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Abstract

The number of aged fields in the North Sea is increasing, and in few years, and there will be a
significant increase in number of wells that need to be permanently plugged and due to low
oil prices and other reasons, there is a push from the industry to reduce the cost of P&A
operations as much as possible, and using rig-less equipment for P&A has proven to be a
reliable alternative to drilling rigs, but this solution requires the development of new

technologies to overcome the challenges that come up with it.

The presence of tubing in the area where the permeant plug should be set is still a thorny issue
for P&A rig-less operation for many reasons. Recently there are many approaches for
removing tubing in place without pulling it to surface, one of these alternative ideas is

downhole tubing disposal (DHTD).

The main scope of this thesis is to give an insight into DHTD method, its advantages and the
challenges to translate this idea into practice. In this work as well, different approaches are
incorporated to estimate the required tubing crushing force, including FEM, analytical

estimation and experimental work.

Results are reported for an analytical estimation and FEM (ABAQUS) analysis of a slotted
tubular subjected to compression axial load. The results showed different kinds of correlations
with experimental test data. On the other hand, they showed that FEM is a powerful method

to solve this kind of problems.
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Nomenclature

A Amplitude of a sine curve

A Cross section area of curved plate

Ai Internal flow area of the pipe

Ao Total cross-sectional area of the pipe
Ap Cross section area of piston

As Cross-sectional area of the pipe

Cc Column slenderness ratio

Cw Average contact force

d Mean diameter

D; Well inside Diameter

d;i Tubing inside diameter

do Tubing outside diameter

E Young’s elastic modulus

F Axial Load

Favg Mean axial load

Fer Critical buckling load

Fric Friction force

Fher Helical buckling load

Fsin Sinusoidal buckling load

Fspiay Tubing splaying force

Fy Yield load

g Acceleration of gravity

G Shear modulus

gi Pressure gradient of well bore Fluid (i) above the piston
h; Height of well bore Fluid column (i) above the piston
/ Moment of inertia

lep Moment of inertia for curved plate

Polar moment of inertia

K End constrain factor
length of the pipe
Ly Unsupported length of the pipe or curved plate
Mp Bending moment
N Normal force

Pitch of the helix



Pclosure
pi

Po

P piston

P surf

Aly

fracture closure pressure

Internal pressure of the pipe
External pressure of the pipe
Pressure above Piston

Surface presuure

Radial clearance

Radius of curvature

Radius of gyratio

Pipe inside radius

Pipe outside radius

Effective slenderness ratio

Thickness

Buoyant weight unit of the pipe
Contact force

Weight of pipe in air
Axial coordinate

Wellbore trajectory inclination angle
Axial displacement

Buckling length change

Plate curvature angle

Wellbore trajectory azimuth angle
Angle between the pipe centre and the coordinate axis
Wellbore curvature

Dynamic friction coefficient between casing and tubing
Density of fluid inside the pipe
Density of fluid outside the pipe
Bending stress

Yield strength of pipe



Abbreviations

AISC American institute of steel contraction
API American Petroleum institute

BC Boundary condition

BHA Bottom hole assembly

BOP Blowout preventer

csG Casing

CcT Coiled tubing

DHTD Downhole tubing disposal

e-line Electric line

FEM Finite element method

ft Feet

HBC Helical buckling critical load

HWO Hydraulic workover

Ibs Pounds

MD Measured depth

NACA NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
NCS Norwegian continental shelf

NORM Naturally Occurring Radioactive Materials

NORSOK  Norsk Sokkels Konkuranseposisjon (Competitive Standing of the Norwegian
Offshore Sector)
0oGIC The Oil and Gas Innovation Centre

Oil & Gas The United Kingdom Offshore Oil and Gas Industry Association Limited
UK
OlLtd’s Oilfield innovation limited

P&A Well Plug and Abandonment
POOH Pull out of hole

RLWI Riser-less Light Well Intervention
SL Slick line

TBG Tubing

TTSS Through tubing sand screen

uis University of Stavanger

UKOOA UK Offshore Operators Association
WBE Well barrier elements

XMT Christmas tree



1. Introduction

1.1. Background

By the beginning of 2017, almost 4350 development wells have been completed in Norway
[28]. Sometime on the future, these wells will stop production and should be plugged and

abandoned (P&A).

Assuming there are at present 3,200 wells needing Rig-P&A on the NCS, and an average of 30
rig-days per well for permanent plugging, the total cost will be around 400 billion. This
estimation based on a 4 million NOK/rig-day. If the plugging is performed over a 25-year
period, in which about 3,000 new wells might be drilled that also need to be plugged, the total
charge for P&A for the coming 40 years will be close to 900 billion NOK. This estimate is
dependent on nowadays rig rates. This gives an indication of the great costs that expect ahead

for P&A operations [29].

In Norway, minimizing the total cost of permanent well plugging is vital, because a great share
of the costs for P&A operations represents tax deductions for operators. The income for the
Norwegian state from petroleum activities is thus greatly reduced with high P&A costs. The
use of rigs for P&A operations will lead to a suspension in drilling new wells, which again will
lead to delayed production. The use of rigs for plugging will also lead to a higher usage rate of

rigs, and it can be expected that this will increase the daily rates [29].

About 20% of wells involve a drilling rig during P&A while the rest do not, and thus, can be
plugged using rig-less operations. This will be a way to reduce the cost of P&A operations by
using improved and new technologies that can replace the rigs with small ships that can

perform rig-less operations [30].

Oilfield Innovation has taken a patent on one of these new technologies. The idea can be titled
by downhole tubing disposal (DHTD) on a rig-less concept. A general description of the method
is to compact a part of the tubing instead of pulling the whole tubing out of the hole.
Weakening the tubing could be required to ease its compaction, the weakening can be
achieved by slicing the tubing longitudinally, and the required compacting force on the tubing

can be a hydraulic force achieved using a piston positioned above the parted tubing, thus a



casing window will be created and it will enable to log cement behind casing and set a full

cross section cement plug.
1.2. Scope and Objective

This new technology has never been applied in the oil fields or even in a real large-scale model,
and the primary objective of this thesis work is to investigate this new technology along with
its advantages and challenges, and to compare it with conventional technologies with respect

to time and scope, but the main question that this work tried to answer:

e [sthat possible to create a mathematical model that can predict the tubing compaction

parameters within tubular and hydraulic limits of an oil/gas well?

To answer this question different approaches (analytical, experimental, and numerical using
FEM) are involved in this work to addressing issues like how the slots number and length in

the tubing body will affect the required crushing force.
The involved activities in this work are:

e Literature study about P&A regulations and requirements in UK and Norway including

some P&A challenges and technical alternatives.
e Literature study on the new technology (principle, tools, advantages and challenges).

e A theoretical review of buckling behaviour for the pipes in the oil wells and for the

column structure (Euler buckling).
e Atheoretical review of the loads acting upon the piston.

e Present an analytical estimation for the initial buckling load of a slotted tubular and

compare it with experimental study.

e Perform different simulations using ABAQUS/CAE and compare one of the models
results with the parallel experimental work, while the other set a first step for further

modelling.



2. Plug and Abandonment

2.1. Definition and standards requirements

P&A is the operation where the well is sealed off and secured with a well barrier which is
defined according to NORSOK as “an envelope of one or several well barrier elements
preventing fluids from flowing unintentionally from the formation into the wellbore, into

another formation or to the external environment ” [6].

The main objective of the whole process is to re-establish the accepted integrity of the

formation that was drilled before.

As an example, Fig. 2-1 shows the barrier envelope marked with red dashed line, the orange
boxes contain the barrier elements and the blue ones contain the recommended practices

[16].

In the North Sea, there are guidelines and requirements that are designed for well
abandonment issued by the operators or the governmental authorities. In the UK sector, the
P&A operations are being done in accordance with UKOOA (UK Offshore Operators

Association) guidelines for well suspension and abandonment.
Similarly, NORSOK/D-010 standard contains those guidelines for the Norwegian sector.
All the guidelines have basically some main aims to:

e Prevent hydrocarbon escape to the surface.

e Prevent hydrocarbon transferring between different formations.

e Prevent contamination of water-bearing formations.

e Protect shallow formations from pressure collapse.



The requirements in each standard aim to achieve those goals [31].

In this work, only the overall requirements for permanent abandonment are shown, while the

Permanent Abandonment Barrier (red dashed envelope)
"Restoring the caprock”

Best practices

Sealing
abandonment plug
Tubing s=aled with
Height: of S00ft cement, in cemeant
MLy, containing at
least 100 ft MD of Casings, tubing
good cement. embedded in
cement
Sealing primary
cementations
Slug ned by
- Ee=a
formation Flpe stz Formation:
(impermeability Su o Good bond, impermeable and
and strength) and caggiilttmmrmnt clean adequate strength
primary slumping and gas surfaces, to contain future
cemenitation migration while setting water wet pressures

Fig. 2-1 Schematic of a permanent barrier showing the barrier envelope [16]

standards involve more details, also the requirements are stated as they are in the standards

to avoid any misunderstanding of the standards.
2.1.1. Oil & Gas UK Guidelines

Oil & Gas UK guidelines contain the following requirements [16]:

e If a permeable zone is hydrocarbon-bearing or over pressured and water-bearing,
then, two permanent barriers from the surface are required, and the second

permanent barrier is a backup to the first.

e “The first barrier should be set across or above the highest point of potential inflow
(top permeable zone or top perforations, whichever is shallower), or as close as

reasonably possible.”[16].
e The second barrier should be set with the following concerns when required:

» “The same considerations in the first barrier are applied with respect to the second
barrier in addition to a relative position of cement in the annulus and shallow

permeable zones, Fig. 2-2” [16].



To create a permanent barrier which is considered a good industry practice, the length
of the barrier for a cement column should be at least 100 ft. MD of good cement, Fig.

2-3 as an example [16].
When a combination permanent barrier is chosen to replace two barriers:

» A cement column of at least 200 ft. MD of good cement is considered to constitute

such a permanent barrier. But, generally an 800 ft. MD barrier is set.

Second barrier o Zone A

First barrier to Zone A Second barrier to Zone B

Zone A

First barrier to Zone B -

Zone B

> | %
Fig. 2-2: General requirements for well abandonment [16]
» The top of this barrier should provide at least 200 ft. MD of good cement above

the highest point of any possible flow source.

Dual barrier soluticn Combination barrier solution

Plug should each contain
=100 ft of good cement. -
Each typically 500 ft long. ™.,

Plug should contain >200 ft of
__— good cement. Typicalty 800 ft
leng.

_ Annulus should contain
=200 ft good cement
opposite the intemnal plug

Annulus should contain
=100 ft good cement
opposite each intemal

plug.

Fig. 2-3: Comparison of length for dual and combination barriers [16]
» The internal cement plug must be adjacent to the annular good cement over a
cumulative distance of 200 ft. MD of overlap. This overlap section of the plugs must

be of good quality cement on both sides.



2.1.2. NORSOK Guidelines requirements

The NORSOK standard [6] principle recommendations can be condensed in:

e “Permanent abandonment shall be performed with an eternal perspective considering

the effects of geological processes”.

e “Two barriers shall be fulfilled in case of potential source of inflow or reservoir

exposed, and one in case of formation with normal pressure or less”.

e “The barrier base shall be positioned at the depth where wellbore integrity is higher

than the potential pressure below, and adjacent to an impermeable formation”.

e “Permanent well barriers shall extend across the full cross section of the well, include

all annuli and seal both vertically and horizontally (Fig. 2-4)”.

|
i

Fig. 2-4 full cross section barrier according to NORSOK [6]

e The barrier should have some characteristics like; impermeable, non-shrinkable,

mechanical endurance, chemical resistance, wetting and non-harmful to steel tube.

All annular spaces are to be secured, and the surface plug should be more than 200m length

and less than 50m below seabed.
2.2. Operation phases and complicity

P&A operations could be complicated and costly, especially when setting deep barriers using
arig is required. Thus, it is important to have a common approach to classify the type of P&A

related to the cost estimation of it [16].
UK guideline proposes a classification of P&A planned wells according to three factors:
e The location of the well (platform, subsea or land well)

e “Abandonment Phases — reflecting the three phases of an abandonment Operation.”



e “Abandonment Complexity —the methodology and equipment required.”
2.2.1. Well Abandonment Phases

The abandonment operation can be divided into three different phases, reflecting: the work-

scope, equipment required, and/or the discrete timing of the different phases of work [32].
2.2.1.1. Phase 1 - Reservoir Abandonment

The aim of this phase -as the name explains- is to isolate all producing or injection zones by
setting the primary and secondary barriers. In this case the tubing may be left in place, partly

or fully retrieved, and the phase is finished when the reservoir section is isolated totally.
2.2.1.2. Phase 2 - Intermediate Abandonment

This phase includes: milling and retrieving casing including tubing if not done in phase 1,

completed when no further plugging is required [32].
2.2.1.3. Phase 3 - Wellhead and Conductor Removal

This phase includes pull wellhead, conductor, and fill craters with cement, completed when

no further operations required on the well.
2.2.2. Well Abandonment Complexity

The complexity of the work for each of the three phases mentioned earlier is defined by a digit

between 0 and 4, according to the following [32]:
e TYPE 0: No work required: A phase work has been completed before.

e TYPE 1: Simple Rig-less P&A: including wireline, pumping, crane, jacks. Subsea will use

Light Well Intervention Vessel.

e TYPE 2: Complex Rig-less P&A: Using CT, HWU, wireline, pumping, crane, jacks. Subsea

will use Heavy Duty Well Intervention Vessel with Riser.
e TYPE 3: Simple Rig-based P&A: Requiring retrieval of tubing and casing.

e TYPE 4: Complex Rig-based P&A — May have poor access and poor cement requiring

retrieval of tubing and casing, milling and cement repairs.



The complexity of the operations offshore determines the type of the unit used to perform
those operations and Fig. 2-5 illustrate the main used units; RLWI (category A), heavy
intervention (category B), conventional rigs (category C) [20].

Category A Category B Category C
RLWI Full range intervention & TTD illj eti

High pressure Low pressure
light weight marine riser
riser (8-5/8") (21”) standard

HP concentric
riser and SSTT
required for
live well
intervention

Limited live
well through
™ tubing
i services

Wireline / «Full range of
tractor only through

P Limited bha tubing
gl €ngth services

SN
g " Staroil

Fig. 2-5 lllustrate different kinds of platforms and vessels used in P&A operations [20]

Normally category C (semi- submersible platforms) and the heavy intervention (category B)
can perform the coiled tubing operations, but till now not the riser-less vessels. Nevertheless,
different efforts have been made in the last years to do that, as an example Island offshore
drilled a shallow gas pilot hole using open water coiled tubing, and now they are working to
enhance the technology to perform heavy well intervention with coil tubing in producing

subsea wells and afterwards a whole P&A operation [33]

Usually, the cost of using Rig-less vessels is less compared to the rigs due to the lower daily
rate of these units, even some studies show that the rig-less operation could consume more

time, but in the outcome, the total cost will be less [34].
2.3. P&A operation challenges and the technical alternatives:

Before going into the talk about P&A challenges, it is important to mention the key steps of a
conventional P&A operation performed on a well (with vertical X-mas tree as an example)

which can be summarised in the following:
1. Prepare the well by checking, killing and set temporary barriers.

2. Remove Xmas tree and set BOP.



3. Removing tubing.

4. Set primary and secondary barrier plugs, with milling operations if required.
5. Cut and pull intermediate casing and the environment plug.

6. Sever and retrieve Wellhead.

The related steps to this work will be discussed in detail including the challenges and the

alternative solutions:
2.3.1. Removing tubing and control lines

As mentioned before, NORSOK required a full cross section barrier for a permanent barrier,
so removing tubing will be a requirement in case the tubing has control lines or the cement
behind the production casing is not verified, or need to be repaired, since the industry till now

is not able to perform a cement log on multiple tubes.

Removing tubing is one of the major P&A challenges due to what tubing pulling requires, thus,

increasing the time and cost consuming.
Removing the tubing in the proposed barrier area could be performed in two different ways:
e Cutting and pulling the tubing to the surface.

e Locally removing the tubing by alternative methods.
2.3.1.1. Cutting and pulling the tubing to the surface

Tubing cutting operation itself is a conventional operation, and it could be performed with
wireline. Even more, it does not need a tractor in the tool string. The most common way to do

that is the explosive cutting where one big charge set in the centre of the tool is sent



downhole, and the explosive jet will cut the required pipe at the cutting point. Fig. 2-7 shows

an example of the tubing shape after explosive cutting operation.

LE] T] e

Fig. 2-6 tubing clamp and control line [11] Fig. 2-7 tubing cross section after using explosive

cutter [10]

Nowadays, attached control lines (Fig. 2-6) to the tubing could be used in deep depths with
smart wells to operate some downhole devices, and according to NORSOK, “the control lines
shall be removed from the areas where the barrier is to be installed”. Accordingly, it is
preferred to cut the control line with tubing and pull them out of the hole together, otherwise,
it will break under tension, and it will stay in the well as debris, and the operation to retrieve
them later will be time and cost consuming. One of the solutions for that is to push the control
lines down and install mechanical plug which will be a foundation for the later cement plug,

but this required a powerful pushing force due to the stiffness of the control line.

Many of the smart completion suppliers provide a cutting sub which will be used to prevent
control line problems, but for old wells, this sub was not available. So, there are many
companies claiming that they can provide several cutting devices or technology which can cut

the tubing and the control lines together, and here are some examples:

e Mechanical pipe cutter (Baker Huges):

The tool is designed for downhole pipe cutting without damaging the outer casing, since the
penetration is controlled all the time, and it can make many cut operations in one run, but if

the tubing was in compression then the blade could be stuck (Fig. 2-8).
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The blade moves in an eccentric circular movement around the axis of the tools that makes
the cut distributed equally around the cutting surface. This tool is also used to cut control lines

when the cut point is at the clamp [2].

Fig. 2-8 Baker Hughes Mechanical Pipe Cutter [2]

e Downhole Electrical Pipe cutter (GE Oil& Gas):

If the tubing is in compression, then cutting with blades will be complicated and the tubing
should be set in tension first, but there are some tools that can cut the tubing in compression

like the “Downhole Electrical Pipe Cutter” shown in Fig. 2-9.

Fig. 2-9 GE Downhole Electrical Cutting Tool [9]

Operated by an electrical signal, and compared to the previous tool, this tool adds more
accuracy regarding cutting depth since it could be run with CCL tool, and enables to cut the

tubing either in tension or compression which means the blade will not stuck [9].

