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Abstract

The petroleum demand is increasing and the line between success and failure is marginal. Thus, the drilling
industry moves further into deeper waters, stretching the limits of engineering, economics and new
technology to the maximum.

A natural consequence of increasing water depths is the decreasing operational window. This is due to the fact
that rock is being replaced by seawater, and the resulting overburden gradient is reduced. If the pore pressure
is held equal to the hydrostatic gradient of water, the decreasing operational window is evident.

The consequences of this in deepwater operations are generally a more complex casing design and increased
risk for well control incidents. This thesis takes an in-depth analysis of the as is situation in deepwater drilling
today, with an especial focus on the low clearances between the casings and liners. Five wells from Gulf of
Mexico (GoM) and Egypt deepwater environments are reviewed. The 13 5/8” section of each section is
especially evaluated in terms of running and cementing casing. A pre and post study technique is used to
evaluate plan against what actually happened.

Simultaneously throughout the thesis, a fictive well, Well 1, is built and used. Well 1 is based on a GoM well
and is used to perform simulations in comparison to the five deepwater wells. Well 1 is further analysed in
terms of potential solutions and mitigating technologies.

Several potential solutions or mitigating technologies are found. These are:

e Dual gradient drilling

e Managed pressure drilling, MPD
e Casing drilling

e Linerdrilling

e Low ECD fluids

Furthermore, combined potential solutions were found:

e Combined MPD and dual gradient drilling
e Liner drilling combined with expandable liners

These are currently under development.
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1 Introduction

The history of offshore drilling is considered to start in 1891 Grand Lake St. Marys in Ohio. Here, submerged
wells were drilled from platforms built on piles. Approximately 50 years later the first commercial offshore
well was drilled by Kerr-McGee. Eleven miles from land off Louisiana, the well was drilled in depths of 14 ft
(BOEMRE, 2010). From this point on, mobile drilling units has become more advanced and continuously
moving towards deeper waters. The natural consequence of increasing water depths is decreasing operational
window and a more complex casing design. The complex casing design, in terms of increased stings, results
in low clearances in the various operations. The increased flow restrictions in these wells clearly reduce the
operational window even further. If on top of this, introduce weak formations, high pressure zones and $ 1
million total operational cost, you get the deepwater drilling status of 2012.

The thesis will focus on the challenges related to the small clearances between casing and liner strings in
deepwater drilling. The structure is as follwos:

1. Illuminate the challenges (Chapter 2)
2. Present the fundamentals of related topics (Chapter 3-8
3. Simulate and evaluate (Chapter 9-10)

Throughout the thesis a fictive well will be used. This will be an essential part of the thesis. In the beginning
of the thesis, it will be used to create an example well in order to give a good understanding of the challenges.
Furthermore, it will be used to perform simulations and evaluated against five already drill deepwater wells.
Towards the end, it will also be used to evaluate the potential from various technologies. In order to secure the
validity of the well, it will be based on a well drilled in the GoM.



2 Deepwater Drilling

2.1 Background

The definition of deepwater and ultra deepwater drilling (hereafter merged to deepwater) is somewhat
relative. Some define depths greater than 300 m as deepwater while other operates with depths at 2000 m as
the transition point. This definition is rather insignificant. The significant aspect of deepwater operations is
the effect increasing water depth has on the operational window in drilling operations. The fracture gradient is
generally proportional to the overlaying rock. If this rock is assigned a specific gravity, sg, of 2.0, this is what
the formation will handle in terms of fracturing (simplified). If we account for some natural compressibility of
the rock further down into the formations, the rock density will progressively become denser. Furthermore,
the pore pressure is generally characterized by a hydrostatic column of water, 1.0 sg, with some fluctuations.
Thus, the operational window is comfortably wide from a land rig perspective. Clearly both these scenarios
are generally not true, but the effect of adding seawater to the picture can easily be illustrated in this way. In
the real world, the trend is similar. Some of these fluctuations are related to tectonics, hydrocarbon
conversion, buoyancy, rate of sedimentation (Aadnay, et al., 2009).

In Figure 2.1, the effect of increasing water depth is shown. If we assume that the pore pressure to be similar
for each well, the only variable will be the fracture and overburden pressures. Thus, as the water depth is
progressively increased, the operational window is decreased. A natural consequence of this is the need to
implement additional casing strings into the casing design in order to make the well drillable. Consequently,
the clearance between the casing and liner stings is reduced. This presents several challenges related to
increased frictional pressures. That is, especially when running casing or liners and when cementing these.

Overburden Stress Gradient [sg]

10 1.5 2.0
t

1000+

Depth [m]

2000+

2000 1500 1000 300 1]
Water Depth [m]

Figure 2.1: Hydrostatic gradient and overburden gradient seen at increased (from right to left) water depths




Several other challenging effects follow as a natural consequence of the increasing water depth. These will
not be given significant focus in this thesis, but are important to mention (Aadngy, et al., 2009):

o Shallow gas/water flows

o Over-pressured et formon Curve
formations with high flow
potential compromising
well integrity _
e Hydrates : Hydrate Formation Zone

o Solid mixture of water
and gas, especially prone
to be formed at high
pressures low
temperatures (Figure 2.2)

r Pre

Hydrate Free Zone

" Temperature (*F)

e Increased uncertainty
o The seismic resolution
decreases with depth. This

Figure 2.2: Hydrate formation curve showing pressure at y-axis and
temperature on x-axis (Janssen, 2011)

results in increased uncertainty related to the geological interpretation, especially through salt
e Equipment realted
o Pressures are often high in deepwater wells, demanding high pressure rated equipment
e Loop and eddy currents
o Currents may pose high forces on the subsea structures posing non-productive time, NPT, and
potential fatigue

Another challenge of deepwater drilling is the economical aspect. The daily total spread rate, or total cost of
the operation, easily exceeds $ 1 million and even $ 2 million in remote and disconnected areas. This yields
enormous well cost, typically $ 200 million, and will clearly demand a significant hydrocarbon discovery in
order to cover capital and operational expenditures.

2.2 Well 1

It is useful to create a fictive deepwater well, in order illustrate and discuss the different aspects presented
above. The well will be called Well 1, and will be used throughout the thesis for illustration and simulation
purposes. In order to make Well 1 more trustworthy, the pressure gradients will be based on a deepwater well
(section 2.3) drilled by Statoil. Some of the resulting responses seen in the pore and fracture gradient plot will
however be briefly discussed. In front of defining the framework for Well 1, it is useful to present a table
(Table 1) with conversion factors. This is due to the use of oil filed units as opposed to standard units used on
the Norwegian Contintenal Shelf). Since the deepwater wells to be evaluated in Section 9.2, is dominated by
oil field units, Well 1 is also based on this system.



From Multiply With Factor of To

kg 2.20 Ib
m 3.28 ft
sg 8.35 PPY
bar 14.50 psi

Table 1: Conversion table of frequently used units

We may start by assigning a water depth of 2 438.4 m TVD to Well 1. The water depth is chosen for practical
reasons, whereas 2 438.4 m corresponds to 8 000 ft. Here, a semi-submersible is to drill an exploration well
28 000 ft TVD. The first 8 000 ft consequently has a gradient of approximately 1.0 specific gravity, sg,
(seawater). At 8 000 ft TVD, the formation rock gradient is introduced and the overburden gradient at a
specific depth is a combination of 1.0 sg and ~2.0 sg. As the well is drilled deeper the overburden will
converge towards the overburden gradient seen from a land well perspective (Figure 2.1).

Pore pressure can also be slightly adjusted or increased in this top section, which can be related to fine
grained sediments. Major basins being developed today sedimentation in deepwater environments is
dominated by fine grained sediments. The effect of low permeability and rapid burial rate may create an over
pressured zone, also referred to as under-compaction. The low permeability environment formed effectively
block communication throughout the sedimentary layers. As the sedimentation and burial continue, sediments
are hindered from compaction due to the trapped incompressible fluid. Thus, an over pressured environment
is formed (Aadnay, et al., 2009).

We may also include a salt zone from 14 000 ft to 18 000 ft. Many sedimentary basins have sequences of
evaporates. This is often seen in closed sedimentary basins where evaporation exceeds inflow, i.e. less water
inn than what is lost by evaporation. Thick accumulations of salt settle in the basin, successively buried by
new sediments. The special feature of salt is that it behaves like a fluid. When salt is subjected to differential
stresses it will over time flow. The effect of overlying sediment deposition and tectonics will clearly influence
the behavior of salt. Salt is at the same time incompressible as opposed to sedimentary rock. This will cause
the salt to move upward if it is able to. Hence, the fracture gradient is affected by these tectonic movements
and salt fluctuations. This is often a contributor to the challenges seen when drilling through and exiting the
salt zone. Firstly, there are uncertainties related to the actual depth of base of salt, BOS, due to the poor
seismic visibility through salt. Secondly, salt migration often creates a so called rubble zone. The zone is
dominated by faults, fractured rock and pressure variations. This often makes the salt exit particularly
challenging (R.R Israel, et al., 2008).

By adding source rock at 30 000 ft and a cap rock or seal at approximately 25 000 ft, an abnormal pressure
zone can be formed. Through compaction and thermal effect as the sediments are buried, the source rock may
form hydrocarbons. Since the sediments often are buried in a marine environment, water is naturally present.
As hydrocarbons escape the source rock, it will tend to move upwards due to buoyancy. If we assume contact
from surface down to water below the cap rock, a normal pore pressure will be seen and the pressure
becomes:

PNp = 0-098dwaterDNp 1



From the oil water contact, the pressure gradient changes from water to oil. This will cause an overpressure,

Op, relative to normal pressure:

POp = 0-098(dwaterDNp - doil(ZNp - ZOp))

Parameter

P
d

D

Table 2: Parameters and respective nomenclatures

for for Equation 2

The setup is presented in Figure 2.3 with associated pressure gradient plot in Figure 2.4, and can be

summarized with the following key depths:

e 8000 ft water depth
e Salt zone from 14 000 ft to 18 000 ft
e Target depth, TD, at 28 000 ft
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Figure 2.3: Setup Well 1. Based on figure from
Bureau of Ocean Energy Management, Regulation
and Enforcement (BOEMRE) — Subsalt Exploration
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Figure 2.4: Pressure gradient plot for Well 1

From Figure 2.4, we see that the difference between pore and fracture pressure is small. This narrow



operating window is generally seen in deepwater wells (Figure 2.1), and is a typical deepwater effect. The
fracture gradient in Figure 2.4 is based on an overburden gradient of 2.2 sg of the form:

b

DDepth

dgradient =a+

In Equation 3, parameter a and b are simply constants for expressing water and rock depth, D, is increased.
The plot can be summed up with these bulletins:

e Pore pressure gradient
o Rapid burial rate with fine sediments cause some increase in the shallow sections
o Salt zone is dominated by hydrostatic gradient
o Subsalt is over-pressured and dominated by relatively high pressures
e Fracture gradient
o Generally follows the overburden gradient, Equation 6
o Below BOS the fracture gradient is reduced (Rubble zone)

2.3 Validity of Well 1

The scope of Well 1 is not to create a detailed drilling program for drilling the well. The scope is rather to
create a simple trustworthy well design that can be used for further analysis and simulations. This will be
explained further in Section 9. In order to verify the validity of Well 1, the deepwater well from the GoM, in
which Well 1 is based on, will be briefly presented. In Figure 2.5, the vertical seismic profile of the well is
shown.
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Figure 2.5: Well A, GoM (Statoil, 2012)




As seen in Figure 2.5, the drilled deepwater well contains roughly the same features as what is included in
Well 1. Water depth is approximately 8 000 ft and a salt zone interval from typically 14 000 to 18 000 is seen.
TD of well is approximately 28 000 ft.

The associated predicted pore and fracture gradient for the well drilled in the GoM is shown in Figure 2.6.
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Figure 2.6: Expected pore pressure plot, Well A (Statoil, 2012)

The gradients are generally equal to gradients seen for Well 1. There are some adjustments for water depth,
top of salt (TOS), base of salt (BOS) and TD. This is done for practical reasons. Casing setting depths are also
shown. A total of 7 strings, including conductor of 36”, are needed in order to reach TD.

2.4 Deepwater Drilling Operations

In order to make a deepwater well feasible, thorough planning needs to be in place. Based on the proposed
pressure gradient plots, the casing needs to be placed to safely and effectively drill the well.

The first thing one needs to have in place for the operation is a mobile drilling unit, MODU. A typical
deepwater drilling unit is a drillship or a semi-submersible (Figure 2.7 and Figure 2.8). Generally a drillship is
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more suited for deepwater operations. This is mainly due to the excessive payloads and its mobility. The
semi-submersible is superior to drillships when it comes to motion handling. Both of the drilling vessels
shown below are equipped with dual derricks. This is very useful in order to effectively drill the well. Here,
one derrick may be drilling while the other derrick is preparing for running casing. This is especially related
to the tophole sections. After the section is drilled, the bit is tipped out of hole. The rig is then skidded,
positioning the casing over well center. At this point, the casing is already run down to seabed and is ready to
be run directly into the well after moving or skidding the rig to well center.

Figure 2.7: Discoverer Americas ©Transocean Figure 2.8: Maersk Developer © Maersk Drilling

The casing design is often influenced by the increased water depths. By comparing pressure plots form a
conventional offshore well with Well 1, Figure 2.9 and Figure 2.10, the narrow operating window is clearly
illustrated. The consequence of this is normally additional casing stings in order to reach TD. This means that
both the conventional casing setup needs to accommodate one or several casing strings in addition to a
conventional 30” - 20” - 13 3/8” - 9 5/8” setup. Usually, the surface casing is modified, typically to a 22”
surface casing. In this way, larger intermediate casings can be run in order to make extra casings or liners
feasible. This is especially related to the small clearance seen between the casing strings. A widely used
option is to incorporate two liners between the 22” surface casing and 13 5/8” casing. Here, 18” and 16” liners
are hung off in the 22” surface casing after drilling the respective sections. After drilling and cementing the 13
5/8” section, some well designs needs to incorporate a 11 7/8” liner in order to reach TD. That is, after setting
the 11 7/8” liner, a subsequent 9 5/8” liner is set to enable drilling into the potential reservoir. As one can
imagine, additional casing strings gives less clearance between the casings, although the surface casing is
increased by two inches. For example, the clearance between a 13 5/8” (88.2 1b/ft) casing and a 11 7/8” (71.8
Ib/ft) liner, yields a clearance of 0.14”.
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In Figure 2.9 the casing setting depths and mud weights are illustrated for a typical offshore well in water
depths of approximately 150 m. In Figure 2.10 the same data is shown for Well 1. The depths are based on the
setting depths of Well A. Some brief and important considerations will be listed:

e Secure deep enough surface casing depth
e Set 16” liner before exiting salt section (Rubble zone)
e Safety margins with respect to pore and fracture pressure (Section 7)

Well 1 is clearly more sensitive to pressure fluctuations with regards to the operating window, especially after
exiting the salt section (Figure 2.10). Furthermore, if the casing is 4 000 — 5 000 m long (e.g. 13 5/8” casing
in Well 1), enormous surge pressures will be created while running and cementing the casing. The aspect of
surge pressure will be discussed in more detail in Section 3. As a product of this, special equipment is used in
order to reduce the surge pressures created. This will be discussed in section 6.5. After the casing is in place,
the section is cemented. Again, special care needs to be taken in order to maintain well integrity.

