE equation.

The MSE equation can be expressed when drill rotation rmoedevhen drill with Down Hole
Motor in terms of drilling parameters as:

7/ " pcimz20z41 ONOA

- 30
3% 2/ 0

Where:

- 3 9%echanical Specific Energy

7 | " Weight on bit

I :ross sectional area of bit or borehole area
2 0 : Rotations per minute

4 1 O NRbfations toque

2 | ORate of penetration
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Teale equation is composed of two parts:

1. Thrust force or weight on bit component

2. Rotary speed component.

Wecaau s e Mi g u e l(2008) waogaddad aibib hydraulic and defined Drilling Specific
Energy DSE) asthe work done to excavate and remove, underneath the bit, a unit volume of
rock. See Miguel equation below:

71" pcmmz202z41 ON@A Y mtalEf O
! 2/ 9! 2/ 09!

$3%

Where:
1: Dimensionless bihydraulic factor depending on the bit diameter

(' O: bit hydraulicpower

3.2.2 Vibrations

Vibrations in the drillstring is a common cause for drilling inefficiencysBArending could

be used to identify different types if drillstring vibrations.

Vibrations usually occur when one or more of the following factors are present; lithological
trangtions, use of undereamer, 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 severefatig

damage to the drillstring over time, resulting in tool failure and an additiotabrd his is
expensive for the operation in terms of both time and cost.
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Vibrations could be detected by reduced ROP, but are also some times measured by sensors
tracking in reatime. Vibrations can be divided in to three different categories as illustrated in
graph béow:

Stick/slip

Axial Torsional Lateral

Figureb5: Different categories of vibrations

V Axial vibrations, also known as bit bounce, are vibrations along the trajectory of the
wellbore. This type of vibration mostly affedhe bit cutters and the bearings, but also
prevent energy from being efficiently transferred to the formation.

V Stick and Slip vibrations happen when a part of the drillstring intermittent gets stuck
at high frequency, while the part of the drillstrialgove the stuck section keeps
rotating. The drillstring then gather potential energy as the string itself gets twirled. At
one point the taque becomes too high for the wellbore to hold, and the formation lets
go of the drillstring. The drillstring will #n rotate rapidly as the torsional energy is
released. If the problem is not solved the drillstring will once again go stuck until
enough aergy onceagain is worked up. This type of vibrations cause fatigue to drill
collar connections, and may also damtygebit.

V Lateral vibrations are the most harmful type of vibrations. Here the drillstring move
in a circular motion around the larger mheter of the wellbore. This type of behavior
damages the surface of the wellbore, but can also cause severe tatlgudrillstring
components. Lateral vibrations may come as backward whirl and forward
synchronous, differencing at what direction the@rgimotion against the wellbore
occurs.

3.2.3 MSE Trending

MSE is primarily used as a trending tool. This meaasttie specific value of the MSE curve
is of less importance than the trend. Each hole section often starts withcdf deidit to
identify the optimal parameters for this formation in combination with this drillstring setup.
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From this information, therdler can calculate the newit-MSE. The newbit-MSE is the
optimal MSE available for this system, and should be identified at the fthet gection.

This is because, at this point, the bit is still sharp, and should be able to achieve optimal

performance.

The newbit-MSE will then be the lowest possible MSE for this system, and all future drilling

should be evaluated against this value.

When newbit-MSE is identified, a trentine should be established. The trdime is assumed
to increase linearly ith elapsed time, as illustrated in below figure, due to the need of higher

mechanical input energy which is mainly caused by three fattibidullness, formation
compaction and additional drag due to increased well depth.

Figure6: MSE Trending
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4  Mechanical Design

4.1 Rig Design

The rig design is based on the design criteria given indhepetition guidelines and industry

norms. Mobility, functionality, versatility, stability, and safety have been the main concerns

whil e designing the rig. the already avail abl
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 wlifly that we can gain, Moreover, his cost is efficient and easily
accessible.

Figure7: Rig desgn

The rig is made of 40x40 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. T Wweig)

estimated based on the rock gdenheight (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.
Jadk up casters are used on each ledhabthe 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 otithetgre by hinges and

bolts, and cabe 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
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Figure8: 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.

