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ABSTRACT

Rotary steerable drilling tool systems (RSS) are ideal for tool integrating
downhole automation control and drilling technology, which are used for drilling
directional and complex track wells. A simply supported beam model is generally used
to research bit side force for point-the-bit RSS tools. The greatest advantage is
simplification in the analysis of the bit side force. However, for the side force solution
on a point to the bit conditions, the existing literature ignore that this drilling tool system
has an outward extended distance. Otherwise the bit in contact with the well wall will
form a new support. According to the situation, a point to the bit tool has an outward
extended distance; if we ignore this extended distance, and simplify it or just take it as
the reaction force of the tool lower bearing support, or side force of the bit a great
inaccuracy error will result. Because the beam has an outward extended distance related
to the real bit side force, we need more research in this area.

Using to the principle of minimum complementary energy, we can explore the
mechanical properties of rotary steerable tools. The rotary steerable tool mandrel force
model is based on the mandrel and the rotary steering drilling tool which has three
supports; upper and lower bearing and continuous beam model bit. The coordinate
system is built in accordance with axial line of orienting rotary steerable drilling tool.
The conclusions from the theory analysis and project example calculation in this

paperindicate:

il



RSS technology is a powerful tool for oil exploration and development. It
effectively solves technical difficulties in oil and gas exploration and development.
Particularly, with regard to higher productivity and fewer drilling risks and downhole
accidents with more exposed reservoirs, it delivers excellent performance.

A basic theoretical study of a rotary steering tool system helps us further master
the mechanical characteristics of the tool system from the angle of mechanical behavior
and features of the tool. In combination with different whipstocking operation principles,
we have established different mechanical models to solve the mechanical property

parameters, then we can assess the mechanical properties of the RSS.
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1. INTRODUCTION

1.1 Difficulties and Challenges Facing the Drilling Technology of the Petroleum
Industry in the 21st Century

Since the end of the 20th century, the petroleum industry has developed rapidly,
especially in drilling efficiency and cost savings. Some drilling milestones in the 1990s
were quite notable. For example, the combination of directional drilling services with
adjustable stabilizers (Auto-Track) contributed greatly to the success of Extended Reach
Drilling.

Wytch Farm oil field of Great Britain was drilled with extended reach wells from
the shore into the offshore region, saving high offshore drilling costs. An offshore oil
field was successfully developed, saving the cost of offshore islands and saved $150
million U.S. dollars of drilling cost. Sleipner oil field of the North Sea has extended
reach wells instead of the original development plan, saving $1 billion U.S. dollars of
development cost. Pedemales oil field of the U.S. used Extended Reach Drilling
technology, saving $100 million U.S. dollars by eliminating drilling platforms.

Finally, offshore oil field XJ24-1 of China developed the nearby deposits through
five extended reach wells, which saved high offshore platform construction costs and
overcame many technical difficulties. The maximum horizontal displacement of Well
Al4 is up to 8,063 m. By 2002, comprehensive economic benefits had reached $327
million U.S. dollars.

Although we are making remarkable progress, the expansion of the world

economy has given rise to escalating demands for petroleum, giving the industry new
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challenges. For example, how can we develop new technologies to utilized more oil and
gas resources with lower drilling costs? How can we improve the efficiency of
directional drilling tools and operation safety on the basis of traditional directional
drilling tools? How can we free ourselves from the confines of directional whipstocking
techniques using elbows and a mud motor in directional drilling when using the rotary
drilling to avoiding the risks of sticking and cutting bed resulting from slide drilling?
These questions and challenges focus on directional drilling technologies and how to
further improve the technology to better meet the energy demands of the world economy.
Traditional drilling technologies, including directional drilling, mainly adopt motor-
based directional drilling tools, which are unable to fully meet the requirements of the
modern drilling. For this reason, RSS tools instead of traditional directional
whipstocking tools were created.

Since the turn of the 21st century, drilling technology has turned to the
development of automatic and intelligent drilling technologies. Baker Hughes AutoTrak,
Schlumberger PowerDrive and Halliburton Geopilot are the most typical representatives
of technical progress '], The RSS has entered a large-scale industrial application stage,
greatly advancing the progress of drilling technology. These tools mainly have the
following technical characteristics: they combined drilling, electrical logging,
information acquisition, transmission and control techniques. They progress from
surface manual control to underground, fully automated, closed-loop control. They
progress from surface-based intermittent information acquisition to underground direct

and continuous information acquisition. All of which enable the discovery of

2



hydrocarbon reservoirs while drilling in a timely manner as well as reducing reservoir
damage (31141151

The key for the rotary steering drilling technology to move towards fully
automated intelligent drilling is 3D well trajectory control drilling technology, centered
on a closed-loop RSS. This is a leading technology of petroleum drilling engineering at
present. Successful applications of RSS technology in horizontal wells, extended reach
wells and highly-deviated wells have allowed enconomic devolop of multiple-target
wells. These applications improved drilling speed, reduced accidents, and lowered
drilling costs. Rotary steering, closed-loop drilling technology is the way forward for
controled drilling technology in the future. Continuous rotation of drill strings reduces
friction, enabling longer horizontal displacement and higher extension capacity. Hole
cleaning reduces sticking risk. The toolface is adjusted without tripping in or out, which
improves drilling efficiency. Timely operational adjustments improves control precision,
and an optimal weight on bit (WOB) value can be used to increase the rate of penetration
(ROP) for the best performance of the bit during steering.

These advancements of drilling represent a breakthrough technologies and a
revolution in the petroleum industry. They symbolize new levels of achievements in
drilling technology, especially new progress in directional drilling, that have made a

great contributions to the economic development and construction of oil fields.



1.2 Focus of Studies in Mechanical Behavior Characteristics of Rotary Steering
Drilling Technology

The large-scale application of rotary steering drilling technology started at the
end of last century. It is typified by Baker Hughes AutoTrak RCLS push-the-bit type,
Schlumberger Power Driver SRD modulation type, and Halliburton Geo-Pilot point-the-
bit type technologies /1", Tts most striking characteristic is the combination of mud-
pulse measurement while drilling (MWD) technology and deflecting tools for directional
drilling, with higher build-up rate that may be as great as 6. 5°/30 m to 8. 5°/30 m. The
outer barrel can fully rotate (power drive) in such a way that the tool operation is more
efficient, with better safety performance and less sticking. Thanks to the improvements
in tool system performance, there were many successful cases of oil field development
using RSS.

Great efforts have been made to develop electronic measurement technology for
the tool system and to improve its control technology. To solve these problems, new
steering drilling tools must be developed. Many applications verify that the RSS, as a
new directional drilling tool, has superior performance. However, in terms of practical
engineering applications, we still have much theoretical work to do to improve the RSS.
Fundamental, studies of basic theory are needed, as well. We need to advance the point-
the-bit type RSS to systematically improve the mechanical properties and dynamic
characteristics. The following are some approaches suggested to address these needs.

1. Studies are needed of mechanical properties of point-the-bit RSS, including

the acting forces produced by the biased load on mandrel and their influences on the

4



change of mechanical properties of bearings at upper and lower supports and on the tool
lift.

2. Through current studies of the mechanical model and deflection deformation
equation of point-the-bit RSS, we should treat the mandrel as one simply supported
beam or an overhanging beam with two-point support or a mechanical model with three-
point support. We must determine which method is closest to the actual situation. This is
a major decision that must be made.

3. We need to studies of the mechanical properties of RSS from the statics field.
We must assess the natural vibration frequency and its dynamic characteristics. This
natural frequency study could clarify the resonant frequency of the tool system. So that,
in operations, we could effectively prevent resonance of the tool system that may cause
damage to the point-the-bit RSS '*,

Considerable previous research has been conducted on the drill string system and
the method of adjusting the string stabilizer used for changing the bit side force ). This
research focused mostly on the mechanical properties of bottom hole assembly (BHA)
1191, RSS studies were needed to explore the mechanical properties of the tool itself, to

make significant advances in the technology.



1.3 Study Contents and Significance in Practice

Drilling engineering is a very practical, applied discipline. New tools and
techniques are developed constantly. To design and ensure success of the new tools, we
need to clearly define and understand new engineering technologies both in practice and
theory. This research had three objectives.

The first, objective of our study of mechanical properties of rotary steering
drilling tool is to understand the mechanical properties and structural design of the tool,
to improve the mechanical structure in the working state. The goal is to ensure that the
tool has strong deflecting capacity to allow necessary adjustments to the structure of
RSS. But for longer system life, we must also consider whether the stress state at each
supporting point is reasonable. Therefore, the tool’s structural optimization and design
must be based on full understanding of the mechanical properties of the tool system.

The second, objective of this research was to analyze mechanical properties of
different mechanical models of RSS in practical situations. Among the existing
mechanical models, which is most suitable for our reality? For example, if we use the
simply supported beam model, the modeling would be rather simple. It is easy to solve
the deflection equations. If we use the overhanging beam model, both the equation-based
description and the equation solving are complicated. We can also use the minimum
complementary energy method to solve the mechanical properties of RSS. But which
method is closer to the actual situation? The answer to these questions requires that we

conduct further research, only when a reasonable mechanical model is built can we get



realistic results. Only with a reasonable mechanical model can we use the results of
theoretical study to guide design and practice.

Owing to the complexity of system configuration, our rotary steering drilling tool
has mechanical structure, electronic data storage and signal transmission units, all of
which constitute a complex system integrating mechanical, electronic and automation
control. This complex system results in high operating cost, so people expect stable
performance and a longer operating life. Therefore, we must minimize the tool’s
vibration characteristics. In dynamics principles, any system has its natural frequency.
The third objective of this research focuses on natural frequency in RSS and reasonable
methods and appropriate drilling parameters to minimize the resonance and thus, avoid
damage to the tool system. The approach to assessing the dynamics properties of the tool
system was to study the tool’s structure and composition from the dynamics point of
view and to select a reasonable speed range on the basis of drilling parameters and
distribution of natural frequency. These effectively prevent resonance and increase the
tool’s service life '],

Improvements of drilling technology require successful integration of
engineering technology and automate control technology. The technical system for
drilling changes daily in response to the demand for more and more applications. Our
research needs to follow the trends, make innovative engineering adjustments, and strive

for further breakthroughs in basic theory. This research dedicated to making new

contributions to petroleum engineering technology.



2. BACKGROUND AND CHARACTERISTICS OF ROTARY STEERABLE

DRILLING TOOL SYSTEMS (RSS) TECHNOLOGY

Traditional directional drilling mainly uses directional drilling tools that uses
downhole motors and depends on elbows and mud motors to achieve well trajectory
control. These tools have poor working performance and complex operation, and a lot of
slide drilling that carries the risk of downhole accidents. Such tools mainly have the
following shortcomings and weaknesses.

(1) Slide drilling occurs during the use of a downhole motor for steering. In
slide drilling the string bends more than in rotary drilling, and there is high axial friction
between the sidewall and the string, so that the weight is difficult to apply to the bit. In
extended reach wells and horizontal wells, this situation is even more serious, because it
will cause string yielding in extreme cases. It limits the depth of horizontal and highly
deviated wells.

(2) Conducting azimuth correction for a downhole motor from the surface,
the rotary friction, torque on bit and torsional elastic deformation of drill pipes all hinder
the toolface control. This affects the use of downhole motors in horizontal and highly
deviated wells.

3) In steerable drilling, the string’s torsional elastic deformation gives rise to
an unstable toolface angle, resulting in well trajectory distortion, which further increases
friction forces on the string and also limits the drilling depth.

4) Compared with rotary drilling, slide drilling makes cutting removal

difficult and limits the ROP and drillable depth.
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&) Slide drilling has a lower ROP than rotary drilling. The downhole motor
runs at a high speed, which decreases service life of the bit and the downhole motor and
also increases the number of trips. Meanwhile, the use of downhole motors commonly
causes bit sticking.

(6) Multiple shifts between slide drilling and rotary drilling may produce a
large wellbore dogleg, which increases as the inclination curvature increases.

RSS technology is an important technical advance in automatic, intelligent
drilling technologies, which is based on traditional directional drilling and is a leading
method of petroleum drilling at present. It has the following characteristics: combined
drilling, electrical logging, information acquisition, transmission and control techniques;
progressing from surface manual control to underground full-automatic closed-loop
control, from surface-based intermittent information acquisition to underground direct
and continuous information acquisition. It is able to identify hydrocarbon reservoirs
while drilling in a timely manner and drill in as many reservoirs as possible to improve
per-well production.

Many countries have adopted the RSS technology in horizontal wells, extended
reach wells, highly-deviated wells and 3D multiple-target wells, resulting in improved
drilling speed, reduced accidents and lower drilling costs. Thanks to this technology, the
string can continuously rotate with less friction, which enables longer horizontal
displacement and higher extension capacity. Hole cleaning reduces the sticking risk and
the toolface is adjusted without tripping in and out, which improves drilling efficiency.

Timely adjustment of the drilling trajectory improves control precision, which increases



the rate of penetration (ROP) while meeting the needs of landing the well in the geologic
target.

RSS have been put into industrialized application, greatly promoting drilling
technology and oil field development and construction. Among the current rotary
steering drilling technologies, Baker Hughes AutoTrak, Schlumberger PowerDrive and

Halliburton Geopilot are the most representatives of mainstream technologies.

2.1 Main Features of Baker Hughes AutoTrak Rotary Steering Drilling Tool
Baker Hughes AutoTrak Rotary Steering Drilling System is a closed-loop
drilling system ''*!. Baker Hughes Inteq Autotrak RCLS is a push-the-bit type RSS.

Autotrak RCLS RSS is shown in Figure 2.1.

Rotallti ng Steerable Steering
Drive Stabiliser Ribs
Shaft Sleeve

Resultant
TF
Direction

Drive Shaft

Control electronics Hydraulic Control
& Inclination sensors Valves

Figure 2.1 Autotrak RCLS Downhole Steering Tool System Structure
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The AutoTrak downhole steering tool system is mainly composed of a non-
rotating sleeve and a rotating drive shaft. The non-rotating sleeve provides rotational
support for the rotating drive shaft via upper and lower bearings. There are drill strings
and a bit respectively at top and bottom of the rotating drive shaft, which plays a role in
transferring WOB, torque and drilling fluid. The non-rotating sleeve is equipped with a
downhole CPU, measurement control, hydraulic system and biased actuator.

