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Guidelines taken into account

Guidlines

I. Student Biographies

Included in Chapter: 2, Page4

li. A description of your safety plan that is appropriate for the project

Included in Chapter: 10, Page94 and in Chapter 3.4, Page 10

iii. Engineering sketches or drawings of the rig concept, mechanical and
electrical and auxiliary systems, if any, that explain your design assumptions

Along the whole report as an example the full BHA setup is shown in Figurg.13

iv. Include any design notes and calculations regarding rig, drillstring and
other limitations for the particular modules used in your models.

Cutting transport Calculation given in Chapter: 3.6
Pressure Loss Calculation given in Chapter3.7

Whole DP-Calculations are given in Chapter4

v. A block diagram/ owchart of the modeled control system architecture.
Describe the key features. The response time of measurements, data
aggregation and control algorithms should be estimated. Explain how
individual measurements are used are in the control code. Are they all given
equal weight, and if not, what criteria is used to assign importance?

Included in Chapter: 8 and Page: 54-55



vi. Since this is a directional drilling problem, be sure to include how downhole
data is used for steering and other drilling aspects? Judges are looking for a
description of the principles being applied to directionally steer the wellbore
and hit the required targets with the intent to score the maximum number of
points.

Trajectory is explained in Chapter: 7
Exact calculations for the Steering are given on Pagéd:14 -121
vii. Proposed user interface/data display that shows the drilling progress in

real time.

An example of the planned GUI is shown on Page:83-84

viii. Cost estimate and funding plan

Funding Plan and Price list are given in Chapter:9.4
ix. Key features for any models/modules and control software. What drilling
dysfunctions are addressed?

Included in Chapter 6.3

X. Proposed data handling, i.e., inherent time delays and uncertainty.

Included in Chapter: 8.1.1

xi. The Phase | design report should include a discussion regarding the major
design concept as modeled (mechanical and otherwise) with respect to the
feasibility for use on today's working rigs? If not, what would be needed to
allow implementation?

Included in Chapter: 9.5
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1 Introduction and Objectives

The 2023 Dirillbotics® competition marks the seventh year that a team from the Clausthal
University of Technology (TU Clausthal), Germany is participating in the competition. The
TU Clausthal is opting to participate in Group B (physical rig) challenge, which, according
to the 2023 Drillbotics® competition guidelines, states its objective as to design and build
a miniature drilling rig and autonomously drill a directional well through a homogeneous
rock sample to a given plan. Drilling automation is more and more gaining an increased
interest from the oil and gas industry, equipment manufactures, and research organizations.
Automating and digitizing the drilling process is considered to o er safety improvements
during drilling operations, less drilling time requirements, increasing accuracy in data
acquisition, better well placement and quality, and a reduction of costs. In automated
drilling systems, the operating parameters are optimized by acquiring relevant data, assessing
the data, and adjusting the operating parameters without human interference. Ideally, the
automation level reaches tier three, which describes a stage in which the automation has
evolved to decide and act autonomously. The purpose of this proposal is to showcase a
well-conceived design plan of a small-scale drilling robot that incorporates important features
which are essentially encountered in the eld. Emphasis has been placed on implementing
di erent, new ideas and solutions in the design, that are not commonly or frequently used
in the conventional drilling process to ful Il the demands of directional drilling; utilizing

an automated process, which from a human intervention point of view only knows the
activation of the start button. This proposal consists of several chapters as follows:

1.1 Introduction and Objectives

The Introduction and Objectives of this report sets the objectives of the proposal and the
project. A brief description of the proposal content is explained herein.

1.2 Team and work ow

Team members, as well as supervising and advising sta , are introduced here. Also, work ow
and distribution of workload is described.



1 Introduction and Objectives

1.3 Rig Design

This chapter explains the rig structure design, the machine bed, the uid system, the
hoisting system, the sled, and the top drive system. The rig's dimensions are listed. Further,
calculations for pressure loss and cutting transport are presented.

1.4 Drill Pipe Design

In this chapter the drill pipe characteristics and limit calculations are presented to determine
the maximum values for operating the rig.

1.5 BHA design

This chapter explains the bottom hole assembly (BHA) design including the, steering unit,
the drill bit and sensor chambers. The developing history leading to the nal concept is
described. Finally, the chapter includes a brief simulation for the nal concept's potential
dogleg severity.

1.6 Mechatronic System Architecture

Within this chapter the mechatronic system, the used sensors, the di erent actuators and
as well the bus system that distributes the operational data will be described. Also, the
calibration of the sensors before the drilling operations are discussed.

1.7 Algorithmic

This chapter describes how the acquired sensor data ow will be processed. Filtration and
synchronization of the data as well as the algorithms to use this data for drilling optimization
and wellbore trajectory are part of this chapter. Also, the possibility for a third-party
interface will shortly be mentioned.

1.8 Further Rig Considerations

This chapter includes the anticipated total power consumption of the rig, a funding and
budgeting plan, a calculation for the rig's shipping weight and a discussion how the rig's
design concept could be upscaled.



1.9 Safety Consideration and Risk Analysis

1.9 Safety Consideration and Risk Analysis

This chapter discusses the risks and potential harmful events that could occur during the
test. Precaution and mitigation plan are set to prevent undesirable events, including the rig
structure design and drilling automation system. This report is an update of the previous
design report submitted for the Drillbotics® international university competition 2020.

1.10 Future applications

In this chapter we are going to present what we are planing for the future and what may be
useful to implement in the current rig design.



2 Team and work ow

This year's team of the TU Clausthal's Drillbotics® team will be again working under
the supervision of the senior researchers of the drilling and production department at the
Institute of Subsurface Energy Systems.

Supervisors:

Prof. Dr. Philip Jaeger

Erik Feldmann, M.Sc

Dr. Ing. Carlos Andres Paz Carvajal

One sta member of the drilling and production department of the Institute of Subsurface
Energy Systems, who was himself three times a participant in previous Drillboti@scompe-
titions, will serve as advisor to the current team.

Advisors:
Wolfgang Hollstein, M.Sc.

The competition team of the TU Clausthal consists of ve students from di erent engineering
backgrounds.

