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1.0 Introduction

Implementation of best practices through drilling automation offers a way to maximize efficiency, safety,
and reliability of drilling operations — enabling well delivery teams to drive down costs and improve
performance [11]. This report focuses on delivering an automated directional drilling system that can
predict bit trajectory based on input inclination, azimuth and vertical depth. The whole system would be
including subsystems such as rock model, BHA model, Drillstring spring model and the steering model
which could be either AKO or RSS. This report will first give a literature review then introduce the
miniature virtual rig, describe the workflow for automating this rig, state implementation plan in terms of
simulating models, data logging and communication, and adaptation to real life application. Finally, an
appendix of models for the different systems is included after the references.

2.0 Literature Review

In this review, there will be a look at advancement in the two major types of steering, a review of drilling
automation and drillstring dynamics.

2.1 Steering with Bent Motor Assembly

A bent housing sub is the most widely used for building angle from straight holes, this is normally placed
directly between the bit and the motor. Bent housing in other hand is a housing, enclosing the articulated
drive shaft connected to the stator housing at the top and the bearing assembly at the bottom [4]. Bent
tools and their associated hardware (kick pads, eccentric stabilizers) are characterized by inherent
geometrical (and thus structural) asymmetry in their construction which causes them to provide a
bottomhole assembly with a predilection for deformation in a prescribed direction (or plane) [1]. The bent
housing tilts the axis of the bit relative to the axis of the hole. Significant bit side force is achieved for a
relatively small bit offset. This allows the bit to build inclination and/ or change the hole direction when
the rotary-table top drive is locked and to drill straight ahead when the drill- string is being rotated [2].
The introduction of bent motor in the mid-1980’s provided the ability to drill directional sections without
tripping out to change the drilling assembly. This initiated the process of allowing more complicated
directional paths to be drilled to satisfy the exploitation engineers need to apply the above technologies

[3].

Steerable motor drilling systems, initially used for intermediate and production hole sizes, have evolved
to a point of efficient application in large diameter surface holes. These systems combine directional and
straight hole drilling capabilities to provide precise directional control [6]. There are two main types of
bent housing motors, fixed and adjustable. The bend angle required depends on the drilling plan and the
required well-bore trajectory. In cases were the desired build rate is too large for a standard motor, the
drilling engineer will typically use a motor with a shorter bit-to-bend length. Short bit-to-bend motors
reduce the stresses on many motor components when operating in the lateral section as compared to a
conventional length motor with the same degree of bend [5].

2.2 Steering with Rotary Steerable System (RSS)

Rotary Steerable Systems (RSS) are well known as drilling optimization steering tools. Rotary Steerable
Systems control the inclination and direction in which a well is drilled using a steering mechanism that
continually rotates. The steering direction of the tool depends on the settings stored in the tool electronics
[7]. Compared to steerable motor drilling the rotary steerable system should be able to deliver —Increased



ROP (no sliding intervals, more aggressive bits, optimized use of drilling parameters) — Reduce trip time
through better hole quality (improved hole cleaning, reduced tortuosity, improved hole gage) [8].

Rotary steerable systems can be grouped into two categories, push-the-bit and point-the-bit. In push-the-
bit category, there is a non-rotating stabilizer contains pads that are forced radially outwards against the
formation. This imparts a side force upon the bit generating a net directional response. In point-the-bit
category, a shaft rotating within the non-rotating section is radially deflected away from the axis of the
well bore. Rotary steerable tools of the push-the-bit type that do not contain a non-rotating stabilizer are
now well established in the industry and provide the advantage of being able to back-ream when [9]. One
of the main fictional features of rotary steerable systems is the ability to drill in rotary mode while
following proposed three dimensional well plans accurately. Inclination measurement close to the bit and
automated hold mode is intended to produce a smooth wellbore. The ability to drill straight inclination
hold sections is demonstrated when plotting inclination versus depth for the main and lateral bores [10].

2.3 Drilling Automation
Below is a timeline of auto-driller development, which highlights the evolution of braking equipment and
control system technology [11].