The steering principle of this system is shown in Figure 2.2. This tool has a
unique non-rotating sleeve and an adjustable stabilizer, which nearly doesn’t rotate
compared with the rotating drive shaft of the drill bit; so, in rotary drilling, this non-

rotating sleeve can stand relatively still to make sure the bit moves in a specific direction.

High Side

2
-~

Figure 2.2 Autotrak Rotary Steering Tool Working Principle

When three steering ribs distributed uniformly in the circumferential direction
are supported against the sidewall with different hydraulic pressures, respectively, this

stops the non-rotating sleeve from rotating with the string; at the same time. The
11



counter-acting force from the sidewall will produce a biased resultant force on the
downhole biased steering tool. Through controlling the magnitude of output hydraulic
pressures of these three steering ribs, we can control the magnitude and direction of
biased forces to control the steering drilling. The strength of hydraulic pressure is
adjusted by the downhole CPU controlling the downhole control system. Before the
downhole CPU is run into the well, well trajectory data are preset for it. Downhole
operations can be compared to Measure While Drilling (MWD) well trajectory
information or Logging While Drilling (LWD) with the design data to automatically
control the hydraulic pressure. Also we can adjust the design parameters from the
ground to control the hydraulic pressure, so as to realize the steering drilling.

The non-rotating sleeve rotates with different WOB or speed, 2 to 3 times every
half an hour. For this reason, an electronic detector is set to measure the relative position
of the non-rotating sleeve at any moment. Then the downhole CPU is run to adjust the
pressure inside each piston. In this way, hydraulic steering forces are adjusted
accordingly as the non-rotating sleeve rotates, to make sure the magnitude and direction
of guiding forces will not be affected and the bit goes forward along the designated
direction. During drilling, this system can be set in two drilling modes.

(1) Hold Mode. In this mode, the well trajectory is kept at an inclination and
azimuth. It sets three parameters in the downhole CPU; Angle building/drop force,
azimuth change force, and inclination/azimuth. If the well trajectory deviates from the
preset inclination or azimuth, the downhole CPU will use the set angle building force to

correct the well trajectory until the preset inclination and azimuth are restored. Setting of
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the angle building force and azimuth change force is mainly to control the wellbore
dogleg. In Hold Mode, angle building force and azimuth change force can be applied
simultaneously.

(2) Steering Mode. This drilling mode is like the slide drilling method using a
steerable motor, and can control the well trajectory. The magnitude and direction
parameters of the resultant force vector produced by steering ribs must be set. The
direction is equivalent to the toolface angle of bent housing motor; and the magnitude is
used to control the change rate of the well trajectory. Compared with the steerable motor,
this rotary steering tool can control the well trajectory more accurately, and bit side force
and wellbore doglegs are continuously controlled by the closed-loop system.

The AutoTrak rotary steering tool has the following characteristics:

(D) Continuous adjustment of inclination or azimuth in rotary drilling, and
strong angle holding capacity that contributes to the drilling of long angle holding
sections;

(2) Enabled automatic directional control to provide accurate geosteering and
reservoir positioning;

3) Direction adjustment by AutoTrak that refers to the gravitational high
side. For a well with an inclination below 3°, AutoTrak has difficulty in calculating the
location of the high side exactly, and the well cannot be sidetracked from the vertical
interval in the specified direction;

(4)  Inrotary drilling, two-way communication can be achieved between the

downhole tool and the ground system, and thus well trajectory is adjusted in real time;
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(%) In steering, the toolface change should not be too large and the dogleg not
too small, otherwise it is a waste of operation time.
(6) AutoTrak may be used together with a drilling fluid motor to provide the

bit with higher power and reduce the wear of drill pipe and casing.
2.2 Main Features of Schlumberger PowerDriver RSS

Schlumberger PowerDriver ' is also a push-the-bit type RSS. The PowerDriver

RSS is shown in Figure 2.3.

PowerDrive - Overview

Turbine Control Electronics Turbine Steering Actuator Pad

Contral Unit Bias Unit

Figure 2.3 PowerDriver Rotary Steering Drilling System Structure
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PowerDriver is composed of a stabilized platform and rib output in the control
part, and the control mechanism. Its steering principle, similar to that of the Baker
Hughes’ Autotrak RCLS steering drilling tool, generates steering forces by use of the
interaction between the expansion of the near-bit guide block and the sidewall, but it is
structurally different. It excludes a static non-rotating sleeve and the three ribs rotate
with the string. Its control unit, rotating directional valve and measuring mechanism are
located in the middle of the string, and may remain relatively still. A Rotating directional
valve can rotate to any position, which is the steering principle. The steering principle of

PowerDriver SRD is shown in Figure 2.4.

Figure 2.4 PowerDriver SRD Steering Principle

This tool has a self-stabilizing drilling fluid power and a seal control unit. It
observes and controls the stabilized platform by rotation and adjusts the hole direction

simultaneously. When steering is needed in one direction, each of the three guide blocks,
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which are distributed uniformly in the circumferential direction rotates with the string.
They may protrude in this direction once per rotation under the action of hydraulic
pressure applied by the control system. This generates steering forces by pushing against
the sidewall. This dynamically generates one side force on bit to move away from this
direction, as a way of changing the inclination and azimuth. After changing direction,
the guide block automatically retracts.

The PowerDriver directional control system includes a stabilized platform,
hydraulic disc valve mechanism and guide block. The stabilized platform is located in
the tool center by means of support bearings, and can freely rotate. It is connected via a
connector to a hydraulic disc valve, and the direction is monitored by the internal sensor.
At both upper and lower ends of the stabilized platform, one permanent magnetic turbo-
alternator is installed and supplies power to the sensor and control circuit. The
permanent magnet is embedded in the internal cavity of the turbine rotor. The motor coil
rotates with the stabilized platform. The upper turbine rotates anticlockwise, while the
lower one rotates clockwise. When there is loop current flowing through the turbine
generator, the upper and lower turbines act on an anticlockwise and clockwise
electromagnetic torque, respectively, on the stabilized platform. By comparing the
direction measured by the internal sensor with the required direction stored in the storage
unit of the control system, it can be concluded that the rotation of the stabilized platform
is controlled by adjusting the generator load control signal and the difference of torque
of the upper and lower turbines. The anticlockwise torque generated by the rotating

drilling spindle and transferred via support bearing as well as the friction torque of the
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disc valve generated in the bias unit can be balanced by adjusting the generator load to
achieve stability. The movement of the stabilized platform is controlled via surface
software, and the internal auto-control of inclination and azimuth can also be done
programmatically.

The hydraulic disc valve mechanism consists of upper and lower disc valves. The
upper disc valve is connected to the stabilized platform and rotates with it, whereas the
lower disc valve is connected to the guide block and rotates with the external drill string.
There is one fluid through hole in the upper disc valve, which can rotate in any direction
before being arrested, so that only when the guide block rotates in one direction can it

protrude. Hydraulic disc valve structure is shown in Figure 2.5.

Sidewall
A High side

Flow passage \ Bit side force
>

Hydrauhc disc valve

Guide block

Figure 2.5 Hydraulic Disc Valve Structure
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PowerDriver has the following functional characteristics:

(1) Steering in rotation further increases ROP and decreases sticking risks to
make the borehole smoother, optimizing hole flushing and drilling parameters;

(2) Available for directional well, highly-deviated well, extended reach well
and horizontal well;

3) Sidetrack open-hole sections — with dogleg of 8 degrees/30 m

4) Measure near-bit inclination and azimuth

(%) Available for 6”-18” holes

(6) Maximum pressure and temperature — 20,000psi 135°C

(7) Makes use of motor to drive PowerDriver to increase the torque and
speed, further increasing ROP;

The relevant factors influencing PowerDriver performance are as follows.

(1) Mud density. It will affect bit pressure drop, so it is necessary to obtain
the average value and possible range of the mud density on the next trip before
PowerDriver is run into the well.

(2) Displacement. Before PowerDriver is run into well, it is necessary to
obtain the available displacement range of mud pumps used by the drilling crew.

3) Bit port. Calculated hydraulically using the above data. The bit port is
selected according to the ideal working pressure drop of PowerDriver, if the total
pumping pressure allows.

4) Bit pressure stop. Bit pressure stop determines the magnitude of thrust

block against sidewall. The mechanical part has a shorter life with excessive pressure
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drop and might be damaged. The effect of PowerDriver is reduced with too small a
pressure drop. Therefore, it is necessary to select an approprate value according to
current well conditions. After the instrument is run into well, the bit pressure drop is
often adjusted by changing the displacement.

(%) Rotary speed. If the speed is too low, it will not achieve the expected
result. If too high, the mechanical parts will wear out more rapidly, depending on the

current well conditions.

23 Main Features of Halliburton’s Geo-Pilot Rotary Automatic Steering Tool
Halliburton’s Geo-Pilot Rotary Automatic Steering Tool System ! is also a
non-rotating outer housing type steering tool. It is mainly composed of a rotating main
shaft, a non-rotating outer housing, an eccentric cam unit, a cantilever bearing, and a
focal bearing. Additionally, it includes control electronics and sensors packages, an
eccentric cam unit drive mechanism, an anti-rotation device of the non-rotating outer
housing, rotary dynamic seals and a pressure compensation system. The structure of

Geo-Pilot system is shown in Figure 2.6.
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Figure 2.6 Geo-Pilot Rotary Steering Drilling System Structure

But unlike AutoTrak and PowerDriver, Geo-Pilot does not use push-the-bit
technology. The bias unit between the non-rotating outer housing and the rotating main
shaft is used to bias the main shaft so as to provide the bit with a dip angle inconsistent
with the borehole axis, thus resulting in steering. The working principle is shown in

Figure 2.7.

Cannlet erbearme

< '/’ \ Eccentric ring

&

\.\;:. \?71“*\ Bit deflection range
Ball bearing — —

Figure 2.7 Geo-Pilot Rotary Steering Drilling Tool Working Principle
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The system is mainly composed of a drive shaft, housing, drive shaft sealing
device, non-rotating device, upper and lower bearings, eccentric device, near-bit
deviation sensor, near-bit stabilizer, control circuit and sensors The Geo-Pilot structures
is shown in Figure 2.8.

The drive shaft runs through the system, two ends of which are installed on
bearings. The upper and lower parts are connected with the drilling tool and bit
respectively and are the power transmission part of the system.

The housing is the system’s outer tail structure, and does not rotate, relative to
the formation. Its upper end is connected with the system’s non-rotating device, and at

its lower end there is one near-bit stabilizer.

Eccentric  Bjaqing Bearing _onter  Sealing
Drive shaft Housing mg Wheel —-278 pearing device

Sealing Non-rotat Beann Pressure Near-bit Near-bit
device ing device compensator deviation sens«  stabilizer

Figure 2.8 Geo-Pilot Structures

The winding of the non-rotating device becomes a flexible roller which ensures
the stabilizer is fully packed and kept in touch with the sidewall, so that the system’s

housing does not rotate as the rotating shaft rotates.
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The bearing consists of upper and lower parts. In addition to the conventional
drag reduction, the upper bearing can prevent the drilling tool above the upper stabilizer
from bending, where the lower bearing is mainly used to center the Geo-Pilot™ axis. It
also acts as a pivot point, so that the bit can have better deflection when the drive shaft is
slightly bent.

The eccentric device is the core of the steering system. It consists of two
eccentric rings, and the mechanical devices controlling their movement are independent
of each other. Its rotation direction and position are controlled by the control circuit. The
rotating device is the shaft flanged with it. Relative position of two eccentric rings is

illustrated in Figure 2.9.

Figure 2.9 Relative Position Relations of Two Eccentric Rings

The control circuit and sensor are the heart of the tool steering systems. On one
hand, the sensor constantly detects the system’s toolface position (the toolface direction
of the steering system). On the other hand, this part controls the steering system to

correct the toolface deviation from the system in the drilling process according to the
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designed toolface data, so that the system is always in a stable toolface position for
construction.

The near-bit stabilizer mainly plays a supporting role to ensure that the bit is
forced to change the axial direction when the drive shaft is bent, thus achieving bit
orientation. The near-bit deviation sensor is used to measure the near-bit deviation and
the system's toolface direction. The pressure compensator fixes the pressure inside rotary
sealing position of the system slightly above the annular pressure.

The drive shaft of the Geo-Pilot RSS runs through the system, of which two ends
are installed on bearings, and the upper and lower parts are connected with the drilling
tool and bit respectively. It is a bit-driven power transmission unit. The system's housing
is mounted on the bearing periphery, and does not rotate relative to the formation,
providing a relatively stable toolface. The rotary sealing devices at both ends of the
housing enable all moving parts to soak in the lubricating oil inside the housing while
rotating the drive shaft, to reduce friction and protect these parts. Inside the housing,
there is one sensor group that is used to measure near-bit inclination and the system’s
toolface direction. The middle of the housing is the system’s core part, an eccentric
device, which consists of two independent eccentric rings. When these two eccentric
rings have opposite eccentric positions, the drive shaft does not bend. When they have
the same eccentric direction, drive shaft bend is enhanced (giving strongest steering
capacity).

When their eccentric positions are not aligned, the drive shaft’s bend is between

the maximum bend amplitude and zero bend. This controls the system’s different
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deflecting capacities. Eccentric direction can be achieved by controlling the rotation of
the eccentric ring cam, and the eccentric direction vector sum can point to any direction
within 360°. The vector sum’s magnitude can also be adjusted between minimum and
maximum, so that the system provides guidance in different directions and the deflecting
capacity can be controlled between minimum and maximum.