Student Team:
Charalampos Soilemezidis

Current degree: B.Sc. Energy and Resources, major in Petroleum Engineering
Expected graduation date: Fall 2023
Role and responsibilities: Teamleader, administrative, electronics, Software

Saeed Kafshdouzi

Previously attained degree: B.Sc. Energy and Resources

Current degree: M.Sc. Petroleum Engineering, major in Drilling and Production
Expected graduation date: Winter 2023
Role and responsibilities: Drilling



Lilav Koro

Current degree: B.Sc Energy and Resources, major in Petroleum Engineering
Expected graduation date: Fall 2023
Role and responsibilities: Administrative activities and mechanics

Philip Klassen

Current degree: B.Sc Energy and Resources, major in Petroleum Engineering
Expected graduation date: Fall 2023

Role and responsibilities: Mechanics

Ruben Golliart

Current degree: B.Sc Energy and Resources, major in Petroleum Engineering
Expected graduation date: Fall 2023
Role and responsibilities: Administrative, mechanics and programming

Based on the previous experiences of the teams from Clausthal University of Technology in
the Drillbotics® competition, it showed, that distinct distribution of workload and clear
communication between the team members is crucial for success. That led to the conclusion,
that when working on a project of this scale with a relatively small team, setting clear
objectives and a splitting the workload is necessary for success. This season, a decision
was made, so that every team member had to approach the project in an interdisciplinary
manner. That means, that certain tasks are split between two or more team members.
This way the team has a better overview over the whole project and mistakes done by a
single individual can be held better in view and thus avoided. For example, the tasks in
the mechanics of the rig were split between two people, the programming was done by two
individuals and administrative activities were split up between three members also anything
related to mechatronics and automation was split evenly throughout two members. The
team leader ensures that the communication between the team members ows smoothly
and keeps track of the progress. Weekly meetings are scheduled on Wednesdays, as well
as smaller working groups, that take place regularly during the week. The weekly team
meetings help all the team members as well as the advisor to keep an overview of the
current stand of the project. The arising uncertainties are discussed with the advisor and
can this way be recti ed e ectively. For the purpose of project management and progress
overview, the team uses an online cloud-based platform, which also makes it possible for
every Team-member to work from home.



3 Rig Design

3.1 Rig Overview

For the 2022 competition the previous rig design was expanded and proposed to accommodate
the rotary BHA system. This years rig, as illustrated inFigure 3.1 , will consist mainly of

a traverse which can be disconnected from the main construction. The traverse is mounted
on four pivots and supports drilling in any pre-de ned position, i.e. in vertical or horizontal
starting position. A higher grade of transportability is achieved with this speci ¢ design
choice. A surface power pack is used to rotate a exible shaft which is located in the drill
pipe. The bottom part of the shaft is connected to the bit. This design allows to rotate
the bit via the exible shaft without rotating the drill pipe. As a push-the-bit system is
used (seeChapter 5.2.1 ), rotation of the drill pipe needs to be prevented. The overall size
of the rig and its components are displayed ifable 3.1 . For this chapter, Mitchell u.
Miska (2011) is used as a reference.

3.2 Rotary Table and Power Pack

To be able to point the drill bit into any desired spherical coordinate, the BHA must be
rotated in the desired direction. To achieve this, a rotary table has been incorporated
into the design of the rig. A form-locked and friction locked connection to the drill string
by means of a collet chuck assembly is applied and, thus, can position the drill string to
achieve a precise angle. Azimuth corrections are also enabled by steering the drill string. In
contrast to the concept of last year, this year's construction features a rotary table mounted
driving motor. As a driving motor, this year a IHS v60 Servomotor as shown iRigure 3.2

| Component | Height (cm) | Length (cm) | Width (cm) | Volume (L)
Rock sample reciever 60 68 38 155
Mounting System 80 200 79
Traverse System 200 40 40
Topdrive 28 9,5 9,5
Syringe System 15 14 20
BHA 15,4 3,3 3,3

Table 3.1: Rig components™ dimensions




3.2 Rotary Table and Power Pack

Figure 3.1: Rig overview

was chosen, which has enough power and rpm to propel the ex shaft in order to provide
downhole torque and speed. As the exible shaft runs within the drill pipe, cables and
hoses cannot be accommodated within the pipe. The data and power supply cables as well

as the hoses for drilling mud and hydraulic uids are therefore attached outside to the drill
pipe and connected to the BHA.



3 Rig Design

Figure 3.2: Rotary Table and Servomotor

Figure 3.3: Rock sample receiver



3.3 Rock Sample Receiver

3.3 Rock Sample Receiver

The rock sample receiveFigure 3.3 of this year's rig is a simple cuboid, as illustrated in
the image beneath the section, where the rock sample will be hoisted in. The sampling
receiver is connected to the mud lItration to separate the drilling uid into its di erent
components. In contrast to last year's installation, this year's receiver will feature a mounted
beam on top with a centralizer tube in order to stabilize the BHA before it enters the rock
sample completely. A reliable measurement of the earth's natural electromagnetic eld to
determine the azimuth is di cult due to the electromagnetic noise and interference created
by the nearby electrical devices and electrical motors. To solve this problem, a decision
was taken to create an own electromagnetic eld through placement of two square coils
with 185 winding's of copper wire and a diameter of 1 mm, on the outer walls of the rock
sample receiver. The length of each side of the square coils amount to 400 mm. These
coils will create a much stronger magnetic eld which leads to a better environment for
the magnetometer and therefore it can be assured, that the measured azimuth is reliable
and correct. As the coils are self made, the electric resistance for each coil is calculated as

follows:
| 17,86 10 *mm *=m 0:4m 4 185

R =
A 0; 5mm?

= 6:722 (3.1)

Figure 3.4: Rock sample receiver with coil



3 Rig Design

3.4 Rig Electronics

The electronics are housed in a switch-cabinet under the rig table and protected against
water. In addition, multiple FI circuit breakers are installed to interrupt the power supply
immediately in the event of a failure. It was decided to use &N-S network as it is
one of the safest networks according to German standardBIN VDE 0100 ) which,
due to the separately laidPE and N conductors, reliably switches o in the event of a
failure. Furthermore, all those involved in working on the mini-rig system were instructed
in electrical-engineering and encouraged to follow the 5 safety rules accordingit\
VDE 0105 . To start the rig there is a Main-switch on the right side of the switch-cabinet
which is directly connected with the rst Fl-circuit breaker that cuts o all three phases

in case of a failure, to detect in which phase the failure occurred there are three separate
Fl-circuit breakers that are switching of independently. An emergency switch is placed with
reach, which can be accessed immediately in case a human or a system error occurs and
the machine has to be turned o instantly. This switch is installed according t&EN 1SO
13850 standards, and it is clearly distinguished from the second emergency stop switch,
which only sends a signal through the BUS to stop all moving and or working parts. A
small overview of how the individual components of the rig are connected is shown RPage

54, This is only a process- ow diagram and not a circuit diagram. The main computer with
the human machine interface is located on the table next to the main controller. So that
the current state during drilling can be easily tracked and monitored.

