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ABSTRACT

Demand for cost reduction in offshore hydrocarbon field developments
has driven drilling technology research into two areas. The first of these
is concerned with using highly deviated drilling to access larger reservoir
volumes from fewer platforms whereas the second aims at employing
drill pipes more efficiently, that is, close to their fatigue limits. This work
has two principal objectives - firstly to develop analysis methodologies to
calculate cyclic loading in drill strings and secondly to carry out a
preliminary investigation of software associated with existing hardware
to implement a working drill floor based system.

As part of this work, analytical solutions for the buckling of vertical drill
strings when subjected to self weight and to both self weight and torque
are presented. These solutions are an extension of Lubinski's! pioneering
work in the 1950's when he presented a solution for vertical drill strings
under self weight only and hinged at both ends. This work also uses a
power series solution technique to account for self weight with different
boundary conditions and with self weight and torque. It is shown that
drill string buckling characteristics for the case of self weight only are
significantly altered by the boundary condition applied at the bit. In the
case of both self weight and torque, a three-dimensional buckling shape
with a spiral drill string geometry also significantly changes buckling
characteristics. The analytical results are presented in a form that can be
readily transferred to computer programs for drill string buckling
calculations.

In addition, Galerkin's method is applied to some typical problems in
drill string mechanics. The technique is used to determine drill string
dynamic stability in vertical holes and drill string static deflection in
curved and straight inclined holes. In the first case, critical loads and
natural frequencies for lateral vibration are calculated assuming that the
drill string is hinged at both ends. In the latter case, emphasis is placed on
the particular conditions of low weight on bit and large drill string
pendulum length for which other solution techniques run into
difficulties. Results from Galerkin’s technique compare well with those
from other semi-analytical solutions and it is shown that the technique



offers a simple and easily programmable alternative for analysis of
deviated drill strings.

Cyclic loading on oil field drill strings due to longitudinal, torsional and
lateral vibrations is investigated and compared with the “statical” cyclic
loading caused by a deviated string at a dog-leg. Numerical dynamic
analyses of longitudinal and torsional vibrations together with quasi-
static models for lateral vibration and dog-legs are used to compare the
cyclic loading induced separately by each of these effects. A linear damage
law (i.e., Miner's rule) is used to calculate the resultant fatigue damage
from the cyclic loading. The results show that longitudinal and torsional
vibrations may induce significant cyclic loading comparable to that from
typical dog-legs whereas the influence of lateral vibration is small. The
longitudinal and torsional vibrations are strongly influenced by rotary
speed and damping coefficients and can induce significant cyclic loading
and rapid accumulation of fatigue damage on drill pipes and collars.

The above analysis have been used to develop software for the automated
monitoring of cyclic loading and accumulated fatigue damage in oil field
drill strings. This software estimates cyclic loading to yield both the
expended and remaining service lives of drill pipe segments. The
software operates in conjunction with existing drill pipe tagging hardware
to identify each drill pipe segment and determine its respective cyclic
loading history.
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CHAPTER 1 - INTRODUCTION

The continuing demand for cost reduction in offshore hydrocarbon field
developments in the North Sea is putting increasing pressure on drilling
technology on two fronts. The first of these is concerned with using
highly deviated and horizontal drilling to access larger reservoir volumes
from fewer surface platforms whereas the second is concerned with using
drill pipes more efficiently, that is, close to their fatigue limits. This
involves using techniques that have to be able to predict fatigue onset so
that such pipes can be taken out of service. This work has two principal
objectives - firstly to develop analysis methodologies to calculate cyclic
loading in drill strings and secondly to carry out an investigation of
existing hardware and developing related software to implement a
working drill floor based system. These two objectives also show up the
main difficulties of this task - how to calculate dynamic stresses with
sufficient accuracy during drilling and how to implement a working
automated drill floor system that can do this and identify each drill pipe.