4.2  Top Drive/Hoisting Systems Design

4.2.1 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. Thissystem 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

Figure9: Guide rails

The reasons that made us take thisahare:
- 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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hoisting motor _——

universall
coupling

- . >
guide rails

“~__ ball screw

Figurel(Q: Hoisting system

4.2.2 Top Drive System
The rotary system includes all of the equipment used to achieve bit rotation. The main driver
in the system is thiop drive motoyhe is connected to the swivel by a univecsalpling.
The swivel is connected directly to the Hpipe.
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Induction motor _~ \ Universal coupling

~—___ Hydrailic swivel

R

~._Drill pipe

Figurell Top Drive system

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

Figurel2 Riser alignment
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4.3 BHA Design

4.3.1 PositiveDisplacementM otor

The Mud motoiis 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. Tie stdbrmedas 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 ahe inlet andgorogresses within that cavity to the outlet. The result is a
true positive displacement, nquilsating flow that is directly proportional to the pump's
speed. This allows the pump to deliver material at a wide range of flow rates fromtsotsll s
to contnuous flow. The motor usually operates at higher pressures, temperatures and high
speeds.

Rotor
Major
e Ratar Deameter
Oirmction

Aotor

MH‘)C!
Deameles

|
T |

Rotor  Stator Pump
Pich Pilch Stage
Length Length Length

U 2 |

Flus Flew

i Drivs Shat

Figurel3: PDM

4.3.2 SensorSub

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

27




Figurel4: Sensor Sub
4.3.3 Power Section

Generally, as the number of lobes increases so does the torque (reducing the speed).

The 1 to 2 lobeonfiguration, used ihigh-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 twicé tiwatrotor

pitch lengh. The multilobe configuration, employed in low speed, high torque motors, uses a

rotor with a multiplelobed cross section that also forms a helix. Its pitch length is longer than

the rotorods pitch | e ofgtatdr lobeydivid#bethernantberof of t he
rotor lobes.

We choose for our design the 1 to 2 lobe configuration for its simplicity.

Figurel5: Stator
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Figurel6: Rotor

The rotor forms @ontinuous seal lengthwise with thater at their contact points creating
wedgeshaped 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 thetfokt se
open cavities.

When drilling flud 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
rotoro6s axi s.

4.3.4 Transmission section

A double universal joint has beereds connected directly to the lower part of the rotor.

The fluid passes through holes in the bottom of the transmission housing.
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Figurel7: Transmission housing and double univejsat

Figure18: 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 contiep.

A universal single joint has been useside the bent housing, it will be coupled to the double
joint with the drive shaft.
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Figurel9: Bent housing

5.3.5 Bearing section
The bearing section contains the drsbaft that will make the drill bit rotate and the teg

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 m.

Figure20: Bearing sedbn

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

Figure21: Bit sub

4.3.7 Final BHA design

sensor sub + stabiliser

Power section

Transmission section

Bent housing

Bearing section

bit sub

Figure22: BHA final design
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5  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 increasepémetration 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 @porting cuttings to the surface

of the well of the hole), itsinecessary 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 exerthe 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 apdazide additional pressure
in the pipe to prevent buckling.

As cuttings & 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 wll as a loss of energy and time. Both problems can be solved by igsgallin
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 tarairmhge area or to storage to

prevent slips and problems of electricatuits due to wet ground. We will then see in the

phase Il if the cost threshold will not be exceeded, the possibility of making a closed
circulation system.

We decided to keep thiow rate maintained constant during the drilling operation.

5.1 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/mi3$ dgdamic
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viscosity is equal to 0.000891 (kg/m.s).

Rock

Tauk
Figure23: The circulation system

5.2 The Well cleaning

Well cleaning depends primarily on the nature of the drilling fluid, the size of the hole, the
size of thecuttings and the circulation parameters.

As the drilled cuttings are generated bg thill 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, casing the cuttings at the top of the ring and then to the surface. The
cleaning effieency is according to different parameters such as:

- the size, shape, and density of cuttings.

- the speed of rotation.

-the viscosity and the annular velocitytbé drilling mud.