Figure 3.5: TN-S network

10



3.5 Rig Plumbing and Mud Handling

3.5 Rig Plumbing and Mud Handling

A drilling mud preparation container is installed next to the drilling sample container.
Behind the lIter, a pump is connected which generates the necessary pump pressure for
drilling. The pumps used for the setup are a combination of a pre charging pump (2-3 bar
pre-pressure), that feeds a positive displacement pump with a maximum pressure capacity
of 120 bar. In between both pumps a ow meter is placed, which detects the amount of uid
that is being fed to the positive displacement pump. Further details about the ow meter
will be discussed. inChapter 6.4.2 The drilling mud will be pumped through a plastic
hose that is laid parallel to the drill pipe. The hose will lead into the BHA and the drilling
mud is then directed to the bit and leaves the bit through its nozzles. The returning drilling
mud is handled by a two-chambered separation tank system. The drilling mud is then drawn
out of the rock sampling receiver directed into the rst mud tank. In there, the heavier
components are separated due to the gravitational force and only the liquid components
enter the next ltering tank. Due to the slow ow rate of the systems uid, enough time is
available for the separation of the solid from the liquid components of the mud. The last
tank is connected to a pumping system to reinject the Itered drilling mud into the hose.
Inside the mud tanks, Itration packs consisting of plastic granules are installed to increase
Itration performance of the mud handling system. Water with no additives will be used as
drilling mud. Any other decision would lead to higher environmental impacts and to the
need of a very thorough and complex sealing and leakage prevention. Also, the need for
additives or an oil-based mud is not seen for the given application. Basis for the circulation
system were the cutting transport and pressure loss calculations which are presented in the
following sub-chapters. The used values can be found in tAg@pendix .

Figure 3.6: Mud Handling

11



3 Rig Design

3.6 Cutting Transport Calculation

The following section sets the ow rate calculation required for the drilling operation with a
Newtonian uid. References arePhD u. Liu (2011) and Aadnoy (2006) The minimum
ow rate of the mud vpy,,g must be greater than the terminal slip veloCityViiginger €Xpressed
in equation 3.2 .

Vmud = V rittinger (32)

The slip velocity can be calculated by Moore's correlation for a vertical well. The slip
velocity of a small spherical particle settling (slipping) through a Newtonian uid under
laminar ow condition, vy, is given by Stokes law 3.6.

v = 9 Cs ) dg
w 18
~ 9:81ms? 0:00000001m (2650kgm 3 1000 kg m %)
B 18 0.001Pas (3.3)
=0:5394mmin?

(=0:0295fts 1)

Where:

ds: Diameter of cutting
s. Density of the cutting solid
w- Density of the drilling uid (Water)
w. Viscosity of the drilling uid (Water)

Stokes law could be used already to determine the slip velocity, as the Particle Reynolds
number is smaller than one. The Particle Reynolds numbéRe, is calculated as follows3.7.

Rep —_w Vslips ds
w
_1000kgm=* 0:00899ms? 0:0001m (3.4)
0:001 Pas
=0:899

12



3.6 Cutting Transport Calculation

Figure 3.7: Slip velocity derived by Mooré s correlation

The friction factor f is taken as 44.49 according to Moore's correlatio®.8, with that in
mind, the empirical equation3.5 that applies for particle Reynolds numbers smaller than 3,
can be used. This equation only works in eld units, so in the following it will be switched
from Sl units to Oil- eld units. This method is used to get a closer approximation to the
actual slip velocity by including the friction factor.

2
Vmoore =4972 ds (s W)

w
0:000016 (26,55 8;34)
1 (3.5)

=4972

:1:448i.
min

m
=(0:441—
( mln)
The slip velocity is quite low. The reason for that lies in the approximation of the cuttings'
diameter. Previously, more of a grinding action was used to bore through the sample, which

would lead to small cuttings < 0:1 mm. Due to the structure of the bit, it is not possible
to assure if this method is going to work. For this reason, the slip velocity is calculated for

13
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cuttings as big as 1 mm:

VslipB

-9 (s w) &
w 18
_ 981ms2 0:000001m (2650kgm3 1000 kgm 3)
- 18 0:001Pas
=53:49mmin !
(=2:95fts *)

Re _w VinpsB ds
pB——

w

_1000kgm?3 0:899ms? 0:0001m
- 0:001Pas

=899

(3.6)

(3.7)

For the bigger cutting diameter (Re,z > 1000 the friction factor becomes constant as
turbulent ow is approached. This leads to Rittingers equation { =1.54).

14
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3.6 Cutting Transport Calculation

S

d
Vrittinger =30 w
s w
3 (265gcm3 1gcm?3) 0:lcm
=30 1gcm 3 (3.8)
=7:30mmin *
(=0:3991ts 1)

Therefore, the mud velocity must be at least as high a&399fts 1.

A ow rate of 1:85gpm (7L min 1) is pumped by the rig pump. The annular velocityv, is
calculated by following formula:

_ Q
2,448 (R d?)
_ 1:85gpm
© 2,448 (2:22in  0:15in) (3.9)
=0:3650fts ?

(=6:675mmin 1)

Va

Where:

Q:  Flow rate of drilling uid

dy: Diameter of Borehole in inch
d,:  Diameter of Drill pipe in inch

It can be seen that the annular velocity is smaller than the slip velocity,v,<v;ittinger )
which would make an e ective cutting transportation impossible. When it is taken into
account that a major part of the cross-sectional area, between the drill pipe and the borehole,
is going to be taken away by the hoses cables and the drilling uid supply (as it won't
ow through the DP), the di erence between inner and outer diameter gets smaller, and
therefore the annular velocity gets higher.

15
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16

Figure 3.9: Borehole schematic

Ago = 7 (1;49n)% = 2;220n?
App = 2 (0;4in)? =0;12n?

3
4

: 2-0- 2
4 (0:314n)%=0;077n (3.10)

(0;07in)? = 0;011in?

Ano =

Ars

2 (0;314n)%=0;077n?

A = App + Ao + Ars + Ac 20;285n2
4

v —
A
daneu = P :

Ac

=0:60in

4

V- = Q
et 2! 448 (d% dg;neu)
_ 1:85gpm
2,448 (2:22in  0:6in) (3.11)
=0:4650fts *

(=8:575mmin 1)




3.6 Cutting Transport Calculation

For the transport ratio a value of above 50% is empirically recommended to achieve good
hole-cleaning during drilling. The transport ratio is calculated as follows and a value of
14.19% is determined. It will be assured that this ratio is su cient. In case problems with
bottom hole clearing arise during testing, a more powerful pump will be purchased.