The tophole sections are drilled without riser, analogous to a conventional offshore well. As seen in Figure
2.10, the pore pressure seems to increase slightly from seabed and down to top of salt. At these shallow
sections of the well, challenges related to shallow water flows and gas may also alter the predicted pressure
gradient profile of the well. Thus, it may be necessary to utilize a weighted mud system prior to installing the
riser. This can be done either by using weighted mud and pump this up the annulus and directly to seafloor
(pump and dump). This is the conventional way of dealing with this challenge. Another option is to use a
return to rig system. One (if only) technology that allows for this without using pump and dump strategy is
the Riserless Mud Recovery, RMR™, This technology enables mud return to rig by use of a suction module
and subsea pump. Here the mud level is monitored in the suction module and adjusted by the subsea pump.
After cementing the 20” (or 22”) casing, the riser-Lower marine Riser Package, LMRP-BOP is run and
connected to the wellhead. Thus, the rig has a closed loop for the mud system through the riser system.



In-line mud pump

Sea floor depth >12,000 feet

| Rigid mud return line
anchored to seafloor

Deep hole can be drilled by using engineered
drilling fluid

Figure 2.11: RMR™ system from AGR Drilling Services (Newswise,
2009)

After the riser is installed, the subsequent sections are often drilled with a BHA including a conventional bit
and an underreamer. The reason for including an underreamer is a consequence of the narrow operating
window seen in deepwater drilling. Since the casing design needs to incorporate extra casing strings
compared to a conventional well. This implies increased frictional pressure drop or increased equivalen
circulating density, ECD, during the various operations. This challenge is improved by the use of
underreamers. One underreamer used is shown in Figure 2.12.The tool is basically an additional sub or pipe
of the bottom hole assembly, BHA, located typically 50 m behind the bit. The underreamer is equipped with
expandable cutter arms integrated into the sub. The cutter arms are activated after it is run through the
preceding casing, generally by hydraulic power from the mud pumps. In this way the wellbore diameter is
increased and frictional pressures are reduced in the open hole section. This is especially useful when running
casing and cementing. Nevertheless, although the hole typically can be opened from a 14 %4 to a 17 %2 open
hole, clearances are still marginal in at various points in the operation. That is, if a 13 5/8” casing is to be run
through a 16” liner and a subsequent reamed 17 1/2” open hole, a clearance of 0.5 is typically seen. Thus, as
the casing is run towards TD, the displaced mud is forced up along the annulus creating potentially large
surge pressures due to the low clearance.

Figure 2.12: Rhino Reamer®© from Schlumberger
(Schlumberger, 2012)
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After the hole is drilled and reamed, casing is to be run and cemented. Tripping into the hole is done
conventionally, but one often has more restrictions with regards to tripping speed of the pipe. This is mainly
related to surge pressures created when tripping in/out of the hole. Equipment related restrictions are usually
also present. This is related to drawwork capability, acceleration and deceleration of sting, wellbore
inclination, running past well head and other equipment and further on. Maximum tripping speeds are relative
from rig to rig, but tripping 3 000 ft/hr or 50 ft min of drill pipe is considered as fast. The tripping speed of
one stand is typically of parabolic character. As the slips are removed, the pipe is allowed to accelerate into
the hole, and the pipe running speed is increase. As the top drive moves toward rig floor, the pipe speed is
decelerated by the drawwork brakes in order set the slips and make up a new pipe. Thus, the speed of 50
ft/min mentioned above is the average speed spent on one stand including making up the connection. The
maximum speed of the pipe is typically 1 m/s or approximately 190 ft/min, this is due to limitations of the
drawworks (SSC, 2012).

Figure 2.13 gives a good illustration on the actual situation when comparing a conventional offshore well
with a deepwater well. Not only is Well 1 three times deeper than a Statfjord well, but it is also incorporates
three extra casing/liner strings. This means that tripping in and out of hole becomes a significant factor of the
drilling operation, and needs to be especially tuned in order to minimize time spent on tripping.

Statfjord Well 1

30"@ 1150 ft -
20" @ 2600 ft

=+ 3,000

133/8” @ 5900 ft

=+ 6,000 ]
4} 9 5/8” @ 8200 ft 36"@8 200 ft
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== 24,000 4
117/8” @ 24 200 ft
93/8"@ 25250 ft

=+ 27,000
~ TDin 8 %" hole @ 27750 ft

=+ 30,000

y

ft TVD

Figure 2.13: Typical casing program for a well at the Statfjord field versus Well 1

After the casing or liner has been run to TD, cementing is required in order to obtain zonal isolation and
structural support (Section 7). The typical feature of a deepwater cement job is lightweight cement. This is
also related to the operational window, and the fact that conventional cement has a relative high density.
Thus, the cement density needs to be sufficiently lowered without compromising the cement strength
requirements. In the tophole sections were cementing to surface often is required, a foamed cement may be
needed in order not to fracture the formations. As for the intermediate and production casings one often uses a
lightweight lead cement type and heavier tail cement over the casing shoe in order to mitigate formation
damage and fracturing. This will be further discussed in Section 6. The important factor is to evaluate these
challenges and initiate mitigating actions if they are needed.
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3 Well Integrity

The immediate factor securing well integrity while drilling and cementing is the fluid column in the well.
When we enter the deepwater drilling regime the operational window is affected, as discussed in the previous
chapter. In order to maintain well integrity the equivalent static density, ESD, and ECD needs to be balanced
between pore- and fracture pressure throughout the operation. If the pore pressure exceeds the pressure in the
well, a gain or kick may be induced. Influx cease when the pressure is equalized, typically by the kick itself or
by closing the BOP.

Another important puzzle of wellbore integrity is rock mechanics. It is well know that borehole stability falls
into two main categories:

e Borehole fracturing at high borehole pressures
o Borehole collapse at low borehole pressures.

Before we describe these rock failures further it is useful to review the stress components acting on the
borehole wall (Aadngy, 2010).

Firstly, we have overburden load created from the successively deposited sediments. This is often referred to
as the vertical stress component. The vertical stress is seen as a constant, and is not influenced when drilling.
As new formation is drilled a new stress is introduced to the formation and borehole wall in terms of radial
stress. This is the pressure exerted by the fluid column in the borehole. The newly formed borehole will also
experience a tangential stress, acting around the circumference. This is generally referred to as hoop stress.
Hoop stress in strongly dependent on the radial stress, and the dependence can be written in its simplest form
as:

0g = 20, — 0, = 20, — P, 4
Parameter Nomenclature
Og Hoop Stress
Oq Average Stress
oy Radial Stress
Py Borehole Pressure

Table 3: Parameters and nomenclature used in Equation 4

In Equation 4 the in-situ horizontal stresses is thought to be of isotropic nature. By this we mean that the in-
situ horizontal stresses do not change. This will approximately be the case in a relaxed depositional basin with
a so-called hydrostatic stress state. Due to this assumption, we may use an average stress (o) for the average
horizontal in-situ stresses.

If we use figure Figure 3.1, we see that with low borehole pressure, the hoop stress is high. A natural
consequence of lowering the mud weight is borehole collapse or a kick. Clearly a kick is generally induced by
P, > Py, but the collapse is due to the high hoop stress. This is classified as a shear failure. On the other hand,
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at high wellbore pressures a fracture may be induced. This is due to the hoop stress being relatively low, and
the radial stress high. This induces tensile stresses on the borehole and will ultimately fracture the well.
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Figure 3.1: Example of wellbore stresses (Aadngy, 2010)

As seen in Figure 3.1, the radial and tangential stresses intersect at some point as P,, is increased. At this point
the mud weight is equal to the in-situ stress. Hence, there are no abnormal stresses.

When drilling out new sections in a well, usually 10 ft is drilled out and a formation integrity, leak off or
extended leak off test is performed (FIT, LOT or XLOT). This is to ensure that the section can be drilled to
TD. If a LOT is performed, the the pressure is increased until formation is fractured. The pore pressure can be
said to be approximately equal to hoop stress, or cs=P,, when initiating the fracture. From this we can use
equation 4 to express the average horizontal stress:

1
Oq ZE(ow"FPo)

Parameter Nomenclature
Oq Average Horizontal In-Situ Stress
Py s Fracture Pressure
P, Pore Pressure

Table 4: Parameters and nomenclature used in Equation 5
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From equation 5 we see that the average horizontal stress is equal to the average pressure between the pore
and fracture pressure. As indicated above, a situation with non-hydrostatic horizontal stresses is more
complex.

Ideally the mud weight should be equal to the average horizontal stresses in order to avoid borehole problems.
This is a challenging task when we include all operations done when drilling and cementing a well.

Firstly, as the well is drilled deeper, the frictional pressure drop is also increased. Consequently the
differential pressure between ECD and ESD increases. This makes it challenging to maintain a stable
borehole pressure. That is, these differences between ECD and ESD are typically experienced as shock waves
travelling through the fluid. Since circulation in the well cyclically is switched on an off, typical borehole
fatigue failure may occur. Clearly, this effect is amplified as the well is drilled deeper.

Secondly, after a section is drilled casing is run downhole, inducing surge and swab pressures to the
formation. The typical scenario is a surge pressure which is created when tripping into the borehole (Figure
3.2). Here, an over-pressure is created and is a product of inertia and flow resistance of the displaced fluid
(Nelson, et al., 2006). A swab pressure is on the other hand created when tripping out, and a under-pressure is
created. These pressures are related to the frictional pressure drop generated from fluid movement when
tripping in/out. Negative pressures due to fluid oscillations are also seen when tripping in and vice versa.
These transient effects is difficult to model, but several developments has been made since Lubinski’s model
(Lubinski, et al., 1977; Lal, 1983; Lal, 1984; Mitchell, 1988; Lea, 1996)

|

Figure 3.2: Graphic modeling of pipe being tripped into hole (Nelson, et al., 2006)

Furthermore, when cementing a new section, large pressure fluctuations may occur. This is especially related
to the density and viscosity of the cement slurry. Here, one may plan the operation in such a way that high
pressures towards weak zones are minimized. This is typically done by us of lead/tail or stage cementing.
This will be discussed in section 6.5.

When all these effects and more are added to the picture, it becomes clear that wellbore integrity is important,
challenging and necessary.
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4 Normalization of data

When analyzing data and narrow operating windows, normalization of the data may be significant for the
analysis. Often the geologists uses mean sea level, MSL, as depth reference while the driller operates with the
drill floor or rotary kelly bushing, RKB. This typically gives a vertical difference of 30 m with respect to
reference point. Furthermore, if the analysis includes semi-submersibles and concrete platforms, the reference
point will also be inconsistent. In order to account for this effect, one usually performs data normalization.
This basically means that all data points are normalized to a common reference depth, typically MSL or RKB.
If we build further on the example in Well 1, one scenario could be a semi-submersible drilling rig versus a
drill ship. Here the difference in elevation could be significant.

—RKB Semi-Sub
t—RKB Drillship

aMSL__

Figure 4.1: Semi-submersible versus drillship. Figure based on figure from Wikipedia (Wikipedia, 2012)

If we were to correlate to MSL, we need to know the height from RKB to MSL from each vessel, hs. We also
would need to know the pressure gradient in each case. The pressure gradient is directly proportional to the

specific gravity of mud, d = —2

Pwater

. Relative to drill floor, the pressure at any given depth, D, becomes:

P = 01098dRKBD 6

When expressing this with reference depth to MSL we know that the pressure at any point is equal. The
difference is related to the pressure gradient:

By equating these to equations, we get an expression for the correct pressure gradient:
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D
dust = drks rhf

By using the individual h for the semi-submersible and drillship, we are able to normalize the data between
the two. The deduction when normalizing from one RKB to another is identical to the RKB to MSL
normalization presented above.

P = 0'098dRKBZD = 0'098dRKB 1(D - Sh)

When normalizing to RKB at the drill ship, the equation then becomes:

D — 6h
drkp2 = dRKBlT

Parameter Nomenclature
hy Height RKB-MSL
d Specific gravity
P Pressure
D Depth from RKB
Sh RKB elevation difference

Table 5: Parameters and nomenclature



3) Drilling Fluids

51 Rheology

The flow of fluids is a highly complex science, and is somewhat examined through rheology. Rheology is
defined as the study of the deformation and flow of materials. The key in this study is the viscosity of fluids,
which basically is the measure of resistance to an applied stress on the fluid. The viscosity is necessary in
order to describe the flow rate (shear rate) and the pressure gradient (shear stress). These are fundamental
elements of drilling and cement fluids, which are carefully evaluated and designed in order to secure a solid
drilling and cement section. On the rig, the circulation fluid is measured on a daily basis and, this especially
important for narrow operating windows. When measuring the rheology of a fluid a coaxial cylindrical
viscometer is generally used. The fluid is contained in a large cup and the actual measurements are performed
by use of a rotor and a bob (stator). The rotor rotates at various preset rates. The bob is fixed to a torsional
spring, and deflect from its initial position depending on the torsion created by the rheology of fluid. In this
way shear rate (s*) and shear stress (Ibf/ft?) are measured. Other important measurements performed with the
viscometer are yield and gel strength. These are measurements of the attractive forces that exist between the
particles in the fluid. Here the yield is measured under flowing conditions, while gel strength under ten
seconds static period followed by 3 revolutions per minute, rpm. The maximum deflection is defined as the
gel strength.

Figure 5.1: Fluids of different rheological characters (Romanian Society of Rheology, 2011)

51.1 Rheological models

There are a wide range of rheological models used to describe the behavior of fluids. The most common ones
are Newtonian and non-Newtonian fluids.

A Newtonian fluid is the simplest fluid model used. Here the shear stress, t, is directly proportional to the

shear stress, vy, giving the equation:

T=uy 11
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The fluid behavior is illustrated in Figure 5.2. As Equation 11 shows, the viscosity, y, of the fluid represents
the slope of the curve. The viscosity is not dependent on flow conditions, but rather on pressure and
temperature. Common Newtonian fluids are water, gasoline and light oil.

Non-Newtonian fluids are recognized by being a fluid which differs from the Newtonian fluid behavior. This
means that the fluid has a different shear-stress/shear-rate relationship compared to a Newtonian fluid. The
main difference basically lies in the dependency viscosity have on shear rate. As stated above, a Newtonian
fluid has constant viscosity with varying shear rate. For a non-Newtonian fluid the viscosity can either
increase with shear rate (shear thickening) or decrease with shear rate (shear thinning). Most drilling muds,
cements slurries and heavy oils are shear thinning. Common non-Newtonian models include Power-law,
Bingham plastic and Herschel-Bulkley fluids.

Power-law fluids are recognized by responding immediately after applying a pressure differential, analogous
to a Newtonian fluid. The relationship between shear stress and shear rate is no longer linear, which is
illustrated in Figure 5.2. The fluid behavior is described by the following equation:

T=ky" 12

Depending on the value of n, <1 or >1, the fluids are classified as shear thinning or shear thickening
respectively. As long as a Power-law fluid is within the laminar flow regime, the fluid will follow shear-
stress/shear-rate relationship. When entering the turbulent flow regime, the fluid’s frictional pressure drop
increases at a higher rate compared to the Power-law model. A typical shear thinning fluid is hair gel while
sand soaked in water can be classified as shear thickening.