When the two eccentric rings have different eccentric positions, the rotating shaft
deflects. The degree and direction of deflection can be adjusted and controlled according
to the driling needs. The system’s eccentric device works with downhole control
software, automatically preventing the system from working outside the range of design

toolface error. The Geo-Pilot working principles are illustrated in Figure 2.10.

Rotating Eccentric nng assembly to
drilling tool bend the tool rotating shaft

|

B —

Hanger beanng to prevent the Forced bearing to bias Bit points in the direction against
dnlling tool on top of this bearing the bit the bending shaft, producing
from bending steering effects

Figure 2.10 Geo-Pilot Working Principles
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Geo-Pilot has the following advantages:

O Geo-Pilot has low friction, effectively keeps the trajectory extending forward. It
can also be used without problems in both casing and logging operations after drilling is
completed. Geo-PilotTM avoids bit side-cutting (bottom) and thus effectively reduces
the tool vibration. This tool is especially applicable for construction of extended reach
wells with high friction and high torque and 3D directional/horizontal wells with high
complexity.

0 Use of the system of construction is advantageous for eliminating borehole
spirals and reducing borehole turns. It improves directional trajectory control effect,
drilling efficiency and shortening the drilling period for casing and logging operations.
O Geo-Pilot has good hole cleaning, which reduces short trips and increases the
rig’s effective working hours to optimize the high angle hole effect.

0 The extension of the extended bit is equivalent to the stabilizer effect, prolonging
the bit service life.

0 With longer bit life, the times required for tripping in/out is reduced and more
time is spent in drilling, so ROP per well is increased.

0 With use of extended gauge bit, the vibrations of downhole drilling tools as well
as the probability of failure arising from MWD/LWD are reduced.

0 Lithium batteries are used for power supply, instead of a turbine generator, which
increases running reliability of the system and prolongs its effective working life.

O Systems isolation from mud eliminates the incompatibility of the system's

bearings, seals and other mechanical parts with the mud.

25



3. MECHANICAL CHARACTERISTICS OF RSS

3.1 Research on the Mechanical Characteristics for the Principle of Minimum
Complementary Energy Mechanical Model
Using to the principle of minimum complementary energy, we will explore the
mechanical properties of rotary steerable tools. The rotary steerable tool mandrel force
model is based on the mandrel and the rotary steering drilling tool which has three

supports; upper and lower bearing and continuous beam model bit.

3.1.1 Some questions

Point-the-bit RSS in directional drilling have evolved rapidly in recent years.
This system is characterized by a high build-up rate, and the ease of building up in
shallow, unconsolidated formations. Therefore this system has gradually becomes
representative of RSS technology and was widely welcomed by operators !'®!. Now, the
main systems in use are push-the-bit RSS and point-the-bit RSS. Schlumberger,
Halliburton, Baker Hughes and Weatherford currently run and manufacture rotary
steerable systems.

Much research has been done on going on the rotary steering drilling tool. This
research work on the mechanical characteristics of the RSS has been widely reported "
[81in the literature. Double support conditions, explores the deformation equation of
beam and dynamic characteristics.

However, for the side force solution on a point to the bit conditions, the literature

8] ignores that this drilling tool system has an outward extended distance. Otherwise the
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bit in contact with the well wall will form a new support. In this content, further research
is required.

According to the situation, a point to the bit tool has an outward extended
distance; if we ignore this extended distance, and simplify it or just take it as the reaction
force of the tool lower bearing support, or side force of the bit a great inaccuracy error
will result. Because the beam has an outward extended distance related to the real bit

side force, we need more research in this area.

3.1.2 Build up the mechanical model and solution

Figure 3.1 Point the Bit Rotary Steering Drilling Tool
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The structure of point-the-bit RSS is shown in Figure 3.1. The major parts of a
directional type point-the-bit RSS consists of the bit, below bearing support, mandrel,
bias wheel, upper bearing support, shell etc. Its main working principle is that under the
effect of the bias wheels, the mandrel is subject to flexure and deviating force on bit Re.
In this way the side forces on the bit can be created.

(1) Treat upper bearing support as fixed support

(2) Treat the force on bias wheel as concentrate load

3) Consider the hole size as normal size.

The coordinate system is built in accordance with the axial line of the orienting
RSS. Based on the assumptions above, the mechanic model of a mandrel is indicated as

Figure 3.2.

Figure 3.2 Mechanical Model of Rotary Steering Drilling Tool
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From figure 3.2, we can combine Rc, the force on the below bearing support Rg
and on the upper bearing support R4 which is made up of statically indeterminate system.
We had one redundant reaction, so we treat R4 as redundant reaction, according to the

static equilibrium condition, we got:

1. The force moment on C: M = 0,2R4l + Rgl = :pi
2
“Ry =3P 2R, 3.1)
2. The force moment on B: Mz = 0, R4l = %l + Rl
P

. Re :RA_E (3.2)

3. The moment equation on beam:

Section AD: M; = Rpx (3.3)
Section AB: M, = Ryx — P(x —2) (3.4)
Section AC: M; = R, (21 — x) + P(g =) (3.5)

4. The deformation energy to the hole beam "1

— &5 M i (3.6)

=75 {j R.X dx+J{RAx P(x—ﬂ dx+_[{ 2I—x)+P(—Idex} (3.7)

5. from the principle of minimum complementary energy in theory of elasticity
7 =u-L
Due to bearing support no displacement

L L=0

29



s =u

6. Partial differential equation (3.7)

;;A - Zéj{folzz R, Xdx +J.£2{RAX— P(x—éﬂdeJrle{RA(ﬂ -X)+ P(;— |ﬂ(2| - X)dx} =0 (3.8)

Integral calculation to equation (3.8):

R, = % = 0.41P (3.9)

Applying equation (3.9) to equation (3.1):

Ry = % = 0.69P (3.10)

Applying equation (3.10) to equation (3.2):

R; = —% = —0.09P (3.11)

From above we got solution of statically indeterminate system, according to this
principal, we can optimization the design on the reaction point D of concentrate load P
and the mandrel outward extended distance in rotary steering drilling tool.

[Example 1].Assume concentrate load P on the I/2 of the beam 15, while
Igc=I/10. Find the change rule of reaction force Ra, Rg, Rc. The mechanical model of

case 1 is shown in figure 3.3.
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Figure 3.3 Mechanical Model of Case 1

Solution: From statics we got:
Ry = 6P —11R, (3.12)
R, = 10R, — 5P (3.13)

Each section bending of beam:

Section AD: M; = R,x (3.14)
Section AB: M, = Ryx — P(x —7) (3.15)
Section AC: My = Ryx + Ry (x — ) = P(x — ) (3.16)

-+ Then the strain complementary energy of beam:

u*_ﬁ{j(}(RAX)deJrﬂ[RAX—P[X—%HZdX-FJ]IIIO{RA(IH ~10%)+ P(Sx—%lﬁdx} (3.17)

2

Partial differential equation (3.17)

..,aal%zzél{jozz Rszdx+J‘i2{RAx— P(x—lzﬂxdx+ﬁz{RA(2l —x)+ P@—IH(ZI —x)dx} (3.18)
Integrate equation (3.18):
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R, = gp = 0.33P (3.19)

Ry = %P = 2.38P (3.20)
75
Re = —2P =—170P (3.21)

[Example 2]. Assume concentrate load P on the 31/10 of the beam lag, lgc=1/10,
Find the change rule of reaction force Ra, R, and Rc. The mechanical model of case 2 is

shown in figure 3.4.

P
A B - oy
) 1
* 3 - ¥
RA RB RC

Figure 3.4 Mechanical Model of Case 2

Solution: From statics we got:
Ry = 6P —11R, (3.22)
R, =10R, — 7P (3.23)
Each section bending of beam:
Section AD: M; = R,x (3.24)
Section AB: M, = Ryx — P(x — ) (3.25)
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Section AC: M3 = Ryx — P (x — %) + Rp(x—1)
M3 = Ry(111— 10x) + P(7x — 1) (3.26)

" Then the strain complementary energy of beam:

* 10 ! _ _il 2 lTlol _ _Ll

U =2 {j (RA )dx+ 13(.[RAX P(x 10}} dx+_|.I {R (1u 10x)+P[7x ﬂ dx}(3 27)
Partial differential equation (3.27)
aaé ‘2; {J‘lozRAx dx+3| |:RAX P[x—llﬂxdx-yjloz{ (11 - 10x)+P( x—zgIﬂ(]ll—le)dx}:O(?,_zg)

Integrate equation (3.28):

1307

Ry =P =059P (3.29)
Rp = —50—7P = —2.53P (3.30)
Re = —22P = —1.24P (3.31)

[Example 3] Assume concentrate load P on the 71/10 of the beam 1, while
Igc=1/10. Find the change rule of reaction force Ra, Rg, Rc. The mechanical model of

case 3 is shown in figure 3.5.
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Figure 3.5 Mechanical Model of Case3

Solution: From statics we got:

11l | 4Pl
z =0 — + -
MC 5 RA 10 RBIO 10

Ry = 4P — 11R,
| 3

ZMB=07 ERC-FEP:RAI

R.=10R,—3P

Each section bending of beam:

Section AD: M, =R,X
. 71
Section AB: M, = RAX—P(X—IOJ
. 71
Section AC: M ,=R,Xx-P X_E +R,(x-1)

M =R, {111-10x)+ SP(X—%IJ

.. Then the strain complementary energy of beam:
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U = 2; {j”(RA )dx+ ﬂ{RAx P(X—%szx+.[llg{ 11I—10x)+3P(x—%ﬂdx}

Partial differential above equation

1l

S e

95

Integrate equation (3.34) R, = =832 P =0.03P (3.38)
10283

=——P=3.6P 3.39

Rs 2832 (3-39)
289

=———P=-6.56P 3.40

3.1.3 Analysis and discussion

From above result calculation, we get Table 3.1 and Table 3.2. The relationship
between reaction force and distance AP is shown in Table 3.1 and Figure 3.6. The
relationship between reaction force and distance BC is shown in Table 3.2 and Figure

3.7.

Table 3.1 Relationship between Reaction Force and Distance AP (assume {=5)

No. Uap e | Ry P|Ry PR, P
1 1.5 0.5 0.59 253 | -1.24
3 2.25 0.5 0.33 2.38 1.7
4 3.5 0.5 0.03 3.6 -6.56
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Figure 3.6 The Relationship between Reaction Force and Distance AP

Table 3.2 Relationship between Reaction Force and Distance BC (assume {=5)

No. QAP QBC RA P RB P RC P
2 2.25 5 0.41 0.69 -0.09
3 2.25 0.5 0.33 2.38 -1.7
5
4
3 2.252.25 2.38

Figure 3.7 The Relationship between Reaction Force and Distance BC
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From No.2 and 3, AP=1/2, due to different length of BC, when the length of BC
decreased 90%, Rc will increased 18.8 times, that means if we want to have high build
up rate, we need to decrease length of BC. When the length of BC= 1/10, with the length
of AP increased, Rc will increased from 1.24P to 6.56P. Rc will increase 4.3 times.

From table 3.1, we can obtain three recognize to improve the build-up force of
the rotary steering drilling tool; First is to increase the concentration of bias force P.
Second is the mandrel length of BC should be short; third is the location of P should be

as closer as possible to the point B. They are three key points.

3.1.4 Conclusions

1. When researching the RSS, we focus on the mandrel. Using the beam
statically indeterminate equation, according to the strain complementary energy of the
beam and the principle of minimum complementary energy; we can easily solve the
bearing reaction problems, such as side force on the bit.

2. The method proposed in the paper is the mechanical analysis of RSS. The
deflecting force is related to three elements; the mandrel length 1, outward extended
distance 1 /n and location on the P.

3. When mandrel lengths are equal, the outward extended distance Igc is shorter,
the Rc is bigger and the Ixp is longer.

4. Use this research method, we can select and determine three design key points
of the rotary steering drilling tool structural design. If we set the ideal R¢ condition; we

can get the P easily.
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3.2 Research on the Mechanical Characteristics of the Point-the-bit RSS

3.2.1 Problems

Point-the-bit RSS accomplishes kickoff and trajectory controlling by the huge
side force offered by axial deflection caused by bias devices as point loading enforcing
axial deflection, which is decided by the structural characteristics of RSS.

A simply supported beam model is generally used to research bit side force for
point-the-bit RSS tools. The greatest advantage is simplification, reaction at support can
be obtained easily and it can approximate the bit side force. However, the real

differences between them need further research.

3.2.2 Mechanical model establishment

The configuration of the tools is shown in Figure 3.8, have five parts as 1) axial
shift; 2) tool housing; 3) upper bearing; 4) bias devices; 5) lower bearing. According to
the force points of bit and axial shift, the mechanical model can be established as follows:

1) bias loads P; 2) reaction forcing at bit Q; 3) reaction force at upper and lower bearing;
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4) Bias Device

2) Housing

Drill Bit

3) Upper Bearing

S T\

Figure 3.8 Configuration of Point-the-Bit Rotary Steerable Drilling Tools

Combined with real conditions onsite, and considering no weight-on-bit for axial
shift of the tools, i.e. axial force is zero, and WOB is transferred to the drill bit by tool
housing, it’s own weight can be neglected because of the smaller size of the axial shift.

That is, no lateral uniform loading need be considered either. Therefore, a
mechanical model of the tools can be established. This is a beam with overhang model
that drill bit extension from lower bearing which is subjected to reaction force Q exerted

by formation. The mechanic model of point-the-bit RSS is shown in figure 3.9.
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Figure 3.9 Mechanic Models of Point-the-Bit Rotary Steerable Drilling Tool

The Literature 2 shows that >
When g<x<c» Ely, =M, =-Qx (3.41)
When c<x<( b+¢C ), Ely," =M, =—Qx+R,(x—c) (3.42)
When( b+c )SXS( l+c ),

EJy," =M, =-Qx+Rg(x—c)-P(x-b—c) (3.43)

On the integration of equation (3.41) (3.42) (3.43), get equation (3.44) (3.45) (3.46)

EJy,'= —%x2 +C, (3.44)
Ely, = —%x3 +¢,X+ D, (3.45)
Ely,'= —%xz +%(x —c) +c, (3.46)
Ely, = —%x3 +%(x—c)3 +C,x+ D, (3.47)
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Q.