Transport ratio = ~aneu Vitinger 144 = 14199 (3.12)

Va;neu

Figure 3.10: Connection for Hoses and Cable

17



3 Rig Design

3.7 Pressure Loss Calculation

The following section sets the calculation for conventional, rotary drilling pump requirements
with the bit dimensions provided by DSATS. Assuming the Newtonian uid (water) ows
inside the hose around the drill string until it gets to the BHA where it connects to the
drill pipe and exits through the bit, which cause the biggest drop in pressure. The pressure
loss inside the hose along the drill pipe until it connects to the BHA is neglected. A small
overview of how the uid ows is shown inFigure: 3.11 .

Figure 3.11: Fluid- ow schematic

First the velocity of the uid in the Flow line vq4 is determined:

Q 1;85gpm L
- = = 33:5f 102 _
2448 107 2448 0, 1%in  oooMs (102 ns) (3.13)

Vg

Where:
Q:  Flow rate of drilling uid

Based on that, the Reynolds number is determined:

928 ¢ vy id, 928 833ppg 335fts L 0:15in

R
© » 1cp

= 38844 (T urbulent)

(3.14)

The Required friction factorf can be calculated by the following formula:
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3.7 Pressure Loss Calculation

k N 5174
id, Re>®

0:0006n N 5:74
37 0;15n 38844°

f = 0:25(fogi(5~ )) 2=0;25 ([logo( )]) #=0:031

(3.15)
Where:

k: Roughness of the ow line (assumed with 0,0006in)
Re: Reynolds number

The pressure loss in the ow line inside the BHA parallel to the drill string,Ps is calculated
as follows:

f w Vi Lrowine _ 0:0301 833ppg 335*ts ! 3:14in

Pe = 258 id, 258 0:15in =228psi (1572bar)
(3.16)

Where:

f: Fanning friction factor

Lriowine :  Length of the drill string

I dp- Internal diameter of the Flow line

In the next part, the losses in the hollow rotating part right beneath the Steering unit as
well as the losses inside the small section where the uid ows through the DP, have to be
calculated.

First, the Losses inside the Hollow part are determined.

Q _ 1;85pm

= = . 1 . 1
= 2448 142 - 2448 0 118in =54:27fts ©~ (16:49ms ") (3.17)

Vho

Where:
Vho:  Velocity of the drilling uid inside the hollow part
idno:  Internal diameter of the hollow part
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Reynolds Number:

. . . 1 .
Ry= 028 w Vho ldno _ 928 8:33pg 5;‘;”“ 0118 _ 49503 (T urbulent)
w

(3.18)

Friction factor:

k 5:74
f =0:25(10gw0( 5 h?dh + oge)) 2=0:25 ([loguo(
. o

0:0039n N 574
37 0;118n 49503°

)) 2=0:051
(3.19)

Where:
Kno:  Roughness of the hollow part (0.0039in)

Pressure Losses:

f w V&% Lno _ 0051 833ppg 5427fts ' 0:35in

Pro = 358 idn 258 0:118in = 143:84psi (39bar)
(3.20)
Where:
Lho: Length of the hollow part
Now, only a small section inside the DP remains:
Vep Q o _ LBOPM __ 53605t 3:13ms Y (3.21)

T 2,448 id2,~ 2,448 0,27in

Reynolds Number:

928 ., Vg idgy _ 928 8:33pg 1036fts 1 0;27in

Re = - 1cp = 21623 (T urbulent)
(3.22)
Friction factor:
. Kap 574 ., 0:0039n 5:74 o A
P =0:25(0go(57 g, * Reme)) "= 0:25 Ul0gulz776 570 + 21639 ~ = 01045
(3.23)
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3.7 Pressure Loss Calculation

Pressure Losses:

fow Vi Lap _ 0:051 8:33ppg 10, 36fts 1 1:3in

Pap = : :
% 258 idgp 258 0:275in

=8:35psi (@6 bar)
(3.24)

Finally, the previously calculated losses are summed up to acquire the BHA pressure losses:
Pdp + Pho + PS = Pgya =380 pSI (26.2 bar) (325)

There are three nozzles at the bit with diameted,. For that reason, the total area of nozzle,
A,is calculated as follows:

A,=3 2 =3 2 0:118n2 = 0:008n? (0:05Tm?) (3.26)
Then, the pressure loss at the biBy,; can be estimated by following calculation:

_ Q* ¢ _ 1,84gpn? 833ppg_ .. . .
Pot = 12081 AZ ~ 12031 0,008n2  S>:00PS! 3.27)

The jet impact force, F; of the bit is:

q q
F, =0;01823C4 Q ; Py =0;018230;95 1;850pm 8;33ppg 3506psi = 0; 54lbf

(3.28)
Where:
Cq: Discharge coe cient (assumed value 95%)
The jet velocity of the bit, v is:
Q 144 144 1;85gpm 1 1
it = = =73:79ft 22:5 3.29
Vot = 2288 A, 4488 0,008n? s° (225ms ) (3.29)
Further, the pressure loss in the annulus?, is calculated as follows:
o - 1,4327 107 ¢ Liook Vhnew _ 14327 107 833pg 1,97t 27, 62 1L ~ 0:02ps
: dh dd;neu 0; 125t 0; O5ft '
(3.30)
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The annular velocity was calculated ag8ftmin 1. As this is not very fast, the pressure
loss in the annulus is negligible. the total downhole pressure I0Bgwnhoe iS the sum of the
following.

Paownhole = Poit + Pana (+ Pa) = 35:06psi + 380psi = 415;06psi  (286bar)  (3.31)

It is assumed that the pump will be connected with the hose line (made from rubber
material) to the standpipe with roughness 0.0006 in. The pressure loss in the hdBg, is
calculated by following schematic as applied for the pressure loss calculation before:

Q _ 185pm

= 5 = — =3:02fts ! (0:92ms* _
2,448 idZ ~ 2,448 0;%in s (0:92ms?) (3.32)

VH

928 , vy idy _ 928 833ppg 302fts ' 0;5in

R
€ w 1cp

= 11678 (Turbulent)
(3.33)

Then, the ratio of the roughness of the pipe divided by the inner diameter of the pipe

ky/idy calculated to determine the friction factor on the Fanning chart, as shown in Figure

??.
kg _ 0:0006in

idH B 0:5in

= 0:0012 (3.34)

Figure 3.12: Fanning chart

Based on the Fanning chart, se€igure 3.12 , the friction factor,f is approximately 0.007.
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3.7 Pressure Loss Calculation

The pressure loss inside the hosBy is:

0:007 8:33ppg 3:02fts ' 7:5in

258 0:5in

=0: i (O 3.35
258 id. 0:3psi (002bar) (3.35)

The pressure loss through the hose is negligible, which brings the total pressure loss along
the entire system toPsysiem = Pdownnole OF 415,06psi. If additional atmospheric pressure and
the hydro static-pressure are added, the pressure which the pump has to deliver can be
determined.