A Bingham Plastic fluid is in some sense similar to a Newtonian fluid. The main difference lies in the
initiation point of flow. As for a Newtonian fluid, it flows at any finite shear stress. Whereas a Bingham
Plastic fluid requires a certain amount of shear stress in order to initiate flow. This is seen in Figure 5.2. This
threshold is referred to as the yield stress, t,. The fluid behavior is described by:

T=Ty + Y 13

If the fluid is flowing in laminar conditions it starts up by showing non-linear characteristics, and as the shear
rate/shear stress is increased the behavior is more of a linear characteristic. An example of a Bingham Plastic
fluid is drilling mud.

The last model presented is the Herschel-Bulkley fluid model. This is basically a combination of Power law
and Bingham plastic behaviors. There is a certain threshold or pressure differential which needs to be in place
in order to initiate flow. When the fluid has started flowing, the behavior follows the pattern of a Power law
fluid. The fluid behavior is described by:

T=1, +ky" 14

As long as the flow is laminar, the behavior of the fluid is described by this equation. When the flow regime
enters the turbulent flow regime, the frictional pressure drop is increased faster than predicted by the model.
An example of a fluid that fits Herschel-Bulkley model is cement.
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Figure 5.2: Different Newtonian and non-Newtonian rheological models (Nelson, et al., 2006)

5.2 Water Based Mud

Drilling a well include the selection of which type of drilling fluid or mud one should use. This selection is
based on pressure and temperature regime, formations to be drilled, environmental aspect, economical aspect
and so on. A balanced function of viscosity, lubricants, weighting agents, lost circulation materials and so
forth, in order to effectively reach TD is generally the main objective.

The simplest form of drilling fluid is water based fluid of non-inhibitive form. This is typically the drilling
fluid used in spud drilling (seawater), bentonite-treated mud and lignite mud. It is inexpensive, easy to make
and maintain. The limitations are related to reactive shales, high temperature wells and formations containing
certain contaminants, e.g. H,S (Azar, et al., 2007).

Water based inhibitive muds are generally used to withstand the challenges related to reactive shales. The
purpose is to restrain hydration, swelling and disintegration of shale or other substances. Calcium based muds,
salt based muds, potassium based muds and polymer drilling muds are some of the inhibitive muds available
(Azar, et al., 2007; Schlumberger, 2012).

5.3 Oil Based Mud

A drilling fluid is classified as oil based if the continuous liquid (external phase) is oil, typically mineral oil.
There are two types of oil based mud, OBM; oil or invert emulsion muds. Oil muds are characterized by the
content of dispersed water being less than 5 %. An invert emulsion mud on the other hand has dispersed water
content greater than 5 %. In either case, the continuous phase in the fluid is oil and the dispersed (internal) is
water. Advantages with an OBM are their ability to effectively withstand contamination from H,S, CO,, salt,
anhydrite and active shales (Azar, et al., 2007). Lubricating effect, temperature stability and few additives
needed are also good examples of why OBMs are widely used. The main drawback of OBMs is related to the
environmental impact of the fluid. Due to the content of materials which may be harmful to the environment,
waste management is essential. Another important aspect when using OBMs are the solubility of gas in the oil
phase of the mud. Consequently, gas may dissolve into the oil phase during drilling under the “right” pressure
and temperature conditions. As the mud is circulated up the wellbore, the fluid enters the two phase envelope
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and boils out of the liquid phase, inducing a kick. In other words, the oil based mud may hide a kick and
suddenly release it further up the wellbore. This is especially critical if it were to occur after passing the blow
out preventer, BOP, in deep water wells.

54 Synthetic Based Mud

Synthetic based muds, SBM, are very much like oil based drilling fluids. The external phase is now replaced
by a synthetic phase, i.e. an oil phase is replaced by an artificial (synthetic) phase. The synthetic phase is
typically organic chemicals, principally containing carbon, hydrogen and oxygen. In general SBMs exhibit
much of the desirable properties of OBMs, but are also more environmental friendly. This is due to the
removal of polynuclear aromatic hydrocarbons, faster biodegradability, lower bioaccumulation and in some
cases less drilling waste volume. Consequently, SBMs are more expensive compared to OBMs. (Orszulik,
2008). All of the three major service vendors in the oil industry, Baker Hughes, Halliburton and
Schlumberger, provide SBMs and are especially linked to deep water operations. The reasons for this are
environmental considerations and operational considerations. The operational aspect is related to the
rheological properties of SBMs. All three RHEO-LOGIC™ (Baker Hughes), ENCORE® (Halliburton) and
RHELIANT (Schlumberger) SBMs are claimed to hold flat rheology over wide temperature ranges. Since
deepwater drilling temperature profiles vary quite drastically from surface — seabed — TD (Section 7), this
fluid yields a more predictable behavior of the fluid dynamics throughout the well.

55 Drilling Fluid Fundamentals

The two upcoming chapters, 5.5.1and 5.5.2 , are most likely well know. It is however useful to briefly review
the fundamental function of drilling fluids and its circulation system.

55.1 Drilling Fluid Functions
In addition to wellbore stability that has already been mentioned in Section 3, some of the functions are:

e Suspend and remove cuttings

o Seal permeable formations

e Cool and lubricate the bit

e Provide hydraulic energy (e.g. underreamer)
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55.2 Mud System

Although the structure of a mud system
probably is known, a short section on the
topic is included. The mud is mixed and
prepared for drilling in the mud pits. The mud
pits are basically large storage tanks, and
functions as a combined metering and
modification module during drilling. The mud
level is continuously monitored in terms of
gain or loss of mud. In addition chemicals
may be added in order to meet specific
requirements, e.g. chemical inhibition. From
the mud pits a pumping module is used to
energize the mud and enable circulation. From
the pump, the mud is typically circulated into
a rotary hose and swivel. The swivel enables
the top drive to rotate of the drill string
without rotating the rotary hose from the mud
pumps. Furthermore, the mud is circulated
through the top drive and into the drill string.
After reaching the nozzles in the bit, the mud
is circulated up annulus, marine riser and out
the return line below RKB. From the return
line the cuttings need to be separated from the
mud, this is done by the shale shaker. By
vibrations and various wired mesh screens the
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Figure 5.3: Mud circulation system

mud is effectively conditioned. The concept is quite simple, and the challenge is mainly related to finding the
optimal combination of mesh screen size and fluid flow. If the screen size is too small, the fluid flowing
through the screens is reduced, and may potentially affect the drilling rate. Whereas too large screen size will
most likely affect the mud weight. The loop is completed when the mud is circulated back into the mud pits,

ready for injection.
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6 Cementing

In this chapter, the basic components of cement slurry will firstly be described. The subsequent section will
the present various casing tools typically used in the cement job. After an introduction to the components and
tools used, various aspects (pre — during — post) of a cement job will be evaluated. A natural place to start is to
discuss the use and functions of washers and spacers.

6.1 Washers and Spacers

The objective of a washer or prewash is to dilute and wash away gelled
mud. The fluid is generally characterized by an unweighted Newtonian N —
fluid. This is to allow high flow rates and consequently a turbulent flow |
regime. The volume being pumped should be maximized at these

conditions, although the operating window is the governing factor.

The spacer is used to secure sufficient mud removal, and needs to be

compatible with both the mud and cement. The density and rheology of the

spacer is carefully designed. The design can typically include viscosifiers, © [
dispersants, surfactants, fluid loss control agents and weighting agents.

Viscosifiers are necessary in order to suspend the weighting agents and

control the rheological properties. This can generally be done by adding N

water soluble polymers and clays. In order to achieve good mud removal, ~ e .
viscosity of the spacer is generally kept high and fluid flows within the
laminar flow regime. A dispersant will disperse or spread the solid particles
in a fluid. In this way, the rheology of the spacer is modified. A dispersant
normally consists of one or more surfactants. Surfactant will alter the
wettability of the oil phase. This is due to the hydrophobic and hydrophilic Figure 6.1: by adding a surfactant
properties of the surfactant. Basically, this means that one part of the ts"é’:n';:g"i:'tglgfz\lj\',?iigzgigf);gfg
surfactant is water soluble and the other part is not. Therefore an interface

can be created between the two immiscible phases, creating an emulsion Figure 6.1. Both fluid loss control
and weighting agents are straight forward in terms of function. Often water-soluble polymers and inorganic
clays are used to minimize losses. Silica flour, fly ash, calcium carbonate, barite, hematite, ilmenite and
manganese tetraoxide are used to provide sufficient weight to the fluid. Barite is the most common one
(Nelson, et al., 2006).

6.2 Cement and Cement Additives

The next section is the cement. Generally, Portland-type cements are used for well cementing. It is produced
from Portland cement clinker crystals and added other materials such as calcium sulfate. The clinker is
formed from clay and limestone. The clay and limestone prepared either by the dry (Figure 6.2) or the wet
process. The dry process being the least expensive of the two, while the wet process is easier to control. Both
methods end with a grinding process of the material, and fed at a continuously rate into a kiln. Here, the
materials are gradually heated to liquid state up to temperatures of 1540 °C. The material is subsequently
cooled, where crystalized clinker is formed (Figure 6.3). These clinkers are then grinded and gypsum is added
to the blend. This is to prevent flash setting of the cement and control free CaO. After sampling and analysis
the cement is stored and ready for use. Commercial cement is usually a blend of several different cements.

22



CEMEMT MANUFACTURING PROCESS - DRY PROCESS
(PROCESS FLOW,
QUARRYHNG CRUSHING PRE-BLENDING RAW GRINDING & BLEMNDING

o e e B B

e 707 00
% V9 77

FIMISH GRINDING &

RARN &

CLINKER COOLING

T BACKING & DISRTIBUTING

o L 1
(= ﬁ?' AL
R et )

Figure 6.3: Hot clinker after heating process
(Wikipedia, 2008)

Figure 6.2: Cement manufacturing process (CEMEX, 2011)

Over two thirds of the Portland cement mass shall consist of calcium silicates (3 CaCO-SiO, and 2
Ca0-Si0,). These calcium silicates are important for the strength development throughout the setting process.
The remaining mass consists mainly of aluminium- and iron-containing clinker. Tricalcium aluminate
(3Ca0-Al,0O3) is also important in the early strength development phase, but also introduces heat of hydration
in the setting process. This means that the setting of cement is an exothermic process, generating heat. This is
an important aspect for the engineers to consider when designing the cement program.

The main difference between cement used in the construction industry compared to the petroleum industry is
the clean rock aggregates used to form concrete. These rock aggregates has high compressive strengths (5 000
to 20 000 psi), and enhances the compressive strength of the cement itself (4 000 to 15 000 psi). The use of
rock aggregates is very limited in the petroleum industry. Generally they are omitted, but some blends use
silica flour and Ottawa sand, but these experience reduced compressive strengths above 110°C. The reason
for not including rock aggregates is related to the hydraulics of the system and the marginal annular space in
the well. Thus, the petroleum industry mainly refers to the material as cement. The compressive strength of
the cement is consequently reduced (200 to 3000 psi) compared to concrete. Analogous to the composition of
prewashers and spacers, there is also a wide range of additives introduced to the cement slurry in order to
meet specific objectives. These can be weighting agents, fluid loss control agents and dispersants, which have
been briefly explained earlier. In addition to these additives, defoamers, extenders, retarders and accelerators
are used (Nelson, et al., 2006).

In the mixing process of cement, foam or entrainment of air might form. In order to mitigate this and achieve
desired slurry density, a defoamer is added. The defoamer often includes surfactants, and may also be referred
to as a surfactant. The mechanism of the defoamer is of the same character as a surfactant, whereas in the
cementing process it will alter the air/slurry interface.

The extender can be used to to dilute the cement slurry. When added to a diluted cement slurry, the extender
increases the yield of the mixture and enables increased suspension of solids. In this way, one can reduce the
density of the cement slurry. Consequently, the compressive strength of the cement is reduced to e certain
extent. Nevertheless, the density reduction is favorable in wells with abnormal pressures and weak zones.
Extenders are generally classified into three categories; water, low-density aggregates and gaseous extenders.
Water extenders allow for addition of more water to the cement slurry, and thereby reducing the density.
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Density aggregates is a wide category of extenders. It cover materials added to the slurry with lower density
than Portland cement (3.20 sg), and reduces the slurry density when significant amounts are added. Gaseous
extenders are basically a mixture of cement slurry and injected gas, reducing the conventional slurry density.
The two latter extenders will be discussed in the following section on ultralow-density cements.

Retarders and accelerators are used to control the thickening time of the cement. The thickening time is
defined as the time the cement is capable of being pumped. This is a function of various parameters, including
viscosity, temperature and pressure and is measure in Bearden units of consistency, Bc. By adding a retarder
to the cement slurry, the thickening time will increase and on the other hand be reduced by adding an
accelerator. Generally accelerators are used in near surface applications and relatively low temperatures,
while the need for retarders is proportional with depth. Both accelerators and retarders need to be considered
thoroughly in the planning process. In this way sufficient time spent on placing the cement properly can be
planned, whereas the waiting-on-cement, WOC, is kept to a minimum.

Salt is also an important and extremely versatile additive. It can behave as an accelerator or retarder,
depending. It is also used to disperse cement slurries, cement expansion, prevent clay swelling and
preparation of anti-freeze cements. When cementing across salt zones (e.g. Well 1), salt is used to prevent
dissolution of the salt formation.

The aspect of gas migration or annular gas flow is very important with respect to cement design and the actual
cement job. The severity of the problem varies from the most severe cases including blowout or well
abandonment to a marginal gas pressure seen at the wellhead. Three distinct root causes must be satisfied in
order for gas migration to take place (Nelson, et al., 2006):

e Hydrostatic pressure falls below or equals pore pressure of a gas bearing zone
e Space in the annulus
e A gas migration path is present in the annulus

Nevertheless, this is not the focus of this thesis and will not be discussed further.

6.3 Lightweight and Ultralow-Density Cements System

For formations with low fracture pressures or high permeability zones, conventional cement slurry may pose
operational challenges. Due to the relatively high density of the slurry losses are inevitable, jeopardizing the
well integrity. As discussed, deep water wells will be prone to these challenges, and especially the tophole
sections. Here a cement column from seabed to bottom is required, which most likely will impose pressure
beyond fracturing pressures to the formation. This has led to the introduction of lightweight and ultralow-
density cement systems.

A lightweight cement system is basically a system where the conventional cement slurry density has been
reduced. Typical values of conventional cement slurries are 1.80-1.92 sg. The transition from lightweight to
ultralow-density cement systems defined is at 1 200 kg/m® (Nelson, et al., 2006). As discussed in the previous
section, the key to reduce the density is by addition of extenders.
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Foam cement is one of these ultra-low density
cement systems. In this ultra-low density system an
inert gas is used together with the cement. Coarse
dispersions of base cement, a gas (usually nitrogen),
a foaming surfactant and other foam stabilizing
materials are typical composition basis. By
combining nitrogen, which practically do not have
mass at atmospheric conditions (1.17 kg/m® at 1 bar
and 15 °C), the density is drastically reduced. As a
consequence of the reduced amount of based cement
per cubic meter, the quality of the cement is reduced
to an acceptable extent. That is, reduced compressive
strength.