Braking
Equipment Cable Rotary Drilling ooore,Z’Z;nd
Development  tool rigs Introduced i
Cont’r%ﬁc 1900 1920 1940
oy 2 Pneumatic
System D:':I‘I::‘gr‘:l':d Hyt::;:,l‘ljc;:ﬁue brake handle
Development control actuators
Auxiliary Hydraulically Proportional brakes
eddy current operated w/advanced friction
brakes disc brakes materials
1960 1980 1990 ) 2|
Electri Muﬁ?- Muﬁ?garameter
Lift units with t : = ¢ A/D's with parameter digital controls
pneumatic ac':‘ u:r:t:;: “bang-bang” controls with with VFD
control motors ly:rakes algorithms PID loop motor

technology technology

Figure 1 Auto-Driller Development

2.4 Drillstring Dynamics

Brakel et al in 1989 presented a numerical dynamic model to predict wellbore trajectory in both the
vertical and horizontal planes. The model is three-dimensional (3D) and consisted of the idealization of
the bottomhole assembly into a number of finite elements. To ensure the correct boundary condition at
the bit/rock interface, two rock/bit interaction models, one for a roller-cone bit and one for a
polycrystalline-diamond-compact (PDC) bit, were developed [12]. In 2011, Raap et al noticed that
historically, measurement of BHA dynamics using MWD tool is not always sufficient for understanding the
drill string dynamics of more complex applications. This was also shown when they studied two wells in
which high frequency vibration data were recorded at several strategic and innovative points within the
drill string. They learnt that to gain an understanding of the dynamic conditions across the drill string and
to help identify the cause of



the excessive torque, multiple Downhole Dynamics Recorders (DDRs) have to be included in the drill pipe,
at positions up to 2500 metres from the drill bit, for the two subsequent wells. The DDR data revealed
that during periods of excessive surface torque, severe levels of sustained lateral vibration were present
in the drill pipe, but not in the lower BHA, where traditional vibration measurement tools are located [13].
Gaines et al in 2013 revealed that rather than seeking to simply absorb vibrations caused by drill string
dynamics as with conventional solutions, they proposed a technology that seeks to actively change the
dynamics of the drill string to prevent these vibrations from ever occurring while offering a system for
dissipating the residual vibrations. They showed that the Asymmetric Vibration Damping Tool (AVDT) has
the ability to successfully and substantially lower drill string stresses by producing Forward Synchronous
Whirl. FSW allows the drill string to resist high vibration modes, dampen random shocks and minimize
stick slip by causing a braking / damping effect during the spin up phase of stick slip, as well as opposing
backward whirl [14].

In 2015, Veltman et al proposed a method to improve drilling performance by obtaining a representative
dynamic model of a drilling system: top-drive, controls, drill-pipe and Bottom Hole Assembly (BHA). The
goal of the model was to achieve the ‘lowest sensitivity to torque disturbance at the bit’ or pursue the
‘best reaction to stick-slip events,’ thereby improving drilling performance. The model, derived from the
addition of an excitation signal to the top drive torque which is rich in a spectral sense, is fit for simulation
and optimization, and identification of the mechanical top drive, controller and drill string dynamics [15].
Asgharzadeh et al in 2016 observed that energy is being stored along the drill string when it is rotated
from the surface. Most often, friction and spiral spring behavior may cause the drill string to accelerate
and rotate uncontrollably (torsional vibrations) leading to conversion of the stored potential energy in the
drill string to kinetic energy. Asgharzadeh et al proposed an approach that entails the use of hydraulic
power to prevent storing the potential energy along the drill string thereby mitigating the uncontrollable
vibrations completely. They explained that Soft Torque Rotary System or STRS eradicates the torsional
vibrations by preventing the buildup of energy in drill string since this energy buildup could cause the
propagation of torsional vibrations between rotary table and bit. They proposed to apply a (small) torque
on drill string to refrain the storing of potential energy in drill string. Asgharzadeh et al suggested that it
can be done by installing jet nozzles on the perimeter in upper parts of the BHA to apply the torque [16].

3.0 The Miniature Virtual Rig Systems
There are 3-tier paths to automation [11]. These are highlighted in the table below:

Table 1 Tiers of Automation

10. Decides everything and acts autonomously.

. Executes an action automatically and informs the driller only if it takes action.