w (VH Va) 2

2
8:33ppg 7,48 (3:02 0;460) 1L
2 321747 144

sec

IDpump :Psystem + Pam + + ¢ 0 Hrig

, 83%pg 748 32174% > 75

sec

321741 % 144

sec

=415;06psi + 14;5 +

=432:86psi  (29:7bar)

(3.36)

F)pump Q_ 4328&39 1859pm

(3.37)
1714 1714

=0;46HP

Pumpyp =

It is assumed that the e ciency of the pump is 85%, therefore the requirement of the
horsepower pump is 0.46 HP. The followingable 3.2 shows the variation of the pump
power requirement according to the ow rate variation:

Table 3.2: Pump power requirement rotary drilling

Flow ratevariation | Flow rate variation | Transport ratio | Pump Pressure| Pump | Pump
(9pm) (Lpm) (%) (bar) (HP) | (kw)
1,32 5 70 4,82 0,05 | 0,04
1,84 7 83 8,19 0,12 | 0,09
2,64 10 85 15,3 0,34 | 0,25
3,43 13 88 24,89 0,72 | 0,53
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Figure 3.13: Fluid Pathway inside the BHA
24



4 Drill Pipe

The original rig featured an aluminum drill pipe. Since last year, the guidelines allow for
a steel drill pipe to be used for the rig. Due to the higher stability and durability, it was
decided to upgrade the rig with asteel pipe . The diameters, the density and the Young's
Modulus of the selected pipe can be found in th&ppendix . The 0.91 m long pipe is
constructed in one piece and hence does not need tool joints. The pipe is connected with
the top drive and the BHA with collect chuck joints. Through the pipe runs the before
mentioned exible shaft. The ex shaft makes it possible to use a push-the-bit design with
a static down hole steering unit. This has a fundamental advantages to a RSS. First of
all, the static position of the BHA allows more precise control of the drilling tool. Since
the BHA does not rotate, sensors and other instruments can be read more accurately and
the data transmitted directly to the control unit. In this way, complex drilling operations
such as drilling curves can be performed with greater accuracy. In addition, the use of a
push-the-bit system can help reduce wear on the BHA and other drilling equipment. Since
the BHA does not rotate with the drill pipe, it is subjected to less stress, which extends its
life and reduces the need for frequent repairs or maintenance.

All hoses and cables are attached to the outside of the DP. To accomplish a stable connection,
3D Printed clips that are screwed tightly around the DP with clip-in connections for the
hoses, cables and uid supply are used. Based on the selected pipe, the following limit
calculations were conducted. The exibility of the pipe and its impact on directional drilling
will be discussed inChapter 5.2.6 , as a referenc&C3 (1994) and Bourgoyne (1986) is
used.

4.1 Limit Calculations

The steel drill pipe can be considered as one of the weakest parts in the entire string
next to a connection. The following calculated values for buckling, burst and torsion
maxima, are based on the scenario that no other forces are acting on the component for
the calculation. The maximum values are good indicators, aiding in the selection of the
appropriate equipment and parameters for the drilling robot, such as the maximum WOB
for the hoisting system, maximum torque value for the downhole motor, and high pump
pressures for ushing. The used values can be found in tgpendix .
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4 Dirill Pipe

Table 4.1: Buckling limit according to K variation

K variation | Buckling load limit (Ibf) | Buckling load limit (N) | Buckling load limit (Kg)
0,5 607,67 2703,05 275,63
0,7 310,04 1379,13 140,63
1 151,92 675,77 68,91
2 37,98 168,94 17,22

4.2 Buckling Limit Calculation

Buckling is characterized by a lateral deformation or failure of a structural member subjected
to high axial compressive stress, where the compressive stress at the point of failure is less
than the yield strength that the material can withstand. The critical buckling load limit of

the steel drill pipe is calculated by the following Euler equation (assuming both pipe ends
are pinned). First the moment of inertia is determined:

- 4 iady — . 4 . VNP 4: 4
I 64 (dy idp) 64 (0;393n 0;315n%) =6:876 10 “in (4.2)
Where:
dy: Outside diameter of the drill pipe
idp: Inside diameter of the drill pipe
Then the critical buckling load, Py, is calculated:
2 E | 2 2901 107 68790 10 *
Poer = = : ’ =151:92bf (75;77N 4.2
ber (K L)2 (1 36)2 51:92b (5a ) ( )
Where

Critical buckling load

E: Modulus of elasticity of the steel drill pipe
I Area moment of inertia

L Length of the column

K: Column e ective length factor

Based on the scenarios of buckling failure, there are several recommendations in respect to
the e ective length factor (K), as illustrated in Figure 4.1 and Table 4.1 . The variation
of e ective length factor is used to estimate the buckling load limit.
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4.3 Burst Limit Calculation

Figure 4.1: Design value K variation

4.3 Burst Limit Calculation

Assuming the yield strength of the steel drill pipe i31183 psi (215 MPa) and a safety
factor of 1.5, the burst limit P,y of the steel drill pipe can be estimated by following
equation (Barlow equation):

2 Y, t_2 3118%']\'—2 0;,0787%n

Pourst = d, Sf 03930 L5 = 8326:04psi (57406 bar) (4.3)
Where:
Yp:  Yield strength of the drill pipe
t: Wall thickness of the drill pipe

dy: Outside diameter of the drill pipe
Sf:  Safety factor
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4.4 Torsional Limit Calculation

Assuming the maximum yield stress of the steel drill pipe 181183 psi (215 MPa). The
maximum limit of torque Tnax Of the steel drill pipe can be estimated by following equation:

B (dg idg) (0:393n*  0;315n%) _ e
Thax = 16 maX T 16 3118& 0:393n = 218:25n Ibf (4.4)
Where
dy: Outside diameter of the drill pipe
idp: Inside diameter of the drill pipe

max.  Yield strength of the drill pipe

4.5 Maximum Inclination

With the maximum force that one wing can exert on to the rock determined by the ANSYS
simulation, it is now possible to calculate the maximum de ection of the drill pipe and
the BHA. A simple model was de ned using a free software for structural analysis. A bar
construction was de ned with the respective lengths and cross sections of the drill pipe and
the BHA. Density and Young's modulus for the used steel were entered. The top of the drill
pipe was de ned as a xed bearing and the stabilizer as plain bearing. Finally, the acting
forces were an upward force of 150 N for the maximum WOB and 60 N in x-direction for
the maximum wing force. By doing that, the de ection could be computed. The result is
displayed inFigure 4.2 , where the bending is depicted ten times larger than the actual
value for demonstration purposes. The maximum de ection at the tip of the BHA is 3.36
cm (1.3 inch). With the maximum de ection and the length of the BHA, the maximum
inclination can be calculated with

max: deflection

" =tan 1 :
( length BHA ) (4.5)
—tan 105%™y _ 0.3 |
- 185cm’