The speed of the mud must be adapted to the nature of the drilleghebtie 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 battof the well, and if it is too high, the mud

will circulate badly.

During the ascentneannular 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 nargpamal variation in fluid density,

which can lead to loss of circulation.
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5.3 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 thrtheg$stand pipe and
the drill string inside the borehole.

The team decide to use Hy@600C Roller Pump w/ 1320006 (300 PSI, 22 GPM, CI,
CW). Itis a good choice as a drilling pump, with its higher flow rates, it allows higher usage
peaks and less wes normal use.

5.4 Calculations

5.4.1 Fluid flow regime

The type of flow regime Wlibe 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 theafloegime, not only for their physical effect but also
to calculate the pressure losséss ts 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, ando determine the flow regime, a numerical and dimensionless number called the
Reynolds nmber (Re) is calculated using the relation:
Re3 di

Re:The Reynolds numbedinensionless).

: density of the fluid [kg / m3].
3 : kinematic viscosity of th#uid [m2 / s].
di : characteristic dimension [m]
: dynamic viscosity of the fluid [Rsia kg / (ns) or Pl peacle, oa tenth of PO poise]
Laminar flow is when Re<2500, transitional flow when 2,500<Re<4000 and turbulent flow
when Re>4000.

5.4.2 Fluid Flow Velocity

To remove cuttings from the wellbore, the annular velocity must be greatetite cutting
slip velocity. The cutting slip velocity for a turbulent flow is estimated to be 0.0992 m?/2.
it is given by the law for setting velocity in Newtoni#luid in the turbulent flow:

Vsl=1,54 ds(€)f

Where,

Vsl : slip velocity, m/s

s: density of solid particle, kg/m3
f : density of fluid, kg/m3

ds : diameter of particle, m

We made sexral assumptions:
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T the maximum particle diameter was assumed equal to the distance bdtevbelet
wall and the outer diameter of the BHA
T the density of the solid was 2400 kg/m3
1 The equivalent diameter of the grains is spherical andphericity factor is equal to 1
(nonhollow grains)
Generally, a large annular velocity of the drilling mogbroves the transport of the cuttings,
moreover, with the fluidizing fluids, these high speeds can cause a turbulent regime, which
increases theleaning efficiency of the well. It is usually desirable to have a transport
efficiency; the aim will therefie be to have an annulus fluid velocity (Va) 6{35 m/s.
transport efficiency=VaVsl Va =71.66%

Assuming the flow rate is constahtoughout the system, the minimum flow rate delivered
by the pump will be then determined by multiplying the annuliscity by the annulus
crosssectional area.

The diameter of the bore hole is estimated to be close to the diameter of the bit (3&ddmm)
the outside diameter of the pipe is 9,53mm, which gives a cross sectional Hdé8,G6

mm2. The minimum flow irthe system is therefo®, 74 10 E mj / s

1 The velocity in the nozzle:

we assume that the bit has two nozzles with a diameter of 3.10kerfaét year) we have:
The total area of nozzles is 15.09 mm?2, so the velocity in nozzles is estimated to be 84.78 m/
using the equation:

Vn=QAn

Where:
Q: Volume flow rate
A: Cross section
5.4.3 Pressure Loss

1 Pressure Loss in Hose

first, wecalculate the velocity of fluid in hose Vh using the equation:
Vh=QAh

so, the velocity in the hose is estimated to be 9.61 m/s.
We determine the type of flow regime. This ¢
given by the equation:

Re3 di

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 dimesalgi@onsistent (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 uigeithe field of fluid dynamics, was
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chosen as a good approximation and is given by the equation (this equation will be solved

numerically using Excel):

1f=2 (03, 7D+2, 51Ref)

where:

O: the roughness of the hose
f: the Darcy fricton factor (dimensionless) calculated 0.019.

Then we use the equation:
&P Jgh?

Where:
g: the gravity and its value is 9,81 (m/s2)
: the density bthe fluid (Kg/m3)
g1 : the pressure loss (Pa)
h¥% calculated using the equation:
h¥=4at V22gd

where: 4A = 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 0.5dP4ar (

1 Pressure Loss in Swivel

S

esti mated

We found the guide of the swivels cited in the referencefotloaving chart which helped us

to make a first estimate of the pressure loss in the swivel:
Pressure Drop vs. Flow Rate
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s
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=
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Figure24: Pressure loss in the swivel
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Forthe flowra e of 3, 74 10T m3/ s (5. 93gpmstimatend t he
of around 0.2 bar£R).