. Executes an action and informs the driller only if asked.

. Executes an action automatically, then necessarily informs the driller.

. Allows the driller a restricted time to veto an action before automatic execution.
. Selects and executes a suggestion if the driller approves.

. Suggest a single course of action.

. Offers a set of alternatives and narrows the selection.

. Offers a complete set of decision and action alternatives.

. Offers no assistance; driller must make all decisions and take action.
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This project falls within point 7 of tier 2 and point 8 of tier 3. The miniature virtual rig consists of the
following subsystems.

Draw-works

® Axial inertia

® PID gains and max axial load

- Allows for computation of required upward force (a.k.a. hook load) for the desired top drive
up (or down) velocity setpoints provided by the user

Top Drive
® Rotational inertia
® PID gains and max torque
- Used to compute the torque required to generate the desired RPM, based on setpoints
provided by the user

............. N

Drillstring

® A collection of beam elements with only axial and torsional displacement degrees
of freedom (four DOF per element)

) ® The number of beam elements used to discretize the drillstring can be adjusted to

spring damper balance computation speed with accuracy

Steering: AKO or RSS

® Uses a lookup table (or constants) that link torque (computed from the equations
: ' of motion) to differential pressure (which is reported to the user)

- - - < | ® Generates an incremental rotary speed applied to the bit, based on flow rate
(input by user) and lookup table (or constant RPM/GPM)

Drilling Fluid Bit

® Provides buoyancy that ® Uses a linear ROP:WOB model
makes the drillstring ® Allows for “velocity-weakening” torque vs. speed response (if specified
seem “lighter” by the user)

® Causes viscous drag
that increases torque
required to rotate as

RPM increases

| G BT ¢
Wellbore
o Applies friction forces, based on the contact force at each node (affected by inclination, hole curvature, local tension) and axial and rotational
velocities at each node

© Friction coefficients for cased and open hole sections specified by user

Figure 2 Subsystems of the Miniature Rig
In the next sub-section of this report, each subsystem will be briefly described.

3.1 The Draw-works Subsystem

The function of the hoisting system is to get the necessary equipment in and out of the hole as rapidly as
is economically possible. The principal items of equipment that are used in the hole are the drillstring,
casing, and miscellaneous instruments such as logging and hole deviation instruments. The major
components of the hoisting system are:

. The derrick,
. The block and tackle system,
. The drawworks,



. Miscellaneous hoisting equipment such as hooks, elevators, and weight indicator.

The controlled hoisting parameter is block speed, which is the rate at which the traveling block moves up
or down within the derrick or mast [11]. Manipulation of this set point affects torque and drag calculations
and is manifested by varying hook load and WOB values. Below is the diagram:

| ROP Command ‘

l Point Mass: Block + Hook ‘

Hoisting Compliance:
Proportional +Integral

Drill String

Figure 3 An axial velocity (ROP) command

3.2 The Top-Drive Subsystem

The torque and power of the top-drive are useful measurement to monitor during the drilling process and
may be feasible variables for controlling the process. However, in this project, the controlled rotary
parameter is rotary speed, which is the angular velocity (RPM) at which the top drive rotates [11]. Top
drive response is also modeled using a Pl controller, which captures the delayed response of RPM
command and compliance, due to equipment inertia.

RPM Command

Point Mass: Top Drive

Rotary Compliance:
Proportional + Integral

Drill String

Figure 4 A rotary speed (RPM) command

3.3 The Drillstring Subsystem
The guidelines suggest using a spring model for the drillstring analysis. Here are the forces that work on
a drill string. These forces would be considered in the model.



FORCE

FORCE
COMPRESSION (LBS) TENSION compression  (159) TENSION
f / //
| / '
! s . £
' / /|2 /
N ,-O“ // EQUIVALENT MUD / 3 /
‘ ) L -
EQUIVALENT MUD ,:'3 3 / HYDROSTATIC e /\
HYDROSTATIC / / FORCE \; 7 PIPE
FORCE ,I / \ PIPE . // STRESS
| / STRESS bV
' / s | ¥~ NEUTRAL POINT OF
NEUTRAL POINT /
I/ / OF BENDING 'l / TENSION / COMPRESSION
‘ / N/
“~—_ NEUTRAL POINT OF 4
I TENSION / e
NEUTRAL / .
prhb v COMPRESSION /!
OF BENDING & v “Wos

Forces in the Drillstring with Bit Off Bottom Forces in the Drillstring with Bit On Bottom

Figure 5 Forces on a Drillstring

The drill string transmits force, torque, and drilling fluid from surface to the drill bit in order to drill along

a planned well trajectory [11].