The technology was first introduced to the petroleum
in 1979, about 40 years later compared to the Figure 6.4: Foam cement cloes-up (Huatai, 2012)

construction industry. Since 1979 it has gradually
evolved, and in 1981 Slanton (Slanton, 1981) reported the use of acceptable foam cement with densities as
low as 600 kg/m®. In addition to the low density feature of foam cement, it also presents several advantages as
emphasizes by Nelson, et al., 2006:

¢ Relative high compressive strength developed in a reasonable time
e Less damaging to water-sensitive formations

e Lower chance of annular gas flow

e Ability to cement past zones experiencing total losses

Furthermore, the gas has little effect on the thickening time, and enables sufficient time for placement without
the need to introduce large amounts of retarders. This is as mentioned especially important for deep water
wells.

The challenge with foam cement is related to the compressibility of the foam. Since the gas content can be up
to 75 % (Fink, 2012) pressure variations throughout the cement job will alter the foam properties. Hence,
stability of the foam cement is of particular importance. The stability of the foam cement is affected by
foaming agent, gas content, chemical and physical composition of the slurry, thermodynamic factors and
mixing methods and conditions (Nelson, et al., 2006). Stable foams are characterized by spherical, discrete,
disconnected pore structures with a clearly defined cement matrix. On the other hand, unstable foams exhibit
non spherical and interconnected pores. Hence, the permeability is increased and compressive strength
reduced. The three phase gas/liquid/solid foam fluid is complex and undergoes constant evolution. Bubbles
may expand, shrink or coalesce, and are also shear history dependent. This makes the simulations of the
cement job relatively complex. The actual cementing operation is quite complex compared to a conventional
cement job. This is due to the relatively advanced equipment needed to inject accurate amounts of gas
throughout the operation (Fink, 2012). The aspect of a poor cement job will be discussed a bit further in
section 6.9.

If we recall Well 1, ultralow-density cement system would be a natural choice in the surface casings. As
indicated at the beginning of this section, the cement slurry from seabed to bottom would most likely fracture
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the formation. A foam cement solution on the other hand would most allow for a design without fracturing the
formation. If designed and executed correctly, the density and stability would enable the cement to be
circulated and placed according to requirements.

6.4 Cement and Additive Equipment

Offshore, rig capacity is usually a constraint. This has resulted in the design of a so-called cement unit. The
unit incorporates all the viral components used when preparing cement. These are typically, displacement
tank, liquid additive systems (LAS), surge tank and jet mixer.

A displacement tank is basically a metering and mixing station for water and additives (Figure 6.5). The
product water and additives two is mix water, and is used to prepare a specific cement slurry design. In order
to obtain the desired design, the additives mixed into the water needs to be carefully controlled and added.
This is typically done either by on-the-fly mixing or batch mixing.

When using on-the-fly mixing, the additives are continuous being fed into the displacement tank throughout
the cement job. The system consists of a storage/transfer unit and a metering unit. The additives are generally
stored in four storage tanks, each equipped with pumps and agitation systems. These tanks are connected to
the LAS, which consists of smaller tanks for each additive, typically 10 L, with visible level scales. The
additives are then semi-manually injected into one of the two displacement tanks that are being filled with
water (freshwater or seawater). The general trend in offshore applications is to incorporate automatic LAS.
Here, each additive is controlled and fed into the displacement tank by “smart valves” (Figure 6.6). The
system is more accurate, and consequently more complex.

As opposed to on the fly mixing, batch mixing is used to prepare the mix water in front of the cement job and
store it in a designated tank, typically 50-100 bbl. This can be an option if the cement job has very high
demands to design and needs to be especially controlled. As the cement job is to be executed, the mix water
from the storage tank is transferred to the displacement tank. The main drawback with this procedure to form
mix water is the risk of contamination and aging, in addition to the large storage tanks needed.
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2006)

Before the dry cement blend is mixed with the water from the displacement tank, a steady flow of cement
needs to be secured for the cementing operation. This is provided by the surge tank. This is a cylindroconical
tank, which is fed with cement blend at the top from the storage tanks, and injects the blend at a certain rate
through a valve and sock at the bottom. Throughout the operation the supply for cement may need to be
changed from one storage tank to another. Hence, with the use of the surge tank the operation can run
continuously.

The next step is the mixing of the cement blend and mix water to form cement slurry. This is conventionally
done by a jet mixer. Here the surge tank is mounted on top of a hopper. The hopper is a conical bowl, which
is fed with cement blend from the top and mixing water through side mounted jets (Figure 6.7). At the bottom
of the hopper a so-called knife gate is mounted. This controls the amount of cement that is allowed to pass
through into the jets. Mix water is usually delivered through the jets by a centrifugal (low pressure) or a
reciprocating (high pressure) pump. The flow through the jets has two effects; firstly it forces the cement
blend from the hopper into the gooseneck. Secondly, the pressure drop created by the high pressure jets pulls
the cement blend into the jet stream. Thus, the cement blend in the hopper successively moves downward
throughout the cementing operation. From the mixing manifold to the jet mixer there is also a bypass line.
This is used to control the density of the slurry. By opening the valve, the suction effect is decreased and the
amount of cement drawn out of the hopper is reduced. At the same time mix water enters the bypass valve to
mix with the slurry. The combined effect is consequently a reduction in density. If the bypass valve is closed
the effect is reversed, and density increased.
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Figure 6.7: Jet mixer (Nelson, et al., 2006)

As discussed earlier, the composition of the cement slurry is crucial with regards to well integrity. Thus, a
wide range of measurements are performed. On the rig slurry density and volumes are important
measurements performed during cementing. If needed, rheology and solids fraction is also measured.

6.5 Casing Hardware Tools

Within the petroleum industry there are a wide range of tools used to enhance the casing placement and
cementing operation. These casing (and liner) hardware and cementing tool mainly falls into the category of;

e Casing shoes

e Surge reduction tools

o Cement head and plugs
e Stage tools

e Centralization tools

These will be discussed on a general basis in order to give a basic understanding of the tools. Some tools may
be discussed in more detail, whereas these tools have been used in the field cases to be presented.

6.5.1 Casing Shoe

Guide shoes or float shoes (Figure 6.8) is the lowermost tool on the casing string, both being classified as a
casing shoe. The end of the section has a tapered design in order to smoothen casing running operations. The
outer housing of the section is conventionally made of steel, matching the rest of the casing string in material
and size. Inside, is also similar to a conventional casing joint except for the nose of the shoe. Here, the steel is
molded into the rounded nose with a centralized circulation port. The nose is made from concrete,
thermoplastic, aluminum or composite with integrated circulation port(s). This makes the nose fairly strong,
but can be easily drilled out with a polycrystalline diamond compact (PDC), insert and roller cone bits. Since
most casing shoes are to be drilled out, this is an important feature of the shoe.
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Figure 6.8: Guide shoe (left) float shoe (right) with double float valve setup (Nelson, et al., 2006)

As shown in Figure 6.8, the main difference between a guide shoe and float shoe is the check valve in the
float shoe. The design varies, but ball valves, flapper valve and poppet valve is often used. This is built in to
the design in order to prevent backflow of cement. This is useful with regards to well control when running
into the well. In addition to this, density variations between cement slurry, spacer and mud used in the cement
operation may result in pressure differentials. This will typically be the case when the cement is in place
across the casing interval, where the hydrostatic pressure is a combination of the cement, spacer and mud.
Inside the casing hydrostatic pressure is mostly dominated by mud (some cement at bottom). The latter
hydrostatic column is generally giving a lower pressure. Consequently, a float shoe will prevent backflow
from annulus into the casing string.

6.5.2 Surge Reduction Tools

Running casing into the wellbore with a float shoe will displace relatively large amounts of mud. Depending
on the running speed of the casing, rheology of the mud, formation pressure and permeability, surge and swab
pressures will be introduced when running casing into the well. The aspect of surge and swab pressures
briefly was discussed in Section 3 and will not be discussed further.

One way of running casing, is to use an autofill (Figure 6.9). An autofill is basically a setup in the float shoe
or float collar that is held open when the casing is run into the hole. A sliding sleeve or hollow cylinder is
placed through the float, preventing the flapper valve from closing. This is seen in Figure 6.10 (A). After
landing the casing it is converted to a closed end setup. One way of doing this is by dropping a ball which is
landed in the sliding sleeve, Figure 6.10 (B). After sufficient pressure buildup, the pins on top of the sleeve
will shear and the sleeve will be forced out of the flapper valve, Figure 6.10 (C). The function of the flapper
valve is then restored, Figure 6.10 (D). Once the autofill is converted, the process is irreversible. If needed,
the conversion of the autofill may be done while running casing. This may be needed to control the hook load,
control the well or prevent overflow on rig floor.
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The use of autofill can be very useful in order to reduce surge pressures. Since the fluid flow is allowed both

through the annulus and casing, the annular velocity is reduced and the total frictional pressure drop is
reduced.

Sl Sb? She e

1% 1] tlt]t tleft ‘;‘

EVAY v v U
Closed Open Autofill Autofill with
diverter
Figure 6.9: Various setup used when running casing (Nelson, Figure 6.10: Conversion from autofill to float (A to D)
et al., 2006) (Nelson, et al., 2006)
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In addition to the autofill, one may use a diverter tool to reduce surge pressures (Figure 6.9 and Figure 6.11).
A typical configuration is to install the diverter tool on drill pipe above the casing hanger, as seen in Figure
6.9. In this way, fluid is allowed to flow inside the casing and out to the annulus through the diverter. In
Figure 6.11, the Surgemaster 11™ divertertool from Weatherford International, Inc. is shown. This tool will
automatically open and close depending on pipe movement. When the pipe is run into the well, the circulation
ports is opened, and subsequently closed when motion stops. In this way, one can circulate and maintain well
control analogous to normal operation. The effect of implementing this tool is typically increased running
speed or on the other side, reduced surge pressures.

_’
—

——

Normally Closed Position Run-In Position

Figure 6.11: Diverter, Surgemaster 1™, from Weatherford
(Nelson, et al., 2006)

In Figure 6.12, a performance envelope of the Surgemaster 11™ is included. From this one can see that a
certain differential pressure (or running speeds) is needed in order to activate the tool. This pressure is
indicated by the “Low Range Marker”. At this pressure the tool will open and flow is permitted either through
the ports or further up the string. This can be seen from the arrows in Figure 6.11 when the tool is in running
position. Above this line (Figure 6.12), the green line indicate a “Warning Marker” dictates a differential
pressure which should be seen over the tool in order safely run it down hole. The blue line at the top shows
the “Maximum Allowable Surge Pressure”. This clearly depends on the formation being drilled. By
combining these lines with the various pipes being run (light blue and orange line) a running envelope is
created.
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Figure 6.12: Typical Surgemaster 1™ Running Envelope (Statoil, 2012)

By combining a simulation model (Section 8.1) and the casing tool setup, the maximum allowable running
speed may be calculated. This may be challenging due to several effects; Viscosity changes with temperature,
swelling clay, cavings, centralizers and reciprocating scratchers. When the maximum allowable running speed
is determined, it is up to the drilling crew to implement the operational procedures. This is also a challenging
task, with regards to compensating for acceleration and deceleration when running casing.

6.5.3 Plugs

Cementing plugs are used primarily to separate the drilling fluid from the cement and scrape the inside of
thecasing. They are made from nitrile or polyurethane molded over PDC-drillable high-density plastic cores.
Generally, the plugs are designed to be non-rotating after landing. In this way, they are easier drilled out. As
Figure 6.13 shows, the top and bottom plug are almost identical in appearance. However, they have quite
different features. The bottom plug has a thin membrane that is designed to rupture when plug has landed and
sufficient pressure has built up. This will allow cement to flow through the plug and into the annulus. The
bottom plug also features a landing profile for the top plug with anti-rotation (Figure 6.14) and sealing
mechanism. The top plug is designed to seal of the casing and annulus after wiping through the casing. Thus,
they need to be designed quite robust in order to withstand pressure differentials and abrupt landings in the
bottom plug. The use of a third wiper plug has also been introduced to the industry recently. Here, the plug
has generally been used in two ways. The plug is used to separate drilling mud from chemical washes or
spacers. A second use is to measure displacement efficiency of the mud pumps. By measuring number of
strokes between top and bottom the internal volume can accurately be determined, as opposed to a theoretical
volume calculation.
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Figure 6.13: Top and bottom plug (Nelson, Figure 6.14: Plugs with anti-rotation feature (Nelson, et al., 2006)
et al., 2006)

As one can understand, each plug has specific purposes and properties. The consequences of switching top
and bottom plug can be severe, and require re-drilling of a casing filled with cement. Thus, the plugs are
usually color coded in order to make the operation more robust. When a subsea wellhead system is used, this
is not an issue (see Figure 6.15). Here, the plugs are pre-installed in the casing hanger at seabed. In order to
initiate the plugs, a cement head at drill floor is typically used. The cement head contains typically a ball and
a dart (depending on vendor). These are used in order to initiate the plugs in the casing hanger. The ball is
released from the cement head and landed in the bottom plug. After pressure buildup the pins holding the plug
will shear, releasing the plug. The plug will then wipe the casing down towards the float collar and casing
shoe, effectively preventing slurry contamination. When the wiper plug is landed, another pressure buildup is
seen. After sufficient pressure buildup, the ball will penetrate the plug membrane and travel further down to a
ball catcher. Here, the ball is retained and cement slurry is allowed to enter the annulus. The top dart is
initiated using same procedure and landed in the top plug. The plug will then displace the tail cement and land
in the casing shoe. The pressure buildup (bump) is seen on surface and pumping is ceased. Normally a
pressure test is followed directly after the plug is bumped.

A system using to darts instead of ball and dart combination is clearly also possible, and depends on the
suppler. A double dart system is shown in Figure 6.16.
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Figure 6.16: Subsea wiper plug system
Figure 6.15: subsea cementing system with typical setup seen both on rig floor (top) illustrating both plugs and darts
and seabed (bottom) (Nelson, et al., 2006) (Nelson, et al., 2006)

Sometimes it can be useful to include an indicator collar in the cement job. This functions as a plug locator,
by producing a recognizable indication when the plug is passing. This is typically seen at surface as a pressure
increase between 300 and 700 psi. This will give valuable information to the operators in terms of verifying
theoretical displacement calculations against actual volumes. It is important not to mix this pressure increase
with a plug bumping in a landing collar, although quite similar responses can be seen.

If a liner is to be cemented, the technique and equipment used is similar to what is presented above. The main
difference is related to the liner hanger, which is hung off inside a casing located below the wellhead. The
liner hanger still contains two plugs, initiated by a ball and dart from drill floor.

3

Figure 6.17: Indicator collar (bottom) with constriction in the middle. Plug at top (Weatherford, 2012)

34



6.5.4 Stage Cementing

Stage equipment is used to provide an intermediate
path to the annulus. Usually a stage collar and port
collar are placed inside the casing to enable fluid flow
between inside and outside of the casing. The
objective of this intermediate path is to protect weak
formations from excessive hydrostatic pressure, to
cement widely separated zones and reduce the degree
of mud contamination. The operation of the port can
be done both mechanical and hydraulically.
Mechanically, this is done by pumping (or free fall)
plugs, which is designed for a specific sleeve. In this
way the ports can be opened and closed. Typically, the
lower sleeve initially covers the circulation ports.
After the first stage is complete, a plug is pumped and
landed in the sleeve controlling the ports. By hydraulic
pressure, the sleeve is moved down to open the ports.
The second stage is completed by pumping down a
larger plug in order to close the ports. After this it, is
not possible to open the ports. If a hydraulic setting
tool is used, the operating of the sleeve is performed
by pressure-force differentials over and under the
sleeve. This is simply done by giving the upper end a
larger area for pressure to work on compared to the
lower end. Hence, when the top plug is landed in the Figure 6.18: Hydraulic stage tool (Nelson, et al., 2006)

float collar, the pressure can slowly be increased until
the pressure exceeds the rating of the shear pins. Then the sleeve is forced downward, and the ports are
opened. Also here, the second stage is completed by a larger plug to seal above the ports. This can be seen in
Figure 6.18.