Cutting crown on MCCP

Fig. 2-11 MCCP during cutting the
pipe [26]

Fig. 2-10 MCCP [5]
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e Maechanical Cutter based Cutting Pad platform (Welltec):

Using a grinding system rather than a blade (Fig. 2-10), this tool produces a smooth and

polished surface with the ability to cut the pipe in tension, neutral or compressed condition,

The cutting crown (Fig. 2-11) has three arms ended with the grinding pads. The cut becomes
an angled sloping surface which prevents deformation of the pipe by axial compression. Using

this tool shows a lot of the advantages regarding the time and cost saving and safety [26].

After cutting the tubing, it should be pulled to the surface, and this operation is usually
performed by a rig, but now a new approach is being developed to use RLWI vessels for that.

Island Offshore is working now on this project [35].
2.3.1.2. Locally removing the tubing by alternative methods

Nowadays, there are new approaches to exclude the tubing POOH step, such a method could
be -if proved- very cost effective and HSM considerable, because in this case there will be no
pipe to handle, no milling required and low-risk probabilities...etc. Here are some of these

methods, note that none of them is field proven and some of them are such ideas.

e Downhole tubing disposal (DHTD):

Which is the main focus in this thesis, more details about the method will be discussed in

Chapter 3.

e Chemical removing of the tubing:

Since the tubulars are made from a corrodible material (the steel), so an idea claims that using
very high corrosive chemicals could dissolve a part of tubing at a desirable depth, this idea is
based on the past cases where the tubing or casing is corroded severely because of the
presence of corrosive materials. The consumed reacted material should be replaced with fresh

one during the operation and a circulating path is essential.

The proposed method is designed to be performed with coiled tubing, but a risk assessment
should be performed to prevent CT damage, also another concern here is how to protect the
rest of equipment. One of the drawbacks of this method is the long time taken to achieve the

required goals [3].

e Jet Cutter (Halliburton):
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Tested successfully and using a jet power created by sand-loaded water, this method can cut
all type of steel pipes and control lines in both directions vertical and lateral [36]. Halliburton
claims that “there is no limit on max section length to be cut”, so this could be a very strong

point to the crushing model.

e Remove tubing by Plasma:

Fig. 2-12 PLASMABIT Milling [4]

In other words, remove the tubing by melting. The plasma cutter today can cut steel tube in
the well by generating extremely high temperatures to melt a part of the string at the point

where a cement has to be placed in P&A operation [4].

Plasma cutters can cut into all kind of well fluids. The main challenges of this kind of methods
are pressure requirements, applying the technology at deep depths (it has been tested for

surface cutting) and the way of BHA releasing after melting the tube.
2.3.2. Run cement log

As mentioned before, according to NORSOK, a minimum of 30 m cement interval behind

casing is required to act as an external barrier, if it is to be verified by logging [6].

So, after pulling the tubing, a cement logging is performed to check the quality of cement
behind the casing, this operation is performed using wireline, and the most common tools
used for that are CBL (cement bond log) and USIT (ultra-sonic imager tool). Both tools use

acoustic and ultrasonic waves to predict the cement condition.

Regarding this issue, it should be considered when the tubing is partially removed — by

crushing for example- that the cement log tool should be adjusted to run through the tubing
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first and perform the logging in the created casing window, which will add some more logging

operation requirements, like:
» The casing window length should be enough to perform the logging.
» The logging tool should be centralized in the casing.
» The well fluid has a strong effect on the logging operation.

Such tools are available for example; The Baker Hughes Radial Analysis Bond Log has a
diameter of 2.75” and can log cement behind between 4” to 9 5/8” casing [37]. Additionally,
Schlumberger has a DSLT tool with a 3.625” diameter that will fit through the 4.5“ tubing to

log the bigger size casing [38].
2.3.3. Set primary and secondary barrier plugs

After getting the results of the logging, two cases could be faced:
» Casing cement condition is good and verified to be a barrier element.
» Casing cement is not present or need to be repaired.

The condition of casing cement will determine the subsequent steps to set the barrier plugs.
2.3.3.1. The validity of casing cement

In this case, a cement plug can be set inside casing directly. In many cases, a foundation for
the cement plug is required, which could be mechanical (bridge plug) or high viscous pill and
the length of the required cement plug is related to the type of the foundation according to

the standards.

After setting the cement plug, again a verification shall be performed usually by pressure

testing, tagging or both, according to the well condition.

Normally, the cement plug is set with drill pipes using semi-submersible rigs after pulling the
tubing, but recently, there are different methods (some of them are still ideas) to set a

sufficient barrier without using the drill pipes or rigs, here are some of these methods:

e Using the tubing itself:

Saving a lot of the costs, this method proposes to pump the cement through the severed

tubing after setting a mechanical plug above the barrier required depth, here a special type of
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equipment could be used at the surface to modified the well head to perform such an

operation, even a bull heading can be performed using the tubing too.
With this method, a lot of cement contaminations is expected.

e Using coiled tubing:

Using coiled tubing to pump cement is kind of normal operation that is performed usually with

no challenges if a riser is used, but without the riser, it is a challenge.

With using coiled tubing, less contamination is expected, but the small size of the CT and the

presence of the package will create some challenges.
2.3.3.2. The casing cement is absent or needs to be repaired:

Then a milling operation is required to create a window to set a full cross section cement plug

as a conventional solution. But milling operation has high cost and a lot of HSE concerns.

Recently, the industry provides different alternative methods/tools could be used to achieve
the requirements without milling. Here are some of the tools to repair or set a cement behind

the casing:

e Perforate, wash and cement (HydraWash)

Provided by Hydra Wash, with this technology there is no need to mill casing [39], which
means no swarf problems (handling and disposal), time saving, optimum well control through
all phases of plug setting, a study performed to estimate the saved time when using this
method in different situations is shown in Fig. 2-14, and the difference of time-consuming is

clear between the conventional way and PWC method as is illustrated [21].

As the name refer, the operation start with perforating the casing with tubing conveyed
perforation guns, after firing and dropping the guns, a cup which is installed above the guns is
used as a base, then washing tool uses jetting to clean the perf’s and the formation from old
mud and make the area behind casing clean to squeeze a cement, the cement can be verified
afterwards by milling the cement inside the casing, and running a logging tool. Fig. 2-13 shows

the steps of the operation [40].
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Fig. 2-14 field operational time comparison [21]
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e Cement Adapter Tool

Fig. 2-13 PWC Method steps [14]
(CAT) [35]:

This tool shown in Fig. 2-15 can be used to set surface or environment barrier where one or

more casing strings need to be perforated to install the barrier, with this method no need to

cut and lift the casing, the tool consists of different equipment like adapter tool, stinger

assembly and cement spool.
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Fig. 2-15 CAT operation steps [14]

e Well Abandonment Straddle Packer (WASP) (Baker Hughes)

This tool has the same CAT tool function. WASP operation starts with perforating A- annulus,
then circulating out the mud from behind the casing strings. The annuli are then cemented

and tested [41].
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3. The Tubing Crushing in Details

3.1. Introduction

As mentioned before, in some cases it is necessary to remove the tubing at the depth where
the permanent barrier should be set. Conventionally, P&A operations use large expensive
drilling rigs to pull the tubing to provide an open casing window to log casing cement, clean
casing surfaces and set cement plug. In this chapter, an alternative lower cost solution will be

discussed in detail.

The objective of the proposed method is to use type 1 or 2 equipment as clarified in Section

2.2.1 to perform P&A Phases 1, 2 or even 3 as clarified in Section 2.2.2.
3.2. Principle and Steps

Most of the inner volume of the casing is filled by liquid where the tubing steel occupies a
small space compared to the fluid. In Table 3-1, some exmples show these volumes. When the
well is plugged, one can take the advantages of this volume through filling it with tubing steel

by compacting the tubing downward instead of pulling it out of the hole.
Table 3-1 Example API liquid space percentages [19]

Casing OD 9.625In. 9.625In. 7in 55in
Weight 535 ppt 535 ppf 29 ppt 23 ppt
Casing ID 85b35in 8535in 6.184 in 467 1In
Tubing 0D 51/21In 41/21n 41/21n. 23/8iIn
Weight 20 ppf 12.6 ppf 12.6 ppf 4.6 ppf
Tubing ID 4.778In 3958in 3.958in 1.995in
Liquid Space 89.8% 93.7% 88.0% 92 4%

At least 45 % compaction ratio can be achieved if the tubing is sliced and compacted [17]. Two
different ways can be used to achieve that and in this work, the terms (Scenario 1) and

(Scenario 2) are categorizing those two ways, which are:
e Scenario 1- wedging an upper piece of tubing into a lower split one

e Scenario 2- crushing tubing by locally deforming slotted segments
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3.2.1. Scenario 1- wedging an upper piece of tubing into a lower split one

In this method, Qilfield Innovations proposes to sever the handled part of the tubing and

Well Bore

Casing

Fig. 3-1 Cross section of the well after compacting tubing- scenario 1 [19]

create a single longitudinal slot in the lower half of the tubing to allow the upper half to be

easily pushed into the split part. Fig. 3-1 [19] shows the cross section of the well after pushing

tubing.

In practice, as Fig. 3-2 shows, the proposal comprises the following steps:

>

If a plug is set at deeper depth below the handled tubing, it is preferred to make
sure that there is a relief point to formation or casing annulus for the fluid which
will be trapped below the piston during compaction process, to provide a
circulation through the tubing and prevent hydraulic lock-up below the piston
during compaction, this can be done by punching tubing and casing at the bottom

of the handled tubing.
Longitudinally slice the lower part of the targeted tubing.

Transversely cut the tubing above the sliced part and circulate cleaning fluid with

surfactants to lubricate the piston and the compacted tubing afterwards.

Place a bridge plug in the tubing before cutting the upper part of targeted tubing

from the main tubing, and connect the inflatable packer with the bridge plug

Inflate the packer and start pushing against the bridge plug by applying pressure
above the piston, which force the upper tubing to be wedged into the void next to

the lower splayed part. At this stage of the process, a repeated cycle of pressure
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building up and dropping off could be observed when the tubing stores the energy

to start a new step of wedging process.

» When the piston stops due to reaching the pressure limits or pressure leaks-off,
perform a gauge run to check where the piston stopped. Pressure limits could be
casing burst pressure or causing a micro-annulus between the casing and cement

behind it during compaction.

» Perform cement logging, and the logging results will determine the next steps

which are the same in a conventional operation.

3.2.2. Scenario 2- Crushing tubing by locally deforming slotted segments

With the previous scenario, a lot of uncertainties will be faced, one of them is the presence of
control lines, clamps and tubing joints which are stronger than tubing and one longitudinal cut

operation could not be able to cut all the joints and the cable clamps with the tubing.
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The wedging operation could create enormous friction forces between the two parts of the
tubing on one hand and between the casing and the tubing on the other at early stages of the

process which can stop the compaction process due to mechanical lock up.

Fig. 3-3 Major contact vs local contact [8]

Based on the challenges mentioned above, the second scenario proposes to shred the tubing
only axially with multiple relatively short slots at several segments. In this case, the pipe will
fold locally and compact at each segment, and the outcome is the tubing will be compacted
because of compacting all the segments together. The geometric architecture of the slots
(number of slots in one level, length of the slot, number of segments) will be designed in such
a way that minimises the friction between the tubing and casing resulted from the whole pipe
contact and the segment contact (Fig. 3-3), and to prevent interaction between segments.
Shredding the tubing - which will weaken it — will minimise helical buckling, claiming that

helical buckling can only occur if the pipe is a whole pipe [13].

This scenario is effective in vertical and inclined part of the well, especially at the bottom of

the desired compaction zone where compaction friction is not affected.

The operation steps in this scenario are very similar to those in Scenario 1, the only difference
is to longitudinally slice the whole length of the targeted tubing with pre-determined number

and length of slots, without severing the tubing at the middle.
3.2.3. Compaction variables

Fig. 3-4 shows the variables in Qilfield Innovation’s model (Scenario 1), and the description of

the variables symbols existing in Fig. 3-4 are listed in (Appendix A)

21



The target of any design here is to maximise the open window length (z;;) over the length of
the targeted tubing (zpg,4) that has been separated into an upper part length (zy,) and a lower

split tubing length (zs) using the differential fluid pressure across an inflatable piston.

Fluid pressure, volume, specific gravity and viscosity are primary variables that can be
manipulated, but the remaining variables are limited by the available tools and the well

construction.

In general, the compaction process is mainly limited by the frictional lock-up due to the forces
acting upon the piston along the z axis = F(zs,t + 1) + F(zy,t + 1). Thus, any measured
and/or calculated variables using physical or mathematical models will be used at least to

estimate the combined yield (Fzy,) and frictional (Fzg) forces that resist compaction.

The geometry of the tubing and casing will play a key role in both scenarios and affect them
in different ways. For example, for the same tubing size, a smaller casing size in scenario 1
results in less eccentricity and lower bending moments, thus the expected pressure to reach

the ultimate yield of the tubing will be higher.

1 Positive Displacement Pumg

l[: - = AVse 41y
toT APgies1y
bnd ¢ Lost Fluid T AVerieesn)
- 7
PlLsinan) { Pricey + BPgy(e+1))
< Pressure | [
Wellhead = acvared /. |\ VEie) + BVeiesr)

< Choke = -
A\ ' Fracture
L\

Accumulator

- Pl-'l[l-‘l)

hi"(l +1)

—

L
Py =2 Page+1) " Meesry €
d=1
/

/
Remaining o
} Tubing Ha(1)

AVipries1)
Paq1) Ap

Leakage sround Piston

hpgesa) /
Casing”

AVorrie+1) I Lost Fluid

{ Porgey + APOF((¢1)."
\ Vor(e) + 8Vor(es 1))
Pressure ~ —4

Activated

J
P =Y Piesny "Ry €
(=1

~Por(e+1)
o Np(ey + ANpeeary / Ries1)

>

Zpga

Helical
. Frictional
T Lockup or

Solid Stop

Fig. 3-4 Compaction model variables [27]
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Also, well trajectory at the targeted tubing has its effects on the process in different ways.
Minimum buckling loads, maximum crushing force, friction loads and other parameters will
be affected by well inclination angle. As an example, the maximum compaction force in a
vertical well will be concentrated at the bottom of the tubing since the whole weight of the
pipe will contribute to this load, which induces a compaction at the bottom first. But in
horizontal hole, the maximum force accumulates at the piston whereas the pipe weight will
not contribute to the load, even it must be taken away from the induced load because it will

act as drag force [13]. Friction forces calculation will be discussed in Section 4.3.3.
3.2.4. Scaling Issue

~7 5/8" is 78% of 9 5/8"

/

\ 3.958
\_41/2"is +/- 82% of 5 1/2"

Fig. 3-5 comparison between two different geometries ) [13]

Any future modelling of the method will encounter a scaling or comparison issue since each
well has different conditions, including well tubulars sizes and grades, well trajectory and
completion design and so on, which will add more complexity for any modelling process, but
one can ease the comparison since mostly all APl grades properties are known, also the
contrast between some well construction combinations (Fig. 3-5 as an example) can be helpful

as it can be used to estimate a wide range of results by using a scale factor.
3.3. Tools and equipment

It can be noticed clearly that DHTD method requires special tools and equipment, some of

them are available now, some need to be modified and other need to be invented.

The recommended method will involve using rig-less equipment like: slick line, coiled tubing

and positive pump to:
e Perform logging and drift runs before and after the compacting.
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e Run the tubing cutter and the other related tools to create the casing window.
e Pump cement.

Finding the proper tools to perform the required operations downhole will be a real challenge
with this method. And in this section, some of the available tools are listed and the
modifications required to fit their intended purposes are discussed, in addition to the

proposed invented tools.
3.3.1. Tubing Slicing tools

In Section 2.3.1.1, some of the tools and methods that can transversely sever the tubing are
presented, such us explosive cutting, cutting with blade operated mechanically or electrically,

or using chemical, plasma or jetting force.

Lateral tubing cutting is required in DHTD method, but also it requires to slice the tubing
longitudinally, the industry has some of the tools that can do this but it is still either not

compatible with the method requirements, or not invented yet. Here are some of these tools:
3.3.1.1. Gator Perforating tool

LEE Energy System (TOOLSERV as a supplier in Norway) modified a repeatable hydro-
mechanical multi-use perforating system (Fig. 3-6) that replaces explosive, abrasive

perforation and section milling, which means reducing the risk and the costs. The tool is

Fig. 3-6 Gator Perforator (Lee
Energy)

proved and tested and it has been used in many locations to create a communication behind
the casing without damaging the outer casing which could happen when using explosive

perforation [42].

24



“The system uses coiled tubing as a work string with pressure up to 2500psi and blades to
create slots in the pipe and it could perforate several sections of the same pipe size in one run
as much as the blade is not blunt” [42]. The existing tool now creates four longitudinal cuts on

one level and this can be repeated as much as needed with considering time factor.

This tool is proposed to be used to create slots in the upper part of the tubing to minimise its

helical buckling in scenario 1.

The tool could be used in scenario 2, but some modifications are required because the
maximum achievable length of the slot and the number of them (only 4) in one level are still

limited because of designing issue.

The permanent mark that the blade will leave as shown in Fig.3-7 and Fig. 3-8 can be
considered favourable since it reduces the required crushing force, because the crookedness
has a significant effect on the buckling strength. And later, the results will show the highest

applied force is the initiative one when the pipe still has its shape rigidity.

Fig. 3-8 Premature Deformation after perforating
by Gator perforator (Lee Energy)

Fig.3-7 Gator tool cuts in casing
(Lee Energy)
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3.3.1.2. Commercial Pipe Wheel Cutters

Qilfield Innovations have cut oilfield API tubulars by hand using common cutting wheels (Fig.
3-9). Qilfield Innovations claims that these cutting wheels can be deployed by a tool conveyed
on Slick line or Coiled Tubing (Fig. 3-10). The wheels are extended to begin cutting into the
wall and the tool is worked up/down between selected depths in a well until the wall of the
tubing is longitudinally cut [13].

TOP VIEW - AXIAL TUBING CUTTER

Fig. 3-9 API pipe cut by wheel
cutter [15]

[ S ———

INNOVATIONS
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Fig. 3-10 Qilfield innovations wheels skate [13]

3.3.2. Compaction Piston

Many service companies can supply inflatable packers that can go through a pipe and then set
inside it by inflation and also retrieve it to perform certain jobs like water shut off, squeeze

cementing, pressure testing casing patches, testing and treating, and set bridge plug.

Finding a suitable piston for this method will be a challenge because it should have some

special specifications like:



Piston movement: the available packers in the industry are not designed to move after
setting and if that occur then it will be an indicator that the packer is failed and it is not

sealing. The required piston for this method should seal and move at the same time.

The packing element is usually made of rubber which has the highest friction
coefficient with other materials (1.16) [43]. With clean dry steel the proposal solution
for this is to use a special lubricant mixed with pumped water which will be placed in

the wellbore, Ramex company supplies such fluids.