A more accurate estimate of the pressure loss in the swivel will be provided by the manufacturer

of the swivel in the phase II.

1 Pressure Loss in Pipe

first, we calculate the velocity of fluid in the pipe Vp using theagign:

Vp=QAp
so, the velocity in the pipe is estimated to be 9.61 m/s.
We determine the type of flow regime. This ¢
given by the equation:

Re=) di

Where:
Re is Reynold's number (dimensionlesalculated 75712.94> 4000 => turbulent flow
We use these equations with the same procedure:

1f=2 (03, 7D+2, 51Ref)

P33 gh?
h¥=4at.V22gd

The pressure drop through the pipe is estimated to be 1.13¢H3r (
1 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:
&eP =0.5V2ev

With: ev=(X:1)2andb=A | / A}
Visthe velocity inthe BHA¢ al cul ate with this equati

A : t hdionpi pe se

A : BHA section

We consider the pressure drop in BHA is negligible because it is very grealit is not
important to calculate it

T Pressure Loss in Bit
first, we calculate the velocity of fldiin the bit Vb using the equation:
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Vb=QAb

so,the velocity in the pipe is estimated to be 0.328 m/s.
We determine the type of flow regime. This
given by the equation:

Re3 di

Where:
Re is Reynold's numberifdensionless) calculated 12460.93> 4000 =>ilenht flow
We use these equations with the same procedure:

1f=2 (03, 7D+2, 51Ref)

aP45 gh?

h=del V22gd

The pressure drop through the pipe is estimated to be 0.0095R¥Br (

1 Pressure Loss in Nozzles

We wse the equation:
pP5=3f. Q) 12032Cd] An]]

Where

Cd: the nozzle coefficient was determined to be 1.03 instead of 0.96 used by most bit
companies

P5. Nozzle pressure loss (psi)

Q: flow rate (gpm)

f: mud weight (ppg)

An: the total area of nozzles(inch?)

The pressure loss ithe two nozzles is estimated to be 2,884 bars.

1 Pressure Loss in Annulus

The value of the diameter used in these equations is an equivalent diameter calculated using
the equation:
deq=daidp?

where:
da is the diameter of the annuluslalp is the outediameter of the pipe (9.53mm).
1 deg=35.64mm
first, we calculate the velocity of fluid in annulus Va using the equation:
Va=QAa
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so the velocity in the annulus is estimated to be 0.37 m/s.

The pressure loss through the annulus was baspregiousequations 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 0,0@@B&)ar (

Summary of pressure loss
The total pressure $3 is:

Table 1: results of pressure loss

Component | Pressure loss (bar)
Hose P1 0.5750
SwivelP2 | 0.2000
Drill pipe P3 | 1.1360
Bit P4 0.0095
Nozzles P5 2.8840
Annulus P6 | 0.0073
Total Pt 48118
544 Pumpbs Power
|l tds given by N
PpumpegPt QE
Where:
gt :is the total pressure loss in the drilling machine
Q :isthe volumetric flow giving by m?¥s
‘H :is theefficacity of the pump = 0.8
Hence:

Ppump=4. 81183, 74 10l 0.8*100=0.
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6  Electrical Systemand Instrumentation

I n this section, the electrical
their speed antbrque wil be described, as well as the sensors both top side and downhole,
that serve as the control systemofs

systemods

improvements and changes so this section will be describing each part and mentigning w
was kept and why it was chosen in the first place or why it was changed for another one.