Another way to avoid fracturing weak formations during cementing is to use cement of varying density. The
typical procedure is to reduce the density of the lead cement and maintain a high density of the tail cement.
The quality of the lead cement is consequently reduced, whereas the tail cement around the casing shoe still is
of high strength.

6.5.5 Centralizers

Centralization of the casing string is essential in order to obtain an adequate cement job. Centralizers are
designed to position the pipe concentrically and provide a homogenous annulus, ideally. Due to the elasticity
of both liners and casings this is hard to achieve, especially in deviated wells. The concentricity ideally
created by the centralizers, will also improve cuttings removal, cement placement and functionality of other
external devices on the string. This is related to the different velocity profiles created when comparing a
concentric and eccentric setup.

When the casing is placed concentrically, the velocity profile in the well is homogenous. Around the
circumference, a homogeneous velocity profile is seen. Nevertheless, the velocity itself varies from pipe to
borehole wall. Close to the pipe and casing wall, the velocities are low, while they are higher as one move
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towards the midpoint (between casing and borehole wall). The is shown in scenario (a) in Figure 6.19. Here the
pipe is considered to be placed concentric, yielding an eccentricity ratio, €, of zero. If we consider
eccentrically placed pipes (e#0), the velocity profile around the circumference varies. That is, when the casing
is resting on one side of the borehole wall, the flow on the opposite is increased. This often has a destructive
effect on the cement job, and may provide annular paths for fluid flow.
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Figure 6.19: Velocity profiles at various eccentricity ratios (Nelson, et al., 2006)

In order to be effective, the centralizers need to be placed correctly. The placement is a function of casing
size, hole size, inclination and all factors relating to slide forces and drag. Generally, this is done by
simulations carried out by the service company. The typical placement of centralizers is to use two to three
centralizers per stand the first sections above the casing shoe. This is because the cement job is especially
critical at this section. As a general rule of thumb, 70 % standoff is required in order to get a good cement job
(100 % standoff=concentric). That is, 70 % standoff in addition to fluid hierarchy rules and pump rate
requirements.

There are a wide range of different centralizers used on liners and casings, within three main categories; rigid,
semi-rigid and spring bow.

Rigid centralizers are built with a fixed bow height and are seized to fit a specific casing or hole size. The
materials vary and depend highly on the loading forces scenario in each situation. In addition to external
attached centralizers, one may also use tubular centralizers which are welded together. The challenge with a
rigid centralizer is that it must be smaller than any restriction it passes through. Thus, the standoff is
somewhat limited.

The semi-rigid centralizer is similar to the rigid centralizer, with the ability to withstand high loads. The
difference is related to the ability to pass through obstructions (by force) without destroying the integrity of
the centralizer. The semi-rigid centralizer is most often a type of stamped steel-alloy bow. This is related to
the ability of the material to withstand high stress without cracking.

Spring bow centralizers are the most widely used centralizer. Here, the centralizers are constructed larger than
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the hole in which they are run. Spring steel bows is the centralizing mechanism, where the design must be
stiff enough to efficiently place the pipe in the hole and still be flexible enough to be run into the hole.

In addition to these conventional centralizers, close-tolerance centralizers have also been designed to aid holes
with casing clearances less than 0.75 in. per side. This is clearly essential for deep water wells, as the
sensitivity towards centralization increases with decreasing clearance.

6.6 Wellbore Preparations

In order to get a successful cement job, several predefined steps are generally followed. After finishing
drilling, the well should be cleaned thoroughly. The objective in this phase is to remove remaining cuttings
and secure that the mud is in good condition. This is done by circulating the well. By circulating the well, the
temperature profile of the wellbore is also aimed to match the testing temperature of the cementing fluid.
Ideally, the mud should be replaced by fresh conditioned mud, containing the rheology properties required for
the cementing operation. Here, the mud should not be of higher rheology than the spacer and cement fluid,
also known as the rheology hierarchy rule. This is a fundamental requirement in order to obtain a successful
mud removal. Compatibility between the mud and cement is often poor, where mud will have a destructive
effect on the cement job if they are allowed to be mixed. Hence, displacement with mud and cement interface
is usually avoided by use of plugs (section 6.5). The same hierarchy is seen with regards to density of fluids in
the cement operation. That is, cement is of highest density and mud of lowest. This is desirable in order to
keep the cement in the bottom of the hole after it is placed. One consequence of this is free-fall of fluids in the
string. While pumping the heavier fluids, these will naturally tend to force the tighter fluid (mud) further
downhole in order to maintain the pressure equilibrium between the string and annulus. This will be a
dynamic interaction between density and rheology of the fluids. This will most likely lead to a varying flow
rate out of the well during the cement job, although the displacement rate is constant throughout the cement
job.

6.7 Cement Job

Here a typical cement job will be presented. The operation will be briefly run through and discussed. The
general procedure is as follows;

e Pump spacer

e Drop ball
e Pump cement
e Drop dart

e Pump Spacer
o Displace with mud (Rig pumps)

The cement unit starts by pumping the spacer and drops the ball in the cement head, which lands in the
bottom plug. After the (weighted) spacer is pumped, the cement unit starts pumping cement slurry and
subsequently drops the dart. The cement slurry and small volume of spacer are then displaced by the rig
pumps with mud down the string. The cement is then displaced through the bottom plug, out the casing shoe
and up into the annulus. The mud displacement volumes needed in order to place the cement correctly is
calculated and correlated with strokes on the pumps. This is conditioned that the calculated stokes matches
actual strokes in order to displace the cement to a specific depth.

In front of the cement job, simulations are generally performed. Provided high quality input data, This will
most likely simplify the fluid design and provide indications of what one can expect in terms of operation
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requirements. It is especially important to maintain a sufficient circulation rate when the cement is being
placed. If encountering losses during a cement job and planned circulations cannot be achieved, testing should
be initiated to validate the cement job. Losses during a cement job can be planned. The important question
here is where the actual loss zone is. If the loss zone is located above top of cement, TOC, loss of returns will
be seen at surface although an adequate cement job is performed. On the other hand if the loss zone is located
between TOC and the casing shoe, the cement job will be affected. Thus, it is very useful to know where the
loss zone is. This is generally a challenging task, but one can use the pump pressure of the cement
displacement pumps to determine where the cement is when losses are encountered. As the cement exit the
shoe and enters the annulus the pump pressure tend to increase (deem™>spacer), iNdicating that the cement has
entered the annulus.

The most important paramteters in a cement job can be summed up by:

e Flow rate
o Minimum restriction to secure proper cement displacement
o Maximum restriction with regards to ECD
e  Fluid design
o Additived
o Volumes
e Centralization

6.8 Cement Testing

After performing the primary cement job the cement is usually evaluated by pressure testing or logging tools.
Pressure testing is the most common method. In order not to damage the set cement or cement/casing bond it
is usually performed after the cement is set. After the cement is set the shoe is drilled out and a
FIT/LOT/XLOT performed to confirm drillability of the next section. If the casing shoe does not hold the
planned pressure, a remedial cementing operation is required. The important thing is to maintain well integrity
(Nelson, et al., 2006).

6.9 Consequenses of a Poor Cement Job

A classic scenario of the potential consequences of a poor cement job is the the Macondo blowout 20/04/2012
(BP.2010) The Macondo well was a deepwater (~1500 m) exploration well, with a 36” - 28” - 22” - 16 - 13
5/8” - 11 7/8” - 9 7/8” casing design. The Deepwater Horizon drilling rig had recently reached target depth
after several remedial cementing operations and a side track. The subsequent logging indicated the presence
of hydrocarbons, and the well was decided plugged and abandoned (Transocean, 2012). Here, BP suggests
that the foam cement was unable to provide well integrity and seal the wellbore against hydrocarbons. That is,
the foam design was unable to generate stable foam cement sealing against the hydrocarbons. This key well
integrity failure and seven other steps, illustrated in Figure 6.20, subsequently led to the fatal incident
claiming the life of 11 workers.
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Figure 6.20: Swiss cheese model illustrating the Deepwater Horizon accident (Janssen, 2011)

Obviously, the incident also hit BP hard economically. Initially the Macondo well was aimed at roughly $ 100
million, whereas the actual cost of the well is estimated to roughly $ 40 billion (BP, 2010). Although the
industry seem to have various opinions regarding what actually went wrong down hole, a poor cement job
clearly has the potential to initiate such extreme incidents.
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I Requirements

Requirements are in some sense split into two legislatives. The first one is considered to be the local
requirements found at the specific area to be drilled. This is requirements given by the local authorities, and
varies to a large extent around the world. Typically, if one were to drill a well in the GoM, on would have to
comply to the requirements given in the Code of Federal Regulations (Office of the Federal Register, 2011) in
order to get a so-called “license to drill”. The second requirements one needs to comply to, are the ones
dictated by the company responsible of drilling the well. In Statoil, this management system is called ARIS.
Both these legislatives need to be implemented and followed. If a requirement from ARIS surpasses a local
requirement, ARIS requirement will be apply and vice versa.

7.1 Drilling Fluid Requirements

Generally there is also added a safety margin to the fluid in the borehole. This safety factor is governed by
riser margin, trip margin, compressibility of the fluid and other factors affecting the equivalent mud weight,
EMW. Riser margin is simply the extra mud weight needed in order to keep the well overbalanced although
riser is removed. This may typically be a riser emergency disconnect from the BOP due to rough weather. The
consequence of this is mud being replaced by seawater from seabed to sea level. Clearly, this effect is
amplified with increasing water depth, and is often not achievable in deepwater drilling. Thus, in Statoil this
would require the drilling engineer to apply for a deviation when planning this well in ARIS. The situation
would then be evaluated, and either approved or rejected. The operational consequence of the inability to
provide riser margin is special procedures when disconnecting the BOP. That is, in order to maintain
overbalance, the BOP is shut in with a certain pressure.

Trip margin is related to the extra mud weight needed in order to keep the well overbalanced although the
pressure may be reduced by swabbing. Also here the effect is generally amplified with depth due to the low
clearances seen between the casing strings.

The compressibility of the drilling fluid is also complex and depends highly on fluid composition. That is, oil
based muds are generally more compressible than water based muds and may pose challenges due to the large
pressures encountered in deepwater drilling. Another aspect of fluid compressibility is the dependency of
temperature. At seabed the temperatures approach 0°C, and as one moves further downhole the temperature
gradient is altered from negative to positive. This effect can be quite complex, but the general trend is
decreased density with increasing temperature (Aadngy, 1998; Wikipedia, 2012).

7.2 Cementing Requirements

Cementing the annulus after reaching target depth of the section is critical for the integrity of the well.
Requirements are implemented in order to fulfill the objectives of zonal isolation and structural support of the
casing (or liner). The requirements of the cement operation depend on which section is being drilled.

ARIS require 100 m cement column above casing shoe. If a casing shoe is not to be drilled out, a cement
column of 200m is required above the point of potential flow/leakage point/permeable formation of
hydrocarbons.

As for the GoM, the requirements related to be found in the CFR (Office of the Federal Register, 2011). Some
of these are presented below:
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e Conductor is required to be cemented to seabed

e The surface casing is required to be cemented at least 200 ft into the conductor casing (based on
calculated volumes) and to seabed if fractures or faults exists.

o For intermediate casings and production casings (including liners) it is required to use enough cement
to cover and isolate 500 ft above all hydrocarbon-bearing zones and isolate abnormal pressure
intervals from normal pressure intervals. As a minimum it is required to cement 500 ft above the
casing shoe if no abnormal pressures or hydrocarbon zones are encountered

The main objectives in are nevertheless zonal isolation and structural support (Statoil ARIS, 2012).
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8 Hydraulic Simulator

The hydraulic simulator used is based on the EDM™ Landmark software by Halliburton. Within Wellplan™,
a wide range of simulation modules, whereas the cementing and surge/swab modules are used here.

8.1 Surge Module

The surge module enables the user to calculate pressure fluctuations throughout the well caused by pipe
movement. This is a useful tool for especially in the planning phase. Here the drilling engineers are able to get
insight into the dynamic pressure profile in the well, given good input data. In this way one can make
corrective measures if the pressures seen are unacceptable. Also under the execution phase the module is used
further including updated formation pressures, mud weights, well schematics and so on. The calculations are
typically used when:

e Tripping drill strings in deep hot holes, especially while drilling below liners
¢ Running and cementing casings/liners with low clearance
e Running and cementing long casings/liners

The calculations are based on the equations for mass and momentum balance, equation 15 and 16
respectively:

1dA 1\dP 190 15
Ga %)@ 737
%%q = —g—§+h(q)+pg cos@ 16
Parameter Nomenclature
A Cross-sectional area
P Pressure
K Fluid Bulk modulus
q Flow rate
p Fluid density
h Frictional pressure drop
g Gravitational constant
0 Inclination
z Depth

Table 6: Parameters and nomenclature
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The equation of mass balance basically says that matter cannot disappear or be created spontaneously
(Wikipedia, 2012). That is, conservation of mass. By accounting for material entering and leaving a system,
mass flows can be identified.

The equation of momentum balance considers the forces acting on the system and in the system. This balance
is governed by the fact that if no external force acts on a closed system, the momentum of the closed system
remains constant (Wikipedia, 2012).

The calculations are divided into two sections. One from pipe top to bottom and the other one form pipe
bottom to bottom of hole. By use of interpolation each pressure point can be calculated from a boundary
condition at a specific time. In order to include the dynamic aspect, a new calculation is performed at a time
At after the preceding calculation. Since waves move with the speed of sound in the matter it is travelling, the
time intervals has a minimum/Maximum value. The time steps can be adjusted to a minimum/maximum from
the time it takes a sound wave to travel through a specific interval of calculation. This means that for a
saltwater (c=1500m/s) section of 10 meters, tyis= 0.0067 s. In this way the user may specify intervals of
special interest, where the time steps is shortened in ordered to give good dynamic resolution and vice versa.
This can be especially interesting around the bit when tripping into a small clearance hole.

8.2 Cementing Module

The cementing module can be used in order to predict pressure fluctuations during cementing operations. This
is especially useful in order to optimize cementing operations and avoiding expensive remedial cementing.
The typical scenarios include:

e Safe pump rates

e Surface pressure

o Downhole pressures

¢ Nitrogen concentration

e Downhole rheology

e Temperature thinning of fluids
The exact equations are somewhat limited given by the Landmark software. Clearly, the model is relatively
advanced and becomes even more complex when one considers the compressibility of fluids in a dynamic

picture. As discussed in section 6.3, there does not seem to be a general set of accepted models and equations
for calculating the multiphase flow of cement.
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9 Case

In this context, Well 1 will be further developed for running casing and cementing. Simulations for various
scenarios will be presented and discussed. The main focus will be on the 13 5/8” section of the well. The
reason for examining this section is related to the five GoM and Egypt deep water wells examined through
this study. Each of the wells examined has incorporated a 13 5/8” string into the casing design, whereas all
these presented challenges. Simulations for all these wells will be included, and will also include real time
data. This is done in order to verify the simulations done in front of the operations and to evaluate the data for
different trends. This will also give indications of the validity of Well1, discussed in section 2.3.