The maximum allowable differential pressure across the piston: one of the main
objects of the piston is to transfer the pressure above it into a force below it, and is
supposed to have a high differential pressure (DP) across the piston (the lower DP the
less transferred force), and there is a limit for the DP that the available packers can

stand. Fig. 3-11 shows the DP ranges that (World Qil Tools) thru-tubing packers can

Thru-Tubing Packer Differential Pressure Capability

PIPE SIZE

Fig. 3-11 Thru- tubing packer differential pressure capacity [7]
stand at 120°C, where it can be noticed that the higher the inflation ratio (pipe

)1’7 Yls
Element O D. (Inches)

size/element OD), the lower the differential pressure rating. The differential pressure
rating based on the packer’s ability to seal at the rated pressure, not to resist the

movement.

The movement of the piston will imply a certain limit of leakage since a liquid should
lubricate the surface between the piston and the casing. There will be no way to
control the lubrication process which can develop to a type of uncontrolled leakage

that may lead to operation failure.

Size compatibility: some of the inflatable packers are designed to be run and set in the
same pipe size, but the requirement for this method is to pass through the tubing and
set in the casing.
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e Ability to transfer from tubing to casing in the inflation condition: if the tubing was in
compression, so after severing it could not drop down enough to create the required
casing window length to set the packer inside the casing. In this case, the packer should
start the operation inside the tubing and then move to casing. In normal cases, if that

occur it will damage the packing element of the packer.

e Piston Twisting: it is noticed in the performed tests (see Section 3.4.1) that in many
cases the used piston is twisted due to the tubing crushing. This issue is a reason of
many test failures during the modelling especially when using the cement retainer as

a piston.

e Temperature effect should be considered too, the higher the temperature the lower

DP capability.

Oilfield Innovations has contacted TAM International to fabricate the piston that can meet the
needs of the operation, and as a first step TAM will provide a specially fabricated piston (Fig.

3-12) that will perform the proposed real scale test (Section 3.4.2) in the near-term.

Fig. 3-12 TAM fabricated piston for large scale test [13]

Here are some examples from the companies produced inflatable packers.
3.3.2.1. Thru-Tubing Inflatable Packer (World Qil Tools)

This packer is run on coil tubing, used for the usual isolation jobs when the tubing cannot be
removed or pulled, the element can inflate up to 3 times of its original size [44]. It can maintain
variable differential pressures as shown in Fig. 3-11 across the packer element, the length and

the temperature resistance of the elastomer compound can be varied.
3.3.2.2. TAM inflatable packers (TAM International)

This kind of packers is special in its design, it can be inflated by wellbore fluid and does not
require mechanical mechanism to inflate, and it sets effectively in either cased or open hole

and is available for different well sizes and differential pressures.
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There are two types of the packer:

e Rubber full cover (Fig. 3-13) where only a rubber attached to the wellbore and is mostly

used for the open hole.

e The packers with the anchor (Fig. 3-14) specially used in the casing to prevent

movement of the inflatable packer after it has been inflated.

Fig. 3-13 TAM plug full covered rubber [27]
Fig. 3-14 TAM plug with slat type
element [27]
This kind of Inflatable packers can accidentally slip down in the hole if the pressure inside the
piston decreases and pressure applied against the top of the packer cannot be maintained.

This is how OQilfield Innovation Limited will use this packer to push tubing [27, 45].

The previously mentioned challenges of using hydraulic packers will force to think out of the
box to find other alternatives with different mechanism like heavy duty mechanical jars or
electro- hydro pistons which also will have a lot of challenges not the least the time and cost
consuming, these alternatives have never been addressed. As an example of these tools is

Well stocker from Welltec.
3.3.2.3. Well stocker (Welltec)

A hydraulic stroking tool that can produce 100,000 lbs impact force shown in Fig. 3-15 and
run by electrical line, and is field proved with many succeeded jobs. Tools and adapters can
be attached to the actuator piston, and operations can be controlled from the surface after

the stroking tool has anchored itself in the hole [23].

Fig. 3-15 Hydraulic stroking tool [23]
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The tool is designed to push or pull a number of times during the same run regardless of well
depth or deviation. The stroke length of the tool is 14in. Accordingly for 50m compaction of

tubing, up to 150 strokes are required [46].
3.4, Qilfield Innovations models

Qilfield Innovations has performed a test in 2013 and will perform another one with real scale

pipes in 2017. An essential aim of the modelling attempts is to answer the following question:

e How will the longitudinal and transverse cuts effect the crushing ratio?[17]
3.4.1. Performed Horizontal Crushing of 2 3/8” Tubing within 5 %” Casing

This model has been performed by Clint Smith! and Bruce Tunget?, and the data cited in this

paragraph are based on a report issued by “Qilfield Innovations”[17].

6 runs have been performed using 2 3/8” 4.7 Ibs/ft tubing within 5 %" 20 lbs/ft. casing. In some
of the tests, achieved a “dry” compaction reached to 46% compression ratio, where friction

factors are at their highest levels.

On the other hand, several failed model runs were confronted because of “various modelling
difficulties resulted from the use of minimalistic (hardware store) equipment and short or
weak pistons. Accordingly, model runs [1] to [6] suffered from an inability to displace
significant volumes at higher pressures, which prevented continuous crushing. Continuous
crushing could have been achieved using oilfield specification pumps that can displace

significant volumes at high pressures” [17].

1 Clint Smith, Houston, Texas, USA; Mobile Tel: =+1 713 204-1878; E-mail: clint@oilfieldinnovations.com
2 Bruce Tunget, Aberdeen, Scotland; Tel: +44 1224 746697; Mobile: +44-7543-641408, E-mail: bruce@oilfieldinnovations.com
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3.4.1.1. Modelling in Details

The test process, briefly, starts with pumping the water into the CSG that push a piston inside
the casing to crushed tubing within the CSG. Fig. 3-16, Fig. 3-18 and Fig. 3-17 show some of

the used equipment in Boneyard. The constructions of the runs are as the following:

. . Fig. 3-18 test location [17]
Fig. 3-17 pressurized

wet piston end [17]

e Run (1): Approximately 348 ft. of 2 3/8” TBG was placed inside 380 ft. of 5 %4” CSG to
study the friction losses due to buckling (Fig. 3-19).

Fig. 3-19 Run 1 Sketch
e Run (2): Approximately 63.5 ft. of TBG with 3 longitudinal slots was placed within the
CSG and compacted (Fig. 3-20).

Fig. 3-20 Run 2 Sketch

e Run (3): Approximately 32 ft. of TBG with 6 longitudinal slots was placed inside the CSG
and crushed (Fig. 3-21).

Fig. 3-21 Run 3 Sketch
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e Run (4): Approximately 95 ft. of TBG, comprising 31.5 ft. with “6 longitudinal cuts”,
31.7 ft. of TBG with “3 longitudinal cuts” and 31.6 ft of un-slotted TBG, was placed
inside the CSG and crushed (Fig. 3-22).

e Run (5): Approximately 31.6 ft. of TBG with 3 longitudinal slots was placed inside the
above CSG and crushed (Fig. 3-23).

e Run (6): Approximately 31.6 ft. of TBG with 6 longitudinal slots laterally cut into three

Fig. 3-22 Run 4 Sketch

Fig. 3-23 Run 5 Sketch

Fig. 3-24 Run 6 Sketch
(3) equal portions was placed inside the above CSG and crushed (Fig. 3-24).

3.4.1.2. Results

This Modelling proved the fundamental principles and feasibility of DHTD idea.

The modelling roughly found that transverse cuts lead to side-by-side compaction of tubing
while longitudinal cuts resulted in a common crushing pattern and/or side-by-side
compaction. The compaction operation was effected directly by point force of the crushing
piston and friction inside a horizontal casing. In this section, the pictures are compounded

from different pictures to show a relevant tubing length.

Table 3-2 shows the main parameters and results of each run, also here are some of the

comments and observation related to each run [17]:

_fw g- . -._’ IA' . .- .-.“ o o

Fig. 3-25 Run 1- plastic buckling deformation [17]
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Run (2): In this run, a 1in plate was placed at the end of the tubing to centralize the
tubing during crushing, which twisted and caused the piston to fail after the tubing
parted and compressed into a (side-by-side) type. The twisting of the plate also
prevented the axial force to transfer to the rest of the pipe, which resulted in

approximately a 15.5% compression ratio (Fig. 3-26).

Run (3): As shown in Fig. 3-27, a wooden plug, which was stronger than the elastomer
ones, also failed under point loading, which ultimately caused the piston and wiper

plugs to fail.

Run (4): Using a 20-in. length improved piston which had plates welded on both ends
allowed to continue crushing to 5800 psi and resulted in a compression ratio of 46%.
The tubing compacted in a side-by-side shape shown in Fig. 3-28, where the uncut
tubing was compacted through the tubing with 3 slots, which in turn compressed the

tubing with 6 slots into a shape like that seen in the previous model runs.

Run (5): A window was cut in the casing to observe the in-place compacted tubing, as

shown in Fig. 3-29.
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e Run (6): Designed to combine the effect of transverse and longitudinal cutting by
splitting one joint of tubing with 6 slots into nearly equal 3 axial parts, the run resulted

to combined types of compaction as shown in Fig. 3-30.

Table 3-2 Boneyard crushing modelling results

Run # /Tubing Joints Max Cause of Compaction Type of
#/ slots # Achievable | Ending the test | Ratio % compaction
Pressure
Run#1/3 Joints/Non 2400 psi failure of the - helical buckling
wiper plug
Run #2/2 joints/3 4000 psi Water pump 15.5% due to | side-by-side and
slots seals failure plate piston local buckling
twisting (tubing parted)
Run# 3/1 Joint/6 Slots | 1800 psi leakage 11.8% local buckling
through the
wood piston
Run# 4/3Joints /Non- | 5800 psi 46% side-by-side and
3-6 slots local buckling
Run# 5/1 Joint/3 Slots | 4200 psi cement wiper | 45.6% local buckling
plug seal
failure
Run# 6/1 Joint/6 Slots | 3000 psi 45.6% side-by-side and
local buckling

CRUSHING
PATTERN e
FOR LONGITUDINAL
TUBINGS CUTS

Fig. 3-26 Run-2 compaction shape [17]

-

Fig. 3-27 Run-3 compaction shape [17]
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Fig. 3-29 Run-5 compaction shape [17]
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Fig. 3-30 Run-6 compaction shape [17]

3.4.2. Proposed Large Real Scale Tubing Compaction

The results that have been shown in the previous modelling were not convincing enough to
the operators to go ahead and apply such a method in their wells, since the model results lack
the necessary engineering data in which the method can be implemented in practice. So

Oilfield Innovation coordinating with Conoco Philips-Norway have arranged to perform a large
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real scale modelling in 2017, which is simulate Scenario 1 of compaction. This section is based

on a report delivered by Qilfield Innovation [13].
3.4.2.1. Simulation objectives

The main aims of the modelling are to demonstrate the compaction on a real scale and collect
data for numerical modelling of the process. Back to Fig. 3-4, some of the variables can be

determined by this simulation, like:

e Friction fp for either an inflatable or solid piston will be measured by pumping the

piston through water filled casing.

e Pumping pressure changes APs and associated volume changes AVs will be measured
and recorded during compaction while return volumes AV,g; and pressure Pyr will

be measured

e Piston lost volume AV;p; will be calculated based upon the difference between
pumped volumes and return volumes while the associated pressure loss will be valued

using available friction values for the simulation pipework.

e The above measured and calculated variables will then be used to estimate the

combined yield (Fzy,) and frictional (Fz) forces resisting compaction.

To get a rational analysis of these collected data, they must be linked to the simulation

arrangement details, like (just to name but a few):
» Casing and Tubing specifications, condition and lengths.
» Tubing plasma cut dimensions, alignment and placement.
» Piston, pump and other rig-up equipment details.

» Visual documentation of the simulation arrangement and the compaction results.
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3.4.2.2. Overview of simulation rig-up and procedure

\

Connection
of casing
strings to

Tank with Level Indicator minimise
piping
Positive Displacement Pump with \
Stroke counter and pressure recorder
\ 9 5/8” API Casing

High Pressure Piping
and Casing End

Caps 4 Chain Tengs and Rollers to assemble Tubulars

e

Inflatable Packer, Cement Wiper Plug and/or Constructed Piston

N

3 1/2",4 12", 5 1/2" and 7" API Tubing pushed inside Casing

= Forklift to Lift and Push Tubulars

Fig. 3-31 schematic of large scale test rig-up [13]

As shown in Fig. 3-31, the large real scale rig-up for the proposed simulation mainly comprises

of:
e 122 mof 9.625” Casing (FF-A1-02),
e 122 mof 7.625” Casing (FF-A1-02)
e 4x100 of 4.5” Tubing (TC-C1-(01, 02) and TC-C2-(01, 02)).
e 2 Piston (inflatable packers or cement wiper plugs)
e Data recorder, water tank, positive pump and other pipework including valves.

It is clear from Fig. 3-31 that the rig up is designed to be horizontal, because it is the easier
and safer as an “up-ground” simulation. Even though it is not applicable (it is difficult to set a
cement plug in a horizontal section), but it includes the worst-case condition, and this will give

the results a range of tolerance when it comes to using them.

Plasma cutting will be used to create tubing slots which will simulate the downhole
longitudinal slicing and perforation, whereas the simulation proposes that in the real case, the
upper part of the tubing will be perforated (to prevent its helical bulking) with Gator
perforating tool described in Section 3.3.1.1, and the lower part will be cut using Pipe Wheel

Cutters described in Section 3.3.1.2.
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As shown in Fig. 3-32, to simulate long longitudinal cut along the lower part of the tubing a
consecutive set of 1m plasma cuts separated from each other by (1 inch) length spaces will be

created in 50m of tubing. This (1 inch) spaces are to enable transferring the tubular and

inserting in the casing.
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Fig. 3-32 plasma cutting dimensions tubing lower part [13]

To simulate the upper perforated part of the tubing, a consecutive set of 0.1 m plasma cuts
separated from each other by 1m length spaces will be created in 50m of tubing as shown in

Fig. 3-33.
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Fig. 3-33 plasma cutting dimensions tubing upper part [13]

As a lesson learned from the previous simulation, to protect the inflatable piston or cement
wiper from damaging during crushing, a half meter “push” plug will be used between the

inflatable packer or wiper plug and the tubing.
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More data about the required equipment and its description are shown in Appendix B,

whereas each item has a number related to P&ID schematic shown in Fig. 3-34.

BOX ENDCAP REDUCER: 8.625"-FF—21-03

CASING:

PIN ENDCAP REDUGER: 9.625"—FF—A1-01

PLASMA CUT TUBING 4.5°-TC-C1-02

RIPEWDRK »>=: 2"-FF—A3-03

PLASMA CUT TUBING 4,8"=TC=C1=0
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Fig. 3-34 Large Real Scale P&ID Schematic [13]

As a simplified explanation of the simulation, the water will be pumped into one end of the

casing to drive a piston that pushes the dashed part of tubing into the sliced one, and a choke

valve will be hooked up at the other end the casing to simulate injection pressure into a

formation. Fig. 3-35 illustrates the two main stages of the simulation, whereas index 1

represents the starting stage, and index 2 represents the ending stage.

[Positive Displacement Pump } [ Casing ] [WiperPIug &Push Plabe] ElnsplitWholeTubinq ] [—Plasma Cut Single SplitTubing] [Simulated Injection Pressure ]

Casing Vol 1A | Casing Vol 1B
Viln Triplex Pump Plin ‘ [ Tubing Length f 2 ] Tubing Length /2 |
] ‘__%,_J.. 3 —b,..l & uj P Plout
] [ — R
M
ﬁ.l Casing Vol 2A ‘ Piston | Casing Vol 2B 1
7 -
H —

[ Simulated Wellhead Injection Pressure } [Enm Casing Filled with Water from both ends][ Wiper Push Ejects Tubing after Completing resr} [ Compactad mbmg]

VZout

Fig. 3-35 simulation two stages [13]
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3.5. Advantages of DHTD method

This method will enable to eliminate some real problematic issues encountered during
conventional methods of well plugging, and thus, saving costs by reducing the using of
personal and equipment to its lowest level. Furthermore the benefits will go beyond that to a

step change in safety and reducing pollution, since all sources of pollution will stay in the well.

The method advantages can be recognised more by comparing the P&A conventional

operation with DHTD method operation, as it will be explained below.
3.5.1. Removing XMT and install BOP

In P&A operation when using the drilling rig, it is obligatory to remove the XMT and install
BOP’s, this step involves many sub-steps to ensure that the well is safe during the changing
operation like killing the well and/or set deep-set plug and tubing hanger plug, but with DHTD
method, all these operations are cancelled because well intervention is used to perform the
operation knowing that well intervention enables the working through the XT. It needs to be

mentioned that this method will not prevent the using of the drilling if it is needed.
3.5.2. Completion, control and gauges lines and the clamps removing

Additionally, the method will cancel all the actions required to retrieve the tubing to surface,

there are other benefits related to control line presence and good to be mentioned, like:

e BOP’s could not seal completely with the presence of control lines and clamps, and in
the case of unexpected flow happens then the pulled tubing should be cut, that can
require a fishing operation which makes the process more time-consuming. Of course,
this will not be the case with DHTD method, because gauge and control lines are left

in place downhole until they are crushed with the tubing.

e The challenge of un-reaching the control line during sever the tubing laterally will also
be faced in the tubing disposal method, and a proposed solution is be presented in

Section 3.6.3.

e A lot of completion design criterions can be challenging when using rigs for P&A like
the presence of trapped annulus between tubing packer and liner or PBR, and many of

these problems will be eliminated when using the tubing disposal method.
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3.5.3. Cementing behind the production casing

The proposed method will enable performing conventional logging to check the integrity of
the cement behind the casing by creating the casing window. The compaction piston can rub
the casing during compaction to provide a clean casing surface for better logging and

placement of a cement plug.

Section 2.3.3 discussed the methods for repairing the bad cement behind production casing
like casing milling, which is the undesirable conventional way, or PWC method. Both methods
can be used with DHTD method, but in addition to that and as an alternative to perforation,
the casing could longitudinally be sliced by the pipe wheel cutter tool, and after cementing,
the casing with cement will form a plug like a concrete as shown in Fig. 3-36, and the
innovation company has expanded further in offering the advantages of this alternative and

can follow through reviewing the company website.