R
Ey,'= ==X +73(x—c)2— : +C,
3
EJy3:—%x3+%(x—c)3—P(X_ ) +Cyx+ D,

Boundary conditions:
WhenX=C, y =Yy, =0
Vi =Y,
Whenx=b+c, Y, =Y,
Y, =Ys
Therefore, we can get integration constants:
C,=C,=C, =EJ§,
D, =D, =D, =EJy,
And then, whenX=C_ y, =0
x=Il+c, y,=0
Substitute equation (3.56) into equation (3.45), then:

Q

cc+D, = p

And substitute equation (3.54) and equation (3.55) into equation (3.49):

Q

3
E‘]y3 — _gx3 +%(X—C)3 _M

+C¢, X+ D,

Wheny — | 4 ¢, from equation (3.57):
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(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)



¢l+c,c+D, =%(I+c)3—%l3+%a3 (3.59)

Substitute equation (3.58) into equation (3.59):
:é{Q[(I +c) —¢*|- Ry’ +Pa’} (3.60)
Substitute equation (3.60) into equation (3.58):
D, :é{Q[Ic2—(I+c)3+c3]— R,I" +Pa’ (3.61)
Because rotating angle at point E is
O =0, =2 = 6EJI{Q[ ro) —c*|-Ryl* +Pa’) (3.62)
In the coordination, rotating angle is clockwise direction, so rotating angle is positive.

- D =EJy,

L Yo=fe=gh 6EJI{ Qlic> (1 +¢) +c*]-Ryl* + Pa’} (3.63)

Supposing y — 4+ ¢ and substitute it into equation (3.49), deflection at midpoint can be

derived:
—_9 3 & 3 9 3
By, =g e 4=l rob+oc (3.64)
R, :w
v = a ol o+ e ot 1 +ep [+ [Par o+ o> 17 b+ Path]  (3.65)

From the static of theoretical mechanics:
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Pa+Q(l +c)

> M, =0,Pa+Q(l+c)=Ryl Ry = I (3.60)
>M,=0,Qc+R,l =Pb R, = 2= (3.67)
Let x=0, from equation (3.45) and equation (3.61): EJy, = D,
From equation (3.63), we can get:
c
=——Q|ic> —(1+c)’ +c’ |-Ryl’ + Pa’
Yo GEJI {Q[ ( ) ] B }
Yo = é{Q[Ic2 —(I+ c)[(l +c) + I2]+ c3]+ Pa(a2 - Iz)}
Specially, considering deflection in wellborn at drill bit is nearly zero, therefore:
Y, =0, and Q[Ic2 —(1 +c)[(| +c) + I2]+ c3]: Pa(l> —a?) (3.68)
Combine equation (3.65) and equation (3.68), we can get:
o 6Edly,(a> -1?) 160
blaZ(b2c —3lbc + 612 +2Ic? +21° )+ 1* (3bc - 6lc — 2¢% — 212 )+ b2I(3lc + 2¢% + 217 ) (3.69)
12Edy, (1 +c)’I?
P y,(1+¢) (3.70)

abla®(b%c - 3lbc + 617 + 21¢> + 21° J+ 1*(3bc - 6lc - 2¢* — 217 )+ b*I(3lc + 2¢2 + 217 |
Therefore, equation about the side force at drill bit P and bias loading Q has been

derived by now, obviously, essential discussion concerning side force at bit and bias

loading is needed in further.
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3.2.3 Analysis and discussion

From equation (3.68), we could know how to calculate and evaluate build angle
capability of the tools, this equation looks like complex, we cannot find the regulation of
steering capability easily, therefore, we will discuss considering three cases:

When a=1/4, b=31/4; that is, bias device located nearby the position of upper
bearing, we can get from equation (3.69):

640EJy,
53lc +64c? + 6417 )

Q= i (3.71)

We can find that

(1) When the dimensions of the tool is fixed, E, J and | are known constant, if given bias
device deflection ys, steering capability of the bit is a function of ¢ (distance between
upper bearing and bit) and also is in proportion to E, J and deflection of axial shaft ys.
That is, buildup capability of the bit is increasing with extension length of the beam with
overhang, and vice versa.

(2) When extension length c= 1, from equation (3.71) we can know the bit steering force
P;.

2.28EJ
Qi = |—3y3 (3.72)

And when c=1/2, from (3.69), we can know bit side force P».

4.09EJ
Qs = I—y (3.73)

From above, we can know
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(1) When c is become shorter, Q will increase, and we can know from equation
(3.71) and equation (3.72), when ¢ shortened a half, Q will become 1.8 to 3.8 times of it
before.

(2) With ¢ shortened continuously with the rate of 50%, the rate of side force
increased gradually decrease from 1.8 times to 1.1 times.
Above two findings show us if higher side force is desired, the shorter of extension
length should be, however the extent should be appropriate, the tendency and characters
see following table 3.3.

When a=b=1/2; we can get from equation (3.69):

_ 114EYy, 34

{411 +c2 +12) (3.79)
When extension length c={, from equation (3.74) we can get bit side force Q ip.

Q, =334°0: (3.75)

I 3
When extension length c=0{ /2, from equation (3.73) we can get bit side force Qyp,.

EJy,

|3

Q,, = 6.62

(3.76)

We can find clearly that:

(1) The same regulation with case 1, that is with the shorter of c, the higher of side force;
(2) with movement of bias device position to middle of axial shaft, side force Q increase
obviously, when ¢ =, Q2 will be two times greater than Qp, that is, coefficient of Qi

is 3.34, will increase to 6.62, coefficient of Py, which is obviously;
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(3) With the shorten of ¢ and length £ with rate of 50%, side force Q increased 2 to 12
times than that of before, detailed see Table 3.4.

When a=31/4, b=1/4 ; that is the position of bias device moved from the middle to the
direction of the lower bearing, from equation (3.69) we could know side force

calculation formula:

0~ 2688EJy, -
1(5311c +192¢2 +1921°) 3-77)
Observation of above formula, we can find:
|
Whenc=1: Q, = 2.94% (3.78)
c=1/2: Q, =531°7: (3.79)

I3
Therefore,

(1) When c is become shorter, side force Q is greater;
(2) when a =3 ( /4, its side force is greater than conditions that a is £ /4, however, is less
than conditions that a = £ /2; we can find this regulations merely comparing the first item
of the formula, when ¢ equals to £ and a equals to £ /4 , Q 1, equals to 2.28EJys/ € °, and
when a=0/2, Qi,=3.34EJys/ L°, whena=3 /4, Q,.=2.9EJys/ L *;

(3) We can find clearly that with the movement of side force point nearby the point A
and B (direction of upper and lower bearing), the less of bit side force, only when the
action point at the middle of the shaft, can we get the larger bit side force which we

desired.

46



3.2.4 Case study
Example 1
Assumption: outer diameter of shaft OD is 9.5cm, inner diameter of shaft ID is
4.3cm, length of shaft € is 300 to 600cm, when bias loading Q is exerted on the po sition
of'a = /4, and the length of BE section ¢ decrease from £ /2 to £ /3, deflection y3
change between 1 to 3 cm. Determine the side force Q and its changing regulations, E
equals to 2.1x10°kg/cm’.
Solutions:
£ =600cm, y3=1lcm, c= € /2
When a= (/2, side force Q can be calculated from (3.71):
Q=4.09%2.1%10°*379*1/600°=15.1 Kg
When £ =500cm, a = /2, side force Q can be calculated from (3.71):
Q=26.1 Kg
Size force decreased with shaft length decrease, and will increased when {= 600cm, ¢ =
€ /30,

(1) While side force Q=34.1kg, however, when {= 300cm and c= { /30, that is
length of axial shaft{ decreased 50%, side force Q will increased from 34.1kg to 273kg
at the position that ¢ equals to € /30, that means bit side force is 8 times than before.

(2) With decreasing of c, side force Q will increase, for example, we can find that
when (= 400cm, ¢ =£/2, Q= 50.9kg, while c = £ /20, Q =110.8kg, that is, when ¢

becomes 0.1 times, side force will increase 2 times than before.
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(3) Bit side force Q will increase with shaft deflection increasing, basic
regulations is when deflection y;= 2cm( increase 1cm), its side force will be 2 times than
that of before at the same conditions, when deflectiony;=3cm, the side force will be 3
times than before, when shaft length (= 600cm, deflection y=1cm, side force Q will be
15.1kg, and if only change deflection while no change other conditions, we can find that,
side force Q will be 30.2kg when y;= 2 cm, however, side force Q become 45.3kg when
deflection increased to y;=3 cm, side force P increased greatly compared with the

increasing of deflection.

Example 2

The position of bias loading P moved forward the middle of shaft that is when an
equals to half of £, and other conditions unchanged with example 1. Determine the bit
size force and its changing regulations at this case.

Solution:

When £ equals to 600cm, y, equals to 1cm, and equals half of € which is same as
b, we can calculate the side force at this case by equation (3.73), detail processing is
same with example 1, we can find:

With the movement of position of bias loading forward to middle of shaft, that is
when a increased to 2 times than that of before, its side force rapidly increased, for an
instance, when £ = 600cm, ¢ = £ /30=20cm, a = £ /4, and the deflection y; = 1 cm, we
can know the side force Q= 34kg, while deflection y; = 2cm, side force Q = 68kg. From

Table 3.3 and Table 3.4, we can find that the side force Q is 224kg and 449kg at this case
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when a = (/2. that is, with a becomes 2 times than before (from £ /4 to £ /2), the side
force will be 6.6 times as before, which illustrate that if higher side force desired, the
position of bias loading should move forward to the middle of the shaft, while decrease c,
which could increase the side force rapidly. Other characters are same with above, will

not repeated here.

Example 3

When the position of bias loading P move forward to lower bearing continuously,
that is when a =30/4, other conditions is the same, determine the side force Q and its
changing regulations.
Solution:
When € = 600cm, deflection ys3 is 1 cm and a = 3€/4, we can calculate the side force Q
by formula (3.77), we can find that:

With position of bias loading P moves forward to lower bearing direction, that is
a becomes 3 times than that of before (a =3£/4), when £= 600cm, c= £ /30=20cm and
deflection ys;=1cm, while when deflection y;=2cm, side force Q= 94kg, and when
deflection y;=3cm, side force Q =142kg. In this case, side force Q decreased
approximately 80% of the case that a equals half of{, whic h reveal to us that position of
bias loading P move from the middle of shaft, the side force decreased. Other characters
are same, will not repeated here.

To sum up, we can get the formula for side force of point-the-bit rotary steerable

drilling tools, and also can find its characters as follows:
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(1) The bit side force of point-the-bit RSS is closely related with it dimension
such as length, side force Q will be greater if shaft length is shorter, generally, from
Table 3.3 to Table 3.5, we can find when shaft length decreased from 6¢cm to 3cm, the
bit side force will increased 5 times to 8 times than that of before, if ¢ is the same.

(2) Q is related with tools design and its structure, when position of P is in the
middle of mandrel, Q is the biggest, we can find these phenomena in the solution, when
a equals to half of €, side force Q is greater than the cases when a equals to /4 and 3(/4,
and at the same conditions, side force when a equals to half ofC is 6.5 times than the
case when a equals to € /4, and is 4.7 times than the case when a equals to 30/4, details
see Table 3.3 to Table 3.5. The relationship between side force and distance ¢ are shown
in Table 3.3, 3.4 and 3.5.

(3) Q is related the distance between bit and lower bearing, Q will be greater if ¢
is shorter, when £= 600 cm, 500 cm, 400cm respectively, if ¢ equals to 40 cm and 20 cm,
the ratio of Q under this two cases will be nearly 1.6 to 1.7 times, that is if ¢ shortened
from 40 cm to 20 cm, side force will increase 1.6 to 1.7 times than that of before.

(4) Q is in proportion to shaft deflection y, shaft dimension and polar moment of
inertia, which can be found from formula (3.70), (3.73) and (3.76), no matter where the

bias loading position is.

3.2.5 Conclusions
The methods in this paper reveal the mechanical characteristics of point-the-bit

RSS and its regulations of side force. The mechanical model for beam with overhang can
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help us better understand the tools mechanical characteristics and have great significant
in guiding the tools structural design work.

Results from this paper show that when people design or select the point-the-bit
RSS tools, if higher side force is desired, they should pay attention to the tools structural
design. The tools mandrel length should be shorter, the distance between the bit and
lower bearing should be shorter, and the position of bias loading should be at the middle
of the mandrel, while, mandrel deflection should be as great as possible. These key
parameters determine the side force, and then determine the steering capability of the
tools. The relationship between side force and distance ¢ are shown in Figure 3.10, 3.11
and 3.12.