This model does not count for bit-rock interaction and is only conducted under static
condition. Nevertheless, it gives a good rst assumption that the chosen concept and set-up
can ful | the directional drilling task.
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4.5 Maximum Inclination

Figure 4.2: Maximum de ection of the drill pipe and BHA
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5 BHA Design

Due to the usage of a 1.5 Inch diameter Bit for the 2022 Drillboti@® Competition, the TU
Clausthal chose once more a larger diameter for their drill bit and BHA construction. This
year s concept is based around a drill bit propelled by a exible shaft, which is powered
by a surface mounted electric motor used normally for milling applications. The BHA is
steerable through three independent wings following a push-the-bit approach and allows
an inclination setup of 9 degrees. References for this chapter where basedrainhurst
(1956) , Bruno (2005) and Moore (1986)

5.1 Development History

Di erent approaches were discussed in the team taking many considerations into account.
Until the nal concept was decided on, earlier ideas were favored. For the sake of completeness
and to better understand the development history, the earlier concepts are described as
follows.

5.1.1 Concept 1

The rst concept shown in Figure 5.1 was based around a BLDC Downhole Motor and a
radial bending joint, which allowed the setting of a speci ¢ inclination towards the central
axis. This concept study resulted in a very long BHA setup and therefore it would have
been di cult to meet the drilling requirements of the given trajectory. Furthermore, the
stresses along the outer borehole wall could have led to a total failure of the construction
due to the high axial forces alongside the BHA during the bending process.

Figure 5.1: Drillbotics Bendable BHA construction
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5.1 Development History

5.1.2 Concept 2

The second concept was as well based around a BLDC Motor but instead of a radial bending
joint the steering requirements would have been met with the help of two extendable wings
(Figure 5.2) , which allowed a correction of inclination towards the borehole wall. The
wings could be steered independently from one another with two hydraulic cylinders. The
extended wings would have been pressed against the borehole wall and by that it would be
ensured, that the inclination correction is carried out.

Figure 5.2: Drillbotics Wing Module extended

5.1.3 Concept 3

Finally, it was decided to change the concept drastically due to the limited space of the
BHA. The driving Motor is now installed onto the rotary table and is powering the bit
with the help of a ex shaft. The concept of the rest of the bottom hole assembly, however,
remained the same as in the second development stage. An optional setup consists of three
wings instead of two in order to increase stability of the BHA during the drilling operation.
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5 BHA Design

5.2 Description of the Final Concept

This year's BHA consists of a modular system, which allows the team to adjust the
arrangement to di erent wellbore conditions. The upper part of the system consists of a
modular guiding plate setup, which manages the incoming uids from the surface. The
uids are directed to their speci ¢ destination with this modular channeling system. In total,
the setup consists of ve di erent input ports, three of them for the high-pressure hydraulic
lines, one for the drilling uid and the last one for the electrical cables. The decision to
go for a known concept, as wing steering is quite common in nowadays Trajectory drilling
procedure, was based around the idea to make the rig as realistic as possible.

5.2.1 Downhole
Stabilizer

The stabilizer of the Bottom Hole Assembly is attached on the top of the BHA and is
responsible for the overall borehole quality. The stabilizer centers the BHA inside the hole
and therefore prevents shifting of the BHA during the drilling operation and establishes the
xation of the BHA during downhole operations. The stabilizing element consist of three
convex shaped inserts, that can guide the BHA along the drill path. Further, it can reduce
the shocks transmitted through the pipe and the rotating shaft onto the BHA and therefore
prevents the bit from lateral displacement due to vibrations. The stabilizer is also the rst
part that is connected with the static outer DP.

Figure 5.3: Stabilizer unit

Steering Unit

The steering unit is connected to the Stabilizer. This yeas steerable component consists of
three wings, that can be extended due to the in ow of liquid under high pressure conditions
into three independent cylinders. Each wing is independently controllable from one another
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5.2 Description of the Final Concept

and can be unfolded by its own cylinder steering unit. The cylinders are attached to a wedge
which will drive the wings from its current position. To ensure that the pistons drive back
up to run in the wings, three springs, one for each cylinder, are included in the construction
to reposition the lifting arms of the cylinders. The in ow of the high pressurized liquid into
the cylinders will be managed through surface mounted stepper motors, which will allow to
control in ow and out ow. References whereConstruction (2011) and Hearn (1997)

Figure 5.4: Steering unit open and closed

Sensor unit

The next module connected to the upper part is the sensor unit. This module consists of
two half circular shaped parts. The parts are mounted on the BHA beneath the steering
unit and are installed in to sense the position of the Bit and the inclination of the BHA. In
addition, the downhole weight on the bit is measured here, it is also possible to measure the
bending moment in x and y axis and later to determine a force vector of the bit from these
values. With this arrangement the actual weight on bit can be determined more precisely,
as the friction of the drill pipe and the supporting moment of the BHA wings is omitted.
Beneath the sensor unit the drill bit is installed. In order to meet the properties of the
driving system, the system is optimized for high rpm counts and low output torquerigure

5.5 shows the whole BHA setup.

Drill Spindle and Spindle Housing

Directly behind the drill bit, a shaft sealing ring seals the BHA from dirt and drilling uid.
The rst sensor module is mounted directly behind the drill bit. This has the advantage,
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5 BHA Design

Figure 5.5: Sensor unit

that the drilling process can be recorded more accurately. This yéarbearing construction
consists of a classic movable/ xed bearing constructiofFigure 5.6) . For the two bearing
rings behind the drill bit, the xed bearing, the s61702-2rsr bearing was chosen. The
moveable component consists of org61700-2rsr bearing ring. These two single row ball
bearings o er a great sti ness in addition to a limited requirement of installation space,
which is bene cial for constructing a miniature drilling rig. Furthermore, the bearing
construction can absorb the axial and lateral tilting moments and prevents the BHA from a
critical failure because of high stress moments.