Failures due to drill pipe fatigue are common place and have been widely
reported in the literature - see for example Joosten, Shute and Ferguson
(1985). To the author’s knowledge, this project is the first attempt in the
U.K. to develop an automated drill pipe analysis, tagging and local
monitoring system to predict, measure and analyse cyclic loading in drill
strings. In the past such a development has been hindered by the absence
of simple analysis methods capable of application to deviated drill strings
and by the absence of devices that could reliably identify drill pipes as they
are used. This project has been concerned with developing the
background analysis techniques and identifying suitable hardware
components for the system. Although no economic cost-benefit analysis
of the system has been carried out it is believed that the time (and
money!) spent in tripping out, fishing and tripping in operations will be
far greater than the cost of introducing a pipe identification and cyclic
loading analysis system. In fact, it is anticipated that drilling companies
may be able to reduce operating risks and maintenance costs significantly
by minimising drill pipe failure events. Apart from monitoring pipe
cyclic loading, the system could incorporate, for instance, control of pipe
stock, location of each pipe and restrictions such as collapse pressure and
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tensile strength. This system is, therefore, part of the present trend to
automate and de-man drilling rigs.

A brief overview of the structure of this thesis is initially presented. In
this first chapter concepts and general information regarding drilling are
introduced. Section 1.1 describes some characteristics of oil and gas
extraction, it shows how hydrocarbons originated, accumulated in traps
and are now sought. Furthermore it also shows how oil wells are drilled
from drilling rigs. Section 1.2 presents a historical review of drilling
technology, from the ancient wells drilled by the percussion method, in
China, to present day records at the frontiers of technology - like
maximum horizontal reaches, longest wells world-wide and in the North
Sea and so on. Section 1.3 depicts the rotary drilling method, its main
components (circulating, rotating and hoisting systems) and personnel
involved and it explains how the hole is made. Section 1.4 explains how
drill strings deviate due to intentional or non-intentional actions - it
stresses the applications of directional drilling. Finally section 1.5
describes horizontal drilling, its applications and main advantages.
Chapter 2 displays a selection of the most representative work on the
mechanics of drill strings, assessing the historical evolution of drilling
techniques. This chapter is divided in to static, dynamic and vibration
analyses, buckling of drill strings and practical aspects. The literature
review tries to cover as many areas as possible that concern the mechanics
of drill strings.

Chapter 3 contains applications of Galerkin's method to three cases: static
and dynamic stability of drill strings in vertical holes as well as deflections
in inclined and curved holes. Galerkin's method is not only a means of
confirming existing results but also offers a possibility for solving more
complicated problems. The second principal objective of this work is to
study the combined effect of self weight and applied torque on buckling of
drill strings in vertical holes (chapter 4). When torque is included, it is
expected that buckling occurs for smaller weight on bit and is three-
dimensional although the analysis needs to be restricted to first order. It
is shown here that a solution of the governing equations can be elegantly
written in terms of power series involving complex notation. Chapter 4,
in addition, offers solutions for other combinations of boundary
conditions for the case of pure self weight.
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Vibration is often blamed for fatigue failures: chapter 5 provides
analytical solutions for longitudinal, torsional and lateral vibrations,
giving expressions for the dynamic loading (or stress levels) that allow an
estimate of fatigue damage. The models for longitudinal and torsional
vibrations include viscous damping and multiple pipe arrangements but
the formulation of lateral vibration assumes continuous pipe and
disregards wall confinement effect and friction forces. Chapter 6 accounts
for cyclic loading due to vibration and drilling past dog-legs. The
Palmgren-Miner's rule of linearly adding fatigue damage for each stress
state is applied.