SHREDDED CASNG

Fig. 3-36 longitudinally slicing casing
solution [19]

3.5.4. HSE and Cost Efficiency
The method will minimize the cost and the risks related to P&A operations, since:

e The daily and mobilizing cost will be less, with using the slick line and/or coiled tubing.

e No need to remove the existing well control barriers, since well intervention methods

are designed for such case.

e With barriers already in place, testing those barriers in the beginning of the operation

is less time -consuming.

e Usually, installations require a refurbishment for Rig P&A operations hence, adding

significant cost that can be as expensive as using a mobile offshore drilling unit
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e Compared to a rig operation, CT and WL involve fewer people and fewer man-hours,

hence, less risk to personnel.

e Duringrig operations, the exposure to NORM is higher when handling the back brought
downhole equipment. Conversely, this method will keep the NORM equipment in the

hole and, therefore, has less impact.

e Eliminate the hazardous associated with waste disposal, since the downhole

equipment stay in place.

e Inarough cost estimation performed by Oilfield Innovation [19], this method can save
at least two-thirds of the cost comparing to using drilling rig method for P&A. And any
new cost estimation will be in favour of developing this method since it uses field
proven technology with a lower operating cost. It is believed that the cost of verifying

this method, can be recovered within the first well P&A operation
3.6. Technology challenges

As any technology, DHTD has its own technical and operational challenges, or even principal
ones. In this section, some of these challenges will be presented with some suggestions to skip

them.
3.6.1. Field evidence deficiency

The technology is new and unproved and this is the main concern about the method. And this
is the case for most of the new ideas. To overcome this issue, Qilfield Innovations with
ConocoPhillips-Norway are going to perform tests to qualify the method before performing
an actual well abandonment. The method casts a lot of uncertainties about the compaction

ratio, the detailed working mechanism and other issues that require more studying efforts.
3.6.2. Undesirable stop of the operation during executing
During operation, the piston could stop due to many reasons, some of these reasons are:
e Large leakage around the piston, this point is discussed in Section 3.6.6.
e Reaching the maximum allowable pressure.

e Rising of enormous frictional forces at piston or over the compacted tubing and
producing mechanical lock up.
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If this occurs, a drift run will be made to see if the compaction stopped before reaching the

required depth, in this case, some of the available options include:

e Place alubricant above the piston, this option should be performed before running the

piston.
e Displace the well with heavier fluid.

e If the maximum allowable pressure was reached with a heavy fluid, then a heavy duty
slick line jarring string with a long length of the stem could be used to jar down on top

of the piston to add a jarring force [19].

e If the planned depth of the casing window is not critical, then another section of tubing

will be cut and compacted above the existing one.
3.6.3. Tubing severing and control-lines

In DHTD, presence of control and gauge lines and their clamps will be also a real challenge. In
additional to the probability that the control line could not be cut laterally with the tubing,
slicing the tubing longitudinally could not reach the clamps and connectors, and this will

harden the compaction and produce high friction forces.

The method gives a suitable solution to deal with control lines, wherein during the compaction
process, by positioning a viscous polymers pill above the piston to provide sufficient sealing
around an intact control line, and while compacting the tubing the control line will break, thus,

allow the broken control line to coil into the bottom of the well [19].
3.6.4. Leak development around the piston

From Table 3-2 which shows the results of tubing crushing experimental model, one can see
that the failure in many test runs was the piston failure, where the piston could be exposed
to different kinds of stresses and pressures that could result in its failures, and growing leakage
around the piston will prevent achieving the maximum pressure. One of the solutions to
overcome this problem is to pump viscous pills or a cross-linked polymer above the piston, or

run another piston.
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3.6.5. Previously collapsed tubing

In some wells and during their production periods, a collapse or deformation can be developed
in the tubing because of the different loads and stresses that the tubing is exposed to. Any
deformed tubing need to be enlarged to have an internal diameter of at least the outer
diameter of the uninflated element. This can be achieved with swaging. If swaging is not able
to retrieve the required internal diameter of the tubing to reach the desired depth for the
compaction window, then DHTD method cannot be used, so before the proposed method

can be used, small diameter tools and/or coiled tubing must pass through any restrictions [19].
3.6.6. Leakage through production casing

Any leakage through the casing above the piston will prevent the required pressure build up,

and it should be plugged with lost circulation material or polymers for example.

Contrarily, below the piston or below the required depth of the proposed plug, holes are not
necessarily a problem, because planned tubing perforating is a key operation within the

proposed method as mentioned before.
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4. Theoretical Overview

Tubing crushing for P&A proposes is an innovative approach in the oil industry, so we tried to
approximate between different concepts from different industries to come up with some
theoretical basics that can be used to design a modelling for crushing method (especially for

scenario 2) . This chapter will discuss:

e Some of the principles used to calculate the required and encountered forces during

the operation like buckling and friction forces for different cases.

e Other studies covering tube crushing issue.
4.1. Oil wells pipe buckling

The general definition of buckling is “A mode of failure under compression of a structural
component that is thin or much longer than wide” [47]. The resultant deformation may be
elastic or permanent. In some cases, it may even lead to the structure collapse [48]. The
elements that are only exposed to axial compressive loads through the centroid are called

columns.

In general, loaded columns above their buckling critical load fail disastrously. For short
columns (comparing to long well pipe strings), the well-known Euler equation managed to

determine this load, but this equation cannot be used in oil wells with the long pipe string.

The Pipe string buckling in wellbores was and is still a challenge for engineering investigation
and this includes both types of buckling which are: the lateral or sinusoidal buckling and the
helical buckling. At the beginning, the pipe starts to buckle in a sinusoidal way, then with
increasing the load it transfers to helical shape, the incremental load above the helical buckling
limit will lead to a situation where the pipe cannot be pushed anymore into the well because
of increasing the contact force between tubing and casing, and this phenomenon is called

(lock-up).

Note that other shapes of buckling may take place depending on the hole geometry [49].
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Dawson and Paslay [1, 50] studied the stability of a constrained string in an inclined wellbore

and obtained Eq. 4.1 for the sinusoidal buckling load F;, which is widely used:

. \0.5
o N N
Where,
E Young’s elastic modulus
w Buoyant weight unit of the pipe
o Wellbore trajectory inclination angle
I Moment of inertia is calculated by: /

I = %(ro“' ) 4.2

] ] L Sinusoidal Buckling  Helical Bucklin
And r is the radial clearance between the casing inner &

. . . . Fig. 4-1 Type of Tubing Buckling in oil wells
diameter (Di) and the outer diameter of the tubing

(do). This is given as:

Some modification in Eq. 4.1 is done to include the friction factor in the previous equation to

become:

Feinf = (E”:Cf)o'5 4.4

The modified contact force w¢y, in Eq. 4.2 is defined as:

wsina

where u is the dynamic friction coefficient for sliding of the tube on the casing wall [1].

4.1.1. Helical buckling

4.1.1.1. Derivation of Helical buckling using energy method

Several researchers derived equations for helical buckling loads. In this work, the helical
critical load will be considered as the criterion for any further solution since it generates

numerous contact forces with the increased compressive load.
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The easier way to calculate the helical buckling force
could be using the energy method which is often used
due to the complexity of the forces involved when using

the differential equations solution [1, 51].

The total energy is obtained by the sum of the bending
strain energy and the work done by the gravity. The

conservation of mechanical energy states that the total

energy of the system is given by the work done by the

external axial load required for tube buckling and is

given as: \

AU = Y AW 4.6 A >

Fig. 4-2 Load- displacement relation [1]

Where AW is the sum of work done by the external loads

and force. AU is the stored energy and potential energy due to gravity [51].
The work done by the applied load is Fig. 4-2 is given as:
W=F=xA 4.7

Where F is external axial load, (wall friction forces are ignored in this analysis) and A is the

displacement which is given by [15]:

erL

pE.

_Z:Jr

A= 4.8

Where, L is the length of the string, p is the pitch length.
As the pipe starts to buckle, the bending strain energy is stored in the pipe and it is given by
Miska [51], assuming the average pitch to be constant:

8m4r2EIL
U= ot

4.9

In an inclined borehole, the component of the string of a tube also does work against gravity.
The magnitude of the work is given as:

W =wrlsiha
g 4.10
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Substitution of Eq. 4.6 in Eq. 4.5, and then Eq. 4.5, Eq. 4.8 and Eq. 4.10 in Eq. 4.4 and fixing for

F, one gets:

_ 4712EI N pzwsina

p2 212

F

411

Eqg. 4.11 can be graphically depicted in Fig. 4-3, and the smallest (critical) value for F in this

equation is given by:

=0 412
dp
By solving this equation, one can obtain the pitch length: F
4 8zYEIr
wsin &
413 dF/dp=0
Substituting Eqg. 4.13 back in Eq. 4.11 yields the critical helical >
Pitch,p
bUCkImg force as: Fig. 4-3 Force-Pitch relation [1]
2EIwsina’) 95
Frep = 2 (2222) 414

Or, compared with Eq. 4.1:
Fhei = \/EFsin 415
4.1.1.2. Helical buckling models
Mitchell [52] developed a different helical buckling critical (HBC) load:

Fhe1 = 2V/2F;, 416

The region between the two values in Eq.’s 4.15 and 4.16 is believed to be either helical or
lateral, and there are many HBC equations developed by other authors but their results are
in-between the last two values. However, Eq. 4.16 is believed to be the sinusoidal buckling
limit on loading to create the helix, and this equation will be used in this work, while Eq. 4.15

is the helical buckling limit on unloading from a helical buckled condition [53].

It is important to mention that using the buckling criteria represented by Eq.’s 4.1 and 4.16

may give conservative results because numerical modelling and experimental tests have
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shown that even if the compressive load is greater than the conventional helical critical load,
the axial force is still able to be transferred [49].
4.1.1.3. The compression ratio of a whole tubing due to helical
buckling load only
By substituting Eg. 4.13 in Eq. 4.6, one can get the helical compressing distance (Fig. 4-2) for
the whole pipe without any weakening when applying an axial force (F):

Fr2L
2EI

A= 417

For example, for 4.5” 12.6 Ibs/ft API steel tubing inside 9 5/8” 53.5lbs/ft casing, this distance
will be only 1.5ft when applying 60400lbs (which is the critical helical load using Eq. 4.) on
100m of nearly vertical (10 deg incl.) tubing.

Note that, this value is not accurate because it is calculated under specific limitations set by
the publishers who modified the previous equations and did not mention these restrictions is

due to the lack of importance here.
4.1.1.4. Effect of the packer and the tool joint on buckling loads

In DHTD method, if the handled tubing is the part of tubing which connected to the packer
and with the relatively short length of this tubing (around 200m) so the effect of packer should

be considered.

Mitchel [24] showed that when tubing attached to a packer (as shown in Fig. 4-4) is exposed
to an axial compressive load the helix will start at a distance from the packer (L1) which can

be expressed by (assuming weightless pipe):

Ly = 4.5(=)° 4.18
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Fig. 4-4 tubing buckling above the packer [24]

Also, he showed decreasing by (40%) in the contact force formed due to helical buckling and

increasing in the helical critical load 2.8 times to give the same pitch length [24].

As an example for the problem, assuming 4.5” 12.6 lbs/ft. N80 tubing in 9 5/8” 53.5 Ib/ft.
casing, the relation between the packer-to-helix length, L;and the axial load F is showed in
Fig. 4-5, it is clear that inducing an axial load reduces the packer-to-helix length rapidly from
600ft to 83ft at 5000Ibs, and with increasing the load, the decreasing ratio of this length will
be lower to be 29 ft. at 20000lbs, it is important to know that even this part of the tubing will
not be a straight pipe but it has a resistance to buckle, which will be so useful for crushing
scenarios where inducing buckling - and in turn mechanical lock up - could be a real problem.
On the other hand, if Scenario 1 is to be performed, it should be considered that keeping the
tubing connected to packer can reduce compaction ratio because the lower sliced part of the

tubing will be centralized by the packer.

(=] L = (5,
=1 =] =1

packer-to-helix|length

[y
=
=]

Fig. 4-5 the packer-to-helix length vs axial force

The Buckling behaviour of the pipes has usually been studied with an assumption of
continuous configuration, ignoring the effect of pipe joints. Duman et. al., [54] performed an

experimental study to investigate the effect of tool joints on the buckling, they found that:
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e The tool joints do not affect the sinusoidal buckling critical load that much, but it

increases the helical critical load approximately by 20%.

e The axial load transfer increases by approximately 40% in the presence of tool joints.

4.2. Column Buckling
4.2.1. Elastic and inelastic buckling

When a column (cylinder in this work) is exposed to an axial compression load, it could buckle,
and this buckling may be elastic or inelastic (permanent). Buckling could also happen in the
case of cylinders subjected to axial compression, torsion, external pressure or these loads
together. For example, buried pipelines used to transport fluids can experience high

compressive axial loads leading to axial buckling.

In the elastic buckling, the section buckles under a critical load given by Euler’s equation

(Eg.4.19) when the material of section is still in its elastic region.

_ m2El
cr — (KL)Z

4.19

K, effective length factor which differs based on the boundary conditions, Fig. 4-6 illustrates

the proposed values of this factor.

Buaclded shape of colummn is el el ()
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L] Ll
|- 1
H
h _-'
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Fig. 4-6 Effective length factors for columns [12]

While in inelastic buckling, parts of the section yield before buckling occurs due to residual
compression stresses in the section, and the previous equation is not valid to determine the
inelastic buckling limit. In general, the numerical investigation of plastic buckling needs to

determine the nonlinear stress-strain path in the stress-strain curve (Fig. 4-7).
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Fig. 4-7 stress-strain for alloyed steel

AISC specifications discriminate between the two types of buckling (elastic and inelastic) and
the one occurring with the least compressive forces must be determined by comparing the

column slenderness ratio to the effective (Euler) slenderness ratio [8].
The column slenderness ratio (C¢) is defined as:
C. = n(ZE(ry)o'5 4.20

The effective slenderness ratio (SR) is defined:

SR = KL\ Ag/l 4.21
If SR<Cc, inelastic buckling is critical and the critical load (F,) is given by:
SR?
Fy = o0,A(1— E) 4.22

Or according to AISC specifications:

2SR?

Ferqaiscy = 0, As(0.685 &) 4.23
Where, A; Cross-sectional area of the pipe, L,unsupported length of the pipe, g, Yield
strength of pipe.

If SR>C,, then the elastic buckling is critical and the critical load is given by Euler Eq. 4.19.

In AICS specifications, Euler equation involves the value (0.877) as a factor for initial

crookedness and by substituting Eq. 4.21 in Eq.4.19, one can get:

w2El
(KLy)?

) = 0.8774, (Z%) 4.24

Ferarsc) = 0877 ( =
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The previous AISC specifications for column design includes all issues related to crookedness,

residual stresses, accidental eccentricity [55], and it is abdicable under two conditions:
e The effective slenderness ratio, preferably should not exceed 200.
e The column should be non-slender element compression members.

The calculated loads by Eq.’s 4.19 and 4.22 are theoretical loads assuming that the string is

new and it has no initial wear, crookedness, corrosion or any type of damage.

As an example, to compare between the AISC and the theoretical equations results, Fig. 4-8
illustrates the relation between the unsupported length and the critical buckling loads for 4.5”
12.6 Ibs/ft. N8O fixed ends tubing. AISC underestimates the loads since it is preferable for
design engineers as a safety factor. In this work, the theoretical equations will be used since

it represents the worst case during crushing.

400000.0 @

350000.0 —o—For (Theor)
YeildloadF R
3000000 ,,___--------------._.?r._._ For (A150)

vvvvvvvv Fer Euder equation in in-elastic

Critical buckling load {lbs)
=
A
J
]
]
3

region
1500000 elasticbuckling
100000.0 in-elastic buckling'._

0.0 50.0 100.0 150.0 200.0 250.0 300.0

Unsupported length (inch)

Fig. 4-8 Critical buckling load (Theoretical vs AISC)

It is clear from Eq’s 4.22, 4.23 and 4.24 that the slenderness ratio affects on the strength of
the columns, and lower strength can be achieved by increasing the slenderness ration, which

in turn can be result of:
e Reducing the moment of inertia of the cross-section.

e And for a fixed cross section area, increasing the unsupported length.
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4.2.2. Buckling of curved plates

After slicing the tubing, it will form a bunch of connected curved plates, and during
compaction process, the axial compressive load will act on these curved plates. So, estimating
the required load to initiate a column buckling in the slotted tubing body could be related to

that required to buckle a group of connected, fixed and symmetrical curved plates.

It is expected that the behaviour of curved plates under compressive load would be similar in

many respects to that of a cylinder since a curved plate is basically a piece of a cylinder.

NACA [56] stated that “the large curvature plates buckles in the same manner as a cylinder
and the small curvature plates buckles basically as a flat plate.” Also, it stated that “the
buckling stress values for the plates depend on the geometry of the plate and on the boundary
conditions. Predicting the plate-buckling behaviour require additional parameters to describe,

which increases the difficulty of predicting”.

The previous section explains how to calculate column buckling limit loads for any type of
sections. So, one can calculate the critical buckling loads for one curved plate, if the moment
of inertia is calculated (or the radius of gyration) of such section. Through the assistance
rendered by Mr. Giorgio Pattarini (PhD student in the mathematic department at UIS), a
relation to calculate the moment of inertia for thick wall curved plate (/.,) was derived and

the result was:

Y3 —r3)sin( ’
Iy =2 (% (g —r» (0 + sin(6)) — (5872 sin()) > 4.25

(r2-r?)o
Derivation of this equation can be found in Appendix C.
The radius of gyration, 7, is given by

I
= Ja 4.26

Where A is the cross-section area of the curved plate:
Aey == (12 —12)0 427
v~ 5 (ro T ) .

Where, 0 is plate curvature angle, 7; pipe inside radius, 7, pipe outside radius.
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As an example, if a cylinder is split into two halves then, there are two curved plates with plate

curvature angle (6 =m) angle, and so on. Table 4-1 shows the value of moment of inertia and

radius of gyration for sliced 4.5” 12.6lbs/ft. n80 API tubing.

Table 4-1 moment of inertia and radius of gyration for different tubing curved plate angle

plate Corresponding | radius of moment of | Corresponding
curvature | cutsorcurved | gyration inertia yield force for
angle (0) | plates number each curved
in cylinder plate
360 0 1.503 3.432 288036
180 2 0.656 1.716 144018
120 3 0.327 1.144 96012.01
90 4 0.199 0.858 72009.01
72 5 0.140 0.686 57607.21
60 6 0.111 0.572 48006.01
45 8 0.087 0.429 36004.51

Fig. 4-9 shows the relation between number of the cuts (or curved plates) in a cylinder and

the moment of inertia value. It is clear how creating cuts in a cylinder can reduce the moment

of inertia sharply, and it is the same for the radius of gyration as Fig. 4-10 shows.

maoment of inertia

number of slots

Fig. 4-9 effect of slicing on | value

radius of gyration
5 = =

number of cutss

Fig. 4-10 number of cuts vs radius of gyration
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Back to the slotted tubing (where the slices of the tubing are still il
connected at the bottom and at the top as Fig. 4-11 shows) and to \\\(
calculate the critical load for such structure using Eq. 4.19 or 4.21, a
suitable value for “K” factor should be defined, and the experiments

will be the only way to validate this idea.