Figure 5.6: Drill spindle and bearing unit
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5.2 Description of the Final Concept

Drill Bit

Due to the exible shaft, the system has a limiting factor, at a torque greater than 15 N/m
the shaft starts to torsion for this reason a custom bit was developed and manufactured.
Last year the idea behind the concept was to remove all cutting edges from the bit to create
a smooth surface which then is diamond coated to achieve a kind of grinding drilling action
to guarantee an e ective drilling progress the speed is increased to 2500 RPM. After having
a big bit-walking problem with the rst drill bit design, a new drill bit was designed this
year and is being manufactured for competition. The bit wear will be analyzed after each
run to decide if it can be further used or not. ThdADC dull bit grading system will be
applied after each test run to describe the bit wear. ThéADC dull bit grading system,
after IADC/SPE 23938-23939 , de nes several parameters such as a cutting structure,
bearing seals, gauge, or the reason for pulling the bit. From that, a conclusion can be
made on the drilling performance of the bit. The wear of PDC bits is also sensitive to the
amount of mud cooling the bit across its surface. Thus, it is of most importance, to keep a
continuous and high amount of mud ow during drilling to protect the bit from wear.

Figure 5.7: Dirill Bit V1 and V2
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5 BHA Design

5.2.2 Surface
Syringe Unit

The subsurface steering unit is powered by a surface mounted control deviEggure 5.8) ,
allowing the wings to be actuated separately through a hydraulically connected system. The
whole subsurface compartment is stored on top of the topdrive and will function through
actuated stepper motors, that are connected to the processing unit to adjust the total
de ection of the bottom hole setup. The pressure is recorded by a sensor for each of the
three hydraulic lines, that enables the processing unit to extrapolate the grade of de ection
of the drill curve. If the de ection in one direction should be increased, the stepper motors
will transfer their power through a pulley system onto the syringe systems beneath, forcing
them to increase the pressure inside the hydraulic system and therefore on to the wing. The
pressure is operated by a maximum of 10 MPa in order to create enough power to operate
the wings successfully against the force applied by the rock on the BHA. The de ection
force was con rmed via an ANSYS simulation(Figure 5.9) , taking friction losses into
account, to grant the capability of the system. The simulation calculates that the system
can transmit a force of 60 N onto the rock surface. But it has to be noted that this concept
resembles a positive displacement pump. Thus the overall uid volume is 10ml in total.
Also the maximum pumprate is at 0.25ml per second.

Figure 5.8: Syring de ection unit
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5.2 Description of the Final Concept

Figure 5.9: BHA ANSYS wing simulation
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6 Mechatronic System Architecture

6.1 CAN Bus

A universal, error-resistant bus system is necessary, since many subsystems in the arrange-
ment are required to communicate with each other without interference. Therefore, a
decision was made in favor of the controller area network protocol, which is widely used in
the automotive industry.

Figure 6.1: CAN bus schematic

The structure essentially consists of two redundant data lines, CAN High and CAN Low.
To write a "one", the CAN High line goes to zero voltage while it is normally on supply
voltage, the CAN Low line goes from zero voltage to supply voltage. To write a zero, CAN
High stays on supply voltage and CAN Low stays on zero voltage. This mechanism results
in an opposing signal in which errors can easily be detected. In a CAN network, these
two lines connect all participants. The electronics in the BHA and on the surface are also
supposed to be connected in this way. Thus, actuators and sensors can exchange data with
each other without a complicated algorithm. Synchronized processes can be organized in a
decentralized way. In addition, several algorithms can retrieve data and place commands
in the network independently. A practical example is an initialization, or an emergency
stop command. A CAN message thus consists of several sections. In the beginning, there
is the arbitration eld which represents a sequential number. Depending on this number,
only an individual module or all even modules are addressed. An emergency shutdown will
have the number 1. Each module that does not receive this number will go into an error
mode. This numbering also makes it possible to prioritize messages. If a sender wishes to
send a message, it also listens to the bus lines simultaneously. If it randomly sends signals
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simultaneously with a higher priority module, it automatically stops sending and waits for a
new time window. Thus, important messages are exchanged very fast. The next data eld

of the CAN message determines the type of message. A distinction is made between data
message, the message that transmits data from a module. The remote message requests
data from a particular module and the error message signals to all participants that an
error condition has been triggered. The overload message forces all participants to take a
pause to stabilize the data tra c. Aligned behind it is the data eld, which contains all

the data that is to be sent. The CAN message is terminated by a CRC, a count sum to
verify the correctness of the message. If this does not agree with the sum of the message,
the message is considered unusable and the data is requested again.

6.2 Quick Data Query

To transmit large amounts of data from many sensors as fast as possible, a data acquisition
protocol was designed, as shown figure 6.2 .

Figure 6.2: Quick data schematic
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Normally an ECU would send a query message to a sensor and wait for a response. If this
was received error-free, it would dedicate itself to the next sensor and again wait for an
answer to the request. To avoid this waiting cascade, a trick is used. Each module that
transmits data has a speci ¢ waiting time which corresponds to its own priority number. If

a data acquisition message is imported into the network, all modules, which have no data
to send, pause their communication. All modules, at which data are to be queried, go into
a data sending mode and wait for a speci ¢ time and, subsequently, send their data set.
If this is successfully completed, the network returns to normal operation. Thus, the time
required for the normal polling can be saved.

Figure 6.3: Motor control algorithm
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6.3 Actuator Modules

6.3.1 Motor Control Unit

The motor control unit consists of several parts as shown iRigure 6.4 and is located on
the surface at the top of the spindle. The STM32 will process the telemetry data of the
motor and has a CAN interface for bidirectional communication with the CAN bus.

To adjust the required speed of the main system, a small control loop runs on the STM32 as
shown in theFigure 6.3 . If the current speed is lower than required, the signal is ampli ed

to increase the RPM, however, if the speed is too high, the control signal is reduced. In
case the system requires data, current, voltage, speed and set control signal will be sent
back. The servo motor type ihsv 60 is a closed unit consisting of a synchronous motor
and a motor controller with feedback loop. The torque is speci ed with 1.27 Nm and the
maximum speed with 2500 rpm. The motor is controlled with a step and direction signal.
Due to the setting that 19200 pulses are needed per revolution and since the ex shaft can
also be assumed as a damping element, the running of the bit is assumed to be smooth.
If the motor reaches its set maximum torque, an extra io line is activated, which switches
an interrupt inside the microcontroller and the speed is reduced by the STM 32 until the
torque is back in the speci ed range. This avoids an overload of the ex shaft. If this is
not the case within 100 ms, a blockage is assumed and the rotation is stopped completely.
The control loop described here runs very quickly on the STM 32 in its own thread with a
setting of 100 Hz and is independent of the control algorithm in order to be able to react as
quickly as possible in the event of an error.

Figure 6.4: Motor control unit

Communication between the microcontroller and the motor controller takes place via
Modbus. RS232 is a communication protocol that allows data exchange between a master
and several slaves. The master device, the STM32, is connected to the slave device, the
control unit. The Modbus protocol now allows the control of the connected devices and
the transmission of the measurement data from the slave to the master. Basically, each
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participant can send messages via the bus, where communication is usually initiated by the
master.