3.4 The Steering Subsystem
This report focuses on Steerable drilling systems and rotary steerable systems as per the requirements for

Drillbotics Group B.

A steerable drilling system allows directional changes (azimuth and/or inclination) of the well to be
performed without tripping to change the BHA, hence its name. It consists of a drill-bit; a stabilized
positive displacement steerable mud motor; a stabiliser; and a directional surveying system which
monitors and transmits to the surface the hole azimuth, inclination and tool-face on a real time basis.
There are five major components in a Steerable Drilling System. These components are:

1. Drill-bit.

2. Mud Motor.

3. Navigation Sub (adjustable kick-off sub, AKO).
4, Navigation Stabilisers.

5. Survey System.



1
|
1

XX
|

.

t :
| —— §'4 Top Stabiliser
|
|
| -
|
[

j= =

T8
i}

| & Stabilizer Stabilizer H

==
|
I
|

b
|

g Bearing
[ Housing =

‘T“: Stabilizer,

| Lower Power
| T* Sectior
I
I
o

AR
I
&)

?ﬁ 136
<

Side Force

l
=

Bit Offset

Figure 6 AKO in a Steerable Motor System

Rotary Steerable Systems (RSS) are well known as drilling optimization steering tools. Rotary Steerable
Systems control the inclination and direction in which a well is drilled using a steering mechanism that
continually rotates. The steering direction of the tool depends on the settings stored in the tool
electronics. Rotary steerable systems can be grouped into two categories, push-the-bit and point-the-bit.

Pivot Point

Push-The-Bit Point-The-Bit

Figure 7 Bit Side Force for Push-the-Bit and for Point-the-Bit Systems

3.5 The Bit Subsystem

This report focuses on PDC bits of size 1.5”. Bit-rock interaction can be characterized by a bit coefficient
of friction, which is commonly referred to as bit aggressiveness. Bit aggressiveness is defined as the
slope of the TOB vs. WOB curve.



WOB

‘ Rock

Figure 8 Bit Rock Interaction

Bit-rock interaction is modeled as a cylinder pressing against a flat plate.

3.5 The Drilling Fluid Subsystem

Mud density controls bottom-hole pressures and hole stability. These considerations must be balanced
with drilling performance requirements, due to the fact that high-density muds increase friction losses
and decrease rate of penetration. Mud viscosity characterizes drilling fluid rheology.

Friction
Density Weighting Coefficient
Mud Type (kg/m?) Material Additives (dimensionless)
IOEM* 900 — - 0.15
IOEM 900 to 1400 Barite — 0.15

Water-based** 1000 to 1050 —_ — 0.40 to 0.50
Water-based 1000 to 1050 — Polymers, lignosulfonate,

lignite, salts, sand (2 to 4%) 0.35 to 0.50
Water based 1000 to 1050 — diesel (10%) and glass

beads 0.40 to 0.50
Water-based 1050 to 2300 Barite — 0.25 to 0.35
Water-based 1050 to 2300 Barite Polymers, lignosulfonate,

lignite, glass beads, sand,

and salts 0.25 t0 0.35
Water-based 1200 Iron oxide — 0.35
Water-based 1150 Chalk — 0.35
Water-based 2300 Iron oxide/ Polymers, salts, and 0.25

barite (1:1) lignosulfonate
Water-based 1200 Drilled solids — 0.35
(mainly clays)

*IOEM is a L oil-based mud.

**Freshwater-based mud with eo kg/m"® bentonite.
Figure 9 Drilling Mud Features
This project assumes constant drilling fluid density and viscosity, representative of a Newtonian fluid.

Drilling fluid density defines the buoyancy factor, which is used to calculate the buoyant weight of the
drill string in the wellbore [11].