The simulations are based on the cementing module in the landmark software, OptiCem™., The simulator
used in this thesis for Well 1 is also OptiCem™, although it is a bit more primitive and older edition. The
main difference is related to fluid rheology modeling. That is, in the new version the calculation of for
example frictional pressure drop will be different, although the trend will be the same.

The five deepwater wells will not be used as a basis for further simulations. Here, Well 1 will be used to build
a case with clear similarities to the wells drilled in GoM and Egypt. The results from the simulator will then
be modified to examine the potential outcome of other solutions.

9.1 Well 1

Well 1 is has now been drilled vertically to TD at 22 290 ft for the 13 5/8” section. The BOS is located at
18 000 ft, which is why the 16” liner is set at 17 250 ft. This is a natural choice in order to provide a good
liner shoe basis pre exiting the salt section and potentially entering a rubble zone. The hang-off point inside
the 22” casing is at 10 000 ft. The setup is shown in Figure 9.1.
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Figure 9.1: Geological setup and casing design for Well 1
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Figure 9.2:Pressure plot indicating mud weights and setting depths of the different casings and liners

As shown in Figure 9.2, the casing depths and mud weight as set with an approximate safety margin of 0.5
ppg to the fracture pressure. This would most likely vary in the drilling operation, but the mud weight shall
not exceed the 0.5 ppg safety margin to the LOT at previous shoe.

With this setup, the 13 5/8” casing will be run through the 16” with a concentric clearance of 0.6125”.
Obviously, running a closed end casing into the well will impose surge pressures to the formations. Thus, a
diverter tool in installed in the landing string as well as auto-fill equipment in the casing string. Both the
landing collar and casing shoe is equipped with an auto-fill, which will allow for fluid flow up the casing
when running in.

The 13 5/8” cementing operation is started after reaching TD (22 200ft) with the 14 % PDC bit and 17 %"
underreamer, 14 % x 17” BHA. Since the BHA is run through the 16” casing and a subsequent 13 5/8”
casing is to be run, the hole is enlarged to a 17 1/2” hole by use of an underreamer located approximately 50
m behind the bit. The casing TD is at 15 090 ft (~4 600 m). After tripping out of hole, the 13 5/8” is to be run.
Between the 16” liner and 13 5/8” casing the clearance is 1.5 cm, mitigating actions needs to be taken in order
to reduce surge pressures when running casing into the well. Thus, the casing shoe is equipped with an
autofill float valve (22 200 ft). Further up the casing string, another convertible float collar is used (22 137 ft).
Here the bottom and top plug will land during the cementing operation. A diverter tool is also installed above
the casing hanger in the landing string (8 000 ft), in order to allow for fluid to flow into the annulus from
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inside the string. Both these tool are discussed in section 6.5.2, and will help reduce the surge pressures
created when running into the well. The setup is summarized by in Figure 9.3.

Mean Sea Lewvel (90,0 1)

Riser: Yentical, OD = 30,000 in, ID = 21,000 in, 090,00 ft

Divertertool

5040,0 ft Mudline (5090,0 )

22in, 224 28 ppf, ¥-80 [GOM], ,1910,00 it
10000,0 ft

16 in, 97 ppf, G125 [GOM], , 7250,00 ft

172500 1

OH 17,500 in, 5040,00 ft

Float Collar

Casing Shoe

222800 1
2228900 f

Figure 9.3: String setup Well 1

Furthermore, centralizers are needed in order to maintain concentricity in the wellbore. The need for
centralizers will increase with increasing inclination in the well. Since this is considered a vertical exploration
well, the need heavy centralizer concentration is limited. Nevertheless, centralizers are required in order to
obtain the minimum requirement of 70 % standoff in the wellbore. As discussed in Section 6.5.5, centralizers
are essential to achieve cement all around the pipe, and therefore giving a hydraulic seal and zonal isolation.
Thus, centralization will be built in to 75 % in the simulations.

The section is planned to be cemented with a 1 000 ft cement column. This is due to the requirement of 500 ft
cement column above casing shoe or abnormal/hydrocarbon zone (Office of the Federal Register, 2011). With
a 1 000 ft cement column, thorough isolation is likely to be secured, and the required interval of 500 ft is less
prone to contamination. The cement slurry will be based on conventional cement slurry design. The reason for
not choosing foamed cement is due to:

o Relatively short interval of cement (~1 000 ft)
e Less logistics

e More economical

e More robust system

o High cement slurry strength

In order to minimize losses when displacing the cementing, it would also generally be necessary to give
restrictions to pump rate. This is also something that will be based on simulations, and a typical value could
be 4-6 bbls/min (~600-1 000 L/min). This value also needs to be evaluated with respect to annular velocity
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and mud removal. Since these values are used in similar wells with similar setup in GoM this will not be
evaluated further. After the cement is in place and set according to procedure, the cement integrity is tested.

9.1.1 Simulations Basis

Simulations performed both for running casing and cementing is done under several assumptions that are
important for the results in the simulations performed. These are:

e Incompressible fluids
o This is not the case for SBM, but these are assumptions made to simplify the simulations.
This is also the basis for simulations performed on drilled deepwater wells (Section9.2)
e Concentric design
e No losses to formation
o This is also the case where the fracture gradient is exceeded

Furthermore, the general simulation input data is summarized in Table 7, for further details, reader is referred
to Appendix A.

Input Data Well 1

Elavation 90 ft Spacer Density 12.5 ppg
Water Depth 8 000 ft Lead Cement Density 13.5 ppg
Wellhead 8 000 ft Tail Cement Density 16.4 ppg
TD 15120 ft Pump rate 5 bbl/min
Casing TD 15090 ft Open Hole Excess 10 %

16 Liner Shoe 13 090 ft Well Inclination 0°

SBM Density 11.7 ppg Standoff 75 %

Table 7: Input data for tripping and cementing simulations

In each simulation module, Surge and OptiCem, Well 1 is constructed through several steps. These include
hole section, string, well bore, fluids, pore pressure, fracture gradient, circulation system, and centralization.
Furthermore, in each module additional data and job data are needed in order to simulate the operation. In this
way one can define the operation relatively good. Nevertheless, it is important to emphasize that the
simulations not necessarily equals reality. That is, the simulations function as guidance to what is to be the
expected outcome based on the given data. On the other hand, poor data in equals misleading simulations out.

The structure of the following simulation sections is divided into two. Firstly, the simulated results will be
presented and a subsequent discussion will follow each individual result.

9.1.2 Simulations — Running 13 5/8” Casing

The first simulation to be evaluated is the simulation related to tripping speed. The Surge Module within

Wellplan™ features an optimized trip schedule function that calculates the optimal tripping speeds according
to the given input data. The simulator will calculate values for the entire open hole section, starting one stand
above the previous casing shoe to TD. Calculations are performed at every stand length (90 ft), and are valid
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if pressure is within the operational window. If the calculated pressure is outside the operational window, the
speed is adjusted until the pressure calculation is valid. The maximum allowable running speed in the
simulation is 150 ft/min.

The first scenario assumes both diverter tool and float/shoe valves to be open during running casing.
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Figure 9.4: Optimized trip speed when running into the well using autofill and diverter

As shown in Figure 9.4, the optimized tripping speed varies throughout the open hole. The general trend is
approximately 120 ft/min down to casing TD (22 200 ft). Although TD is shown, indicating casing running
speed from 22 200 ft to 22 290 ft, casing is not run to TD. Since calculations are performed every stand length
and casing is run to 22 200 ft, a solid line from ~120 ft/min to O ft/min is seen from 22 200 ft to 22 290 ft.
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Figure 9.5: Maximum and minimum equivalent mud weights seen when running into the well with open float collar and
diverter

According to Figure 9.5, the maximum and minimum EMWs fluctuate approximately between 11.55 and
11.80 ppg. This means that both surge and swab are seen through the section. The maximum EMW at 18 000
ft (BOS) is approximately 0.3 ppg from the fracture pressure at this point. Thus, one would expect the
optimized tripping speed to be higher than what is presented in Figure 9.4. This is not the case. At TD the
pore pressure is 11.54 ppg and seem to equal the maximum and minimum EMWs. This implies that swabbing
is seen at this point since the mudweight is set to 11.70 ppg. When increasing the running speed to 130 ft/min
(Figure 9.6), swabbing pressures below the pore pressure is seen. With respect to hole integrity and
operational safety, this is not a desired scenario.
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Figure 9.6: Transient EMWs pressures seen at TD when running in with 130 ft/min past various depths. Especially interesting
is pressures seen at 0.75-0.90 min

When the running speed is reduced to 90 ft/min, the swabbing pressures seen at TD are held above pore
pressure. As seen in Figure 9.7 the swabbing pressures are still close to pore pressure at TD.
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Figure 9.7: Transient EWMs seen at TD when the pipe is run past various depths.
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In order to give a recommendation for running speed in this scenario, it would most likely be a maximum
running speed of 90 ft/min. In this was losses are most likely avoided, time spent on tripping is optimized
with a safety margin and the drilling crew is given a constant maximum running speed through the operation.
Furthermore, 90 ft/min casing would most likely minimize time spent on tripping without encountering kicks
or losses.

The next scenario is performed with a closed diverter tool. This means that fluid is not allowed to flow from
inside the casing and out to the annulus through the diverter. This can be the case if the diverter fails during
running. For the Surgemaster 11™ (Figure 6.11), this could typically be that the tool fails to open as it is run
downhole.
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Figure 9.8: Optimized trip speed with autofill and closed diverter tool

Figure 9.8 shows a variable running speed schedule. At the 16” casing shoe, the running speed is
approximately 120 ft/min whilst at casing TD the optimal speed is reduced to approximately 80 ft/min. This
means that the optimal simulated tripping speed is significantly slower if the diverter were to fail. This
implies that associated costs related to tripping are increased.
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Figure 9.9: Maximum and minimum EMW seen when running into the well with closed diverter

The maximum and minimum EMWSs seen according to the optimal tripping schedule are seen to be close to
both the fracturing gradient at BOS and the pore pressure at TD. Figure 9.9 Also indicates both surge and
swab as the casing is run, similar to what was seen in the previous simulation.

Since the general trend of the optimal tripping speed is declining from the 16” casing shoe to casing TD, an
option with varying tripping speed could be implemented. This could be a tripping speed of 90 ft/min down to
20 000 and a reduction to 80 ft/min from this point to casing TD. Although varying tripping speeds are seen,
the schedule would be easy to follow. This option is presented in Figure 9.10.
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Figure 9.10: Suggested tripping speed past various depths. The associated EMWs and transient response to pipe movement is
seen at fracture zone (BOS)

The last simulation to be performed, are simulations with closed end casing shoe. This can be the scenario if
the float is converted during running down to casing TD. Due to the similarity between closed float and
closing both float and diverter in the simulations, the latter is omitted.
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Figure 9.11: Optimized trip speed with closed string

The trip speed is seen vary between 20 and 37 ft/min (Figure 9.11). As the casing exits the previous 16”
casing shoe, the speed increase from 22 ft/min to 27 ft/min and follows approximately this value down to

22 000 ft where the speed increases to approximately 37 ft/min. Compared to what is seen on the scenario
with closed diverter and open autofill, the running speed is generally reduced by a factor of 3. This is in
accordance to what one would expect. This is due to the piston like displacement when the casing is run into
the hole. The displaced fluid is forced along the small clearance (0.6125”) between the 13 5/8” casing and 16”
liner. This implies increased fluid velocity and increased frictional pressure drop. Consequently, the EMW is
increased and the running speed needs to be reduced in order to obtain a valid EMW.

Clearly, the economic impact of a defect autofill is larger compared to a failed diverter.
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Figure 9.12: Maximum and minimum equivalent mud weight running casing with float collar closed

The difference between maximum and minimum EMWs in Figure 9.12 also suggests that surge and swab are
seen for this scenario. The values fluctuates beween 11.50 ppg and 12.10 ppg.

According to the two figures above, a tripping schedule of varying speed is also suggested for this scenario.
The section is run with a general speed of 25 ft/min. As indicated above, the exit of the previous casing shoe
is critical for this scenario and special caution should be taken at this point. One option could be to run the
casing at 25 ft/min down to one stand above the 16” casing shoe. From this point and down to one stand

below the 16” casing shoe, the speed is reduced to 20 ft/min. The simulations for this scenario are shown
below.
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Figure 9.13: Transient response plot with reduced running speed at 16” casing shoe

As shown in Figure 9.13, fracturing is avoided if the running speed is reduced at casing shoe. A more detailed
simulation showing reduced running speeds one stand above and below the 16” casing shoe is shown below.
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Figure 9.14: Transient response plot with reduced running speeds as suggested

Based on the optimized tripping schedule simulations for the various scenarios, the suggested running speeds
for the three different scenarios are shown in Table 8.
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Setup Maximum Running Speed

Open 90 ft/min
Closed Diverter Tool 90 (80) ft/min
Closed Casing 25 (20) ft/min

Table 8: Suggested running speed with various setups

9.1.3 Simulations - Cementing 13 5/8” Casing

The simulations are performed using OptiCem™ within Wellplan™ (Section 8.2). The cement job was
planned with 11.70 ppg mud in the hole. After circulating and conditioning the mud, a 125 bbl spacer (12.50
ppg) is to be pumped. The planned cement column of 1 000 ft consists of a 500 ft lead cement of 13.50 ppg
and 500 ft tail cement of 16.40ppg. The high density tail cement is to be placed over the 13 5/8” casing shoe
given that the top plug is successfully landed in the landing collar and no over-displacement. Between the top
plug and displacement mud, a 10 bbl spacer is used. When the plug is landed in the landing collar an
additional pressure of 500 psi is applied to the plug. This is to assure that the plug is set and to make sure that
no backflow is seen if the float valves fail to function. That is, backflow would occur due to differential
between fluid columns inside pipe and annulus. The displacement rate throughout the operation is setto 5
bbl/min. Since the landing collar is placed approximately 63 ft above the casing shoe, the shoe track equals
approximately 10 bbl (12.137 in ID x 63 ft). This means that the actual pump strokes should not exceed the
calculated pump strokes with more than 10 bbl in order not to over-displace the cement.
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Figure 9.15: Simulated ECD and ESD seen at BOS (18 000 ft) throughout the cement job

The ECD values throughout the simulations are relatively stable at the BOS. This is mainly related to the
assumption of incompressible fluid, giving a more stable result compared to what would be the case for an
actual cement job.

The fluctuations seen relatively early in the simulation are related to the pumping of spacer and cement slurry.
As spacer and cement slurry are introduced to the system, an ECD increase is seen due to free-fall effect. The
higher density inherent in the spacer and cements relative to the mud will force the fluid column further down
hole in order to maintain dynamic equilibrium. Since the annulus is filled with mud and the string with a
mus/spacer/cement combination, the fluid in the string is denser. Therefore, fluid level inside the string will
fall, and may fall faster compared to what is produced by the rig pumps. This means that the flow rate out of
the well is higher than the rig pump rate of 5 bbl/min. This is clearly shown in Figure 9.16. The effect of this
is increased ECD from typically 40 min into the cement job.