4.2.3. The inelastic local buckling and crushing analysis

for whole thin-wall cylinders \ 4

= =

Buckling of the columns under compression may take place within a Fig. 4-11 example of the
cross section before the overall column buckling or overall failure by sliced pipe

lateral buckling or yielding. This phenomenon is called local buckling and usually occurs when
the thin plates are slender. For cylinders, the local buckling will be developed under

compression if diameter-to-thickness ratio, A, greater than limiting width-to-thickness ratio

for a non-compact cylinder, 4, = 0.11 UE [55].
y

As an example, for N80 API 4.5” tubing 12.6 Ibs/ft.

6
A= =166< 1, = 0.11x 2%
0.271 80x10

=41.25

So, this tubing is non-slender compression members and un-subjected to local buckling.

The local buckling has the effect of reducing the load carrying capacity of the structure due to
the reduction in stiffness and strength of the locally buckled plate element, and if local

buckling occurs, then the column may not be able to develop its buckling strength.

Many fields of science and industry have been studying the local buckling and crushing for the
thin-wall cylinder to prevent the collapse under compressive loads or to design the energy

absorbers.

Andrews et al., [22] performed an experimental investigation to classify the axial crushing
modes of quasi-statically compressed aluminium alloy whole tubes and presented the

influence of tube geometry on the crushing mode in a classification chart (Fig. 4-12).
The experiments covered a wide range of:
e Length to internal diameter ratio (L/D) [between 0.174 and 8.754]

e Thickness to internal diameter (t/D) ratio [between 0.0165 and 0.25].
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Thus, the tubes they used could not be considered very thin.

In general, they found 7 modes of local buckling, the modes that the tube dimensional ratios
correspond with API tubing (t/D between 0.08 and 0.14) and in some way, more practical (for

example L/D>0.5) are:
e Concertina: (for t/D<0.1) axisymmetric and successive folding
e Diamond: successive folding associated with a change in the cross-section shape of the
pipe.
e Euler for L/D>5: Bending of tube as a strut.

e Concertina and 2-lobe and/or 3-lobe diamond: Folding first in the concertina mode
changing to the diamond configuration; 2 lobe: square cross-section pattern; 3 lobe:

hexagonal cross-section pattern.

All modes together with experimental examples and load-displacement curves for each mode

and the absolute size of the tubes are shown in (Appendix D).

Andrews et al., [22] reached the conclusion that “the collapse mode of a cylindrical tube of

ductile material is not influenced by the absolute size but by the slenderness” .
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Fig. 4-12 classification chart for crushing modes of AL alloy tubes [22]
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Fig. 4-13 illustrates an example of the concertina case from an experimental work performed
by Alexander [18], and Fig. 4-14 illustrates the relation between the crushing force and
displacement, he also derived an approximation relation to calculate the mean (average)

crushing force for thin cylindrical shells under axial loading:
Favg = Cay,t"Vd 4.28

Where Cis a constant, can be determined by few experiments, d: mean diameter, t: thickness.
S0+
(k‘:‘]

30

20

Fig. 4-14 Example of static axial load vs
crushing distance for the concertina

Fig. 4-13 Example of the concertina case case [18]

[18]
The mean (average) crushing force, can be calculated by dividing the absorbed energy by the
total displacement, where the absorbed energy can be obtained by integrating the area under

the axial load-displacement curve [57].

It is clear from Eq. 4.28 that the mean crushing force is determined in terms of the material
properties and the geometry. It should be noted that this relation cannot be used when a large

deformation or buckling occurs [18].
4.3, Loads acting on the piston (pressures and forces)

At the outset talk about this topic, it should be noted that since the length of the handled
tubing length regarding TDHD method is relatively short (up to 200m), so it will be assumed
that the well is inclined only and any further calculations will be based on this assumption,

ignoring by this way the curved pipe case.

The applied pressure above the piston calculated by Eq. 4.29 will be affected by the wellbore
fluids properties and restricted with the maximum allowable differential pressure across the

piston and the well construction like the casing rating and condition.
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Ppiston = Psurf + Z?:l gihi — APfluid friction 4.29

Where; Py;ston : Pressure above Piston, Pg,,r : Surface presuure, g; : Pressure gradient of well
bore Fluid (i) above the piston, h; Height of well bore Fluid column (i) above the piston,

APruid friction - Pressure drop due to well fluids (above the piston) friction.

Throughout the compaction process, the piston should overcome a bunch of forces and
pressures which are generated from the first moment of the process. In Section 3.2.3, it is
discussed that one of the main aims of any modelling is to estimate these forces and pressures,

which include, but are not limited to, the following:
e Piston friction and weight.
e The required force to splay and compact the tubing (Fcr).
e Tubing weight and its drag force.
e Friction force due to lateral or helical buckling of the tubing
e Friction force due to splaying the tubing

e The expected formation injection pressure below and above the piston.

The thixotropic fluid friction force above the piston.

Each one of these loads will be discussed more in detail except the second item which is

covered in Section 4.2.1.
4.3.1. The Piston and the thixotropic fluid friction

The piston should hold the pressure above it, and then transfers it as a force to the tubing,
this means that the piston will be in contact with casing all the time with the minimum
allowable leakage, thus a friction force will be produced between the piston and the casing

and it can be estimated by:

FfT'iCp = ,Llp.Pp inApC 4.30

Where; an-cp: friction force between the casing and the piston, p,: dynamic friction

coefficient of the piston, P, : applied pressure inside the piston to inflate A,.: contact area

between the piston and the casing. This force should be reduced as much as possible, and for
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this purpose, it is proposed to displace the well to a lubricant liquid before the compaction

process.

On the other hand, a thixotropic fluid (cross linked polymer) should be placed above the piston
to reduce the leakage around the piston. For laminar flow and in single phase, the pressure

loss due to friction for constant flow velocity and tubular diameter is given by [58]:

dp _ 4161 2
dx  DjRe2""

4.31

Where; U is flow velocity, p fluid density and Re Reynolds number is given by

Re = 2Y-Di 4.32
My

Where uy fluid viscosity. Using the last two equations, the pressure drop due to well fluids

(above the piston) friction can be written by:

n
Q
APfluidfriction = 4‘0-76[)_1_4- § . 1.ufihi 4.33
i=

Where Q is the pump flow rate during the progression, assuming to be constant.

Since the weight of the piston is relatively small then it can be neglected.
4.3.2. The required force to splay and compact the tubing (Fspiay)

In Section 3.2, two scenarios of compacting have been presented, each scenario has a

different approach to estimate the required splaying and compacting force.

For Scenario 1, it will be difficult to find a proper analytical estimation for the required force
and experimental or numerical modelling is essential to solve this problem, and this work does

not present any proposal for that.

This work is more focused in Scenario 2, so an analytical estimation, numerical modelling and
in a small part experimental work have been performed to estimate the splaying and

compacting force and it will be presented more in details in Chapter 6.
4.3.3. Tubing weight and its friction forces throughout the compaction

Tubing friction forces are the additional loads generated by tubing contact with the casing due
to the weight of tubing, lateral buckling and splaying during compaction. In general, the

friction force equal to the friction coefficient multiplied by the normal force (N). Fig. 4-15
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illustrates a simple schematic of a pipe mass element and its mass components on an inclined

plane.

As a straight section is proposed for the tubing, and using Coulomb friction model, the

differential equation for static axial force balance (as depicted in Fig. 4-15) is given by [59]:

-, = W-cosa — uN 4.34

dF,

z
The first term defines the weight unit of the pipe axial component and for the piston
downward movement, this pipe weight component will be an auxiliary force. The second term
is the friction or drag component and it is subjected to N: The total normal force per length

unit and friction coefficient, and one can notice that the effect of lubrication is rising again

here to reduce the friction force by reducing friction coefficient.

Within inclined straight well arrangement, the total normal force will be equal to the tubing

unit weight radial component plus the forces induced through buckling and tubing splaying,

&ushing Force (Fz-dFz)
y

Ffric= u.N

Fig. 4-15 Tubing weight components

which increased with downward axial movement and associated tubing crushing, and it can

be expressed by:
N = NW + NSplay 435

Where Ny, : the contact force due to tubing weight and buckling which depends on the tubing
configuration and calculated by Eq.’s 4.36, 4.37 and 4.38, for straight, sinusoidal and helical

configurations, respectively [60]:

Ny st = w.sina 4.36

4 2
Nwsin = El7 (=) [342 — (42 — 02)(7 + A% — 62)] + 1F (=) (4% —

sin sin

62) + w.sina. cosb, 4.37
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F?r . 2mz
Nyher = w5 T W.sina. COS(T) 4.38

Where; P is the pitch of the helix, and 8., the angle between the pipe centre and the coordinate

axis.

Bc = A.sin (an) 4.39

Where P;, is the length of the sinusoidal buckling pitch which in equilibrium condition is be

given according to Miska [60] by:

Elr(3A%+1)

P, = 2. 4.40

2
wsina(l—%)

And A, the amplitude of a pipe sine curve.

Calculating Ny, starts with assuming the initial axial force, then the shape (straight, sinusoidal,
helical) can be determined. Next, the matching calculated contact force Ny, is substituted in
Eqg. 4.35, then N is substituted in Eq. 4.34, and the resultant non-linear ODE can be solved
numerically. For helical case, solutions of Eq. 4.34 are presented in details by Wu and Juvkam
-Wold [61]. Where Miska [60] improved a mathematical model that includes stable sinusoidal

post-buckling configuration.

It is important to note that these set of equations are designed for a whole coiled tubing case,

so the effect of the tool joints and/or the slots in the tubing body are not included.

A study by Mitchell [62] about the effect of friction on initiating buckling in tubing covered
one case of a slotted pipe (scenario one in crushing method). The study has shown that If the
pipe is slotted, then the initial buckling critical load will be less due to the lower polar moment
of inertia, which in turn will produce the contact force due to buckling faster. As a part of the
study, it is important to mention that Mitchell state: “the sliding friction does not allow

III

buckling for a perfectly straight pipe, unless the pipe is allowed to rol

In Chapter 6, a comparison is held to show the effect of the inclination, magnitude of the
inducing force by the piston, and the friction on the transferred force along the handled tubing
assuming the worst case which is transferring the force with a helical configuration of the

tubing.
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Nsplay: is the normal force created by splaying the tubing. When the tubing is splayed, it will

expand until it becomes in contact with the casing, and that will create additional contact force
between the tubing parts, on the one hand, and, on the other hand, between the tubing with
casing. There is no analytical estimation for this force in any of the scenarios, so the numerical
and/or experimental modelling is required to estimate these forces. Logically these forces
increase gradually during compaction process until a part of compacted tubing forms a rigid
solid body which cannot be compacted any more, at this level the contact force will be
maximum and this part will be in full contact with the casing and the whole applied axial force
will transfer to a normal force (as it will be seen in the results section (6.2.2.1)) and the
compacting process will create a mechanical lock up, and this condition should be avoided in

any compaction designing before reaching the required casing window length.

In this work, it is assumed that this force could be estimated by per the length unit, since there
are a consequent segments of compacted tubing and each segment produces its one normal
force
4.3.4. The expected formation injection pressure below and above the
piston

It has been mentioned before that perforation for tubing and casing below the piston is an

essential operation before starting compaction to prevent hydraulic lock up.

After setting the piston and starting pumping at surface, the piston will start to move

downward and the pressure will build up below the piston until it reaches the pressure
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(psi) 1,000 ]
/ | Shigt-im Gmg —
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Fig. 4-16 formation pressure test [3]
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required to initiate a fracture in the formation behind the perforated casing and tubing below
the piston, then the pressure will drop slightly as shown in Fig. 4-16 to the fracture closure
pressure. The values of this pressure can be collected from well data. If the fluid below the
piston has pressure gradient g, and the height of this fluid column between the piston and
perforation point hp then the pressure that the piston should overcome from below during

compaction:
Py = Poosure — 9p-hoy 4.41

Where P.sure IS fracture closure pressure. Controlling the crushing process with this pressure
gives a safety factor to the operation whereas the piston will not move until this pressure is

build up below it.

This pressure will be as a cushion working on mitigating the high sudden movement of the
piston during the crushing because the numerical results showed that the changes of the
tubing reaction force with the crushing displacement are irregularly oscillated (Fig. 6-14 as an
example), these oscillations may cause some problems during the process, to name a few
piston failure and contamination of the fluids with each other above the piston, not to
mention the surface pressure fluctuation and its consequences, beside that it will help to
prevent a premature mechanical lock up by giving the tubing the time to distribute the applied

load in a more balanced way.

On the other hand, the casing above the piston may be deteriorated and it has been mentioned
that a leak point to the formation behind the casing in a case like this should be fixed, but if it is
not, the initiation fracture pressure of this formation and/or the intermediate casing rating
should be considered in the design process, thus, this pressure will be an additional limitation of
the maximum applied pressure, and it may be acceptable if the applied pressure causes a limited

leakage to the formation.

64



5. FEM Model Building and the Experimental Validation Test

Numerical approaches are now widely used in engineering due to the advancing step in
computational resources. Among the numerical methods, FEM is the most popular convenient
approach, because it is easy to implement for all kinds of boundary and loading conditions and
it can be used for analysing large complex structures. However, experimental measurements

are still considered a powerful data required to approve most of those models.

The aims of this chapter are to introduce this method (FEM) and its computational commercial
tools and to obtain numerical data about tubing crushing to predict its necessary parameters.
The chapter also includes the details about the experimental test which was performed to

validate the FEM modelling and the analytical estimation.

When having a look over numerical simulation and buckling behaviour, one can find numerous
studies about this topic, but tubing crushing and numerical modelling is a real new approach,
therefore what will be presented in this work about it is a step of the novice, and a try to step

forward into this area.

5.1. FEM Modelling
5.1.1. Introduction to FEM

FEM starts with discretizing the structure over a mesh of elements which are simpler to be
analysed using equations. Thus, more number of elements leads to more exact solution to the

problem.

Solving the problem will go through sequent steps shown in Fig. 5-1, starting with defining the
physical system and trying to build a numerical model for it, to pass through analysing stage
and improve the model, then to end with setting the criteria for optimum design for the

system parameters which in turn leads to solving the problem [25].

In FEM, each stage of this process involves different issues should be considered, as it follows

[25]:
e Defining the physical system:
» Structure dimensions and symmetry.
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» Load magnitude, type and its variation with time
» Constrains on the structure.
e Building the numerical model:
» Structure material properties and geometry
» Loads applied on the structure and boundary conditions
» Environment interaction with the structure
e Meshing the structure:
» Element type and type of formulation
» Meshing quality and fineness of meshing for stress concentrations.
» The transition between elements types.
e Type of analysis:
» Static analysis: the basic type, no dynamic effects on the system.

» Harmonic analysis: used to predict the response of an assembly to continuous

cyclic loads.

» Transient dynamic analysis: used to measure the dynamic response of an assembly

when dynamic loads are applied.

» Dynamic analysis: used for complex dynamic systems that transient analysis cannot
solve. In Abaqus, two kind of dynamic simulation are available (explicit and

implicit).
e Model verification and validation
» Check the acceptability of the solution
» Requirements for any modifications on the model
» The accuracy of the solution by comparing the results with real case results.

During building the model, load category can be chosen according to what the physical system

is exposed to. The FEM tools involve these categories:

66



e Body loads: where the load acts on the whole body (weight of the body as an example)

and the load is distributed on the nodes (that make up the elements).

e Surface loads: where the load acts on one of the body surface or edge (internal

pressure as an example) and the load is also transferred onto the nodes.
e Pointed loads: where the load acts on an exact point in the body

e Dynamic loads: the previous loads are static loads, and if a dynamic analysis is to be

chosen, then the load will be changing with time.

Physical Problem Change Physical
Problem
A
| Improve
Mathematical Problem [« Model

4

<
Finite Element Solution of
Mathematical Model

v

Refine
Analysis

Interpretation of Results

Design Improvements
Structural Optimisation

Fig. 5-1 steps of problem solving using FEM numerical solution [25]

5.1.2. Overview of ABAQUS/CAE 6.14-2 and Autodesk Inventor workbench
17.0

ABAQUS/CAE is one of the commercial tools that uses FEA technique for simulations purposes.
This tool is mostly used by structural and mechanical engineers to simulate real-life models
and test its compatibility and material performance under different conditions. In this work,

both ABAQUS/Standard and ABAQUS/Explicit are used.

Autodesk Inventor workbench 17.0 is another tool used in this work to build the proposed

assemblies, and then they are transferred to ABAQUS to be modelled.
5.1.3. Geometry Building using Autodesk Inventor
The geometrical pipe models were built based on the following tubular dimensions:

e 5.5”17Ib/ft (ID=4.77") with 10” slots length used for experimental validation.
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e 4.5”12.6Ib/ft (ID=3.96") with (39.37” =1m) slots length to simulate the length of slots

in the lower part of tubing in in the large real scale test [13].

e 95/8” 53.5 Ib/ft (ID=8.535") for the casing that will case the tubing during crushing

simulation.
The number of slots in the experimental and tubing pipes will be 4 centrally faced slots.

The rest of dimensions like the total length of each tubular and the un-slotted separator parts
length in the tubular will be mentioned Table 5-1, and the figures from Fig. 5-2 to Fig. 5-4

(created by Auto Inventor workbench 17.0) show these models.

Table 5-1 geometry of the simulated assemblies

Model number

Details

Remarks

Model#1 (a slotted piece of
tubing with one set of slots)
Fig. 5-2.

13.4 “length 5.5” Pipe with
10” length and unslotted
top and bottom bases 1.7
in length for each

The aim is to compare with
analytical estimation and
experimental results

Model#2 (a slotted piece of
tubing with one set of slots
within 9 5/8” casing) Fig. 5-3.

44 “length 4.5” tubing
with 40” length and
unslotted top and bottom
bases 2” length for each

Simulate the proposed large
real scale experiment

Model#3 (one whole joint of
tubing slotted with same set
of slots in model#2 within
95/8” casing) Fig. 5-4.

396” length 4.5” tubing
with repeated set of
(4x40”) slots separated by
4” uncut tubing part and
unslotted top and bottom
bases 2 in length for each

Simulate the proposed large
real scale experiment

Fig. 5-2 Model 1

Fig. 5-3 Model 4

Fig. 5-4 Model 5

The sketches of the assemblies are created in 2D first then extruded to 3D when the length of
each sketch is added in the second step. Creating the slots was a challenge but it became

easier with the help from Mr. Adugna Akessa (senior engineer - structural engineering
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department in UIS). The tubular centre is the centre of the coordinate system (x, y) = (0, 0)

and the diameters are inserted regarding this point.