3.5 The Wellbore Trajectory Subsystem
Well trajectories are interpolated, based on the following survey data inputs:

. Measured Depth — the distance between the surface and survey locations, measured along
the wellbore
. Inclination — the angular deviation of the wellbore from vertical, measured with respect to a

true vertical line

10



. Azimuth — the projected angle of the wellbore onto a horizontal plane, measured with
respect to true North

In order achieve 3D trajectory simulation, the minimum curvature method would be utilized. The dogleg
details would be obtained from the used steering method.
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Figure 10 3D Plot of Well Trajectory

4.0 Implementation Plan

The models in the appendix are for a full-scale rig. This team spent weeks trying to understand how each
subsystem is modelled for a full-scale rig so that no risk is taking in leaving out some aspects for a
miniature virtual rig. The subsections of this section look at how all the systems come together and what
communications and adaptations are needed.

4.1 Simulating Models

Each subsystem would be developed into Simulink models or state machines depending on the need of
the subsystem. This means there would be inputs and outputs from each subsystem. All subsystems would
now be joined into one whole system with a general input and output based on the requirements from
the Drillbotics committee for Group B. Figure 11 shows the generic method the controls will work for each
subsystem. Most of the time, a PID controller would be used. The plant is the subsystem and its
appropriate equations. The output would always be the parameter that needs to be controlled.

11
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Figure 11 Generic Control System

4.2 Data Logging and Communication
It is vital to integrate a communications framework into the drilling rig system to manage data storage
and transfer. In this regard, a client-server model [17] is useful to retrieve and forward state variables to
the control system which will process setpoints for the directional drilling dynamics. The “server” in the
context of the rig system could be an Electronics Drilling Recorder (EDR). The EDR is a system of computers
and monitoring equipment that are networked around a rig to enable the logging of the state variables
that are generated at the “clients". The clients comprise the sensors that are embedded in the critical
components of the drilling rig and the control system will act as a hub to process the state variables into
setpoints. The schematic below illustrates the communications in the drilling rig system.

Control System

L.

EDR The Extranet

VFD

Fump

N

BHA
Sensor

Figure 12 The Communications Sub-system showing the general flow of data within the drilling rig. [VFD- Variable Frequency
Drive. M-Pump — Mud Pump. BHA — Bottom-Hole Assembly. GN- Generic Node |

An AC motor may be attached to a VFD which adjusts the frequency of the motor to vary its speed in

revolutions per minute (rpm). Similar motors which are attached to other components may run at

different rpms and generate different torques that can be stored at the EDR as state variables. The
different rpms are fed as inputs into the control system which processes the inputs into set points that

12



serve as optimal rpms for each motor. The set points are fed-back to the drives through the EDR to
regulate the frequency of the motors.

4.3 OPC UA for Automating Data Flows

Open Platform Communications for Unified Architecture (OPC UA) [18] will be adopted to automate the
data flows within the drilling rig. Thanks to the open and cross-platform features of OPC UA, each sub-
system or component can be instantiated as an OPC client that can exchange data with an OPC server
using OPC interfaces. Some of the other features of OPC UA that make it a powerful tool for automating
the data flows between the distributed components in the drilling rig system include [18]:

o Reliability (Robustness and Fault Tolerance, Redundancy)
o Scalability

o Security and Access Control

. Internet and firewalls

. Interoperability

The schematic below illustrates the software layers for OPC UA. In general, OPC clients are applications
that consume data while OPC servers are applications that supply data. The services that are offered by
OPC UA are bundled as an interface between servers and clients.

rd y
UA Client -Information
Consumer
N\ "
' ™

Runtime (C/C++, NET,

OPC UA Client SDK Java, Python)

h'd
L

OPC UA Stack

Process Boundary or Network

s ™

OPC UA Stack

'l
AN

Runtime (C/C++, NET,

OPC UA Server SDK Java, Python)

b <1
s R

UA Server- Information Supplier

e A

SDK - Software Development Kit

Figure 13 OPC software stack showing the client-server model

The OPC UA model will be mapped to the components of the drilling rig system where the set points of
the control system will be supplied through an OPC UA server and the pumps, motors, sensors etc. will
form the client space.