6.1 System Overview

The electrical system of the miniature drilling rig consists of a combination of motors, motor

drives and sensors, top side and downsiderttakeautomatizing 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 comporten

Load
Cell

Hoisting 5V | Voltage

'Hoistlng \ Regulator
- N A

Motor ;_)?,:,lo-r 12V->5V

— t
Flow 12vl Voltage |

Sensor | chula-lor
Pressure 200V :-IZVI
Transducer t 200V

0
_— Torque \

Sensor ADC
A Pump G

P \ Converter

M‘:JTOpr Mator )
\ ' Drive - t O\W C
2 A
IU‘J rn;l Drive 200V AC 200V
Drive < Mool | e— AC

Motor / Drive 1 Phase)
Alvternative
Power |

Source

Figure25: Top Side Power Distribution
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Figure26: Downside Power Distribution

6.2 Rig Actuators
6.2.1 Top Drive Motor

This year 6s r i gDelaE€EMAaEEL838SPermapentdviagnetAsC Servoe

Motor, i nst e ad, AO-SER¥B-150S3@&Brushdess AC Servo Motochosen

mainly for the aiming aspect of directional drilling, its power rating kW, its precsion

speed control, and the enhanced durability it features in harsh industirahements, it has a

rated speed 000rpm (max speed up to 4500 rpm), a rated torquet@2N.m (max

torque up ta12.97N.m), witha BOx180 mm de s i g n OOfmmanheegtht hat 6 s 2

Figure27: Delta ECMAE1830S AC Servo Moto

6.2.2 Hoisting Motor

Last yeards choice works perfedtDluyalf &&rhatfhi s
Nema 34 CNC St isit@ally ehoserMar ttsdiighotorqudensity rating, high
torqueto-inertia ratio, and small but effective, coahning design, it has alcalated

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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Figure28: Dual Shaft Nema 34 CNC Stegx Motor

6.23 Pump Motor

Thepumpusedis Qingeal ZW50-10-20 Pump made from Cast Iron and able to flow
10m3/h, while consuming 2.2kW and either 220v or 380v.

| Water Outet Sy

Water Inlet [ e

Pump body s

matreial cast iron

Figure29: Qingeal ZW5010-20 Pump

6.3 Drives
6.3.1 Rotary Motor Drive

ATOMG-1000AC Servo Motor Drivevas used in 2020 for the AFSERVO150S3000
Brushless AC Servo Motorhis year, since the top drive motor was clexhtp theDelta
ECMA -E1830SPermanent MagnetAC Servo Motor, the drive had to be changed to
ASDA-A2R-3023-U Servo Motor Drive, its matched drive model

The first, the power drive unit is rectified by the thpgese full bridge rectifier circuit to
inputthe threephase electric or municipal power, and the corresponding DC power is
obtained.The threephase power cglectric suply after rectifyingcan drive théAC servo
motorthrough thregohasesinePWM vdtage source invertdrequency conversion. The
whole process of the power drive unit can be simply described as the prio8&HCE-AC.
The main topology of the rectifier unit (ABC) is the thregohase full bridge uncontrolled
rectifier circuit.
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The Dive will be programmed using its corresponding softwareABBA-Soft
Configuration Software, which is useffriendly, allowing for fast configuration of the drive

Figure30: ASDA-A2R-3023U Servo Motor Drive

6.3.2 Hoisting Motor Drive

DM556isused o control the hoisting motordos Tor que
values of ROP whicheed to be controlled, the position and force calculated by the Position

Sensor and Load Cell respectively, are used to calculate RQReantb feed back into the

PLC, and it would, in turn, following an optimization algorithm proposed but not used in th

2019 rig, control the hoisting motordés Torqu

voltage).

Figure31: DM556 Stepper Motor Drive

6.3.3 Pump Motor Drive

Usfull FU9000OAPump Motor Drivei s used to contr ol the speed
whose role is even more important in 2020 due the use of the Hydraulic Mud Motor, the
fluidds fl ow oaté@éei pumpopombtonédk RKRPM whi ch
this drive, this controlling he f |l ui dés fl ow rate.
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Figure32: Usfull FUS000A Pump Motor Drive

6.4 Surface Sensors
6.4.1 Top Drive Motor Rotary Encoder

Thetopdrivembor 6 s r o tDelta FCMA-B1830dPermanent Magnet AC Servo

Motor) is usedo measure the RPM within the drillpipe, which is the top drive RPM,
eliminating the need for an RPM sensor, i
which can le used to calculate the RPM.