6.3.2 Hydraulic Actuator Unit

Figure 6.5: Hydraulic actuator unit

The steering unit is controlled by three o set wings, which are extended by a hydraulic
system and controlled by adjusting the pressure as shown in tiiégure 6.5 . For each wing
there is an associated stepper motor and stepper motor driver. The TMC2130 regulates the
motors by adjusting the current. The stepper motors transmit a moment to the spindle,
which in turn moves a cob that adjusts the pressure in the chamber. The de ection of
each wing can be adjusted by the number of steps of the motor. The pressure within the
system is measured with a pressure sensor and the data is passed on to the STM32. The
microcontroller communicates with the pressure sensors and the TMC2130 via SPI. The
STM32 transfers the data via CAN to the transceiver and further on the CAN bus. During
initiation, the wings are moved to zero position, this is done by reading the pressure of
the connecting lines. during homing, the spindles are moved back step by step until the
wings are in contact and thus a negative pressure is drawn. Now the position is stored as
zero and the module reports back as initiated. In normal operation, the module receives a
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de ection force vector from the steering algorithm via the CAN bus. In order to be able to
set this, the module must rst move the wings evenly against the borehole walls and then
approach the vector. To do this, all step motors are rst moved out with the same number
of steps until the pressure rises on all of them. Now the zero position is assumed. Next, a
pressure ratio is set which corresponds to the force vector. The loop of the program queries
the ADC with a frequency of 20Hz and rst compares the calculated pressure value with
the target value and then moves the steps in the right direction for correction. Since the
step frequency of the motors is very low, in the event of a pipe rupture in the hydraulic
lines, only a small ow of uid will escape. Consequently, no hazards are expected as with
a conventional hydraulic system.

6.3.3 Rotary Table Control

The rotary encoder control unit, as seen in th&igure 6.6 , consists of a CAN transceiver
and an ATmega 328p, which controls a stepper motor driver and assesses the absolute
rotary encoder.

Figure 6.6: Rotary table control unit

The algorithm determines the current angle value and compares it with the desired angle.
If a deviation is determined, the system moves in the opposite direction to correct the
deviation to zero. As soon as the stepper motor moves, the motor current is additionally
determined and compared with a previously de ned maximum value. As soon as these
values are exceeded, a warning message is generated.
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6.3.4 Relay Switching Unit

The mechatronic system contains a CAN network controllable relay card which switches the
pump. This unit consists of an ATMEGA 328p and a CAN transceiver as well as a relay
card.

Figure 6.7: Relais switching unit schematic

6.3.5 Hoisting System Control Unit

This unit consists of a CAN transceiver and an ATMEGA 328p as well as switching inputs
for the upper and lower limit switch of the hoist axis.

Figure 6.8: Hoisting system control unit schematic

44



6.4 Sensor Units

The algorithm has in total two modes. In the rst mode, N steps are driven in the pre-set
direction. The second mode moves to a desired WOB and adjusts it with the hook load via
the spindle. Since the controller has access to the data of the Downhole WOB module via
CAN network, abnormal operating states can be determined by a comparison.

6.4 Sensor Units

6.4.1 MWD Sensor unit

To be able to determine the actual drilled path the azimuth and inclenation of the BHA
has to be measured. The inclination is measured from the angle of the acceleration of
gravity to the BHA, the azimuth is determined from the angle of the magnetic eld of
the magnetic coils to the BHA. These measurements are made in the MWD unit which
consist of a magnetometer (LIS3MDL) and an accelerometer (LSM6DS33). As shown in the
Figure 6.9 , one central microcontroller is used for each sensor. Communication between
the sensors and controller is enabled via SPI. The information is processed by the STM32
and transmitted to the transceiver via CAN communication. This forwards the data to
the bus via a CAN protocol. With this design, the magnetic range magnetometer can use
the magnetic eld strength outside the BHA. To ensure that the data is measured and
transmitted as accurately as possible, a low pass lIter is implemented. The sensor unit
consists of three smaller circuit boards arranged inside the sensor ring. The system consists
of a LDO that supplies the entire unit with power. For this purpose, a voltage regulator is
installed to regulate the voltages for the electronics down to 3.3V respectively. This board
is standardized and used for all sensors. The unit will be inserted in the notch alongside
the BHA. In addition, a standardized 4 pin jst connector is used, which is intended for data
transfer and programming the STM32.

The sensor unit in the lower notch of the BHA will be located over the drill bit. Since
the BHA is constantly ooded, it is necessary to shield the sensors from water or make
them waterproof. Therefore, the two sensor modules are framed with epoxy resin or silicone.
The plugs are laid from the housing to the inside, where the cables are also guided along.
Another sensor unit is placed at the upper end of the BHA. The two rings make it possible
to better determine references and de ections of the entire BHA. Another identical sensor
unit is attached to the drill pipe to measure the vibration of the drill string.This is done
via an embedded optimized FFT to compute the time discrete signal into the frequency
domain. These values are included in the control algorithm. This allows a maximum value
to be set at a point that must not be exceeded. If the value is exceeded an alarm will go o
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Figure 6.9: Electrical schematic of the Sensor Unit

and the RPM of the exible shaft will be reduced. If an even higher threshold is reached,
the drilling process will be stopped for safety considerations.
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6.4.2 Flow-meter and pressure sensor

To control a crucial part of the cutting transport, it has to be ensured that a certain ow
rate is constant getting pumped through the bit. As mentioned before, there is a pre-charge
pump that feeds in the high-pressure pump, so they deliver a combined ow rate. In order to
precisely control and monitor the values of the pump control system, the ow meter and the
pressure sensor are installed between both pumps. The ow meter consists of sensors that
measure the ow rate of the liquid that passes through, it captures an accurate output with
built-in visual con rmation of the ow rate in the pipe. The vane cells in the ow sensor
output a square wave signal proportional to the ow rate. These serial rectangular signals
are counted by the counter 74HC590 in a certain interval. The data from the serial input
shift register are transferred to the output register and converted as a parallel output. After
the high pressure pump, a pressure sensor was connected that works up to a maximum of
10V and records pressure up to a maximum of 400bar. The pressure sensor is connected to
the ADS1115 analog-digital converter, which has an internal signal ampli er that forwards
the converted signal to the ATmega328p and nally forwards it to the CAN-BUS. It also
has an alarm function that issues a warning if the set maximum pressure value is reached
or exceeded. The communication between the two sensors and the micro controller shown
in Figure 6.10 takes place via SPI.

Figure 6.10: Flow-Meter and Pressure-sensor schematic
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Figure 6.11: Flow-Meter and Pressure-sensor UML
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