After the top dart/ball is dropped and displacing spacer and mud is introduced (step 5 in Figure 9.15), the
pressure gradient is reversed and ECD decreases. The direct cause of this is most likely decreased fluid
velocities at this point. The reason for the decreased velocity seen at BOS inside the annulus lies in the
reduced density of the pumped fluids. As the lower density spacer and mud is pumped into the string the free-
fall effect starts to decrease. Consequently, the velocity at BOS also decreases. The gap between pump outlet
and fluid inside the string starts to decrease as the density differential between the string and annulus fluids
decrease. This is also known as “catch up”. As the fluid level rises, the fluid rate out of the well is constantly
below rig pump rate. Thus, the ECD will be reduced below the initial value of approximately 12.25 ppg at
BOS. When the fluid level is back to pump output level, the ECD is back to normal value.
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Figure 9.16: Flow rates in and out of the well. Flow rate in is seen to be stable at 5 bbl/min. Rate out varies between 40 and 80

minutes into the cement job

The simulations performed for the cement job were challenging. This is mainly related to the marginal
operating window seen between the BOS and TD. The planned mud weight of 11.70 ppg is relatively
comfortable above the pore pressure at TD (11.54 ppg), but has not been lowered more in order to secure
overpressure relative to the pore pressure at this point. With regards to the fracture pressure, Figure 9.15
shows a simulated circulating pressure exceeding the fracture gradient throughout the cement job. The
overpressure is roughly 0.15 ppg, where ECD is 12.25 ppg and the fracture gradient is 12.10 ppg. This will
most likely cause losses to the formation during cementing. The important question is then at which point in
the wellbore the losses will occur. This is more easily discussed along with Figure 9.17.
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Figure 9.17: ECD and ESD profile seen throughout the well

The ECD is seen to exceed the fracture gradient from BOS to approximately 19 500 ft. The top of cement is
planned at 21 200 ft, 1 700 ft further down compared to the loss zone. This means that the cement
theoretically will be placed at the desired interval, whilst losses or total loss will be experienced at surface.

Here one could take several mitigating actions:

e Lower mud weight prior to running casing
e Lower mud weight after casing is run
e Spot Lost Circulation Material, LCM, pill over potential loss zone in front of or during cement job

The decision on whether to go for 11.70 ppg mud or one of the alternatives above is not clear. As discussed in
Chapter 7, this will depend on several factors. If Well 1 were to be drilled in GoM, this scenario would most
likely not be accepted. A general accepted norm in GoM, is to drill the well with a planned safety margin of
0.5 ppg. On the other hand, this reduction would imply a 0.06 ppg safety margin to the pore pressure.
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Figure 9.18: Simulated ECD and ESD throughout cement job

The hydrostatic density of the fluids throughout the cement job is seen to be at least 0.30 ppg above the pore

pressure. Since the depth shown for this plot is casing TD and not section TD, the actual pore pressure of

interest is 11.54 ppg as previously stated. This means that the overpressure is 0.16 ppg. The simulator was not

able to show calculations for depths exceeding string depth, but this is relatively easy to take into account.

Nevertheless, towards the end of the cement job, the hydrostatic pressure is seen to increase. This is simply a
result of spacer and cement to exit the casing shoe and being displaced up the annulus. Consequently, both the
ECD and ESD are increased due to hydrostatic development.

61



—EETSES Level (30,0 )

090,01 Mudline (80900 )

10000,0 1

1725001

Stage i
Caolar Mo Fluid Marme
SEM
Spacer

Lead Cement
Tail Cement
Spacer

SEM

| | foafra]—
@ || | Lo paf =

2224001
2224001
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The fluid positions are shown above (Figure 9.19), although the not to scale it gives a good overview. The tail
cement (brown) is placed inside the shoe track and 500 ft up inside the annulus. A 500 ft lead cement column
(green) follows the tail cement and ends at 21 200 ft. The actual placement of the cement depends on several
factors, but one of the most interesting ones with regards to this cement job is where the potential loss zone
would be. According to the simulations the loss zone would be approximately 1 700 ft above top of lead
cement. This would be a scenario resulting in an adequate cement job although returns most likely would be
limited on surface.

9.2 GoM and Egypt Deepwater Wells

Due to the sensitive nature of data related to these wells, anonymity of the wells is required in order to protect
confidential data. Thus, wells will be referred to Well A, B, C, D, and E. Each well will be individually
presented with especial focus on the 13 5/8” section. That is, the drilling operations down to this section will
be briefly summarized, whereas the section itself will be more thoroughly presented.

The data used is found on the respective well’s internal team sites and DBR. The latter being a database for
the daily drilling reports within the Statoil intranet (Statoil DBR, 2012).

The general trend of the wells with regards to fluids is as follows:

e Tophole drilling with seawater with high viscous sweeps between every stand
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e Surface casing cemented with foam cement to seabed

e After installing BOP and riser, SBM or OBM are used as drilling fluid

e Conventional cement slurry is used in the intermediate casing strings and liners with a 1000 ft cement
column

The wells are drilled from either the drillship Discoverer Americas (Transocean) or from the semi-
submersible drilling rig Maersk Developer (Maersk Drilling). As seen in Table 9, there is a significant RKB-
MSL difference between the two. This means that the data should be normalized if the respective pressure
gradients were to be compared. However, this is omitted from the thesis.

Discoverer Americas Maersk Developer
Type 6" Generation Drillship 6" Generation Semi-sub
Derrick Dual Dual
Rated Water Depth 12 000 ft 10 000 ft
Drilling Depth 40 000 ft 40 000 ft
Year 2009 2009
RKB - MSL 92 ft 106 ft

Table 9: General data from the two drilling vessels used

9.21 Well A

Well A was drilled in water depths of approximately 7 750 ft (~2360m). Firstly, the well was jetted and
soaked in order to install the 36” conductor. Here the soil at seabed is basically jetted as the conductor is run.
After reaching TD, the well is soaked in order to obtain sufficient friction between conductor and formation.
Inside the conductor a 26” bit was installed to allow for direct drilling after completing the conductor
placement. The 26” section was drilled without any significant problems and a 22” surface casing was
cemented in place.

The next section was drilled with a 13 %2 bit with a bi-centered near bit underreamer sub of 227, 13 %2 x 22”.
After drilling approximately 3000 ft, a 18” liner was run and cemented. Another liner section was drilled and
anchored in the 22” casing approximately midway into the salt section. Here a 16 %2” x 19” bit and
underreamer combination was used. Due to hard formations about 300 ft of the wellbore was drilled without
an active underreamer, i.e. left with a 16 %2” gauge hole. In order to allow a 16” liner to be run to TD, it was
decided to make an additional run with a specialized bit for opening the 16 %" section of 30 ft. While running
casing and cementing the section losses between 16-36 % where encountered. In order to minimize losses, the
cement design consisted of a lead and tail cement of different density.

The 13 5/8” section was drilled with a 14 34” PDC bit and a 17 '~ underreamer, analogous to the pervious
sections. A relatively high leak off test, LOT, was achieved 13.19 ppg inside the salt section. The salt section
was drilled relatively easy, with some stuck pipe incidents. After drilling approximately 2000 ft BOS was
reached. At this point well was flow checked and drilling was governed by a salt exit strategy. As briefly
discussed in section 2.2, there is often challenges related to exiting the salt. These challenges were generally
not seen in the immediate proximity of BOS. The challenges where on the other hand seen further down
towards TD of the section. Here, pore pressure started to creep upwards and several gains were taken. As a
consequence the mud weight was raised from 12.0 to 12.5 ppg in several steps to reduce gas levels. At this
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point the section was drilled to 21 566 ft TVD. After the well was circulated to 12.5 ppg mud, the well went
on slight losses and escalated to total losses. Pipe was pulled out of hole until the 14 34 bit was above the 17
5” reamed section. Several actions followed where base oil was pumped inside riser and LCM pill spotted in
order to reduce losses. This had no significant effect on the losses seen during circulation. Thus, it was
decided to spot a 16.6 ppg high density mud pill across the openhole and displace with 11.7 ppg mud in order
to run the 13 5/8” casing. The riser was displaced to 11.0 ppg mud.

While running casing to TD loss rate varied. Approximately 20 bbl/stand where seen as the casing was run
down hole, while typically 45 bbl/hr was seen while in slips.

When running casing, the well was in overbalance and on losses. Thus, no large amounts of returns under the
cement job were expected as well. Keywords of the cement design was

Fluid (length) Density [ppd] Rate [bbl/min]
Spacer 12.5 5
Cement (1 000 ft) 16.4 5
Mud 11.7 10 (5 last 40 bbl)

Table 10: Design parameters of cement Job, Well A

Prior to cementing the section an updated simulation was performed. The simulation is illustrated in Figure
9.20 and Figure 9.21.
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Figure 9.20: Simulated pressure and ECD during displacement at potential fracture zone (Statoil, 2012)

As indicated by the simulations above, no losses seem to be expected. These simulations are in some sense of
low value since the well initially was on losses.
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OptiCem
Circulating Pressure and Density at Reservoir Zone
Downhole Annular Pressure and ECD vs. Liquid Vohune
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Figure 9.21: Simulated pressure and ECD during displacement at potential flow zone (Statoil, 2012)
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At 20 257 ft a potential flow zone or reservoir zone is evaluated and significant risk for inflow seem to be

present.
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Figure 9.22: Cement job showing different sequences in the actual cement job (Statoil, 2012)

Figure 9.22 shows various data from the actual cement job. The operation is started when the cement unit
lines are tested. After this, cement unit pumps the spacer at a rate of 5 bbl/min (black). The cement is then
pumped from the cement unit after a small break at approximately 5 bbl/min. Towards the end of the cement
pumping, the top dart is launched in order to enable cement displacement according to procedures. Pumping
from the cement unit is stopped and rig pumps start displacing the cement train with mud at pump rates of 12-
14 bbl/min (yellow). A spike in rig pump pressure (pink) is seen midway into the operations. As indicated,
this is due to the top dart latching onto the top plug. Towards the end, the bottom plug is seen to be bumped,
after this a pressure buildup is gradually seen on the rig pump pressure. This is according to what one would
expect, since the cement is exiting the landing and float collar and enters the annulus. The pump rates are then
reduced and a pressure peak is seen at the end. This was misinterpreted as the top plug being landed. As in
indicated, this was the actually the plug passing the indicator collar. Thus, the cement was under displaced by
approximately 56 bbl.

Minor or no returns was seen at surface during the cement job. A total of 5 000 bbl are estimated to be lost
during running casing and cementing.

9.2.2 Well B

Well B was drilled in shallower water depths compared to well A, approximately 2 000 ft ( ~610 m) of water.
Operations started by jetting for the 36” structural casing followed by a 26” x 32” drill-ahead assembly for a
28” surface casing. The 28” surface casing was cemented in place by use of foam cement. Another 22”
surface casing was planned in Well B, here the RMR technology discussed in Section 2.4. The reason for
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using this system was due to a zone of pore pressure build up. By using the RMR technology, one had returns
to rig without a riser installed. Thus, an inhibitive water based mud was used in this section. A 26” BHA was
use to drill the section to TD and a 22" surface casing was installed and cemented with conventional cement
slurry. The BOP and riser were then run and a 12 % x 22” hole drilled to accommodate a 18” liner. The liner
was run a bit shallower than planned. This was due to tight spots encountered when running the liner. The
cement job went according to plan, although the clearances were relatively small. Also Well B incorporated a
16“ liner in addition to the 18” liner. Here, the 16 %% x 20” hole was drilled approximately 3 000 ft, and
presented challenges especially related to the operational window. A window of approximately 0.04 ppg or
0.005 sg is clearly a challenging situation with regards to drilling, running casing and cementing. Also
accounting clearances as low as ~5 mm (18”liner 16 ¥%2”’x 20” BHA), losses were practically inevitable. Heavy
losses were seen both in when running and cementing the liner. Nevertheless, the liner was placed and
cemented in place according to requirements.

Drilling of the next section to accommodate the 13 5/8” casing was drilled using a 14 %” x 17 %2” BHA. The
section presented challenges. Proximity rubble zone and a tight operating window presented several gain
situations. The previous casing shoe LOT was 15.3 and gains were encountered as the mud weight stepwise
was increased to 14.8 ppg. TD of the section was even though extended with approximately 2 000 ft before
the tight operational window required casing to be run. Consequently, losses were expected both for running
casing and for the cementing operation.

When running casing both a diverter and autofill was used and yield running speed restrictions at the top
section restrictions was approximately 1 000 ft/min. That is, no practical restrictions. These values gradually
increased as pipe was moved further down hole. At bottom, restrictions of approximately 130 and 50 ft/min
were given to the diverter and autofill, respectively. If both were to fail, a restricted running speed of
approximately 4 ft/min was seen down towards TD.

The subsequent cement job was simulated approximately eight months in front of the operation, and is shown
in Figure 9.23. Since the well was drilled 2 000 ft further down compared to what was planned, the value of
also this cement job is limited. Key parameters of the design were:

Fluid (length) Density [ppd] Rate [bbl/min]
Spacer 15.0 6
Lead Cement (1 791 ft) 15.0 6
Tail Cement (300 ft) 16.4 6
Mud 14.5 8

Table 11: Design parameters of cement job, Well B
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Figure 9.23: Simulated pressure and ECD during displacement at potential fracture zone (Statoil, 2012)

As seen in this figure, the circulating pressure is high and close to the fracture pressure. After circulating 1

500 bbls the fracture pressure is exceeded, most likely leading to losses. The increase in ECD and ESD is the
cement being placed over the section.

The cement job record from the rig was acquired. The data is shown in Figure 9.24.
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Figure 9.24: Real time data from cement job, Well B (Statoil, 2012)
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As indicated in Figure 9.24, the cement job did not go 100 % according to the plan. Both pumping of fluids
and darts were dropped according to schedule. The bottom plug is seen to bump the landing collar, yielding a
pressure of approximately 2 900 psi before is sheared. The displacement of cement did also seem to go well,
but a pressure spike was seen at 01:00. This could be cement entering bottom of hole or a pack off yielding a
pressure increase. From this point a gradual increase in pump pressure is seen, marked by the black circle.
This is most likely the cement being displaced into the annulus. The expected pressure spike from the top
plug landing was not seen, and pumping is seen to be stopped at approximately 01:30. When drilling out the
cement for the next section, top of cement was located approximately 300 ft above the casing shoe. Thus, the
cement was partially under displaced.

Losses seen for both running casing and cementing was approximately 3 000 bbl.

9.2.3 Well C

Well C was drilled in water depths of approximately 8 850 ft (~2700 m). The 36” top section was jetted to TD
followed by a 26” x 32” BHA to enable direct drilling after soaking the 36” conductor. Analogous to Well B,
Well C incorporated a 28” surface casing in addition to the 22” surface casing. Both these sections were run
and cemented according to plan, 22” surface casing past top of salt, TOS. A 18 1/8”x 21” BHA was used to
drill further into the salt formation and accommodate the 18” liner. Thorough circulation was needed in order
to clean and condition the well in front of running the liner. Low amounts of losses were seen when running
and cementing this section. This was as expected since simulations (Statoil internal Ref?) showed circulation
pressures equal to the fracturing pressure towards the end of the cement job.