The side force at different bias loading positions is calculated in this paper. These
reveal that, when designing point-the-bit RSS tool, the bias device could be designed as
moveable. This could meet the need of greater side forces when we put the bias device
forward to the middle of the shaft. This can also reduce side force putting the bias device

forward to both ends of the shaft when we want to drill a smooth hole.
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Table 3.3 Relationship between Side Force and Distance ¢ (when a={/4, b=3(/4)

extension distance ¢ side force Q increase of multiple increa.se of
for each multiple
c=4{ Q.. = 2.28*¥E*J*y/I"3
c={/2 Qy = 4.09*E*J*y/¢"3 1.8 1.8
c= (/4 Qs = 6.02*¥E*J*y/0"3 1.5 2.6
c=10/8 Qi = 7.6*E*J*y/i"3 1.3 33
c=10/16 Qs =8.67*E*J*y/i"3 1.1 3.8

Table 3.4 Relationship between Side Force and Distance ¢ (when a=b=1{/2)

extension distance c side force Q increase Oet:;lultiple for i‘;ﬁi‘fgl;’f
c=4{ Qlib = 3.34*E*J*y/0"3
c=1/2 Q2b = 6.62*E*J*y/0"3 2.0 2.0
c= /4 Q3b = 12.7*E*J*y/0"3 1.9 38
c= /8 Q4db = 23.45*E*]*y/0"3 1.8 7.0
c= /16 Qs5b = 40.39*E*J*y/0"3 1.7 12.1
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Table 3.5 Relationship between Side Force and Distance ¢ (when a=3{/4, b=(/4)

extension distance ¢ side force Q increase of multiple for increase of
c=4 Qlc = 2.94*E*J*y/0"3
c=10/2 Q2c¢ = 5.31*E*J*y/0"3 1.8 1.8
c=10/4 Q3c = 7.9*E*J*y/i"3 1.5 2.7
c= (/8 Q4c =10.28*E*J*y/0"3 1.3 3.5
c= /16 Q5¢ =11.89*E*J*y/0"3 1.2 4.1
w o4 =¢=|ncrease of Multiple for each
ul] ] _____..--.
£ | =@=|ncrease of multiple
o 2 1 Q‘_—.
v
S o
D Distance «c
S a T T T T !
= =L  c=L/2 e=Ll/4 c=L/8 c=L/16

Figure 3.10 Relationship between Side Force and Distance ¢ (when a={/4, b=3{/4)
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Figure 3.11 Relationship between Side Force and Distance ¢ (when a=b={/2)
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Figure 3.12 Relationship between Side Force and Distance ¢ (when a=3¢/4, b={/4)
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33 Flexural Distortion Analysis of the Mandrel in an Orienting RSS
3.3.1 Introduction

Orienting RSS technology has been extensively applied in the petroleum industry
since the 1990°s. This technology can be integrated with the trajectory controlling
method and measurement while drilling. It has been successfully applied in deflected
wells and multi-lateral wells *'1*?1, Even for exploration wells, this technology can be
cost effective.

It is known that the steering drilling tool is much more reliable when building
angles than other methods, because its way of building angles does not rely on the
formation properties, but rather depends on its design. A biasing apparatus is placed in
the center of the steering drilling tool. During the drilling, the steering drilling tool can
be deflected when the biasing apparatus pushes the mandrel around in order to build
angle and control the trajectory #1124,

As we know, the biasing apparatus is placed in the internal cylinder of a steering
drilling tool. The bended mandrel is deviated from the axial line to control the wellbore
trajectory, to adjust the variance of curvature, and to change the building angle. Since the
formation properties have no effect on its angle building, the orienting rotary steerable
drilling tool is quite stable and reliable.

Some experimental and theoretical studies have been conducted to better design
the steerable drilling tools *°!. However, no studies related to flexural distortion of the

mandrel and selection of supporting points has been found in the literature. The

mechanical and mathematical models have been built to understand the relationship
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between the flexural distortion curve and the axial length (A) of a mandrel. These
investigations and analysis provide a more effective way to design the orienting rotary

steerable drilling tools.

3.3.2 Mechanical model
An orienting RSS comprises six major components; drilling bit, lower bearing,

biasing apparatus, mandrel, upper bearing, and cylinder, as shown in the Figure 3.13.

Cylinder ) Upper bearing

Mandrel

Biasing apparatus

Lower bearing

Drilling bit

Figure 3.13 Schematic Diagram of Orienting Rotary Steerable Drilling Tool

The principle is the drilling bit deviates from the axial line of the wellbore at a
draft angle 6 when the biasing apparatus bends the mandrel, in order to control the
wellbore trajectory, to increase/decrease wellbore angle, and to adjust the orientation of
the wellbore.

The coordinate system is built in accordance with the axial line of the orienting

RSS. It is assumed that:
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The lower bearing is a hinge joint; The upper bearing is a sliding hinge joint; The
load is concentrated at one point of a mandrel, referred as P; The mass of the mandrel is
quite small and negligible; There is no drilling load along the axial direction of the
mandrel due to its particular design.

Based on the assumptions above, the mechanical model of a mandrel is indicated

as Figure 3.14.

s
A ) c! | . B
X O 1
Ry Rp

Figure 3.14 Mechanic Model of the Mandrel in Orienting RSS

Based on the assumptions above, the mechanical model of a mandrel is indicated
as Figure 3.14.

In respect of the above mechanic model, the differential equations of the mandrel
]

are as follows *!:

When 0<x<c, MI=RA*x
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S By, =M, :gx

Ely, =

Px

2

+C,
4

Px’
Ely, = F+ Cx+D,

When

i
o<

Px

<x<l, M, = - P(x-)

2

P

} |
SRy, =M, :EX_P(X_E)

. Px? x|
By, = -P(—-=x)+C
=7, (2 5 )+C,
Px? x> Ix?
Ely, =— —P(Z--2)+C,x+D
Y, T (6 4) 2 P

Applying boundary condition ( X = 0, y;=0) to Equation (3.83), D, =0

: I :
Applying X = > y, =0 to Equation (3.82):

Cl

Applyingx =1, y, =0 to Equation (3.86):

_PI2

16

|3

D=%+C2I+D2

: I :
Applying X = > y, =0 to Equation (3.85):

D

3PP
16

+C,
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3PI?

Combined Equations (3.89) and (3.90), C, =— T (3.91)
PI’
D,=— 3.92
2 =g (3.92)
When 0< X SIE :

The rotating and deflection equations are obtained by applying Equations (3.87) and

(3.88) into equations (3.82) and (3.83):

P
0:@(4X2 —Iz) (393)
P 3 2
yzﬁmx -31%) (3.94)
When I—SXS|:
2

The rotor angle and flexivity equations are obtained by applying Equations (3.91) and

(3.92) into Equations (3.85) and (3.86):

0= %(SIX —4x* =317 (3.95)
P 3 2 2 3
y:m(l —9I"x +12Ix" —4x) (3.96)

I
In equations (3.83) and (3.86) , whenX = 5:

The max flexivity is obtained:

3
Yinas = = 4:|E ] (3.97)

Meanwhile, when beam is bended, the expression of axial offsetting is (261,

59



e

Differentiating Equation (3.94):

Px>  PI’
48EJ 16EJ

y' =
Applying Equation (3.99) to (3.96), then:

I Px*  PI?

2
) dx
0 4EJ  16EJ

23P°I°

And, it is obtained that A = —————
7680E°J

The force H for elongated beam is *7):

H::E?ﬂ

Applying Equation (3.100) to (3.101), then

_23P7I*A
76803

And, the tension stress o is:

Applying Equation (3.102) to (3.103), then

_ 23P%
7680EJ°
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3.3.3 Discussion

With the establishment of the mandrel mechanical model and the flexivity
equation, the flexivity of a mandrel and axial offsetting have been determined for a
distortional mandrel. That is, for a specific design of orienting rotary steerable drilling
tool, the constraint conditions have been decided. The retracted distance can thus be
solved for a bended mandrel.

As shown in Equation (3.84), the flexivity of mandrel is proportional to the
single point load and is inversely proportional to anti-bend modulus. That is the higher
single point load, the larger flexivity and the larger anti-bend modulus, the smaller
flexivity. As shown as Equation (3.97), the flexivity is the largest at the middle point of
mandrel. Inversely, given a specific flexivity, the single point load is as followed.

B 48EJy ...

P= = (3.105)

Equation (3.105) is quite useful in designing the drilling tool to understand the
single point load since the maximum flexivity is predetermined. It is also shown that
single point load is inversely proportional to l;. The increase of mandrel length reduces
the single point load. However, the mandrel length is normally restrained by the size of
tools. As shown in Equation (3.104), the tension stress is proportional to P, and is
inversely proportional to 14 and EJ. In order to reduce the tension stress, the material

with a higher elastic modulus E and a larger cross section should be chosen.
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3.3.4 Case studies

An example is given to demonstrate the design of an orientating rotary steerable
drilling tool assuming a 6%4" @171.45mm) drilling collar and a orientating rotary
steerable drilling tool applied in a 84" (®215.9mm) wellbore, Mandrel length (I=400cm),
outer diameter (OD=95cm), and inner diameter (ID=45cm). Biasing apparatus is placed
in the middle of drilling tool (AC=200cm) with a maximum flexivity (ymax=2cm).

With reference to Equation (3.105), the single point load P is

_ 48x2.1x10°%379.5x2

P 3
400

=1195.4kg

With reference to Equation (3.100), the axial offsetting of mandrel is

23x1195.4% x 400°

- =0.069cm
7680 % (2.1x10° x 379.5)*

With reference to Equation (3.104), when the two ends of bended mandrel are fixed the

tension stress is

o 23x1195.4° x 400*
7680x 2.1x10° x379.5>

=0.995kg / cm?

Using the same method, a datasheet, as shown in Table 3.6, has been made to
show the calculation results of the single point load, tension stress and axial offsetting
under different tool size.

Table 3.6 shows that when the geometric size of mandrel is determined, i.e.,
inner and outer diameter, material, and elastic modulus, the mechanical properties of this

mandrel is:
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When mandrel length is determined, with the increase of flexivity y, single point
load P, axial offsetting A and tension stress ¢ are increased. As shown from No. 1 to No.
4 of Table 3.6, when flexivity y increases from lcm to 4cm, P, A, and o increase from
1416.8kg to 5667.2kg, 0.023cm to 0.336cm, 0.42kg/cm” to 6.788kg/cnr’, respectively.

When flexivity y is determined, with the increase of mandrel length 1, single
point load P, axial offsetting A and tension stress ¢ are decreased. For example, as shown
in No. 4, 8, 12, and 16 of Table 3.6, when mandrel length I increase, P, A, and ¢ decrease
from 5666.7kg to 708.4kg, 0.368cm to 0.184cm, 6.788kg/cm” to 1.697kg/cm’,
respectively. The analysis as shown in Table 3.6 can be used to guide the design of

orienting rotary steerable drilling tools.

3.3.5 Conclusions

Mandrel design is better understood based on our study and analysis of the
orienting RSS. As normally when designing a mandrel, it is assured that no drilling load
is applied along the axial direction. Thus, the proposed model in this paper can be used
to calculate the flexural distortion of mandrels.

Flexivity of a mandrel is determined by a specific biasing apparatus. Meanwhile,
the single point load can be solved with a given flexivity. It’s quite helpful to design the
mandrel for the RSS.

In order to avoid the drilling load being applied along the axial direction of a
mandrel, one of the supporting points of the mandrel must be a sliding hinge joint. It is

necessary to leave an axial offset in advance for the mandrel. Thus, the methodology
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proposed in this paper to calculate the axial offsetting of the mandrel is important and
meaningful.

The distortion and the load on a mandrel can be easily calculated by using the
proposed model. The tension stress and axial offset of a mandrel can be used to
understand the intension. It is helpful to better understand the properties and
performance of the orienting RSS. The relationship between deflection and bending
stress is shown in Table 3.6. The relationship between displacement and bending stress

of case 1 is shown in Figure 3.15.

Table 3.6 Relationship between Deflection and Bending Stress

polar elastic | deflec concentrat . bending
oD moment of shift A
No Dcem|. .. modulus E |tion y| Lcm | eloadP stress ¢
cm inertia J cm
h ksc cm kg kg/cm2
cm
1 9.5 4.5 379.69 2100000 1 300 1417.5 0.023 161.0
2 9.5 4.5 379.69 2100000 2 300 2835.0 0.092 644.0
3 9.5 4.5 379.69 2100000 3 300 4252.5 0.207 1449.0
4 9.5 4.5 379.69 2100000 4 300 5670.1 0.368 2576.0
5 9.5 4.5 379.69 2100000 1 400 598.0 0.017 90.6
6 9.5 4.5 379.69 2100000 2 400 1196.0 0.069 362.3
7 9.5 4.5 379.69 2100000 3 400 1794.0 0.155 815.1
8 9.5 4.5 379.69 2100000 4 400 2392.1 0.276 1449.0
9 9.5 4.5 379.69 2100000 1 600 177.2 0.012 40.3
10 95 4.5 379.69 2100000 2 600 354.4 0.046 161.0
11 9.5 4.5 379.69 2100000 3 600 531.6 0.104 362.3
12 95 4.5 379.69 2100000 4 600 708.8 0.184 644.0
13 95 4.5 379.69 2100000 1 800 74.8 0.009 22.6
14 95 4.5 379.69 2100000 2 800 149.5 0.035 90.6
15 95 4.5 379.69 2100000 3 800 2243 0.078 203.8
16| 95 4.5 379.69 2100000 4 800 299.0 0.138 362.3
17 95 4.5 379.69 2100000 1 1000 38.3 0.007 14.5
18] 95 4.5 379.69 2100000 2 1000 76.5 0.028 58.0
19 95 4.5 379.69 2100000 3 1000 114.8 0.062 130.4
20 95 4.5 379.69 2100000 4 1000 153.1 0.110 231.8
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Case#1 Case #2 Case#3 Case #4 Case #5

6000.00 L=300cm L=400cm L=600cm L=800cm L=1000cm
P kg
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Figure 3.15 Relationship between Deflection and Bending Stress of Case 1

3.4  Research on the Mechanical Properties and Design Methods of Point-the-bit
Rotary Steerable Drilling Tools

The RSS is widely used in offshore and onshore drilling operations. In particular,
it has played an important role in offshore cluster wells and directional drilling work.
Rotary steerable drilling technology has high trajectory controlled precision. Directional
wells can complete the twisted position, orientation and other operations, improving the
cleanliness of the borehole, which greatly reduces the risk of stuck pipe. RSS technology
is becoming an important development trend in drilling.

Among the present RSS, the point-the-bit RSS by Halliburton Company in the
United States is preferred by engineers. This is because the slope of the mandrel is
determined by making the biasing force through biasing the bend. These result in the
manufacture of the oblique in which formation of the force is negligible, thereby making

the slope more stable.

65



However, how can we give the tools a better build up ability to improve the
stability of its work, as well as making a more rationally designed tool? This requires in

depth study and exploration.