4.4 Adapting to real-time application using rectified linear neural network

The large computational time of the calculations performed by a process control system for a rig is often
a prohibitive obstacle to the deployment of such software systems to real-world setting. The
computations often involve iterative operations and other mathematical operation that beyond basic
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arithmetic, like square root, exponentials and trigonometric functions. Such operations are
computationally expensive and lead to considerable computation time when performed in huge
guantities at high frequency.

To circumvent this problem, we will use a neural network to learn the behavior of our completed model,
and therefore potentially reduce the computational time required.

4.4.1 Neural network of rectified linear functions

Neural networks have been demonstrated to be good function approximators, and theoretically, based
on the universal approximation theorem, they are capable of approximating any continuous function to
any degree of accuracy [19]. However, there is no guaranteed a useful optimum for the parameters of a
neural network will be computed or even computable. Regardless, deep neural networks have been
demonstrated to be extremely powerful at approximating functions and relationships in various domains.

Forward propagation, which involves a simple linear combination of parameters and previous-layer
activation followed by a nonlinear transformation, is vastly much faster than backpropagation, which is
the optimization method of choice for a neural network.

Because the primary goal of this neural network will be to decrease the computational time required, the
choice of activation function will be one that involves the few and simple mathematical operations, while
still be being sufficiently robust to model a complex system.

The rectified linear function, commonly referred to as a rectified linear unit (ReLU) in the context of neural
networks, involves a simple check of the sign of the input value, making it extremely light in terms of
computational expense. Its effectiveness in deep learning was demonstrated by [20]. By 2012, ReLU-based
neural networks were achieving state-of-the-art performance in image recognition [22].

ReLU is inspired by how biological neurons behave [21], and its simplicity and piecewise linearity allows
for very fast computations (which means shorter train time and even much shorter test time), while still
having enough non-linearity to allow for the learning of non-linear patterns. It does not saturate during
backpropagation like the sigmoid (logistic) and hyperbolic tangent (tanh) activation functions, which
means deeper networks can be trained with less worry about information that are being propagated
backward from the output layer as the error gradients vanishing before reaching the first hidden layer.

4.4.2 Potential problems with neural network of rectified linear functions
Two common problems with RelLU are:

o dying ReLU problem: when a negative activation flows through a RelLU, the unit “dies”. All
subsequent actions or error gradients that flow through the dead RelLU will be die off to
zero.

. exploding activations: because ReLU lacks an upper bound like tanh or sigmoid, it is not

uncommon for activations in the hidden layers to explode toward very large positive
numbers that can make the network unstable.

Because of the possibility of such problems, other variants to the standard RelLU, like the leaky or noisy
RelLU, may be considered.
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The Drilling Rig System Models

This report divides the drilling rig systems into two sections. The first section, rig components system, will
look at the different systems that make up a drilling rig and corresponding models that summarize the
design of these systems. These models will be rewritten in formats suitable for simulation. The general
format of the simulation equations will be:

Output = [System] = Input

The second section, directional drilling dynamics system, will investigate models relating to the dynamics
of the drillstring and hydraulics of the fluid system, as well as modeling the drill bit. In this section,
geosteering techniques will be summarized.

References:

Applied Drilling Engineering — Adam T. Bourgoyne — SPE Textbook
Fundamentals of Drilling Engineering — Robert Mitchell & Stefan Miska — SPE Textbook.
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Rig Components Systems

A drilling rig is a machine which creates holes (usually called boreholes) in the ground. Drilling rigs can be
massive structures like housing equipment used to drill water wells, oil wells, or natural gas wells, or they
can be small enough to be moved manually by one person. Here are the components of an oil well rig:

Power System

Hoisting System

Fluid Circulating System
Rotary System

Well Control System
Well Monitoring System

ok wNE

Power System

The power generated by the power system is used principally for five main operations: (1) rotating, (2)
hosting, (3) drilling fluid circulation, (4) rig lighting system, and (5) hydraulic systems. However, most of
the generated power is consumed by the hoisting and fluid circulation systems. In most cases, these two
systems are not used simultaneously, so the same engines can perform both functions.