5.1.4. ABAQUS models building

In ABAQUS software, different modules are used to design the required model like (Part,

Interaction, Assembly and so on). The following steps are performed by using those modules:

Creating pipe parts: the parts are imported from Autodesk Inventor as step files and
set as deformable parts for tubing and experimental pipes and as discrete rigid part for
casing pipe. All pipes have a “solid shape” base feature but the casing is converted
from solid to shell afterwards to ease creating the inner casing rigid surface which will

be used later. In this stage a reference point for casing pipe is created too.
Inserting pipe properties: two sets of material data are created:

» Material 1 (N80): referring to the data in Table 5-2 which are used to simulate

slotted tubing placed inside casing and based on API L80 material.

» Material 2 (S110): referring to the data in Table 5-3 which are used to simulate the

experimental pipe and based on APl S110 material.

The plastic deformation data for the corresponding tubular grade are taken from
graphs shown in Fig. 5-5, and no shear failure is involved, so the pipe will not fail

whatever the stress and strain are.

After choosing the proposed material for each pipe, a section is created for the tested
pipes under “solid” category and “homogenous” type and the pipes is assigned to that

section, but for the casing pipe since it is rigid part so it cannot be assigned section.

Table 5-2 API4.5" 12.6 Ib/ft L80 tubing properties

Material 1 (tubing joints) properties Plastic properties:

oD 4.5in Stress psi Strain
ID 3.96in 96000 0.5%
Wall thickness 0.27in Tension 97000 1%
Material yield strength 80000 psi 85000 1.5%
Young’s modulus 29.10° psi 64000 2%
Ultimate yield strength 97000 psi Compression | 108000 | 1%
Poisson’s ratio 0.3 140000 | 1.5%
linear hardening modulus 14470psi 172000 | 2%
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Table 5-3 API 5.5" 17Ib/ft P110 casing properties

Material 2 (Experimental pipes) properties Plastic properties:

oD 5.53in Stress psi Strain
ID 4.77in 140000 0.5%
Wall thickness 0.38in Tension 130000 | 1%
Material yield strength 110000 psi 105000 | 1.5%
Young’s modulus 29.10° psi 84000 | 2%
Ultimate yield strength 140500 psi Compression | 166000 | 1%
Poisson’s ratio 0.3 198000 | 1.5%
linear hardening modulus 27778psi - 2%

—&— K-55 C-75 L-80 c-95 —@—P-110 —a—Q-125

— — - YOUNG'S MODULUS (E) - - - - L-80 COMPACTION CURVE L-80 ULTIMATE YEILD

Fig. 5-5 API tubular steel stress- strain relation [13]

e Creating Assemblies: for models 2&3 the casing and tubing pipes should be assembled,

in this stage many sets are created for different reasons explained later.

e Creating steps: for this modelling, different jobs are created with different kinds of
steps in order to compare and verify the effectiveness of the FEM in estimating a
correct forces values in additional to the unique features that each step has. In all jobs,
an initial step is created by default to define the initial boundary condition for each

job, then each job can have its own steps.

The steps used in the modelling are:
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>

Buckling (Abaqus/Standard): this step simulates the modes of the linear buckling
that can be generated due to an axial compression force and predicts the
equivalent Eigen values. Two jobs are created and associated with this step for
models 1 and 2. As inputs for this step: the requested number of eigenvalues was
5, and the maximum number of iteration was 300, where vectors used per iteration

were 100.

Static-Riks (Abaqus/Standard): this step is useful for problems that has low speed
nonlinear dynamic, but this tool cannot be used for material local crumpling cases
or to estimate the post-buckling behaviour also it overestimates the buckling force,
since it calculates a linear buckling. But comparing to the previous step, it gives an
estimation for the reaction force after buckling. Two jobs are created and

associated with this step for models 1&2.

Dynamic-Explicit: this kind of step is effective to study the performance of any
mechanical system and it contain all nonlinearities like large deformation,
nonlinear material response and self-contact because this technique includes the
dynamic force in the motion equations sets and integrates these equations with
time. Also, it is so useful for crushing tests and post-buckling simulations. 3 jobs are
created and associated with this step for models 1, 2 and 3, the time period is 1
second, and to obtain the large deformation and the nonlinear material response

(NLEGEOM) is activated.

Creating Interaction: in Dynamic-Explicit step, contact force between surfaces or the

tested body with itself can be assigned, so for models 2&3 two types of interactions

are created:

>

Surface to surface contact: where the master surface was the inside casing surface,

and the slave one was all tubing nodes.
General contact: to create a contact domain for the tubing pipe with itself.

For both assigned interactions, one interaction property is used which is

mechanical tangential behaviour with friction coefficient = 0.3.

Defining constraint: which can be found in Interaction module. A rigid body constraint

is chosen to constrain motion of the top cross-section surface of the tubing (or the
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experimental pipe) to the motion of a reference point chosen to be at the top of the

pipe, and this will enable to apply a concentrated force at the top surface of the pipe.

e Meshing: the proper element shape for slotted pipe is tetrahedral and for casing pipe
is Quad-dominated and a default algorithm is used, the approximate global size is 0.3
for tubing and experimental pipes and 1.4 for casing pipe and an example is shown in

Fig. 5-6.

Fig. 5-6 meshed experimental pipe (model 2)

The number and type of elements presented in Table 5-4 along the side of each part

in the models are selected based on the mesh analysis scope.

Table 5-4 Element types in the created models

Model Part Element type
Model 1 Experimental Pipe C3D10M
Tubing C3D10M
Model 2& 3 . R3D4
Casing
R3D3

e Boundary Conditions setup: the following boundary conditions are assigned with the

initial step:

» Bottom cross-section surface of the tested pipe is assigned to a symmetry

(Encastre) boundary condition which prevents the surface motion in any direction.
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» The top reference point of the tested pipe is assigned to a Displacement/Rotation

boundary condition to allow this point to move only in the direction of the applied

axial force, by this way and with the assigned constraint between this point and

the top cross section surface, the later will has the same restricted motion.

» The casing pipe is assigned to a symmetry (Encastre) boundary condition too.

Creating load: for each step, different load is assigned:

» For buckling step, a concentrated force is assigned to the top reference point of

the tested pipe, which means applying this force on the top cross section surface,

and the inserted value for this force is (-1) in the direction of the axial load, so the

resulted Eigen value will be the critical buckling load.

» For Static-Riks step, a concentrated force is assigned to the top reference point too,

and the magnitude of the compression force is (-10° Ibs) in the axial direction of

the pipe.

» For explicit step, no load condition is required to be assigned, only an additional

(Displacement/Rotation) boundary condition should be defined for the moving

surface (the top surface in this work) after creating this step. In this BC, the

required crushing distance should be defined, for example: the crushing distance

in the axial direction for the tubing in (model 2) is (-40 inches) as shown in Fig. 5-7.
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Fig. 5-7 define the BC for the explicit step in model 2
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» Creating job: once all tasks involved in defining the model have been finished, the
job is created to start the analysing the model. It is preferred to perform data check

before submitting the job to change any errors in the model inputs.
5.2. Experimental work tools and execution

The aim of the experimental work was to verify the numerical simulation and compare the

achieved initial buckling force with the analytically calculated one.
5.2.1. The used pipe specifications

The use pipe is supposed to be used previously to perform experiments related to a master
thesis [63], and some of the pipe properties are taken from that work, while the rest of the
mechanical properties of the pipe are taken from graphs shown in Fig. 5-5 on the ground that
the pipe is APl standard 5.5” casing. The measured size was used in calculation for both the

analytical estimation and numerical solution.

The pipe was available pipe in UIS Drilling Engineering store, and it has the specifications
presented in Table 5-3, based on an assumption that it is the same pipe in Giskemo’s

experiments.
5.2.2. The apparatus (the hydraulic press)

Located in (lvar Langens hus) building in UIS and belong to civil engineering laboratory, (Toni
Technik) hydraulic press is used to apply the required forces (Fig. 5-8), and the press is
calibrated and tested in 2015 up to 3000KN. The press has position sensor, pressure sensor

and proper data acquisition tools.
5.2.3. Other tools

Many tools (located in IKM workshop, Kjglv Egeland hus, UIS campus) have been used to

complete the experiment like:
e Cutting machine to cut the pipe Fig. 5-9.
e Grinder to make the longitudinal slots.

e Measuring tools.
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Tested pipe

Fig. 5-8 Hydraulic press used to perform
Test 1

5.2.4. Test steps

Fig. 5-9 pipe sawing machine

It is important to mention that, it was proposed to perform more than one experiment to
cover more details, but the shortage in the time, available equipment capabilities and a proper

pipe availability reduced the planned tests to one.

All other testing details used in the experimental work were necessarily simulated in finite

element model.

e Pipe preparation

To perform the test, a 13.4in (34cm) pipe with properties presented in Table 5-3 was cut
longitudinally to create four symmetric equal in length (10in) slots, and the slots were created

using grinder in a way that the pipe is still whole at the top and the bottom.

e Test performance

The pipe is subjected to axial compression force using the hydraulic force, the speed of testing
was 0.1mm/s and the load- displacement curve was obtained on the computer attached to

the machine. The stages of the collapsing are shown in Fig. 5-10.
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For safety reasons, the collapsing operation is stopped without reaching the total deformation

of the pipe, and the last reached level is shown in the last picture to the right in Fig. 5-10.

Fig. 5-10 pipe collapse stages

5.2.5. Other experimental work

Another and (similar in principle) experimental work was performed by “Andreas Holsen3” as

a part of his master thesis and the test results were not published at the time of writing this

thesis, some of these results were used to validate the analytical estimation, so it had to

mention the data and conditions about those experiments:

The tests were revolved applying compression axial
force against a 1in steel pipe placed in to bigger pipe

using a hydraulic press.

The pipe properties are presented in Fig. 5-11,
Andreas performed different test with or without
slots, the slots number varied between 1 to 5. And
the results and their comparison with other data are

presented in the next chapter.

L=40cm
ljot= 38cm
do=2,5cm
di=2.1 cm
Di=4.93

oy= 265MPa

D
Fig. 5-11 experiment pipe figuration

3 Andreas Holsen: Master student in drilling engineering (2015-2017), University of Stavanger
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6. Results and Discussion

6.1. Analytical estimation of the initial crushing force results

In DHTD method, applying a pressure above the piston during crushing will produce a force

acting on the top of the handled tubing. To bring the idea closer to the mind, the graph in Fig.

6-1 illustrates an example for the relation between the pressure and its produced force, the

example is based on an assumption that the piston is placed in 95/8” 53.5 Ib/ft casing and

applies the force in the cross section of 4.5” 12.6 Ib/ft L80 tubing. In this context, Table 6-1

shows some other examples of the force magnitude that will be delivered by applying certain

pressures using water or dense fluid, and one can see clearly that using heavier fluids increase

the pressure applied to the piston thus, the force for crushing.
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Fig. 6-1 produced force due to applied pressure

Table 6-1 example compaction loads

6000

Casing/Tubing 13375 0n. 9.625i0n. Tin 5.5in
Waight 72 ppf 53.5 ppf 29 ppf 23 ppf
Intermnal Diameter 12347 in 2.53%0n 6.18410n 467 in
Piston Area 119.7 in2 57.2in2 30in2 17.1in2
Force per 1000psi with H20 54 4 tons 26 tons 13 tons 7.8 1tons
w/ 3,000 psi ow/ 10ppg (1.23g) 20951ons| 100.1tons| S52.6tons 30 tons
compaction fluid @ 9,843 /3,000 m
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In Chapter 4, an estimation of the initial “Euler type” buckling force was presented in Section
4.2.1, and based on Eq’s 4.19, 4.22 and 4.25, some calculations were performed to see the
effect of slots number and length on the initial buckling strength, while keeping the many rest

parameters unchanged.

It is important to be mentioned that this estimation is a rough estimation and it is just an idea
which needs a lot of extra studying and experimental work and it only covers one set of slots
(Fig. 5-11). On the ground, a lot of other issues should be considered and this estimation could
be totally different specially when it comes to determine (k) value in those equations since the
type of plates connection is odd, so it is chosen to be 1 for whole unslotted pipe, and 0.32 for
the slotted tubing as an estimated value based on some experiment results shown in the

following Section 6.1.1, which is not enough to judge the validity of this estimation.
The following results are based on calculations considering the following data:

e 4.5”12.6 Ib/ft. tubing.

e Young’s modulus 30x10° psi.

The moment of inertia values are taken from Table 4-1.

The length of slot varied from 1in to 400in (app. 1 joint of tubing).

Number of slots varied from 2 to 8 slots.

Presented in Table 6-2, the values of helical and sinusoidal buckling limits at different degrees
of inclination are calculated based on Eqg’s 4.1 and 4.16 assuming the same tubing is placed
inside 9 5/8” 53.5 Ib/ft. casing, and the helical critical limits are presented in the following
figures for the 30deg and the 60 deg. inclination, it is important to mention that helical
buckling calculations are based on a whole tubing pipe without slots. Honestly, the effect of
slots on lateral and helical buckling is not clear and unknown therefore, more studies should

be performed to evaluate this effect.

In the following graphs, the values of critical Euler’s buckling loads are divided by the whole

un-slotted tubing yield force (288000Ibs in this example) for better understanding.
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Table 6-2 Sinusoidal and helical limits (95/8"53.5Ib/ft. CSG x4.5" 12.6Ib/ft. TBG)

. Inclination Sinusoidal | Helical
Section angle . . Ferhel/ Fy

limit limit

(Degrees)
vertical 0 1076.967 | 2250.861 | 0.007815
15 10223.1 28931.37 | 0.100444
L 30 14209.2 40212.02 | 0.139608
inclined

60 18700.35 52922 0.183734
75 19749.51 | 55891.12 | 0.194042

Fig. 6-2 shows that for 8 slots case regardless of the slot length and for 60deg inclination, the

required force to start the slotted tubing crushing will not produce any helical buckling, and It

is shown that for 3 slots -and more- with slot length more than 100in, the required crushing

force will be less than the helical critical limit too.

Fer/Fy

\~ —e ) 5lots 2 slots
3 slots —a— 4 slots
—ie— 5 5015 6 slots
8 slots
Helical buckling limit @ 60deg inclination
Helical
=SS n ” . ™ ™ i i i 4]
50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0

slot length inches

Fig. 6-2 slot length effect on the critical Euler's buckling limit ratio
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0.0 50.0 100.0 1500 200.0 250

slot length

Fig. 6-3 effect of slot length on the buckling strength ratio (for ratio< 10%)

By Comparing Fig. 6-1 and Fig. 6-2, one can see that any applied pressure can produce Euler

buckling for this example.

The effect of increasing the slot length on the relative buckling strength ratio, for which the
number of slots is more than 2 slots and buckling strength ratio is less than 10%, is shown in

Fig. 6-3, and one can notice the following points:
e The longer the slot, the lower the buckling strength ratio.

e Neglecting the region with slot length less than 100in, generally, with increasing the
length of slot, the weakening effect of that on the buckling strength ratio is decreased,

to appear as if the ratio does not change with the increasing of the slot length.

e Within the region where the slot length less than 100in and with increasing the number
of slots, the relative buckling strength ratio gets a higher descending trend versus the
length parameter and the descending rate of the curve is much higher when the length

is lower.

e The effect of slots number -higher than 3 — seems to be less on the buckling strength

ratio with increasing the length of the slots over 200in.
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For further understanding, Fig. 6-4 and Fig. 6-5 show the relation between the slots number

and the buckling strength ratio for different slot lengths. One can notice the following points:

1

[}

Unsupported length

tm

—e—0 —e—10 —e—15
20 —e—28 40
0.6
60 80 ——100
.5
——200 —=—300 400

critical buckling force/Fy
W

Helical buckling limit @ 60deg incli

0.1 Helical buckling limit @30 inw:

1 2 3 4 5 B 7 B

a

number of slots

Fig. 6-4 slots number vs buckling strength ratio

o \Q Unsupported length
o Helical buckling limit @ 6Qdeg inclination 100

200

300

Helicalbuckling limit @30deg inclinati

—e— 400

0.1 60

—e— 20

0 1 2 3 5 6 7

number of slots

m

Fig. 6-5 effect of slots number on the buckling strength ratio for ratio< 20%

With the length of slot lower than 100in, the relative buckling strength ratio gets a
rapid descending trend versus number of slots. The ascending rate of the curve is much
higher when number of the slots is lower than 4 slots, while 3 & 4 slots numbers are
an articulated points for the most of the cases (L>60in), while after this number,
neither the length of the slots nor the number of them has significant effect on the

buckling strength ratio.
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Fig. 6-6 shows the critical force divided by the corresponding curved plate yield force vs the
length of the slot, the curves are raised to value 1 at 0 length which represents the yield force
for each plate (check Table 4-1). One can notice in this figure that the whole cylinder curve is
below the 2 slots cylinder curve, also one can see the high effect of the plate curvature on the
buckling strength, whereas, the smaller curvature the higher effect on buckling strength at

lower plate length .

—— 2 Slots | —a—3 slots 4 =lots 5 slots

—a— 0 Sots | —g—7 Slots —g—0 slot

Fer/Fy{plate)

0.0 50.0 100.0 1500 200.0 2500 300.0 3500 400.0
slot length

Fig. 6-6 the critical buckling load to yield force of curve plate vs the slot length
6.1.1. Comparing Analytical estimation with experimental results and the

numerical solution

The initial buckling force achieved by the first experiment (explained in details in Section 5.2)
was (2775.25 kN = 6239011bs) which is close to the yield force of the pipe. This result could be
represented by one pointin the previous curves as shown in Fig. 6-7. The shown curve is drawn
by using identical data to the experimental pipe data shown in Table 5-3 but with different

numbers of slots.

Comparing the predicted load that obtained by calculations with the experimental result
revealed a miscorrelation between the two values which can be attributed to the high

hardness of the used pipe and to strain hardening and geometry of the tube [64].
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Fig. 6-7 comparison between the experimental work and analytical solution

The second experiment was not published at the time of writing this thesis, but the results
were obtained by verbal communication with the student who performed the tests, the setup

data and condition of experiments were presented in the previous chapter.

Within the framework of the analytical estimation outlined above, the important part from
Andreas’s results is the first peak of each test which represents the initial buckling force, here

the K value for non-slotted pipe was chosen to be 1 and for the slotted pipe was 0.32 those

10000
9000

—@— Analitical solution at K=0.32
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Fig. 6-8 comparison between the experimental work and analytical
solution
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values gave fair agreement between the analytical and the experimental results as shown in

Table 6-3 and Fig. 6-8.