3.4.1 Issues raised

Point-the-bit RSS in directional wells operation is characterized by a relatively
high build rate, especially in shallow soft formations whipstock has obvious advantages.
But after entering the deep strata, what engineers expect more is a longer tool life.
Therefore, first we should start with the structure of the tools to analyze and understand
the mechanical properties.

RSS structure is shown in Figure 3.16. A: Tool mandrel upper bearing, B: Tool

mandrel lower bearing, C: Bit, D: Offset wheels, as well as housing and mandrel.

Figure 3.16 Point-the-Bit Rotary Steerable Drilling Tool Schematic Structure

The main working principle is the effect on the bias roller D under the

concentrated load P on the mandrel, producing the mandrel bend. The lateral force
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generated at the drill bit and the corner makes the tools deflect. This bending mandrel is
caused when the bias wheel and the tool steel casing come in contact.

Because the bending mandrel is generated by the contact between the bias wheel
and the tool housing, the ability of the tool’s whipstocking does not depend on the
hardness of the ground, but only with the control of the tool itself. So the tool has

enhanced buildup rate.

3.4.2 Point-the-bit rotary steerable drilling tool mandrel mechanics model

To make the study of the problem simple and convenient, we first make the
following assumptions:

(1) Take the tool mandrel upper bearing A and lower bearing B as hinge pivot,
meanwhile, take the bit as solid fulcrum.

(2) Take the biasing force on the bias wheel as concentrated force P, it causes
mandrel bending.

(3) The quality of the mandrel is a continuous distribution, and its weight per unit
length is g, its load and the axis orthogonal is the vertical distribution, the load is
uniform load gsina.

(4) The mandrel can be regarded as not subjected to axial force because WOB is
applied only on the casing.

(5) Alone the axial direction of the drill and the mandrel, in order to establish the
coordinate system, the direction of the X axis is positive, so that we can get the

mechanical model (case 1) shown in Figure 3.17.
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gsina

Figure 3.17 Mechanical Model of Mandrel (Case 1)

The mechanical model of the mandrel is: the bearing A, B and the bit C subjected
to reaction forces Ra, Rp and R¢, the mandrel subjected to uniform load gsina and
biasing force P. So we solve the problem of the bit side force R¢ by treating this model
as uncertain beam problem.

When £ ag=Upc, we can get the mechanical model (case 2) shown in Figure 3.18.

This is a statically indeterminate problem; R, is a redundant reaction force,

according to the static equilibrium conditions o obtained:

D M. =0

2 .
Ryl = 2R, + 3;' L Zsm“ = 2R, +%'(P+q|sina)

T g
»
=,

Figure 3.18 Mechanical Model of Mandrel (Case 2)
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R, :—2RA+%(P+qlsina) (3.106)

DMy =0

Pl qgl’sina | :
RI=R,| ——-— =R, ——(P+qlsinx
ol =Rl =3 > W= (P+alsina)

Re :RA—%(P+quina):RA—%(P+qISina) (3.107)

Each point bending of beam:

2 .

Section AD: M, = RAX—W (3.108)
2 .

Section AB: M, = RAx—P(x-'E)—qX% (3.109)

Section AC: M, =R, x+ RB(X—I)—P(X—IE)—qI(X—IE)sina (3.110)

M, = RAXJ{—ZRA +%(P+qlsina)}(x—l)—P(x—IE)—qI(x—IE)sina

2

2 .
=R,|-2R,Xx+2R,I +§PX—§PI +Msina—3qlﬂ —Px+ﬂ—q|Xsina+lsina
2 2 2 2 2 2

=2R,I —RAX+%—PI +%|Xsina—q|25ina

=R, (2l - x)+ P(§—|)+q|(§—|)sma :—RA(X—2I)+;(x—2l)+q?l(x—2l)sina

M3:RA(2I—X)+(P+quina)(§—I) (3.111)

1129].

Then the strain complementary energy of beam **

! 2.4 2 ] | 2 2 ol I ) 2
U :2|;]I02[RAX_qX ;maj dx+jiRAX_P(X_2j_qX ;ma} dx+_[| {(x_2|)[—RA+Z+q25maﬂ dx (3.112)
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Application of minimum complementary energy principle can be obtained:

om _ 1 J-'; R X_qxzsina
R, 28300 2

I i 3 P ql .
]dx+E2X{RAX—P(X—2J—W?M}dX+£' —2(—RA+2+qzs1naj(x—2l)2}dx} (3.113)
Integrate:
13 1 . .
R, =—P+—qlsina =0.41P + 0.125¢gl sin (3.114)
32 16
Substituting (3.114) into (3.106) can be obtained:
R, =L pJAlsSiNG 5 51p 41 75qlsing (3.115)
16 4
Substituting (3.114) into (3.107) can be obtained:
R, :_i_;_m's%:_(0_09P+0.375qlsina) (3.116)

When € =2 { gc, we can get the mechanical model (case 3) shown in Figure 3.19.

Figure 3.19 Mechanical Model of Mandrel (Case 3)
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> M, =0

R—BI:—3§AI + Pl +ql*sina

2
Ry =-3R,+2P +2qlsin (3.117)
D Mg =0
R—°|=RAI—P—I—£sin05
2 2 2
R. =2R, — P —qglsinx (3.118)

Each point bending of beam:

Section AD: 2 (3.119)
M, =R x— gx“sina

Section AB: (3.120)

gx’sinar
2

M, =RAX—P(X—IE)—

Section AC: (3.121)

M, =R, x+Rg(Xx—1)— P(x—IE)—qI(x—IE)sina

2,
SIno
M,=R,X+(3R,+2P+2glsin@)(X ~I)~ PX +%|—qu + al

I2
=R X +(BR,X+3R,I+2PX -2PI +2q|Xsina—2qlzsina)—PX +%|—qu +quina
2

3ql
:3RAI—2RAX+PX—3TPI+qIXsina— Czl sina

=R,0I —2X)+§(2X —3|)+%|(2X —3D)sina

M, :RA(ZI—X)+(P+quina)(§—I) (3.122)
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Then the strain complementary energy of beam:

2|15| {I [RAX qlzj dX +j{RAX E(X—IZJ q);} dX +fy( R, +z+q|j dx} (3.123)

Application of minimum complementary energy principle can be obtained:

2 - 2 2 . 2
j X =P ) 1 [i2] R X - P(X —'j—qx SN | XX +
aRA 2EJ 2 D 2 2

2
L%[RA(zl —X)+(§—I)(P+qlsina)} dX} (3.124)
Integrate:
2. 13 . .
RA:§P+%qlsma=O.4P+0.43q|s1na (3.125)
47 . .
RB:gP+qusma:O.8P+O.7q|s1na (3.126)
P 2 -
R.=- §+Eq|sma =—(0.2P +0.13ql sinex) (3.127)

When £ Ap=2 € =4 [ sp, we can get the mechanical model (case 4) shown in Figure

3.20.

M. oa s

Figure 3.20 Mechanical Model of Mandrel (Case 4)

72



EM.=0

|
R—B+%RAI :%P|+qlzsina

2
3P :
RB:—3RA+7+2qlsma (3.128)
EM:=
I 2
RTC PTI+q—sma=RAI
%4‘ +q sina = R,
P .
RC:ZRA—E—qlsma (3.129)

Each point bending of beam:

Section AD: 2 (3.130)
gX “sinx
M, = R.X ~ 2%
Section AB: 2. (3.131)
31 gXsina
R x 2] 23
Section AC: | (3.132)
M,=R.X+R,(X-1)- (X——Ij—ql(X—Ejsina
Substituting (3.128) into (3.132) can be obtained:
3 ql?
M.=R,X+ 2P+2q| 3R, (X -1)- PX+ PI-qIX +—— >
3 3 . s 3 . ql® .
|\/|3=RAX+EPX—5PI+2qIXsma—2qI —3RAX+3RA|—PX+ZPI—qIXs1na+751na
=3R,-2R,X +%—%PI+qIXsma—Eq|2sma
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=R, (B1-2X)- P&'—ij—q@l - stina

2

M, =R, —2x)—;(3| —2x)—%'(3| —2X)sinea (3.133)

Then the strain complementary energy of beam:

i 2 . 2
ZIIEJ (RA q)2< sina] dX + 3||:RAX P(x _%Ij_q)(%} dx

o [(3| 2X)(RA—E—qIS;naﬂ2dX (3.134)

Application of minimum complementary energy principle can be obtained:

2 2 .
aaé 2|1£J (RA al s1nandX+ M {RAX P(X —ﬂj—w}mx
A

2 4 2
+j/{ 201 2X)[RA—E—qIS;naﬂdx (3.139)
Integrate:
RA:%P+—qlsma 0.14P +0.416qlsin« (3.136)
RB=%P+ glsina =1.07P +0.75q] sin (3.137)
RC:—%P——qlsma——OﬂP 0.166ql sin & (3.138)

When {5 = 42% = 10Lpc , we can get the mechanical model (case 5) shown in Figure

3.21.
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Figure 3.21 Mechanical Model of Mandrel (Case 5)

Similarly: ' M, =0

2
AﬂJrRBI =7pl+6ql
10 10 20 10

sina 1IR,\ I+ R/ :% pl +6ql° sin

R :%p+6q|sinoz—llRA

DMy =0
2
ri=Rel LAl 10R, =R, + 2P+ 5qlsina
10 4 2 2

R. =10R, —STp—Sqlsina

Each point bending of beam:

Section AD: , .
; X
M, = R,x— gx” sinax

Section AB:

|2

3 ql® .
M, =R, x—p| x—=I |-—sina
AR

75

(3.139)

(3.140)

(3.141)

(3.142)



Section AC: j (3.143)

M, =R, x+Ry(x-1)- p(x—%lj—ql[x—l

2

Substituting (3.139) into (3.143) can be obtained:

7 3l I
M, = RAX—i—(E p+6q| —llRAj(x—I)— p(x—Zj—ql(x—Ej

2
M, = RAX+% px—%pl+6q|Xsina—6q|2sina—llRAx+11RA| - pX+3Tp|—quSina+%sina

=11R,l —IORAX+§ px—%+5qusina—%ql2sina

=R, (11l —10X)+£(10X—11I)+q?|(10x—1ll)sina

M, :(10x—11|)(— RA+£+%|sinaj (3.144)

Then the strain complementary energy of beam:

2

s X 2 q’sina ! P qlsina :
U= 2EJJ [R X—zsmaj dx+j3. R,X- p[x—4j o d+ﬁ (10x—11|)[—RA+4+ : ] 0 (3.145)

Application of minimum complementary energy principle can be obtained:

3l 2 1l
;F;T 2;[ 2[R x—q)z(smozjdx+L4| {R X~ p(x—4] qlzmal xdx+j'|“]—2(lll—10x)2[—RA+Z+qzlsinajdx (3.146)

Integrate:
R, =L p2087dl Gy R, =0.1P+045qIsina (3.147)
704 11264
153 1057 .
Ry =—P+——(l Rz =2.3p+1.03¢lsinex 3.148
B~ g 1024q sina B p q ( )

76



R. = —Gsi; p +ﬁq| sinaj Re = —(1.49p +0.48qlsinar) (3.149)

When £ Ap=4 € Ap=10 £ pc, we can get the mechanical model (case 6) shown in Figure

3.22.

N T J,P gsina
A :L B c ™y »
4 1/4 ° :Tj{
[ 4 l/e
| |
Ra d; R:

Figure 3.22 Mechanical Model of Mandrel (Case 6)

M. = 2
> M =0 TR, Rgl _17pl  6ql” .
10 10 20 10

Rg :17Tp+6q|2sinoe—llRA (3.150)
DMy =0
R 3pl gl®sina 15p :

R, =—=5 R. =10R, ————5qlsinx 3.151

A0 e T 2 ¢ SEEE (3.151)
Each point bending of beam:

2 .

Section AD: M, =R, x— X Sina (3.152)

, [\ gx’sina
Section AB: M, =R, Xx-p X—Z B (3.153)
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I 1 .
Section AC: M, =R, x+Ry(x-1)- p(X—Zj—qI(X—Ejsma

(3.154)
Substituting (3.150) into (3.154) can be obtained:

M, = RAX+(%P+6qI2sina—llRAj(x—l)— px+%|—qlx+qlzs%

Ms=R, X+ % px+1?7 pl +6qg1°x—6ql°sina —11 Ry X+11R, |
— px—ﬂ—qlx+ ql” sin o
4
M, =R, (11l —10x)+m—15%+5qlmina—nqlz%
=R, (11l —10x)+%p(11| —10x)—%|(lll ~10x)sin

M, = RA(lll—10x)+P(30X—_33|)+%qlsina(10x—lll) (3.155)

Then the strain complementary energy of beam:

! 2 2 P ’
U =2IIEJL4[RAX—q;sinajdX +E{RAX—P(X—Lj—q§sin4 d, +J‘|IO|{(HI_IOX{RA+T_TSinaﬂ d,(3.156)

Application of minimum complementary energy principle can be obtained:

or 1

U 2 2. 1 .
e [ R s, + ]2 RAx—P(x—lj—qX ne de+J1°|2(11I—10x)2[RA+3P—qlsmjd X
R, 26 |4 2 L i | i

4

(3.157)
Integrate:

3 17 .
R, =mP+HqI =0.004P+0.38q{sino (3.158)
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41 .
Rs :5—P+qu = 8.54P+1.75q{sina (3.159)
64 4
2625 25¢lsina )
R. = P- =-(7.45P+1.1 3.160
¢ =355 7 (7.45 3qlsina) ( )

3.4.3 Analysis and understanding
The results of the above calculation and solution to bring together, we can get the

dynamic model (in different condition) shown in Table 3.7.