Rig power system performance characteristics generally are stated in terms of output horsepower,
torque, and fuel consumption for various engine speeds. The following equations perform various design
calculations:

Frictionless
Pulley
P=wT
me
N = rev/min
Pz wT
=(2aN) - (Fr)
=2mrN F tv = 2mr-N
Fl P E9Fy




Figure 1.1 Schematic of the Rig Power System

P — shaft power developed by engine (hp)

Q. — heat energy consumed by the engine (hp)
E;— overall power system efficiency

w — angular velocity of the shaft (rad/min)

w = 2 1t N with N is the shaft speed (RPM)

T — output torque (ft-1bf)

Wr — volumetric fuel consumption (gal/hour)
H — heating value of diesel (19,000 BTU/Ibm)
pa — density of diesel (7.2 lbm/gal)

33,000 — conversion factor (ft-lbf/min/hp)

Fuel Density Heating Value
Tvpe lbm/gal (Btu/lbm)
diesel 7.2 19,000
gasoline 6.6 20,000
butane 4.7 21,000
methane --- 24,000
Table 1.1 Fuel density and heating values

The Power System in the Simulator is:

b= [(0.0201;);93) <ij) ®) <Wif>] "
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P =[(0.000393)(WspyH)]| * E;
T=|[r]*F
w=[2n] *N

Hoisting System

The function of the hoisting system is to get the necessary equipment in and out of the hole as rapidly as
is economically possible. The principal items of equipment that are used in the hole are the drillstring,
casing, and miscellaneous instruments such as logging and hole deviation instruments. The major
components of the hoisting system are:

e The derrick,

e The block and tackle system,

e The drawworks,

e Miscellaneous hoisting equipment such as hooks, elevators, and weight indicator.

THE Block and tackle is comprised of the crown block, the travelling block, and the drilling line. The
principal function of the block and tackle is to provide a mechanical advantage which permits easier
handling of large loads.

Crown block Fq
: : NwFg
Fast line Dead line
vt
Traveling block
Ny,
lines
Storage reel
Anchor
Fy Fa
Drawworks
l Fu
F (c) Crown block-free-
% body diagram

(a) Block-and-tackle arrangement

(b) Traveling block-free-
body diagram

Fig. 1.20—Schematic of drawworks and block and tackle (Bourgoyne et al. 1986).

The mechanical advantage MA,; of a block and tackle is simply the load supported by the traveling block,
F;p,, divided by the load imposed on the drawworks, the tension in the fast line, Fpy:

API RP9B (2005) contains the following standard efficiency relation:
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(K" —1)
Bot = 1Wsn, (K — 1)
Where
Npe = block-and-tackle efficiency
K = friction factor (approximately 1.04)
N; = number of lines strung
Ngp, = number of rolling sheaves (normally, Ng, = Ny )

Table 1.1 indicates 1, values for various pulley systems.

Knowledge of the block-and-tackle efficiency permits calculation of the actual tension in the fast line for
a given load.

Number of Lines, N, Efficiency, #,,
4 0.908
6 0.874
8 0.842
10 0.811
12 0.782
14 0.755
Table 1.2 Efficiency factors for the Block and Tackle System (K=1.04) (Bourgoyne et al., 1986)

The Hoisting System in the Simulator is:

p o [1- 1.04Nev p
= |—| *
n 0.04N,,, tb

State 1: Static Derrick Load or Frictionless System or n,, = 1

Ngp + 2
F_[tb ]*Ftb

0=

MAu = [1] * Ny,
1

Fr = [N_tb] * Fep

1
F;; =|—1|*F
dl [Ntb]* tb
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State 2: Dynamic Derrick Load or Frictional System orn,, < 1

1+ Mpe + NpeNew
NveNep

Fd=[ ]*Ftb

1
MAy: = [a] * Fip

1
Y
m NbeNep b

1
Fq = |—| * F,
dl [Ntb] * Itp

Circulating System

The drilling mud travels up the stand pipe and through the rotary hose, and then downward through the
kelly or top drive system, drill pipe and bottomhole assembly by the mud pumps. It exits the drill string
through the bit nozzles and picks up drill cuttings from the bottom of the hole. It then carries the cuttings
up the annulus, past the blowout preventers, and through the mud-return line to the shale shaker. At the
shale shaker, the larger cuttings are screened out and diverted to a "reserve pit" (actually a waste pit).
Desanders, desilters and centrifuges may be used to filter out smaller particles. The mud flows into a
settling tank or pit and finally, it returns through the sump to the suction pit to repeat the circuit.