Table 6-3 comparison between experimental results and analytical estimation

Analytical | Experimental
Slots . .
number estimation results Remarks
Lbs Lbs
0 9013.134 | 8760.799 | Casedonddksiasa
yield strength
) 4698.183 4105 Based on average of
two values
3 2705.805 4111.757
4 1378.298 1209.472
5 624.5704 845.2818

Another comparison isillustrated in Fig. 6-9. It can be seen that the predicted values are within
(-16%) and (+50%) of the measured results. The over and under estimation reasons are not
clear, and more experimental work is required to verify such estimation, but one can say that
at higher number of slots the analytical estimation gives good agreement with the

experimental work.
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Fig. 6-9 comparison between experimental and analytical prediction

6.2. FEM simulation results and analysis

The main target of the numerical study is to figure out the FEM ability in modelling the
downhole tubing disposal. It is important to mention that several attempts were made to
achieve this target, but the limited time of the thesis work since the tool consumed a
considerable time, in addition, to the lack of knowledge and experience in using such tool

without any kind of help, with the exception of the help from Dr. Mesfin Belayneh, all of that
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did not allow to achieve the required target, this however does not mean that the technique

is not a powerful method to solve these kind of problems.
6.2.1. Validation FEM results with experiment

Fig. 6-10 shows a comparison between Abaqus Model#1 results (using the static step and the

explicit one) and the experiment results (explained in Section 5.2), and Fig. 6-11 shows a
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Applied Force(lbs)

2 25 3

1] 05 1 15
axial displacement (in)

Fig. 6-10 crushing curves comparion

comparison of the way the pipe collapsed. When the buckling step is applied in model 1 in
Abaqus, different shapes of collapsing are obtained and the one shown in Fig. 6-11 is the most

close one to the expermint result.

The load-displacement graph starts with a rapid increase of the force due to the elastic

compression, followed by a rapid drop (but slower than the previous raising), and then a slight
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drop in the force start with increasing the displacement. The predicted post-buckling is only
shown in the Abaqus/explicit graph and shows a steep rising of the force when the parted

walls come into contact at the end of the crushing operation.

The shape of the graphs in the experimental test and the Abaqus/Static-Riks step are similar,
but it is clear that the FEM method overestimates the crushing load, and this is due above all
to the way that the load and the constraint are defined in the model, because the force could
have been less if the load was assigned to the top surface directly where each node of the
surface share the same applied load, but in this model, the load is assigned to one reference
point and then distributed to the whole top surface, and this highlights the importance of the

role that experiments play to figure out the ideal type of model inputs.

The seeming hump in the Abaqus explicit curve is a result of the self-contact of the pipe and

that can be noticed in the video of the pipe crushing shown in Appendix E.

By comparing the results of Explicit step and Static-Riks step, one can see that inducing the
contact force increases the crushing force in Explicit step, this is also due to the simple
difference between the two techniques, whereas in the static technique “the time increment
size is limited only by the desired accuracy of the solution” [65], so the large time period
(1second) used in explicit step reduce the accuracy of the solution and to get better results

this time period should be optimized.

For this special combination of slots number and length, the visual examination of the pictures

in Fig. 6-11 showed:

e Good agreements between the numerical simulations and the experimental outcomes

(this is one of the shapes obtained by buckling step).

e The pipe buckling starts at the middle, and the maximum lateral displacement is also

noticed at the middle of the pipe.

e The direction of the pipe part movement could be inward or outward, in the
experiment one part moved inward and the rest moved outward, while in the

simulation it gives different shapes.
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e The pipe buckling shape is an “Euler” mode that is mentioned in Section 4.2.3.

Fig. 6-11 the manner of collapsing using ANSYS workbench

6.2.2. Results from ABAQUS simulation and analysis:

6.2.2.1. Model #2 results:

Three jobs are created for this model each job is associated with different step (Buckling,

Static-Riks and Explicit).
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The buckling step results show different way of pipe buckling with rough estimation for the

critical (linear) buckling force (Eigen value) as Fig. 6-12 shows.
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Fig. 6-12 Examples of Model#2 buckling
While Fig. 6-13 and Fig. 6-14 show the force-displacement relation for both Explicit and static.
Once again, it should be recalled that the crushing load results could be overestimate due to

the reasons mentioned above.

—a— Abagqus Staic

—a— Abaqus Explicit

Appliedforce (1bs)

(=)
[
[Ny}

1 1,5 2
Axial dispalcment(in)
Fig. 6-13 Model#2 initial buckling force vs displacement
In Fig. 6-13, one can see that the maximum crushing force in both steps is the same but it has

been reached at different displacement and this could be due to the contact definition of the

tubing with itself and with the casing and the post buckling behaviour in the explicit step [66],
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which is also the reason behind seeing the hump in the Abaqus explicit curve and that can be

noticed in the video picture of the pipe crushing shown in Appendix E.

From Fig. 6-14 which shows the whole crushing process, it can be observed that, when
compaction start, a load peak is produced and it is higher than any other peaks, and it is clear
how the applied force fallen sharply after the first peak and then it started increasing gradually
until the two pipes contact restrict any additional movement when the reaction forces start
to increase rapidly as one can see from Fig. 6-15. This job did not complete due to an error but

it was close to the required displacement input (40in).
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Fig. 6-14 Model#2 crushing force vs displacement including post-buckling
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Fig. 6-15 Reaction Force in the perpendicular directions to the pipe Model#2
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Some images of crushing process are shown in Fig. 6-16.
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Fig. 6-16 tubing inside casing crushing process example

6.2.2.2. Model #3 results:

This model was the most time-consuming model, each one run took several days especially
when assigning a long time period (1sec for example), since the number of elements and
nodes was incredibly high (around 410000 element). The model simulated one slotted joint of
tubing (many segments of slots as shown in Fig. 5-4) placed inside a casing pipe. None of the

pipe inclination, the oil well buckling or initial casing/tubing contact is involved in the model.

The results shown in this section are the "last moment" results - just before submitting this
work - and the Abaqus job was not completed yet. Only one step was used for this model,
which is explicit step, the time period was 1sec, whereas with lower period, the jobs was

aborted due to errors.

90



5
] [
n [=1
] [=1
] [=1
] =]
] (=]

Applied Force
= pa
[

& c
IS
IS
IS

[=]
0]
o
=]
[
un

20 25 30

Axial Displacmentinch

Fig. 6-17 Model#3 Load-Displacement after 0.1 sec

Fig. 6-17 shows the axial applied load at the top reference point of the crushed pipe vs the

axial displacement until the moment the result was taken (t=0.1sec) when it was supposed to

be 1sec.
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Fig. 6-18 Reaction Force in the perpendicular directions to the pipe Model#3

Fig. 6-18 shows the reaction forces in the perpendicular directions to the pipe at time 0.1sec

too, and it is difficult to comment about these data because of its inadequacy.

On the other hand, and by visual inspection of the deformed tubing shown in Fig. 6-19, Fig.

6-20 and Fig. 6-21 at 0.1 second, one can see that after the upper two segments are totally

compressed, the deformation starts at the bottom segments and not at the middle segments.

This kind of optimum condition is a result of the initial force impact at the top, while the pipe

weight contribution and presence of the bottom boundary condition initiate the splaying at

the bottom segments and that occurs when the contact force between tubing and casing

resulted from crushing the upper segments mitigate the transferred force through the tubing

(check videos in Appendix E for more clarification).
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Fig. 6-20 Model#3 top Fig. 6-19 Model#3 deformation Fig. 6-21 Model#3 bottom

deformation after 0.1 sec after 0.1 sec deformation after 0.1 sec

6.3. Analysis of transferred axial force along the tubing

The enormous frictional forces over the compacted tubing due to splaying and wedging could
stop the operation, and a better design of the operation could mitigate producing this kind of
forces, and with no unavoidable occurrence of that, the effect of these forces on the
transferred axial force along the pipe should be estimated for better understanding the course
of things. But the associated chaos with compaction operation will make it difficult to find

convincing solutions for that.

In Chapter 4, Section 4.3.3 showed a set of equations to calculate the transferred axial force
using Coulomb friction model presented in Eq. 4.34. In this section, an example will show the
transferred axial force in helically buckled pipe case (the case that consumes the greatest
amount of the transferred force compared to the straight or sinusoidal buckled pipe). The
importance of this example is to show how the contact force per length unit can change with
the presence of external force and bending moment acting on the pipe since there is no model
can predict this force for the splaying slotted tubing. So the point is to see the effect of

different parameters on the normal force and hence the axial transferred force.
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The example will show the effects of the following parameters on the transferred force:
e Inducing force by the piston
e The friction coefficient
e Wellbore inclination.
e Different set-up’s of the tubing and casing combinations

The transferred force is calculated using Microsoft Excel tool. At the first step, the value of
inducing force is assumed and then the contact force due to tubing weight and buckling is
calculated using Eq. 4.37 and 4.38, then the change in the transferred force after a distance
step (assuming to be 1m) is calculated using the model in Eq. 4.34 after discretizing it to be in

the shape:
AF = (w.cosa — uN)Ax 6.1

At each step, the resultant value from this equation will be added to the force in the previous

step until the end of the pipe.

The tubing and casing combination used for the first three following sections is 4.5” 12.6lbs/ft.

tubing in 95/8” 53.5 Ib/ft. casing and the effect of buoyancy is ignored.
6.3.1. Influence of the inducing force

Fig. 6-22 shows the transferred force as a function of the length of the parted tubing (assuming
whole un-slotted tubing) at different inducing force magnitudes, the inclination is assumed to

be 30 deg., and the friction coefficient is 0.3.

50000
45000

T 40000
=
= 35000
2 30000
IS}
L
= 25000
@
= 20000
@
G 15000
= Initial axial force
= 10000
£000 "15000" "30000" "45000"
0
0 50 100 150 200 250 300
L (m)

Fig. 6-22 effect of inducing force on the transferred force
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One can see from the figure that increasing the inducing force above a certain limit will reduce
the transferred axial force with increasing the pipe length which will make the later values of

the transferred force close to each other regardless of the initial applied force.
6.3.2. Influence of the friction coefficient

Fig. 6-23 shows the transferred force as a function of the length of the parted tubing (assuming
whole un-slotted tubing) at different friction coefficient, the inclination is assumed to be 30

deg., and the inducing force is 30000Ibs.

In general, one can say that the effect of reducing the friction coefficient will increase the
transferred axial force, and vice versa, but for this special case with these specific input data,
the unexpected result is that with lower friction coefficient the increasing effect on the axial
force is higher than the reducing effect with higher friction coefficient, and of course there is

a value where the friction is not affecting.
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Fig. 6-23 effect of friction coefficient on the transferred force

6.3.3. Influence of the inclination angle

Fig. 6-24 shows the transferred force as a function of the length of the parted tubing (assuming
whole un-slotted tubing) at different inclination angles, the friction coefficient is assumed to

be 0.3, and the inducing force is 30000lbs.
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Fig. 6-24 effect of inclination angle on the transferred force
Fig. 6-24 tells that the effect of reducing the inclination angle will increase the transferred axial
force, and vice versa, it has been noticed that the magnitude of inclination effect is changed

with changing other parameters.

6.3.4. Influence of the casing and tubing combination sizes

6.3.4.1. Effect of tubing size

For a better understanding of the tubing size effect on the axial transferred force, a constant
(assumed) value of the radial clearance is assumed in order to neutralize the role of this
parameter in the used equation, and this value is not available on the ground for all used
tubing sizes in this example. The assumed radial clearance is 1.4in and it is selected depending
on the average of the radial clearances of different tubular combinations. The rest of the
assumptions are the same in the previous sections: (inclination angle 30deg, friction

coefficient 0.3, inducing force 30000lbs).
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Fig. 6-25 tubing size effect on the axial transferred force

Fig. 6-25 shows the transferred force as a function of the length of the parted tubing at
different tubing size and weight units, and it is noticeable from the figure that the tubing size
and weight unit has a great effect in the transferred force, the bigger tubing - and its weight

unit- the higher transferred force especially with pipe length increasing.

It is very necessary to recall here again that this example does not express a tubing crushing
case but a pipe under helical buckling and the effect of the tubing size could be totally

different, and more experimental studies are required to check the validity of this statement.
6.3.4.2. Effect of casing size

In Eq. 4.38, the casing size effect appeared in the radial clearance. So, to estimate this effect,
different values of the radial clearance is assumed (0.8, 1.2, 1.6, 2 in) which are not available
on the ground for the tubing size (4.5”), the higher radial clearance the bigger casing. These
values are chosen to be in a range of the radial clearances of different tubular combinations.
The rest of the assumptions are the same: (inclination angle 30deg, friction coefficient 0.3,

inducing force 30000lbs).
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Fig. 6-26 shows the transferred force as a function of the length of the parted tubing at
different radial clearance values, and the effect of decreasing the radial clearance is clear in
increasing the transferred force, and the effect of the radial clearance is much lower compared
to the tubing size effect. But here again, it should be recalled that this example does not
express a tubing crushing case but a pipe under helical buckling and the effect of the radial

clearance could be totally different.
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Fig. 6-26 effect of radial clearance on the transferred axial force
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7. Summary, Conclusion and Recommendation

7.1. Summary

Conventionally, P&A operations use large expensive drilling rigs to pull the tubing to provide

an open casing window to set a full cross section cement plug barrier.

The presence of tubing in the area where the permanent plug should be set is still a thorny
issue for P&A rig-less operation for many reasons. Recently there are many approaches for
removing tubing in place without pulling it to surface, and Oilfield Innovation has taken a
patent on one of these new ideas. The idea can be titled as downhole tubing disposal (DHTD)

on arig-less concept, the method can be summarized as follows:

Compacting a part of weakened tubing instead of pulling the whole tubing out of the hole. The
weakening can be achieved by slicing the tubing longitudinally and two scenarios for the
weakening are presented to perform the method in a well with an explanation for the
necessary tools. The required compacting force on the tubing can be a hydraulic force
achieved using a piston positioned above the parted tubing, thus a casing window will be
created and it will enable to log cement behind casing and set the barrier, and Qilfield

Innovation performed many physical tests on the idea achieving compression ratios up to 46%.

The method has worth considering advantages starting with saving costs by reducing the
usage of personal and equipment to its lowest level, passing through reducing the pollution
and increasing the safety. On the other hand, the technology has its own challenges,

particularly the field evidence deficiency, as well as some technical issues.

Studying the topic in theory is a real hard work because it is not only related to crushing a
piece of pipe but also related to the oil well condition, which has different theoretical
principles when it comes to apply a compression load on top of long string of pipes. Therefore,

in this work, one of the tubing wreaking scenarios is chosen to simplify the study.

This scenario proposes to crush the tubing by locally deforming slotted segments, and from
this perspective, an analytical idea is presented and it is based on treating each slotted
segment as a bunch of connected curved plates and then defining the required force to initiate
buckling on these plates. This work also involved a study to determine the loads acting on the

crushing piston.
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In chapter 5, FEM is introduced to use this method in building models that simulate the tubing

crushing, and ABAQUS tool is used since it is as powerful tool to solve this kind of problems.

In addition, experimental work is performed to check the results from both analytical

estimation and numerical analysis.

7.2. Conclusion

This section addresses the findings of the numerical analysis and the analytical estimation and

their validations, whereas three buckling strength histories for a slotted API piece of pipe were

obtained by three different ways (analytical, numerical and experimental) and comparing the

results show that:

Miscorrelation is reported between the analytical initial bucking force of the pipe with
that obtained experimentally. On the other hand, another experiment work shows a
fair agreement between the two studies. It is believed that for small “length/diameter”
ratio, the analytical estimation could not be applicable. Anyhow, more experimental
studies are still required to validate the whole analytical estimation idea, and on the

ground, a lot of other issues should be considered.

Overestimation is reported between the FEM force history with that obtained
experimentally, but this is due to the lack of experience in using a complicated tool
such Abaqus, which required considerable expertise to approximate the FEM solution
to the experimental one in such problems. On the other hand, the shifting values can
be attributed to the post buckling behaviour of the pipe. Even though, the visual
inspection shows good similarity between the shape of the experimentally crushed

pipe and the one obtained by FEM model.

In the analytical estimation, two main parameters were changed (the length of slot
and slots number) while keeping the rest of the parameters unchanged, and the effects

due to their variation on the buckling strength were studied.

If it is recognized that the analytical estimation gives a rough idea about the required

initial splaying force, then the results can tell:

» Slicing has significant weaken effect on the buckling strength, and the magnitudes

of such effects are dependent on both length and number of slots.
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» The effects of slots number (more than 2 slots) on the relative buckling strength
ratio of curved plates, for which (Length of slot <150”) is much higher than that in

higher lengths.

» The shorter slot (L<150”), the greater the effects of slot length on their buckling

strength.

» Neglecting a range of short slots, generally with the increase of the slot length, the

weakening effect of it on the buckling strength of is decreased.

» Withincreasing the number of slots, the relative buckling strength ratio gets a rapid

descending trend versus the length parameter.

» With increasing the length of slot, the relative buckling strength ratio gets a rapid
descending trend versus number of slots. The descending rate of the curve is much

higher when the number is in the middle (2,3 or 4 slots).

The results from FEM were very useful since the Abaqus can provide different kinds of
data, including the reaction forces between the tubing and the casing with a
visualization features that can give a better understanding of the whole process, and

it is recommended to use this tool as a guide when planning any similar process.

7.3. Recommendation

This section summarizes some - but not all - points related to DHTD method including its

proposal test and links the obtained findings to this method on the ground to produce the

most desirable results.

It is recommend to perform any proposed test with similar couplings, cable and gauge

clamps to prove the theory.

It may not be useful to induce a high force above the piston because this could
accelerate crushing the top part of the handled tubing and not the lower one. In
addition, above certain inducing force, the transferred axial force can be reduced with

increasing the pipe length.

Reducing the friction in the handled tubing area is highly vital issue at all levels, the

less friction the higher efficiency of the process.
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Tubing size and its weight per length unit could be the most influential — but

uncontrolled - parameter that affects the whole process.

The pressure applied above the piston can produce a significant force on top of the
handled tubing, which can reach to the pipe yield force, but the formation fracture

pressure will narrow the range of the applicable effective pressure.

Regarding to the two scenarios issue, it is believed that the outcomes from Scenario 1
are relatively difficult to be guaranteed with presence of tool joints, clumps and control
lines, though, comparing to Scenario 2 the required force in Scenario 1 could be less

and the compaction ration could be higher.