Chapter 7 deals with the implementation of fatigue monitoring on drill
floors, it also stresses the importance and benefits of controlling fatigue
damage. The technique for using a drill pipe identification or tagging
system is demonstrated and it is shown that drilling parameters (weight
on bit, rate of penetration, rotary speed and bit trajectory) obtained by a
measurement while drilling (‘MWD’) device can be combined to derive
cyclic loading and estimate fatigue damage. Proposals for typical
hardware and software systems are also discussed. Finally chapter 8
presents a summary of the main results and suggests future topics for
study, with emphasis on the application of the research to industry.

1.1 - Oil and Gas Exploration

Oil and gas are energy sources (internal combustion engines, gas turbines
and so on) and raw materials in the petrochemical industry (for the
production of plastics and fertilisers, for instance). It is generally accepted
that oil and gas originated from the sedimentation of small plants and
animals that inhabited the seas and rivers millions of years ago. These
organic remains were mixed and covered by sediments subjected to high
pressures and high temperatures. As the pressure on the earth's surface
is lower than in subsurface rock, oil and gas deposits tend to flow up until
they get “trapped” by impermeable layers. Geological forces and rock
properties define the shape of these “traps”. Initially oil was found in the
form of springs but eventually shallow reservoirs dried up and nowadays
deep wells must be drilled. Pioneering wells were dug near oil springs
because that was the best indication that a reservoir could be found. At
present indirect methods are applied to search formations that may
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contain hydrocarbons: magnetic, gravity and seismic surveys are run and
analysed before the decision to drill is taken. The first two methods
measure the variation in the earth's magnetic and gravity fields, whereas
a seismic survey identifies layers of rocks by measuring the time that
sound waves take to reflect up from them. Ultimately, unless a well is
drilled, there is no guarantee of the existence of hydrocarbons or if the
reservoir will be commercially profitable. If surveys reveal promising
geological structures, an exploratory (“wild cat”) well may be drilled.
Onshore oil rigs are dismantled and transported to the sites by helicopters
or trucks. Offshore mobility is also paramount, several types of drilling
units are currently employed (Figure 1.1.1 and Table 1.1.1). Basically the
drilling rig is chosen according to its water depth capability, load
capacities, environmental conditions and availability of rigs. After the
drilling unit is positioned drilling may start and when the reservoir is
reached the levels of hydrocarbons are measured by formation
evaluations (well logging, coring and drill stem testing).

The rotary drilling system, by far the most popular method of making
hole, is reviewed in section 1.3. If the initial drilling results are
favourable, appraisal wells are drilled to confirm the commercial viability
or otherwise of the field. A development drilling programme, employing
drilling platforms, may then start. For the purposes of long term oil or
gas production, fixed platforms - steel jacket and concrete gravity
platforms (Figure 1.1.2), for instance - are natural choices for shallow and
intermediate water depths. They are stable platforms and offer large deck
-load capacity. In deeper waters compliant platforms - guyed towers and
tension leg platforms (Figure 1.1.3), for example - may be employed.
Sometimes a combination of mobile units with fixed platforms
constitutes the most economical solution - the mobile units carry out
development drilling while the fixed platforms are used for production.
After the production structure is in place, the next step involves the
completion of the well, that is, well preparation for production:
explosives perforate the casing and formation, packers and tubing are
installed and the flow of hydrocarbons is controlled by surface or sub-sea
completions (Christmas trees). Water, sediment and other impurities
must be filtered from the hydrocarbons, then gas is separated from oil and
compressed. Finally oil and gas are transported through pipelines or by
tankers.
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Not so long ago oil was relatively cheap and abundant but when a cartel
led by middle-eastern countries started dictating oil prices in the early
seventies it became a strategic necessity for each country to develop its
own reserves. The race to expand oil production led to surveys in hostile
areas such as the Arctic, jungles and especially offshore. In fact, nowadays
around 30% of total production comes from offshore oil fields that spread
from the Gulf of Mexico to Brunei and from the North Sea to Brazil
(Patel, 1989). To extract oil under such adverse conditions and keep costs
competitive, it is necessary to apply new technology and this has
promoted advancement of knowledge in oceanography, meteorology,
structural analysis, hydrodynamics, sea-bed soil mechanics and marine

geology.