Table 3.7 Dynamic Model in Different Condition

No. Dynamic Model Length
A D ¥ B C I I 1
' . L e
A D I B C
A A e =210 1y =1, =120
? | S R A
A D n b C I _2| 3
3 JQ;AE;'- kﬁqﬁ%’-(_dz A AB Bc lo = Z'AB
A LA Lo =10l;, 1o ==
4 -'ﬁ;éf- AT AB T T TTBe moar
A D v B C I —10' I,B
5 __;gm = %'éé'f- T AB T Bc o = A

From table 3.7, we can get the reaction force shown in Table 3.8.
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Table 3.8 Reaction Force in Different Condition

No Rp Rp Rc
1 |RA=0.41P+0.175q ¢ sina RB=2.31P+1.75q { sina. Rc=-(2.31P+0.375q ¢ sino)
2 |RA=0.4P+0.43 qlsino RB=0.8 P+0.7 qlsina Rc=-(0.2 P+0.133q{sina)
3 |RA=0.14P+0.41qlsina RB=1.07P+0.75q{sina. Rc=-(0.21P+0.166q{ sino)
4 |RA=0.1 P+0.45q{sna RB=2.3 P+1.03q{sina Re=-(1.49P+0.48 qlsina)
5 |RA=0.004P+0.14qlsma RB=8.45P+1.75q{sina Rc=-(7.45P+1.13 qlsina)

From Table 3.8 we can see:

(1) When the structure unchanged, the biasing load P is farther from the A, a
reaction force is smaller, the number 4 and 5 in Table 3.8 is the smallest. When
Cpc=Lap/10, with the concentrated force P to A moving, R,5 have smallest force;

(2) Similarly, when £a=2{gc , i.e., the number 2 and 3 in Table 3.8, with the
concentrated load P to B moving, Rg will increase , Ry will decrease.

(3) When lap constant, shortened lgc, Rp increase, R¢ increase.

When Cpc=0ap/2, from Table 3.8 No.1 and No.2, we can see: Rc will increase 1.2 times
When lpc=0ap/10, from Table 3.8 No.3 and No.4, we can see: Rc will increase 6 times.
Thus, increasing the bit side force Rc, should try to shorten the distance {c, then we can
get the maximum lateral force Rc.

When we move the bias load P to direction A, L ap=Car/4, Lsc=Lap/10, from Table 3.8
we can see: Rc will increase 4 times. So if we want to get the bigger Rc, the bias load P

should be move to A direction.
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In summary, we can get some useful insight for designing point-the-bit rotary
steerable drilling tool:

(1) From the point of view that to increase the bit side force, we can shorten the
extended length of the mandrel, it can largely increase the lateral force on the drill RC.

(2) If in order to increase the lateral force on the drill, but also by changing the
bias force P position. When P move far away from the bit, the bit side force has
increased more obvious.

(3) From the formulas Rc =AP+Bql, we can see that, the bit side force has
relation to the biasing load P, the weight of the mandrel uniform load q and length 1.
When the mandrel geometry unchanged, ql is a constant. At the moment, the bit side
force has only relation to the biasing load P. From the Table 3.8 we can know, by
changing the length of the mandrel extending force P and changing the bias point of the
position D, it can significantly increase or decrease the lateral force on the bit.

(4) We can increase the size of P, or change the mandrel overhang distance,
changing the location of the point P force and other factors to achieve increase the ability

to bit side force.

3.4.4 Conclusions
(1) The minimum complementary energy method can be used to analyze
mechanical properties of the point-the-bit RSS, and to take appropriate measures to solve

the bit side force and buildup ability issues;
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(2) There is a significant correlation between design parameters and the buildup
ability of point-the-bit rotary steerable drilling tool. Normally, when the bit is farther
away from the biasing force, the bit side force will be stronger. Structurally, the shorter
distance to the next drill bearing, the greater the bit side force and stronger the buildup
ability.

(3) The location of the point of the biasing force greatly influences the bit lateral
force. Therefore, the tool can be designed to position the biasing force to increase
buildup ability.

(4) The results of this research provide a basis for the design of bearing loads and
operations.

(5) This paper discusses only the structural parameter optimization and buildup

ability choice of point-the-bit RSS.
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4. ELASTIC STABILITY QUESTION ON TWO-SPAN CONTINUOUS BEAMS

4.1  Research on Elastic Stability of Compressed Bar for Two-Span Continuous
Beams and Its Application in the Rotary Steerable Drilling Tools

While studying RSS mechanical performance, an essential factor should be taken
into consideration. That is the effect of the tools elastic stability on the tools mechanical
performance under axial loading with present structural conditions. In view of the tools
structural characteristics, we can know the limit of tools elastic stability with weight-on-
bit conditions, i.e. what are the weight-on-bit or critical values of axial loading for elastic
stability. This will reduce unnecessary loss because of improper design or operation of
the tools. Therefore, it is very important to continue research on tools elastic stability

characteristics.

4.1.1 Problems

Since the introduction of point-the-bit RSS tools, it has been widely applied,
especially for directional wells, horizontal wells and multi-lateral wells. This shows the
RSS advantages such as strong built-up ability, easiness of operation and higher
adaptability. However, with strength on tools adaptability, application range is widely
extended. KOP depth in vertical wells becomes more shallow, and requirements for the
built-up rate becomes higher P**"11*2] Geo-pilot introduced by Halliburton has the
ability of built-up in 26 inch wellbore, while used with 11-3/4 inch and 9-5/8 inch mud
motors, that is, the dimension of our point-the-bit RSS tools can cover regular wellbore

dimensions commonly used in offshore operations. Today’s drilling methods, demand
83



higher efficiency, faster ROP and shorter drilling footage time. So we should know the
maximum weight-on-bit that could be exerted on this tool system. In other words we
need higher ROP but suitable weight-on-bit, to avoid damaging the tool. Therefore,
research on elastic stability of the tool systems is very important and will ensure

reasonable operation and protection as well as increasing ROP.

4.1.2 Mechanic model establishment

Combined with the structural characteristics of point-the-bit RSS and real
operational conditions, the tool system consists of: (1) bit, (2) adjustable stabilizer; (3)
drilling stem; (4) middle stabilizer; (5) drilling string; (6) upper stabilizer. Point-the-bit

RSS structure is shown in figure 4.1.

3. Drill string 5. Drill string
- - —J
L1 L2
| | |
1. Drill bit 2. Adjustable stabilizer 4. Middle stabilizer 6. Upper stabilizer

Figure 4.1 Point-the-Bit Rotary Steerable Drilling Tool System

Coordination system established along axial direction of drilling string and for

simplification, some assumption taken as follows:
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1. Mass of drilling string is continuously distributed, that is taking no
consideration of changing mass and stiffness effect.

2. Stiff wellbore, taking no consideration of enlargement of the wellbore.

3. Making contact between adjustable stabilizer, stabilizer and wellbore as
hinge support.

4. Considering the effect of axial loading on the tool system’s elastic
stability, taking no consideration of lateral loading, mainly focus on elastic stability
problems before initial KOP point.

Therefore, the tool system mechanic model can be obtained as Figure 4.2.

Figure 4.2 Configuration of Rotary Steerable Drilling System

Also we have studied stress problems of the RSS, but we need to continue
discussing the elastic stability problems for two-span continuous beams with three
supporting points.

1. If € 1= € »= £, middle supporting located at point of curved plane, moment of this

1[34]

point is zero as figure 3, its critical pressure PE could be derived from literature °*! ¥ as:
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7*EJ
P. =|—2 4.1)

That is typical Euler loading for stable compressed bar. The mechanical model of

two-span continuous beam is shown in Figure 4.3.

) DY
>

A
A

A

Figure 4.3 Two-Span Continuous Beam Models with Same Intervals

2. More scenario we met across in BHA could be as: because of different of
requirements of built-up capacity and tools design structure, £ #0,, more stiffness span
could transfer to less stiffness span, which increase more elastic stability, therefore,
moment could not be zero at the point of middle supporting, we could obtain the solution
from following formula:

EJy""'+Py"=q(x) (4.2)
Character value of above equation could be solved, let q(x) =0 and y = Ae™, substitute
into equation (4.2), then:

A +ratl =0 (4.3)

22 +a?)=0 (4.4)

351 [36]

Where, o = % double root could be solved by above formula P11
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A =4, =tia

y=A+Aiax+ AS(cosaX+isin0{X)+ A4(cosax—isinax)

y=A +Ajax+(A +A,)cosax+i(A — A, )sin ax

y=C,+C,ax+C, cosax+C,sinax

Confirm the indeterminate coefficient by boundary conditions:

x=0, yOIO, ywzl\E/I_J1

M
x=1, y,=0, vy, :E_J2

Substitute into formula (4.6):

Differentiation of formula (4.7), then:
y'=C,a —C,asinax + C,a cosax

2 2 4
y'"'=-C,a” cosax—C,a" sinax

" Xx=0 y,'= Eﬁ Substitute into above formula:

M
- C.a* C.=- 1
EJ 707 Rla?

Substitute formula (4.8) into (4.9), then C, = ;]4—1
a

Similarly, whenx =1, Y, =0 substitute into formula (4.7), then:

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)



0= M +Cal - MlzcosaI+C3sinal
Ela Ela

0= (1-cosal)+C,al +C,sinad

Ela’
e w M, 2 )
And 'y, :Ez-Cza cosax—C,a” sin ax
M, _ Mlzazcosal—CSazsinal
EJ EBla

M M 1 1
C, = Lo’ cosal ——2 = M, cosal — M
’ (EIO{2 El )az sinadl  a”sinalEl ( : 2)

Therefore, substitute C;, C,, C3 and Cy into formula (4.7), then:

M, sinae(l-x)  a(l —x) M, [ox sinax
YX) = ——5| ——— + +——2| — -
Ela sin ol al EJa”\ al sinal
y'(x) = M, [cosa(l—x)_i M, (1 cosax
EJa sinal al ] Bla\a sina

Y (X) = M, {asina(l—x)}_ M, (asinax)

" Ela sin al EJa\ sinal

Sety =2u ,%al =u and introduce symbol:
3(1 1
Uy=—|—H-———
vi) 2u(2u thuJ

_6f 1t 1
¢(u)_2u(sin2u 2uj

Substitute formula (4.16) and (4.17) into formula (4.14), then:
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(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)



\ M, |cosal 1 M, (1 1
YYo= | = -—— |t T
EJda|sinal al | EJa\al sinal
M M
EJo|tg2u 2u| EJa\2u sin2u
oM M1
EJ-2u|2u tg2u| EJ2ul\sin2u 2u
yoo M3l 1 1 | 6eM,l( 1 _Lj
@ 3EJ.2u|2u tg2u| 6EJ2ulsin2u 2u

M, |
6E) $(u)

(4.18)

Ml
= —_—— u)—
TRAR
While, from formula (4.14), we could know:
\ M, 1 1 M, (1 cosal
Yo=—F= T a alt T
Elda|sinal o | Ela\al sinal
LI S S U P I 0 U
EJ2u|sin2u 2u| EJ2ul\2u tg2u
_6M1I[1 _L:|+3M2I 11
6EJ2u|sin2u 2u | 3EJ2u{2u tg2u

M| M|
=—g(u)+
63 "W 3g;

Where, u, ZIEI‘,E_F.)J u, =%'/% (4.20)

Supposing the rotating angle at left and right side are same at the middle of supporting

(4.19)

w(u)

point, that is, formula (4.18) equals to formula (4.19).

M, M., M, M, 1,
S-—Lly(u)- u)= u,)+
363 YW g $(u,) SEJ $(u,) 3E]

w(u,)

Considering Symmetry, when x=0, M, at B point equals to zero, and when x=1, M, at A

point equals to zero.
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. M _M_,I2
’ 'al/l(ul)— ¢(U2)

6EJ
M|I1 M2I2

~— Ly, =- u
3y VW =3y W) 4.21)

Where,u1=|5“/E—F;, u2='32,/%, M, =M, =M

From formula (4.21) we can get:

M, _ M,
El//(ul)_ 3E.J ¢(U2)
MLy () + Ly (u,)]=0 (4.22)

WhenM # 0, then:

Il‘//(ul) + |2(//(U2) =0

Combined with formula (4.16), then:

N (0 U U R N (0 I
"2u,(2u, tg2u, > 2u,(2u, tg2u,

“al=2us " 2u
— =

". Substitute into above formula, then:

(1 1) (1 1 43
2u, tg2u, 2u, tg2u, (4.23)
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.. The critical pressure for continuous beam could determined by above transcendental

equations, introducing symbol ®(2u,) = tg2u—-2u
2utg2u
t92u, —2u, _ 192u, —2u, o
2u,tg2u, 2u,tg2u, '
®(2u,) =-D(2u,) (4.25)

Considering period of the trigonometric function, set 2u within the range of 0 to

2, therefore, we could calculate the periodic function (case 1) shown in Table 4.1.

Table 4.1 Periodic Function Calculation in Case 1

2u 0.1*m | 0.2*m | 0.3*1 | 0.4%1 | 0.5%m | 0.6*m | 0.7*1 | 0.8%1 [ 0.9%n b
2u  [0.3142]0.6283 [0.9425 | 1.256 | 1.57 | 1.884 | 2.198 | 2.512 (2.8274| 3.14
®dQu) | 0.11 | 0.22 | 0.33 | 047 | 0.64 | 0.85 1.18 | 1.77 | 3.43 [628.20
2u 1% | 1.2%1 | 1.3*n | 1.4%n | 1.5%n | 1.6*m | 1.7*n | 1.8*1 | 1.9%n | 2*n
2u | 3.454 | 3.768 | 4.082 | 4.396 | 4.71 | 5.024 | 5.338 | 5.652 | 5.966 | 6.28

From above we know, al =2u

2u  2u;, 2u,
. o==—=—=
|1
1,
2u, =-=2u,
Il
I
Let €0, then 2U; =-2U, = al, (4.26)
2
Similarly, 2U, = al, (4.27)
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L2y _d, L (4.28)
2u, o, |

Determine the minimum roots of formula (4.24), from formula (4.20), we could get:

2
u LR —> P=EJ u
2VEJ I
2 2
- The critical pressure: P, =EJ (%j (4.29)
1
2 2
P, =EJ (%J (4.30)
2

| .
w2u, = |—22u1, Jowhen £,>0,, 2u;> 7, 2u,< 7, so the critical pressure should be as

1
follows:

7°EJ 7*EJ
—> P: > 5
2 Il

Obviously, at the position of critical point, the same results could be obtained,
thus, we get the solutions for critical pressure of dual span continuous beam under

continuous supporting conditions.