If Scenario 2 is to be adapted, then the length of the slots at each segment should be
optimized in a way that the axial force can still be transferred to the following segment
and the compacted steel will not produce a rigid body preventing any farther
compaction. Within this context, it might be also preferable to leave an adequate
length of the unslotted segment of the tubing between the slotted ones, since the

numerical simulation showed that the compressed parts will go up and down.
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Appendix A

Description of Variable associated with Fig. 3-4 Variable
Area associated with Pressure Differential across the Compaction Piston Ap
Area associated with Pressure Differential across the Travelling Valve A
Force of Circumferentially Split Tubing acting between Whole Tubing and Casing  F(zs,t + 1)
Force of mass and gravity of the Piston at time (t+1) mpyg
Force of Whole Tubing between Split Tubing and Casing Resisting the Piston F(zy,t+1)
Friction Force acting against Piston at time (t+1) fp(t) + Afp(c+1)
Height of Hydrostatic Column at the Top of the Piston at time (t+1) Rp(es1y
Height of Hydrostatic Column at the Point of Injection below the Piston at time hierny
(t+1)
Measured length of Compacted Tubing along well bore axis Zc
Measured Length of Inflatable Piston along well bore axis Zp
Measured Length of Initial Circumferentially Split Tubing along well bore axis Zg
Measured Length of Initial Circumferentially Whole Tubing along well bore axis Zy
Measured Length of Space Unobstructed by Tubing along axis of well bore zy
Measured Length of Tubing to be compacted along well bore axis Zpga
Normal Force of Piston against Casing at time (t+1) Np@y + ANpgyy
Number of periods (n) n
Pipe Angular Buckling Deflection 0
Pressure associated with hydrostatic head of drive fluids (d=1 to e) above the °
compaction piston at time (t+1) P, = Z Pasn) Rty

d=1

C

Pressure associated with hydrostatic head of injected fluids (i=1 to j) below the J
compaction piston at time (t+1) P, = z Pierny Rt

i=1

C

Pressure for Fracture Initiation of leakages above piston at time (t+1) Pricesny
Pressure Loss of lines between pumps and casing at time (t+1) PLgn41)

Pressure of Accumulator formed by Initiating Fracture at time (t+1)
Pressure of Accumulator formed by Opening Fracture at time (t+1)
Pressure of Drive Fluid above Piston at time (t+1)

Pressure of Injection Fluid below Piston at time (t+1)

Pressure Opening Fracture below piston at time (t+1)

Pressure within Piston’s Inflatable Element at times (t) and (t+1)
Pump Stroke Pressure Change at time (t+1)

Pump Stroke Volume Change at time (t+1)

Radial Clearance

Specific Gravity of well bore Fluids

Spring force exerted against travelling valve at time (t)

Spring force exerted against travelling valve at time (t+1)

Time period (t)

Viscosity of well bore Fluids

Volume increase of Travelling Valve Stroke added to fluid above piston at time

(t)

Volume increase of Travelling Valve Stroke added to fluid below piston at time
(t+1)

Volume lost from Accumulator formed by Initiating Fracture at time (t+1)
Volume lost from Accumulator formed by Opening Fracture at time (t+1)

Priey + APpyq1y
Porwy + BPors1)
Py + APgeyyy

Py + APjiy1y
Porge+1

Ppey, Ppey + BPp(iy1y
APs(t41)

AVs(e+1)

TC

Payr Pa(2)r Pa), Pi(1)
Sk

Ske+1)

t

Mgy Bgzyr Has) By
AVrace

AVries1)

AVeirie+n
AVorr(e+1)
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Description of Variable associated with Fig. 3-4

Variable

Volume of Accumulator formed by Initiating Fracture at time (t+1)
Volume of Accumulator formed by Opening Fracture at time (t+1)
Volume of Drive Fluid above Piston at time (t+1)

Volume of Driver Fluid Leakage around Piston to Injection Fluid Volume
Volume of Injection Fluid below Piston at time (t+1)

Volume within Piston’s Inflatable Element at times (t) and (t+1)

Well Bore Coordinate axis approximately parallel to the earth’s surface

Well Bore Coordinate axis approximately perpendicular to the earth’s surface
Well bore trajectory azimuth angle

Well bore trajectory inclination angle

Vere + BV
Vorey T AVores1)
Vae + AVgesy
AVipr(e+1)

Viey + AViesy

Ve Ve + BVper1)
y

x
)
%
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Appendix B
Defines the P&ID numbers in Large Real Scale P&ID Schematic shown in Fig. 3-34 and its
lengths:

# | Figure 2 P&ID Number Instructions

1. | 9.625"-FF-A1-01 As per Figure 18, one (1) AP19 5/8" (2445 mm) outside diameter casing pin end cap reducer to the diameter
of valve (VV-02) and pipework (2"-FF-A3-02 and 2"-FF-B2-02) of sufficient grade and wall thickens to
withstand a pressure of greater than or equal to 5,000-psig or 345-barg.

2. | 9.625"-FF-A1-02 As per Figure 14, at least 112 metres (368 feet) and preferably 122 metres (400 feet) of coupled API 9 5/8”
(244.5 mm) outside diameter casing joints (+/- 12 Range 2) of sufficient grade and wall thickens to withstand
a pressure of greater than or equal to 5,000-psig or 345-barg. Preferably premium couplings with flush
internal diameter to minimise piston packer damage.

3. | 9.625"-FF-A1-03 As per Figure 18, one (1) APl 9 5/8” (244 5 mm) outside diameter casing box end cap reducer to the
diameter of valve (VV-03) and pipework (2"-FF-A3-03) of sufficient grade and wall thickens to withstand a
pressure of greater than or equal to 5,000-psig or 345-barg.

4. | 7.625"-FF-A2-01 As per Figure 18, one (1) APl 7.625" (193.7 mm) outside diameter casing pin end cap reducer to the
diameter of valve (VV-04) and pipework (2"-FF-A3-02 and 2"-FF-B2-02) of sufficient grade and wall thickens
to withstand a pressure of greater than or equal to 5,000-psig or 345-barg.

5 | 7.626"-FF-A2-02 As per Figure 14, at least 112 metres (368 feet) and preferably 122 metres (400 feet) of coupled APl 7.625"
(193.7 mm) outside diameter casing joints (+/- 12 Range 2) of sufficient grade and wall thickens to withstand
a pressure of greater than or equal to 5,000-psig or 345-barg. Preferably premium couplings with flush
internal diameter to minimise piston packer damage.

6. | 7.625"-FF-A2-03 As per Figure 18, one (1) API 7.625" (193.7 mm) outside diameter casing box end cap reducer to the
diameter of valve (VV-03) and pipework (2"-FF-A3-03) of sufficient grade and wall thickens to withstand a
pressure of greater than or equal to 5,000-psig or 345-barg.

7. | 45-TCC1-01 At least 50 metres (164 feet) of coupled API 4.5" (114.3 mm) outside diameter tubing of any condition (e.g.
used), any grade, any wall thickness and any connection plasma cut (see Table 9 Step 4 Figure 20). See
Table 6 for total amount of tubulars this size.

8 | 45-TC-C1-02 At least 50 metres (164 feet) of coupled API 4 5" (114.3 mm) outside diameter tubing of any condition (e.g.

used), any grade, any wall thickness and any connection plasma cut (see Table 9 Step 3 Figure 19). See
Table 6 for total amount of tubulars this size.

9 | 45-TC-C2-01 Same as Step 7 above, wherein the difference in labelling is used to differentiate between the larger and
smaller casing string compactions.

10| 4.5-TC-C2-02 Same as Step 8 above, wherein the difference in labelling is used to differentiate between the larger and
smaller casing string compactions.

11| PP-01, CV-01, CV-02, FR-01, | One (1) Positive Piston Pump (PP-01) and associated pipework (2°-FF-A3-01) capable of 100 litres (0.6
PI1-01, PSV-01 and associate | bbls) per minute at a pressure of at least 345 bar (5,000-psi) with associated pump valves (CV-01 and CV-
pipework 2”-FF-A3-01 02). The pump must be equipped with a flow rate stroke counter (FR-01), pressure gauge (PI-01) and

pressure safety valve (PSV-01) or pressure relief valve settable to prevent over-pressuring of pipework.

12 WT-01. LG-01 and VV-01 One (1) valve (VV-01) usable to contain water within one (1) open water tank (WT-01) equipped with one
(1) level indicator (LG-01) when connecting pipework (2"-FF-B2-01) to the pump (PP-01) suction inlet.

13, 2"-FF-A3-02 One (1) series of pipework compatible with the high pressure side of the pump (notionally at least 2" or 50.8
mm outside diameter) capable of withstanding at least 5,000-psig (345 barg) to connect from the pump (PP-
(1) to the casing end cap (9 625"-FF-A1-01 and 7 625"-FF-A2-01) valves (VV-02 and VV-04)_

14| 2"-FF-A3-02 and VV-03 One (1) each series of pipework (2"-FF-A3-02) and valve (VV-03) capable of withstanding at least 5,000-
psig (345 barg) to connect casing pin endcap (9.625"-FF-A1-03) to the corresponding casing pin end cap
(7.625"-FF-A1-03). Please note that high pressure piping is used between the two casing strings to allow
pressure testing of both casing stnngs at the same time.

15| 2"-FF-B2-01 One (1) series of hoses and/or pipework compatible with the low pressure side of the pump PP-01 (notionally
at least 2" or 50.8 mm outside diameter) capable of withstanding at least 100-psi (7 bar) to connect the water
tank (WT-01) to the pump (PP-01).

16.| 2"-FF-B2-02 One series of hoses and/or pipework capable of transporting water between casing box end caps (9.625™-
FF-A1-01 and 7.625"-FF-A2-01) valves (VV-02 and VV-04) to the open water tank without significant
leakages.

17| DR-01 One (1) data recorder capable of recording flow rate (FR-01), pressure (PI-01) and tank level (LG-01) digital
measurements at least every second.

18.] PISTON-1 A machined piston with seals, cement wiper plug or an inflatable packer sized for 9 5/8” APl casing.

19.] PISTON-2 A machined piston with seals, cement wiper plug or an inflatable packer sized for 7 5/8” API casing,

depending upon which is used.
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Appendix C

Derivation of the moment of inertia for thick wall curved plate presented in Eq. 4.25

e General formula Y4

L= [, ,y* dx.dy

Polar coordinates:
_____________________________ .
X=r.sin ©

Ro .
y=r.cos 0 s

Area inertia around the X-axis (for half section):

L= [ dr [[Tr.do.y?

_ Ro 9'[' 2
= Jp; dr [, 1.d6.(r.cos6)

_ (Ro

0
3 T o2
=[,, r3.dr [ " cos*8

_l 4 _ p:4 9_1" sin(20)
—4(R0 Ri ).(2 t = )

e We want the moment of inertia around the axis passing through the centre of mass

(CM) at Y coordinate:

J preq ¥-ax.dy
CM — Area
y Area

_ f;io dr.f(?T r.df.y
f;io dr.ffTr.dB

_ f;io dr.f(?T r.d@.rcos0

f;.o rdr.foerB

_ f;io rzdr.foeT co0s6.do

%(Roz—Riz).H

Ro - or
cr2dr.f T cos6.do
( M j— Ri 0

y %(Roz—RiZ).H

%(Ro3—Ri3).sin97~

a %(Roz—Riz).H

¢ We move the axis from the x-Axis to the CM — Axis
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= I, — Area.CMj}

IXCM1/2

1

= I, — 2 (Ro? = Ri?). 0. (%

(g(Rog’ —Ri3).sinfr)?

=]
x %(ROZ—RL'Z).HT

_1 4 _piay (0T
—4(Ro Rl).(2+ ”

G(Ro®-Ri3)sinor)?
~(Ro2-Ri2)f7

This is for one half, for all, it is double:

I

XcMm = 2'IXCM1/2
e Check that works:
For 8 = m and Ri=0 we should get a full circle:

Putitinto the ] formula:

Xcm

1 b1s
IXCM(@:n,RFo) =2 (Ro"). (E +

1
= ZﬂR°4 Correct!!

sin(20T)

(Ro3—Ri?).sinfr

%(Roz—Riz).BT

)_

sin(2m)

4

)2

) - ()

Ya

20,

109



Appendix D

The experimental examples and load-displacement curves for collapsing modes and the
absolute size of the tubes used in “Classification of the axial collapse of cylindrical tubes under
quasi-static loading “ study performed by Andrews et. al.,[22]:

COLLAPSE MODES
From the axial crushing o 189 tubes, the following modes of collapse were dentified [1]:

{a) Conceriing
Axisymmetric and sequential folding starting ut one end of the tube

(b Diamend
Non-axisymmetric but sequential folding accompanying a change in the cross-section shape of the tube.

() Euler
Bending of tube as a strut

{d) Concerting and 2-lobe gnd lar 3-lobe diamond
Folding first in the concerting mode changing to diamond configuration; 2 lobe: square cross-section pattern;
3 lobe: hexaponal cross-section pattern.

{e) Axisymmmetric | comcerting
Simultaneous collapse along the length of the tube, axisymmetric single or multiple harrelling of tbe.

(N 2-Lobe digmond )
Simultaneous collapse along length of tube in the form of the 2-lobe diamond configuration,

(g} Tilting of twhe axiv

Shearing of whe on the platen surface in the form of transverse displacement at one end.

Examples of some of these modes together with diagrams of the appropriate load-displacement cuarves are
shown in Figs. 1-5. Table 1 gives the dimensions of each of the specimens shown in these figures, It can be seen
that although none of the curves exhibits a smooth displacement response, the concerting mode presents a regular
fluctuation of lead about a mean value in a controlled manner, Full details of all tests carried out can be found =—
in [1].

TapLe |, DETAILS OF SPECIMENS IN CHARACTERISTIC GROUFS

60 T )
Eulerian mode
% Euler Collapse Mode (Figure 1)
o
B f
8 30 | -
3 I No.* Length Internal Diameter Wall Thickness L/T t/D
3% L) mm L) mm ft) mm
i R —_—
‘ Specimen | in (b} - i - 57,15 3.18 660 B.OS5E
- - - = 3
0 5T TE 20 2% 3 35 40 45 %055 2 152.4 19.05 0.93 5.0 0.0483
Axial-displacement (mm ) 3 203.2 41.28 4.76 4.92 01154
(a) L] 152.4 15,05 1.51 a.0 9.0793
5 226.6 47.63 4.76 4.8 0.1
& 152.4 19.0% 1.98 a.0 0.102%
7 T6.2 12.7 3.l8 6.0 0.25
B 127 25.4 4.76 5.0 0.1875
9 B8.9 12.7 3.18 7.0 0.25
10 101.6 19.05 1.69 5.33  0.0887
11 101.6 19.05 2.18 5.33  D.1144

*Thesie numbers cefer to those shown sgainst each specieen in the
appropriate figure.

(b) (See Table | for specimen details)

Fig. 1. (2) Anial load-axial displacement curve and (b) typical examples of Euler collapse mode,
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Mixed concertina and diamond mode

i0 m .m Mol
st Concertina mode , Diamond mode tting with Dd Call "} tr"g"‘“t 3
- f_ ?\fﬂlds starting out top :f fUDB%ﬂ:—:Ls:a—{
f 6, \ A r\. f\ ’Y IF\
E[ \{\‘ \N ‘\ff \J 1 Bo. Length Internal Diameter wall Thickness LD /D
% 5 \.‘ (L) =m D) mm [t} mm
i -

I Specimen 2 in (b) -

o DR ———— 1 177.8 53.98 .76 3.294  0.0882
Axial_displocermnent_(mm ) 2 1556 57.1% .18 £.222 0.0556
—_ 3 457.2 72,95 1.63 6.267 0.0223

Incnes 4 IT9.4 57.15 J.18 4,889 0.0556
ST T 5 177.8 3%.66 1.22 4,986 0.0342
6 114.3 23.37 0.91 4.B4% 0.0388
7 114.3 16,66 1.22 3.205 0.0342
8 101.6 21.6 0.9 4.306 0.0382
9 101.6 19.0% 0.95 5,333 0.0499
10 6.2 21.85 0.93 3.236 0.0393
11 139.7 15.66 1.22 3.918 0.0342
12 165.1 35,66 l.22 4.630 0.0342
(b) (See Table | for specimen details)
Fic. 3. (a) Axial load-axial disp cnrverimd(h) ples of the concertina with diamond
mode of collapse.
Concerting mode Concerting Collapse Mode (Figure 2)

]

Axial lead (KN)
s ¢ 8

L 5 tolds starting at bottom of tube
4 complete folds

Ro. Length Internal Diameter Wall Thickness /D (]

(L} mm (D) =m {t) mm
10 \ o L
] 1 152.4 139.7 6.35 1.091 0Q.04%5
5 ‘ ) 2 127 146.1 1.18 0.870 0.0217
. Specimen & In () 3 76.2 57.15 318 1,333 0.0556
0 5 10 15 20 25 30 35 40 35 50 55 60 65 '] 101.6 53,948 4.6 1.88 0.0882
Axial displacement (mm} 5 6.2 35.66 1.22 2.137 0.0342
ta) & B6.9 35.66 1.3 2.453 0.0342
T 50.8 19.05 1.1 2.667 0.D638
B 63.5 23,57 0.91 2.694 0.0
Inches 9 50.8 19.05 0.92 1.667 0.0483
S o 0 U B 10 50.8 23.57 .91 2.115 0.0388
11 3.1 23.57 0.%1 1.616 0.0388
12 £3.5 44,45 3.18 1.429 0.0714

(b) See Table i for specimen details)

FiG. 2. (a) Axial load-axial displacement curve and (b) typical examples of the concertina collaps:
mode.
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Appendix E
Model#1 video using Abaqus/Explicit

0.000 0,50 0.200 ()
I

T
007 022

Model#2 video using Abaqus/Explicit

3, Mises

(Avg: TE%)
+3.600e+0B
+32100+05
+2.030e4+06
+2.6420405
+2.3630+06
+2.06de+06
+1.776e+ 0B
+1.487e+05
+1.1080+06
+0.002e4+04
+6.20Be+04
+33180+04
+4.308e+02
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Model#3 video using Abaqus (at the top: tubing top, in the middle: the whole tubing joint, at
the bottom: tubing bottom.)

=, Mises
(Avg: 7B

+2.250e+05

‘0000zt 00

ODE: long-pipe-vith-casing-1.odb  Abaqus/Explicil 6.14-2  Sun Jul 09 21:26:59 CEST 2017

¥ x
Step: Step-1
Increment  121120: Step Time — 0.1000
Primary =, Mises

Defarmed var: U Deformation Scale Factor: +1.000a+00

_
CAwg: 7o)

IRARREIAN

ODE: long-pipe-vith-casing-1.odb  Abaqus/Explicit 5.14-2  Sun Jul 00 21:26:50 CEST 2017

x
¥
e 21120 Step Tine = 0.1000
Primary var: 5. Kises
Peinrmid War L1 Betrmatinn Seale Factor + 1 ANNe«N
=, Mises
(Avg: 5%
+3.250e+05
+2.070a108
7082105
424382405
Y2167a108
+1.9982+05
+1/6252405
112548108
41,0832+ 05
+g.125a+04
417104
+2.708e+0d
+0.0008+00
ODE: long-pipe-with-casing-1.0db  Abaqus/Explicit £.14-2  Sun Jul 00 21:268:50 CEST 2017
¥
x Step: Step-1
Increment  131120: Step Time — 0.1000
Primary var: S, Misas
Deformad War: U Deformation Scale Factor: +1.000a+00
2
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