The mud pumps are the heart of the circulating system, providing power to move the fluid at the required
pressure and volume. Mud pumps are either duplex (two-cylinder) or triplex (three-cylinder). Triplex
pumps are by far the type most commonly used on modern rigs.

Figure 1.3 Mud Pump

The Circulating System (mud pumps) in the Simulator is:

0=[p]-n
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State 1:Single Acting Triplex Pump, No of cylinders (NC) = 3

Discharge
P

2
-

v

i i

5
—_Falon Rod_____| & 4

Ir

Figure 1.4 Single Acting Triplex Pump
Py = [0.0004375729(APand12E,,)] * N

F, = [0.75 (nLgd})] * E,,

State 2: Double Acting Triplex Pump, No of cylinders (NC) = 2

Discharge Discharge
P, P
2 2
“L.A ’ f‘>
i i
-
| |3
_Pision Rod__| g d.
‘ Py . .i
d, " 2 4 "
il y I
L.
Ap pLt:
Inlet or Suction Suction
Figure 1.5 Double Acting Triplex Pump

Py =[0.0002917152(APnLE,)(2d? — d2)] = N
E, = [0.5 (T[Ls)(ZdlZ —d?)] *E,
N = Number of strokes per unit time; Py = Hydraulic Horsepower, Hp
Q = Circulating flow rate, gpm; AP = Circulating Pressure, psi
E, = Pump Factor (also known as Pump Output)
E, = Volumetric Ef ficiency
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d; = liner diameter, inch
d, = piston rod diameter, inch

Lg = stroke length, inch

The Rotary System
Rotary system (Fig. 5.1) is responsible for achieving the rotation of the drillstring and bit.

- KELLY

KELLY BUSHING

NN _ ROTARY TABLE

\/// rJ— \\\\\

\
y 4 —— N\
/// —— — \\
/ cond oo
y T T A\

W —— DRILL PIPE
— N
DRILL COLLARS —_| |
-

BIT

Figure 1.6 Schematic of rotary system. (A primer of oil well drilling, University of Texas, Austin)

Either the top drive or the Kelly and rotary table is used to achieve rotation. The torque and power of the
top-drive are useful measurement to monitor during the drilling process and may be feasible variables for
controlling the process. The torque that is needed to rotate the drill string is the product of the force Fc
and the length of the arm that the force is acting on, in this case the radius of the drill string. A rotary table
is used to

e Transmit rotary motion to the kelly through kelly bushing and master bushing and
e Support the weight of drillstring.
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The Rotary System in the Simulator is:

State 1: Use of Top Drive, RSys = TDr

F,
r[f-a
k. d?m
T = %] * dg
kc = [W] * kg
p 1 2nT ]
= *k
160,000
kN
T = Torque,—
m

N = Drillstring rotational speed, min~1

F. = Cutting Force, N

ds; = Drillstring outer diameter,m

dp = Drill bit diameter,m

P = Power, KW

W = Weight on Bit, tons

. . N
k. = Specific Cutting Force,m
kS = Specific Cutting f ttN
= Specific Cutting force constant,——
¢ pecyt g ton m?2

State 2:Use of Rotary Table and Kelly, RSys = RTK
HP [ ! ] N
= |——| %
5250

HP = [F]*N

HP = Horsepower of the rotary table

T =Torque, ft — b

N = Rotary speed, rpm

F = constant, from 1.5 — 2 for shallow (less than 10,000 ft) to deep wells (above 15,000 ft).
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Well Control System

Drilling operations vary according to location, depth, formation characteristics and many other factors,
but they all have the same underlying goal: to drill safely and at minimal cost while providing a fit-to-
purpose well. A drilling problem is any occurrence or condition that stands in the way of well objectives.
Major dril