6.4.2 Torque Sensor

Inorder to measure the top i 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, ta Omega TQ513 Torque Sensgiis 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 0&+0.1%,
weight capacity 060 in-oz.

Figure33: Omega TQ513 Torque Sensor

6.4.3 Hoisting Motor Rotary Encoder
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The hoisting mo DualrShast Nema B4aCN@ SteppercMotbrésrused to

measur e t he dr laderhentpnionder i salculaite momidrol R@Pi (Rafe of
Penetration), the incremental rotary encoder
position which can be converted into millimeters.

6.4.4 Load Cell

One of the most vital measured parametersifiling is Weighton-Bit (WOB), will be

measured by th®@mega Miniature Stud-Mount Load Cell used last year, a force transducer

that converts force applied to the drill line into an electrical signal, becaisé s di rect | vy
related to the force/weightpd i ed on the bit, itdéos perfect f
be both precise and efficient because of its importance in the control procedure, the Load Cell
has an input voltage of 80 V (DC), an accuracgf £(0.150.20)% FSO, and an ultimate

overload equal to 300% of capacity.

&7
Figure34: Omega Miniature Stu¥lount Load Cell

6.4.5 Pressure Transducer

Pressure applied on the hydraulic pipes by the fluid has to be controllétuaraFST800

211 Silicon Strain Gauge Piezelectric Pressure Sensor j ust | i ke | ast year
and mounted behind the pump, it has an input voltage-8412 (DC), is made of stainless

steel and has a pressure range-80Q Bar.

Figure35: FST800211 Piezoeldcic Pressure Sensor
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6.4.6 Flow Sensor

TheYF-S201 Flow Sensofused 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 throughiit,addition to an integrated magnetic Hall Effect

Sensor that dputs 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), daws a maximum current of 15mA (at 5 V), has an accuracy of ta68ccan

detect a maximum water pressure of 2.0 MPa.

Figure36: YF-S201 Flow Sensor

6.5 Downhole Sensors
6.5.1 6-Axis Motion Tracking

Since vibrations are an portant limiter of ROP optimization, they mustieasured and
controlled for an optimal drilling process, thé\Rial Accelerometer in the Measurement Unit
uses the principle of the piezoelectric effect to measure and monitor the amplitude of
vibrations n the BHA, so they can be used to control ROPtaratheck for any abnormal
downhole activity.

And since this is a directional drilling challenge, the use eRxial Gyroscope is more

pivotal than ever, so it measure at all times, the position of tlamdiits inclination and
azimuth, in order to edictively 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 dmij phases, and to calculate the new trajectocase a
correction is needed.

The 6AXxis Inertial Measurement Unit being used iI6¥-521 MPU-6050 6axis IMU, it

has, in one sensor, bothadX i s Accel erometer for measuring
Axi s Gyroscope mai nl y ihatesas wed asstaiinclination andh e bi t 6
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 (dpshcndes a 3.3 V voltage
regulator.
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Figure37: GY-521 MPU6050 6axis IMU

6.5.2 Wireless Communication

To enable data transfer from the BHA a small ibeleMCU ESP2866 12E WFi Module
is perfect for connecting with ti@Y-521 MPU-6050 6axis IMU, its external sie is small
which allows for placement inside the BHA, it has an operating voltag8df 8 (DC), an
operating current of around 80 mA, and it is 16x24x3mm in dimensions.

Figure38 NodeMCUESP2866 12E Wi module

6.5.3 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 thenmiorder to have real timmmunication with the computer and the
PLC running the drilling.

6.6 Power Consumption

48




Table 2: Power Consumption

Rig actuators Power (KW)
Top drive motor 3 Kw
Hoisting motor 1.5 Kw
Pump 2.2 Kw
Total ~6.7T Kw

7  Control System

In this section, the control system is going to be describisdacentralized 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 deiraid réable, 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 collged, itwill 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\pitinthe
most precision and least vibrations possible.

7.1  System Overview
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Figure39: Control System Overview

7.2 Data Acquisition

Il n order to make use of all|l the rigbs sensor
electric system, a main I/O control unit is necessary in order to form a centralized system, and
for t hat Siemens SIMATIC&Sa120® PLCwas kept, althe paameterdrom the

sensors and drivese converted into measurable electric signals (vejtadpich are next

transferred irthis central unit,ient h e y rathspdrtedo the computer via Ethernetbe

exploitedfor different usesmainly interfacing at simulationthe advantage of this

centralized system is that it can realize synchronates acquisition, as well as reahe

display and preservation.