Number of | Maximum
Type Units Water Comments
World-wide | Depth ft (m)

Less used nowadays, still

Submersible- 40 175 ft important in Arctic areas
bottom standing (53.3 m) |where strong structures
are needed.

Popular because they can
1020 ft drill in intermediate water
Jack-up 500 (310.9 m) |depths, they are stable and
have good load capacity.

Vessel response may
hinder drilling in “rough”

Drill Ship 100 around 7500 g Dynamic positioning
ft (2286 m) |is applied to minimise

motions.
Comparatively more stable
Semi- 175 around 7500] than drill ships but in
submersible ft (2286 m) |contrast they offer less

deck-load.

Types of Drilling Units

Table 1.1.1
1.2 - Historical Review of Drilling

For more than two thousand five hundred years, mankind has dug wells
to extract the earth's natural resources - at first it is likely that ground
water supplies were sought. Archaeology reveals that in China
exploratory wells in search of brine deposits were drilled by the
percussion method as early as 600 BC. By 1500 AD well depths had
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reached 2000 ft (609.6 m). The percussion method (Figure 1.2.1)
encompasses a heavy bit suspended by a cable: the bit is raised and
dropped, drilling stops periodically because cuttings and water need to be
bailed out. The time required to remove tools, bail out cuttings and water
and replace tools increases with well depth. Additionally the cable length
limits the tool weight and the rate and length of stroke - hence it becomes
uneconomical to drill deep wells (Campbell and Lehr, 1973)

In England a circulation system for rotary drilling was patented in 1844:
water was injected down the annulus returning to the surface, with
cuttings, through hollow drill rods (Chilingarian and Vorabtur, 1981). In
Pennsylvania, 1859, the first well intentionally drilled to find oil
succeeded in doing so at 69.5 ft (21.2 m) (Baker, 1979). Drilling fluids
(muds) were first used sometime between 1887 and 1901, initially
employed to continuously remove cuttings but the percussion method
still prevailed over the rotary drilling method. In Texas, 1901, oil was
extracted at a rate of 84000 barrels a day (b/d) (13355 m? per day) through a
rotary drilled well - exceeding by far the average rate of 50 b/d (7.95 m? per
day) of those days. This is considered the milestone which established the
predominance of the rotary drilling method. The first offshore well was
drilled in California, 1897: a drilling rig was placed at a wooden wharf that
extended 300 ft (91.4 m) from the beach. The success of this first offshore
operation stimulated the erection of many other wharves, the longest one
reaching 1200 ft (365.8 m) into the sea. In 1947 the first platform was
installed in 20 ft (6.1 m) water depth, out of sight of Louisiana's coast.
Nowadays wells have been drilled in water depths above 7500 ft (2286 m)
and as far as 200 miles (321.8 km) from land (Baker, 1979).

The following figures illustrate recent technological achievements in
drilling. The longest well world-wide, totalling 31441 ft (9583.2 m)
(Drilling Magazine, July/August 1987, p. 22), was drilled in 1974,
Oklahoma. In the North Sea, the longest well (19804 ft or 6036.3 m) was
drilled in South Brae field, 1986. If it had been drilled by a mobile rig it
would have cost ten million pounds, however, directional drilling from
existing facilities saved five million pounds (Lloyds List, 03/04/86, p. 3).
Drilling capacity in deep waters has also increased: in 1970 the maximum
floating drilling capability was around 2000 ft (609.6 m) water depth but in
1982 seventeen drilling units were able to operate in up to 6000 ft (1828.8
m) water depth. In 1982, at Golfe du Lion off France, a well was drilled at
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5624 ft (1714.2 m) water depth (Institute of Petroleum Encyclopaedia, 1983)
but in 1987-88 Shell drilled in the Mississippi Canyon at 7520 ft (2292.1 m),
establishing a record (Lloyds List, 08/12/89, p. 2). In terms of horizontal
drilling, records are broken constantly: in the North West Territories,
Canada, 4013 ft (1223.2 m) of hole were drilled at an angle of 838 degrees
(Drilling Magazine, July / August 1987, p. 22) but the Danish Underground
Consortium drilled the longest (6220 ft or 1895.9 m) horizontal well in the
Dan field (Lloyds List, 17/07/91, p. 3). The North Sea’s longest horizontal
well was drilled in March 1993 with a horizontal section measuring 7116
ft (2169 m) at a total vertical depth of 9613 ft (2930 m) (Offshore Engineer,
May 1993, pp. 28-30). No doubt this record will be broken again by the
time this thesis is printed.