4.1.3 Solutions and case studies

Considering real conditions of drilling tools, generally, rotary steerable drilling
tools length is shorter than length of drilling collar assembly for measurement while
drilling tools, therefore, we can take assumptions as{ ;>{,, and £ ;=2 { ,, and from

formula (4.28), we could obtain:
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From formula (4.25), ®(2u,) =-®(2u,) =—-D(u,), that is®(2u,) =-D(U,) (4.31)

tg2u, —2u, _ tgu, —u,
2u,tg2u, u,tgu,

(4.32)

Based on Table 4.1, we could determine the value of @(2U,) and get Table 4.2.
According to Table 4.1, we could get two curves as ®(2u)and 2U,, then get another

curve as 2U, and - 2U, . We could calculate the periodic function (case 2) shown in Table

4.2. The curve for determining minimum root is shown in Figure 4.4.

Table 4.2 Periodic Function Calculation in Case 2

2u 0.1%1) 0.2*n| 0.3*a | 0.4*x| 0.5%x | 0.6%a | 0.7%1| 0.8%1 | 0.9*%a a
2u 0.31410.628 1 0.942 | 1.256 | 1.57 | 1.884]2.198 | 2.51212.827| 3.14
¢$p2ul.)| 0.11 | 0.22 | 033 | 0.47 | 0.64 | 0.85 | 1.18 | 1.77 | 3.43 ]628.20
¢G2u2.)| 0.05 | 0.11 [ 0.16 | 0.22 | 0.27 [ 0.33 | 0.40 | 0.47 | 0.55 | 0.64
¢(-2u2.)| -0.05 | -0.11 | -0.16 | -0.22 | -0.27 | -0.33 [ -0.40 [-0.47 | -0.55 [ -0.6
2u 1L1*a | 1.2%a | 1.3%a | 1.4*n | 1.5%*n | 1.6%a | 1.7%a | 1.8*u | 1.9%*n| 2*n
2u 3.4543.768 |1 4.082 | 4.396 | 4.71 | 5.024 | 5.338 | 5.652 | 5.966 | 6.28
¢$p2ul.) | -2.81 |-1.12 | -0.48 | -0.10 | 0.21 | 0.52 | 0.91 | 1.55 | 3.21 |314.10
$p2u2.)| 0.74 | 0.85 | 1.00 | 1.18 | 1.42 | 1.77 | 2.33 | 3.42 | 6.59 |628.20
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frua) | ==im

———[TUZ} ”_‘;'"
*=—[-2U2)

Figure 4.4 Curve for Determining Minimum Root

From Figure 4.4 we can know the cross point of 2U, and - 2U, is the minimum root.
The transcendental equations above can be calculated by trial method, we can know the

cross point position is 2u;=1.25 7, so set 2u;=1.2 7, check Table 4.4 we get P(2U,) =-
1.11, select value from Table 4.1, half of 1.2 7 is 0.6 7, 2u,=0.6 7, ®(2U,)=0.855,

attention that @(2U,) is positive at that time, then select 2u;=1.4 7, then ®(2u,)=0.097.
When

2u2=0.77[, (D(2u1)=1.81
2u2=1.37[, (D(ZUI) =-0.482
20,=0.65 7, (gy,)=0-855~1.181

Therefore, 1.3 7 <2u;<1.4 x that is, 2u; within the range of -0.482 and 0.097
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2
Critical pressure: P, = EJ (%j (4.33)

cr
1

Observation of formula (4.33), we can find:
(1) The magnitude of critical loading Pg is in proportion to bending module EJ and is

inversely proportion to square of the length of beam.

(2) If 2u;= 7, the formula (4.33) can be transformed to P,, = rEJ (Iﬁ

1

2
j , which is

obviously a critical value expression of standard Euler loading for hinge at both end ©*!

[37]

(3)In this case, 1.3 7 <2u;<1.4 7, the critical value for loading is more higher, which is
the difference between single span beam hinge at both end and two span beam hinge at

both end.

4.1.4 Calculations
[Example 1] assumption dimension for rotary steerable drilling tools is know, outer
diameter and inner diameter is taken according to API standard as follows:
(1) 6-1/2” OD is 0.165m, ID is 0.0714m
(2)770D 15 0.1778m, ID is 0.0714m
(3)8” OD 15 0.2030m, ID is 0.0714m
(4)9” OD is 0.2236m, ID is 0.0762m

Determine: when €, is 7m, £; is 19m, 27m and 36m, the value of critical loading Pg
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Solution: according to derivation method in this paper, list result into Table 4.3, several

declarations show as follows:

® For simplification, it’s more convenience to calculate transcendental equations by
iteration method.

® Data shown in Table 4.3 is standard configuration for API drilling collar dimension.

® (Considering contrasting and observation, for the sake of finding changing regulation
of critical loading, two kinds thickness is used in Table 4.3, which 2.68cm is for 6-
1/2” and 7” drilling stem, and 3.32cm is for 8 and 9 drilling stem.

® Combined with current configuration conditions for RSS tools, we take an
assumption that{ ,=7m is fixed, and then adjusting the length of €;, the changing
regulation of critical loading Pr can shown in Table 4.3.

® From Table 4.3, for the same outer diameter drilling collar, when £, is unchanged,
with the increasing of €, critical loading P would be decreased, such as, for 6-1/2”
DC, when! , increase from 27m to 36m, the critical loading will decrease from
17.5t to 10.2t, that is, when the length increased 3 times, critical loading decreased
26%-28%.

® From Table 4.3, with the same span, the more geometry dimension of drilling stem,
the more critical loading, for an instance, when mandrel length= 18 m, 6-1/2” DC
critical loading is 36 t, but for 7” DC, the critical loading would be 49.5 t, for 8” DC
is 85,97 DC is 125 t, if outer diameter increase 17, critical loading would increase
72%-47%.

® From Table 4.3, with the same thickness, when outer diameter increasing, critical
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loading will corresponding increase, for example, if thickness is 2.68 cm, for 7°DC,
the critical loading would be 38.7 t when mandrel length= 18 m, however, for 6-
1/2”DC, critical loading would be 29 t under the same conditions, increased 33%.

® From Table 4.3, if the thickness changed to 3.32 cm, the critical loading for 9°DC
would be higher than that of 8” DC, could arrive at 95.9 t, increase 39.7%.

® When inner diameter is same, the critical loading for different out diameter DC is

shown in Table 4.3, general changing regulation is the same as above.

4.1.5 Conclusion and reorganization

1. It is very important to study the critical weight-on-bit for RSS utilizing
the methods in this paper. This would be helpful for us to select reasonable drilling
parameters for assessing the elastic stability of the drilling system.

2. Compared with traditional Euler loading hinge at both ends, the value
calculated in the paper would be larger, mainly because middle support exists, enhancing
elastic stability and increasing critical loading.

3. Elastic stability for RSS tools is discussed in view of these research
results. Because more axial loading is exerted on the lower BHA, the analysis of this
load is essential for safe operations.

4. Regarding the elastic stability for lower BHA, more attention should be
paid to the fact that Euler loading hinge at both ends could not be simply used to analyze
this problem, because of continuous supporting compressed bar, different conditions

could give different values. The Critical Load for API is shown in Table 4.3.
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Table 4.3 the Critical Load for API Standard Drill Collar

OD m ID M ocm J M4 L1l m L2 m Per Kkg
61/2" 0.165 0.0714 4.68 3.509E-05 36 7 10.2
61/2" 0.165 0.0714 4.68 3.509E-05 27 7 17.5
61/2" 0.165 0.0714 4.68 3.509E-05 18 7 36.0
7" 0.1778 0.0714 5.32 4.776E-05 36 7 13.9
7" 0.1778 0.0714 5.32 4.776E-05 27 7 23.8
7" 0.1778 0.0714 5.32 4.776E-05 18 7 49.5
8" 0.2032 0.0714 6.59 8.237E-05 36 7 23.9
8" 0.2032 0.0714 6.59 8.237E-05 27 7 41.0
8" 0.2032 0.0714 6.59 8.237E-05 18 7 85.0
9" 0.2236 0.0762 7.37 0.000121 36 7 33.1
9" 0.2236 0.0762 7.37 0.000121 27 7 60.2
9" 0.2236 0.0762 7.37 0.000121 18 7 125.0
61/2" 0.165 0.1114 2.68 2.881E-05 36 7 8.4
61/2" 0.165 0.1114 2.68 2.881E-05 27 7 14.3
61/2" 0.165 0.1114 2.68 2.881E-05 18 7 29.0
7" 0.1778 0.1242 2.68 3.736E-05 36 7 10.8
7" 0.1778 0.1242 2.68 3.736E-05 27 7 18.6
7" 0.1778 0.1242 2.68 3.736E-05 18 7 38.7
8" 0.2032 0.1368 3.32 6.646E-05 36 7 19.3
8" 0.2032 0.1368 3.32 6.646E-05 27 7 33.1
8" 0.2032 0.1368 3.32 6.646E-05 18 7 68.8
9" 0.2236 0.1572 3.32 9.268E-05 36 7 26.9
9" 0.2236 0.1572 3.32 9.268E-05 27 7 46.1
9" 0.2236 0.1572 3.32 9.268E-05 18 7 95.9
61/2" 0.165 0.1114 2.68 2.881E-05 36 7 8.4
61/2" 0.165 0.1114 2.68 2.881E-05 27 7 14.3
61/2" 0.165 0.1114 2.68 2.881E-05 18 7 29.0
7" 0.1778 0.1114 3.32 4.148E-05 36 7 12.0
7" 0.1778 0.1114 3.32 4.148E-05 27 7 20.0
7" 0.1778 0.1114 3.32 4.148E-05 18 7 42.9
8" 0.2032 0.1114 4.59 7.609E-05 36 7 22.1
8" 0.2032 0.1114 4.59 7.609E-05 27 7 37.8
8" 0.2032 0.1114 4.59 7.609E-05 18 7 78.7
9" 0.2236 0.1114 5.61 0.0001151 36 7 33.0
9" 0.2236 0.1114 5.61 0.0001151 27 7 57.2
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5. CONCLUSIONS

Minimizing investments in exploration and development and reducing the cost
per ton of crude oil have become important concerns in offshore and onshore oil and gas
exploration and development. At present, the technologies of directional, horizontal and
extended reach wells have been the preferred methods for oil and gas field development.
Use of these drilling technologies can increase the drainage area per well, while the total
cost is reduced by decreasing the investment in drilling platforms and artificial islands.
Realization of these drilling technologies relies on advanced RSS technology and tool
systems. From this study, we draw several conclusions and recommendations.

(1) RSS technology is a powerful tool for oil exploration and development. It
effectively solves technical difficulties in oil and gas exploration and development.
Particularly, with regard to higher productivity and fewer drilling risks and downhole
accidents with more exposed reservoirs, it delivers excellent performance. It is playing
an increasingly important role in global oil and gas exploration and development.

(2) A basic theoretical study of a rotary steering tool system helps us further
master the mechanical characteristics of the tool system from the angle of mechanical
behavior and features of the tool. In combination with different whipstocking operation
principles, we have established different mechanical models to solve the mechanical
property parameters, and we made assessed the mechanical properties and features of the
RSS using multiple approach.

(3) With a view to the current practical application of rotary steering drilling

tools, we conducted intensive exploration and theoretical analysis of the tool system’s bit
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side force and the influence of the bias unit’s concentrated load and biased load on the
side force. Results of this research serve as reference points for our study of tool design
and mechanical structure.

(4) To rationalize the tool’s stress state and ensure that the tool system can both
obtain ideal side force and reasonably bear the influence of biased load and side force on
bearing stress at bearing support, we assessed the active position of biased load, the
mandrel length, the extended length. All of these mainly contribute to and are reflected
in the design and usage and should be considered in design and application.

(5) A rotary steering tool integrating electronic measurement and mechanical
action is fully functional, structurally complex and expensive. Therefore, from the
perspective of dynamics, we conducted a basic theoretical study of the dynamic
characteristics of the tool system, especially for the natural frequency, to guide design
and actual oil field operation and effectively avoid the resonant frequency and resonant
speed of common drilling tools. The study goal was to ensure that tool design avoided
damage and also extend the tool service life effectively.

(6) In general, the RSS performs well in actual operations, as a mainstream
technology in the oil field exploration and development. This technology has played an
increasingly important role in the oil industry.

In the application of such new technologies as multilateral, horizontal and
extended reach wells, RSS technology has brought significant economic benefits. In the
field of oil industry technology, RSS fully embodies the reform and great change in oil

field drilling technologies. Because of the perfect embodiment of these advanced
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technologies, RSS technology demonstrates oil field development technical and
economic advantages. We recommend continued research of the technical characteristics
and working mechanisms of RSS, owing to the practical significance for the engineering
applications, and the economic significance and far-reaching impacts on oil recovery

from increasingly complex wells and reservoirs.
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NOMENCLATURE
elastic module, MPa
polar moment of inertia, cm*
concentrated load caused by offset wheel, N
the critical loading for the drill string, N
reaction force at upper bearing, N
reaction force at lower bearing, N
reaction force at the bit or side force on the bit, N
mandrel deflection under bias loading, cm
length of mandrel, cm
distance between drill bit and lower bearing, cm
bit side force, N
axial offsetting, cm
area of the mandrel section, cm’
tension stress, kg/cm’
angle of well bore inclination, degree
weight of the mandrel per unit length, kg/m

-1
natural frequency, sec

resonance rotation speed of the point-the-bit RSS tools, rpm

mass of point loading, N

. . 2
gravity acceleration, cm/sec

distance from concentrated load to the upper supporting, cm
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b

static deflection of the central spindle, cm
distance from drill bit to bias concentrated load, cm
distance between lower stabilizer and middle stabilizer, m

distance between middle stabilizer and upper stabilizer, m
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