Considering the PLC is a SIEMENS, SIMATIC STEP7 serves as a perfect programming
software for it, with isusekrfriendly, intuitive and efficiency offer a transparent, intelligent
and straigtforward experience.
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Factory 1/0O, the simulation softwamill be used for interfacingt is known to not only
effectively play the performance of ardinary data acquisition system

Figure40O: Siemens SIMATIC S24200 PLC

7.3  Actuator Control

This subsection will be covering the basic and elemental control systems, of the different
actuat or s whperlotmingpares, ahdnwhichrare, ghé Sop Drive Motor, the
Hoisting Motor and the Pump

7.3.1 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, whichsgt to the maximum RPM possible for the Top
Drive Motor (before the start of the vibrations), using a PID cdetra limiter before the
motor, and LowPass Filter for the feedback brought from its rotary encoder

Pi0(s) > % Int Out }——

RPM Outpit RPM
Set Point PID Controlier Saturate Top Drive Motor

Low-Pass Filer

Ou1 nl <

Figure41 Top Drive Motor RPM Control Block Diagram

7.3.2 Hoisting Motor RPM Control

The Hoisting System, just like the Drive System, has an internal controller regulating its
RPM, which has as a Set Point, being constantly fed into the Hoisting Systenoliyethe

PID controllers which will be mentioned, the system also filters the feedbackthsingw-
Pass Filter fier.
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Figure42 Hoisting Motor RPM Control Block Diagram

7.3.3 Pump Flow Control

The Pumping System has iaternal control system regulating the Flow passing through the
fluid pipes, using the same techniques as the prdyiausntions RPM controllers.

."k—‘l—) N/‘_ » PlDw’ > % > ot Outd » 1)
Flow . - Cutput Flow
Set Pont [ PID Controlier Saturate Pump c

Flow
Sensor

Low-Pass Filter

Outt St - —

Figure43: Pump Flow Control Block Diagram

7.34 Filtering

The feedback from the various Systems will be run through both aRa®s Filtein orderto
remove noise and have a clear sighatdoes not disturb the correction procé@ssny way

7.35 PID Tuning

The CoherCoon and Ziegler Nichols methodsll be used to tune the PID controllers for the
various Systems

7.4 Control Modes

This subsection will cover the three essential modeswhkhbperate the rig, which will be

doing different tasks dependi ngcharainordee si t ua
the Vertical Drilling Mode, the Steering Mode, and the Directional Drilling Mode, each of

which will be explained in detail ithe following subsection parts.

7.4.1 Vertical Drilling Mode

The first mode, the Vertical Drilling Mode,conb | s t he Hoi sting Mot or 6 s
dri || pipe torque resulting from the Top Dri
back by tle Torque Sensor installed with the drill pipe, and the WOB sensed by the Load Cell

with two different PID contrlters, these two modes can either alternate or be active at the

same time to guarantee the best Hoisting RPM and an optimal lowering spekdtkas n 0 t
disturb the Torque or the WOB, all the while the system is controlling the position of the drill
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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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Figure44: Vertical Drilling Mode Control System Block Diagram
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7.42 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 tbedotates of the target point
entered into the system before the drilling operation begins), apaisgtthe feedback is
brought back by the gyroscope, and the control is provided by a PID controller.

'1__J .y mem | = l —

$oar ’.
LowPan ot
Angl -
LAnge ] 1_ Ccordinates (xyz) | i

Figure45: Steering Moé Control System Block Diagram
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7.4.3 Directional Drilling Mode

The Directional DrillingMode, the drilling operationédés mos
Hoi sting Motorés RPM with the same method us
controllingthe position, to accurately identify the distance to the target point and allow the

operatia 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 Systeatsavbe pumping

the fluid, which is being regulated by another PID controller, so it caepthe 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 tiaeget point.
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Figure46: Directional Drilling Mode Control Sysita Block Diagram
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