1.3 - The Rotary Drilling Method

The basic principle of the rotary drilling method (Figure 1.3.1) is the
simultaneous combination of a downward axial force, called weight on
bit, and bit rotation. The drill string self weight provides the compressive
load on bit and the rotary table turns the drill string. Drilling mud, a
mixture of water, clays, minerals and chemicals, is pumped inside the
drill pipe and jetted out through the bit nozzles at high speed and
pressure. The drilling fluid lubricates and cools bit and pipes and
removes cuttings from the bottom. Furthermore, the mud hydrostatic
pressure balances formation pressures so as to prevent cave-ins and blow-
outs. Drilling fluid hydraulics may also affect the rate of penetration.
Drilling mud returns to the surface through the annulus between the
drill string and the bore hole wall where it is then cleaned and
recirculated (Figure 1.3.1). Basically drill strings consist of a drill bit, drill
collars, stabilisers and drill pipes (McCray and Cole, 1959). Each of these
are described further below :

a There are several types of rotary drill bits (Figure 1.3.2). Drag bits are
made of fixed blades and they are usually employed in soft formations.
Disk bits resemble drag bits but with blades mounted on disks which
can rotate slowly to produce a scraping action. Rolling cutter bits, the
most popular ones, may be structurally classified as cone type and
cross-roller type - they have rows of teeth cut into the rolling
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members. Diamond bits do not have independent parts, they drill by
direct abrasion between rocks and the much harder diamonds.

b Drill collars (Figure 1.3.3) are thick pipes placed close to the bit whose
purpose is to furnish weight on bit and stiffness to the bottom of the
drill string. The total length of drill collars vary considerably but a
range of 100 to 900 ft (30.5 to 274.3 m) is most common.

¢ Stabilisers (Figure 1.3.3) are curved blade elements whose outer
surfaces reduce the apparent radius (they may even fit the well bore
wall), therefore they increase the stiffness of the bottom hole assembly
and improve the ability to drill straight.

d Drill pipes (Figure 1.3.3) are thin walled pipes connected by means of
tool joints. They constitute the longest part of the drilling column: the
upper end of the drill pipe line is supported by the kelly and the lower
extremity is usually connected to a drill collar. Drill pipes are designed
to work under tension which can be quite high at the top of the well.

The cross section of the kelly is square or hexagonal so that rotation and
torque can be transmitted from the rotary table. As drilling progresses the
kelly continuously slides down through the kelly bushing. The kelly is
suspended by the swivel; the drill string, kelly and swivel, on their turn,
are supported by the hoisting system. The drawworks is a heavy drum
around which the drilling line (wire rope) is spooled. Crown and
travelling blocks consist of sets of pulleys whose aim is to alleviate the
load on the drilling line. Drilling derricks must be strong enough to
support high loads and wind forces and they should be as portable as
possible to facilitate transportation.

Onshore or offshore the following crew, in order of importance, is directly
involved in the drilling task (Baker, 1979): the tool pusher supervises and
co-ordinates drilling operations, he also responds for the drilling
company on contract affairs; the driller is responsible for drilling
machinery; the derrickman connects and disconnects the pipes on top of
the derrick; and two or three floormen, sometimes called rough necks,
handle the lower end of pipes. Before drilling starts, the drill string is
lowered close to the bottom, mud circulation is activated and rotation at
low speed is started. The drill string is further lowered until it touches
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the formation, the rotation is continuously increased and the weight on
bit is adjusted by raising or lowering the swivel. This procedure is
repeated after every 30 ft (9.14 m) of hole is drilled.

1.4 - Directional Drilling

Drill strings are flexible, they tend to bend and deviate the bit away from a
straight path. The rotary speed, weight on bit and drill string
arrangement must be selected according to each specific soil and hole
geometry otherwise the hole may deviate and even spiral three-
dimensionally. = The horizontal and vertical angles are called,
respectively, azimuth and inclination (Figure 1.4.1). Oil wells may be
thousands of feet deep but the bit trajectory depends strongly on the last
portion of drill string that contains the drill collars. Several methods
have been employed to change bit trajectory: mechanical devices (e.g.,
whipstocks and down hole motors), hydraulic techniques (using mud jets
at bit) and natural ways (involving knowledge of rock formation and
assembly configuration). To maintain bit trajectory, the angle of the
resultant force relative to the bore hole axis should be zero, provided a
correction for stratified formations is taken into account. It is also
important to minimise the bit tilt angle in order to improve bit
performance thus reducing bit wear. The bit tilt angle corresponds to the
angle that the deflected drill string makes with the bore hole centreline at
the bit. Whenever possible, simple bottom hole assemblies should
prevail over more complicated arrangements.

Directional drilling technology has been favoured for offshore
exploration because a series of wells had to be drilled from a single point,
as this is not as costly as moving the rig or building a new offshore
platform. Further applications of directional drilling programmes
include “killing” of wild or cratered wells through mud/water injection
and more efficient drainage of oil reservoirs. In fact, at present most
offshore oil wells are drilled directionally. Likewise, drilling technology
is employed in the exploitation of water and mineral resources: ground
water reservoirs, for example, constitute 95% of the world’s total fresh
water supply and moreover they are less contaminated than superficial
water sources (Campbell and Lehr, 1973).
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1.5 - Horizontal Drilling

Horizontal drilling was first attempted in the former USSR in the early
fifties when forty three wells were drilled before the programme was
interrupted because of cost overruns. It was resumed by western oil
companies in the late seventies, and it is predicted that more than 50000
horizontal wells will have been drilled in this decade, constituting the
fastest growing segment in the oil service market (Lang and Jett, 1990).
Horizontal drilling reduces the number of platforms required to cover an
oil field and production is improved as formation exposure increases.
For example, a horizontal drilling programme permitted oil extraction
from the Tyra field, North Sea, which primarily supplied gas (Lloyds List,
17/07/91, p. 3). Horizontal drilling is also advantageous when producing
oil from thin or geologically complex reservoirs. Figure 1.5.1 presents two
schemes for horizontal wells drilled in the North Sea (Conoco News
Release, Feb. 28, 1990). Recently British Petroleum (BP) discovered
further reservoirs in its Sherwood oil field (Figure 1.5.2) and driven by
environment and cost concerns decided to use long reach techniques
instead of building a “drilling island” in Poole Bay (The Sunday Times,
May 16, 1993).

In the U.K. the Beckingham 36 well, drilled by British Petroleum,
pioneered horizontal drilling in 1985. The main objective of BP was to
acquire experience in manipulating this new technique; the cost was four
times higher when compared to a simple vertical well. It is expected that
the gap in cost will reduce when more experience and knowledge are
obtained (Hardman, 1989). In general, horizontal drilling requires more
detailed planning, more accurate offset well data and sometimes the use
of special tools. Offshore the extra cost to drill horizontal wells is smaller
than onshore, hence a faster expansion is forecast in the offshore segment
of the oil industry.
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