The 16” liner was omitted in Well C, and 13 5/8” casing section was drilled with a 16 %” x 19” BHA. The

section was drilled to TD at 14 525 ft. The casing design did not incorporate a diverter tool. The reason for
this decision was related to the increased clearance between the 18” liner compated to the 16 “ liner seen in
Well A and B. An autofill was on the other hand incorporated and casing was run at approximately 30 ft/hr
down to casing TD at approximately 14 500 ft. No losses were encountered during the operation.

The cement job was planned without expecting any significant losses to the formation. An updated simulation
was performed approximately two weeks prior to the operation. Small changes were made to with regards the
parameters presented in Table 12.

Fluid (Length) Density [ppg] Rate [bbl/min]
Spacer 125 6
Cement (1 361 ft) 15.8 6
Mud 11.1 15 (2 last 30 bbl)

Table 12: Design parameters cement job, Well C
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Figure 9.25: Simulated pressure and ECD during displacement at potential fracture zone (Statoil, 2012)

As seen in Figure 9.26, the fracture pressure is not exceeded and a slight difference between ECD and ESD is
seen. Towards the end of the displacement, a pressure increase is seen. This is due to spacer passing this point
in the well, gradually increasing the density.
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Figure 9.26: Simulated pressure and ECD during displacement approximately at TD (Statoil, 2012)

As for the depth shown in Figure 9.26 (14 164 ft TVD), the simulated ECD and ESD increase to a higher
level (~11.95 ppg) compared to Figure 9.25. This is due to both spacer and cement being displaced over this

pount. The fracture pressure is reached towards the end of the simulations and minor losses can be expected

based on this.
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Figure 9.27: Real time data from cement job, Well C (Statoil, 2012)

The cement job went according to schedule, without any significant points. As seen in Figure 9.27, plug was
successfully bumped and cement unit pump rate according to schedule at approximately 6 bbl/min. The mud
was displaced with rig pumps, and is not shown in the figure.

After the casing was cemented in place a total of 141 bbls of losses were seen, including running casing and
cementing.

9.24 Well D

Well D was drilled at a water depth of approximately 7 050 ft (~2 150 m). The tophole sections were jetted
and drilled using a 36” conductor and a 26” drill ahead BHA without problems. The 18” liner section was
drilled with a 18 1/8” x 22” BHA. Towards the end of the section the hole packed off and string became
stuck. String was jarred free. The hole was drilled to TD with moderate amounts of losses. During casing
running and cementing the well encountered roughly 3 000 bbls of losses with no returns to surface. Similar
to Well C, Well D was planned and drilled without a 16 section.

The subsequent 13 5/8” section was drilled using a 16” x 17 /2” BHA. Parts of the section were drilled with a
dogleg of 2.5 and required thorough hole cleaning. During drilling no significant losses were seen to the
formation down to TD at 11 870 ft.

The 13 5/8” casing sting had a tapered string design, using a 14” casing for parts of the wellbore up to the
WH. Also here a diverter tool was omitted, due to relatively large clearance to the 18” liner. Nevertheless, an
autofill was included and running speed was planned to be dictated by the return rate seen at surface. The
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resulting running speed was approximately 7.5 ft/min. During running casing losses of 1.5 bbls per stand were
seen for parts of the operation.

As for the subsequent cement job, updated simulations were performed after drilling to TD. Thus, the
simulations presented were up to date. The cement job was based on the parameters presented in Table 13:

Fluid (Length) Density [ppg] Rate [bbl/min]
Spacer 10.2 6
Cement (1652) 16.4 6
Mud 9.7 8 (3 last 40 bbl)

Table 13: Design parameters cement job, Well D

The simulated pressures and ECD values in Figure 9.28 shows a potential fracture zone at 9 599 ft TVD. The
pressures seen throughout displacement seem to be relatively comfortably inside the operational window (0.7
ppg). Towards the end of the simulation, the spacer passes this depth and the ECD/ESD consequently
increases.
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Figure 9.28: Simulated pressure and ECD during displacement at potential fracture zone (Statoil, 2012)

Figure 9.29 shows a potential flow zone at 11 528 ft TVD. Here the ESD and ECD are held approximately 0.3
and 0.4 ppg above the pore pressure, respectively. Towards the end of the displacement, spacer and cement
enters the annulus and ESD/ECD increases. Although pressure is held above pore pressure, especial focus
was assigned to this section in order not to contaminate the cement slurry.
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Figure 9.29: Simulated pressure and ECD during displacement at potential flow zone (Statoil, 2012)

The cement job went according to plan. The volumes were displaced and stable rates were used. As seen in
Figure 9.30, top plug was successfully bumped and pumping stopped immediately.
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Figure 9.30: Real time data from cement job, Well D (Statoil, 2012)
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Approximately 20 bbls were lost during circulation prior to the cement job and another 150 bbls were lost
while displacing the cement.

9.25 Well E

Well E was drilled in a water depth of approximately 6550 ft (~2000 m)Tophole sections jetted and drilled
with a 26” drill ahead PDC bit into salt formation. After reaching TD 22” casing was run and cemented in
place. When installing BOP and riser problems with control devices on BOP were encountered (yellow
control pod). This caused the 22” section to exceed budgeted time by 100 %. After repairing the BOP the next
section was drilled with a 18 1/8” x 21” BHA to accommodate the 18” liner. Prior to running the liner,
inspection of the liner shoe showed oval tendencies and an OD greater than 18 1/8”. This was solved by
grinding the shoe in order to run the liner. The liner was run and cemented with minor losses, approximately
20 bbls. The predicted pore pressures in front of drilling the well required the casing design to include a 16”
liner, analogous to well A and B. This section was drilled with a 16 5” x 19” BHA. The section was drilled
beyond BOS and some challenges were encountered, mainly related to stuck pipe and equipment. When
running casing no significant losses were seen, while cementing showed large amounts of losses.
Approximately 3 000 bbls were lost to formation.

The next 14 ¥4 x 17” showed same tendencies with stuck pipe incidents as previous sections, but to a more
severe extent. At some point the BHA got stuck and pipe twisted of. This resulted in the need of a cement
plug, where the wellbore could be bypassed. Furthermore, the operational window was tight, causing
alternating gains and losses throughout the section. This caused section TD to be at 24 955 ft. The main
reasons for this were maximum mud weight was reached and hole stability challenges due to rubble zone.

The casing design incorporated a tapered design, as in well D. It also included an autofill and diverter tool
during running. For the first section, when the autofill dictated running speed, typical running speed of 30
ft/min was seen. At this point, full returns were seen at surface. When the landing string and diverter tool was
installed, running speed was increased to approximately 70 ft/min in order to activate the divertertool. This
caused losses of approximately 100 bbl down to casing TD, although time spent on running casing was
reduced.

The simulated cement job presented in Figure 9.31 was performed approximately seven months in front of
operations. As a consequence the simulated fracture zone was never drilled, as indicated above. The simulated
fracture zone was at 26 350 ft, while TD was 24 955 ft. Nevertheless, the simulated cement parameters are
shown in Table 14.

Fluid (Length) Density [ppg] Rate [bbl/min]
Spacer 145 6
Cement (1 732 ft) 16.4 6
Mud 13.7 15

Table 14: Design parameters cement job, Well E

As seen in Figure 9.31, the simulated pressures and ECD exceed the fracture pressure throughout the
operation. At the same time, the pore pressure is relatively close to the ESD, 0.2 ppg. Thus, the cement job
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seemed to be challenging. Analogous to the the previous presented simulations, a pressure increase is seen
when spacer and cement are displaced up the annulus.
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Figure 9.31: Simulated pressure and ECD during displacement at potential fracture zone (Statoil, 2012)

The cement job was performed with slightly lower pumping rates than simulations, as shown in Figure 9.32.
The returns on surface were low, but the displacement parameters showed good indications of top plug
bumping. Approximately 3 000 bbl were lost during cementing.
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Figure 9.32: Real time data from cement job, Well E (Statoil, 2012)
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9.3 Economical Aspect

When considering the five wells in the GoM and Egypt, losses seen throughout the operation is presented in
Table 7. Here it is assumed that all wells are drilled with SBM, even though one well was drilled with OBM.
The uncertainty related to these numbers is relatively high. It is meant to give an insight to the associated
costs with these losses. The unit price for one barrel of SBM is set to $ 350, this depends on the density of the
fluid.

Well A Well B Well C Well D Well E
Losses [bbl] 15 200 30 000 2500 5000 10000
Approximate 5320 000 10 500 000 875 000 1 750 000 3500 000

Cost [USD]

Table 15: Approximate losses and associated costs (Statoil, 2012; Statoil, 2012)

Not only is the SBM used costly and significant to the, but the mitigating actions with regards to well control
are also time consuming. And in this industry, time definitely equals money.
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10 Potential Solutions

Here several technologies and systems from the industry will be presented. Each of these may have potential
to reduce the challenges seen in deepwater operations, with especial weight on ECD and cementing operation.
The technologies and systems can generally be divided into two categories:

e Dirilling related
o  Fluids related

Each proposed solution will first be presented in brief detain and followed by an evaluation of its potential.
Some of the proposed solutions will be evaluated by use of simulations from OptiCem™ and Well 1. The
results will then be compared to the base case created for Well 1 in Section 9.1.

10.1 Dual Gradient Drilling

Dual gradient drilling is somewhat similar to the effect increasing water depth has on overburden pressure
gradient, as discussed earlier in Section 2.1. As the title implies, the concept is based on two different pressure
gradients in the borehole. Typically the first section from the RKB down some point in the riser can be
seawater, whereas the second section down to the bit is typically mud of higher density (Figure 10.1). If we
use a conventional mud system, mono gradient mud system, the pressure gradient becomes a straight line in
the conventional EMW versus depth plots. Now, if the riser is said to be filled with seawater and the rest is
filled with mud, a dual gradient effect is created. The pressure gradient at seabed will be 1.0 sg (given
seawater). As we go further into the borehole, the pressure gradient will converge towards the specific gravity
of the mud. This gives a pressure profile with a more natural gradient as to what will be created with a mono
gradient mud system.

Dual Gradient Drilling
Defined Major Components

Mud Return Line

Subsea Rotating
Device (SRD)

Drill String Valve (DSV)

Figure 10.2: First drillship with dual gradient capacity, Pacific Santa
Figure 10.1: Dual gradient setup developed by Ana. Drillship built specifically for dual gradient operations
Chevron (IADC, 2009) according to Chevron specifications

There are several technologies utilizing and developing the dual gradient concept. AGR, Ocean Riser
Systems, Chevron are three important players in the development of dual gradient drilling. In Figure 10.1, the
concept developed by Chevron is shown. The key features is the Mud Lift Pump, MLP, which is installed
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between the BOP and the Subsea Rotating Device, SRD (Dowell, 2010). The MLP is driven by seawater
pumped from the rig in dedicated lines, and is used to displace drilling fluid and cuttings from the annulus at
seabed and up to the rig. The SRD is used to seal the mud-seawater interface in the riser, in order to secure the
dual gradient effect. Pacific Drilling has built a drillship (on Chevron specifications) specifically designed
with dual gradient capability, Figure 10.2. Thus, the technology definitely has large potential.

The main idea why this technology would potentially solve or ease the challenges is mainly because it could
enable a more simple casing design, in terms of fewer casing stings. A dual gradient is actually what is
constantly seen by the formation. Thus, the resulting mud gradient will theoretically enable drilling of longer
sections given the predicted operational window limitations. This implies fewer casing stings and larger
clearance between the casings resulting in lower surge pressures while running casing.

If Well 1 was to be drilled using dual gradient technology, we can consider the conductor and surface casing
to be set at same depths as previously suggested (10 750 ft). From this point dual gradient technology
utilizing the MLP could be used. This means that the riser is filled with seawater above the SRD. The
proposed design suggests a 22” — 13 5/8” — 9 5/8” casing design, drilled with conventional 17 1/2”, 12 1/4”
and 8 1/2" bits respectively. The fluid input data is shown in Table 16:

Section Fluid Equivalent Mudweight
17 1/2” Seawater + SBM (14.16 ppg)
he + Dyr—h 10.1
12 1/4¢ Seawater + SBM (16.08 ppg) Pswhy + Prua(Dwr — hy)
Dy ¢
81/2" Seawater + SBM (17.24 ppg)

Table 16: Input data for mud weight program

The corresponding casing setting depth and mud weight program is shown in Figure 10.3. Here, constant mud
weights are used in each section (Table 16), and the curved effect is due to the increasing column of mud as
the well is drilled deeper.
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Figure 10.3: Proposed casing setting depths with associated EMW indicated by the black line

The validity of the proposed setting depths will not be discussed in detail, but in theory this program would be
possible. Nevertheless, it would most likely not be done this way. This is due to restrictions related to:

Derrick capacity (17 1/2" section is longer than 3 000 m)
Drilling trough salt

Drilling through tar zone

String ratings

Some other points of interest are:

Temperature safety margin needs to be evaluated and will most likely demand a safety margin from
pore pressure

Compressibility needs to be considered and will most likely reduce the demanded safety margin from
the temperature effect

In an emergency disconnect there will not be any changes since seawater is used inside riser

The simulations related to the proposed dual gradient setup are shown below. The simulations were
performed in OptiCem™, analogous to the other simulations. The software contains no pre-defined scenario
for dual gradient setup. However, this was achieved by assigning cement returns to seafloor rather than back
to rig. In this was a seawater gradient was used down to seabed and another in the mud/spacer/cement fluid in
the wellbore.
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Figure 10.4: Simulated ECD and ESD at a potential fracture zone with dual gradient setup

In Figure 10.4, the simulated results for the potential fracture zone at BOS are presented. The main essence
seen in this figure is that dual gradient drilling gives favorable simulated results. That is, the maximum
simulated ECD, ~11.90 ppg, does not exceed the fracture gradient of 12.10 ppg. When comparing this to the
base case simulations (Figure 9.15). These values showed ECD values exceeding the fracturing gradient
throughout the cement job.
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Figure 10.5: Simulated ECD and ESD at a potential flow zone with dual gradient setup

In Figure 10.5, a potential flow zone is shown. Also these simulations indicate favorable results with regards
to dual gradient drilling. When comparing these results with the base case, ESD is increased from 11.70 to
12.24. Thus, a much more comfortable margin to the pore pressure is achieved according to the simulations.
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Figure 10.6: ECD and EMW Profile seen throughout the well with dual gradient simulations

As seen in Figure 10.6, the mud weight follows a more natural equivalent density profile throughout the well.
If one compares the ECD against the ESD, the difference is not very large. This is much related to the
relatively wide clearance seen between the 17 %2 open hole and the 13 5/8” casing. A simulation was also
performed using higher pump rates (15 bbl/min) if higher annular velocities were needed. This increased the
the ECD by typically 0.04 ppg, which is relatively low. Clearly, this depends largely on the fluid being used
and its rheology.

10.2 MPD

The Underbalanced and Managed Pressure Drilling Committee of the International Association of Drilling
Contractors defines MPD as (Malloy, et al., 2009);

“Managed Pressure Drilling is an adaptive drilling process used to precisely control the annular pressure
profile throughout the wellbore. The objectives are to ascertain the downhole pressure environment limits
and to manage the annular hydralic profile properly. The intention of MPD is to avoid continuous influx of
formation fluids to the surface. Any influx incidental to the operation will be safely contained using an
appropriate process.”’

Nevertheless, here MPD will be discussed within two categories (Hannegan, 2007):

e Reactive (contingency)
e Proactive
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The difference is basically whether MPD is planned to be used as a contingency solution to a problem
(reactive) or used from the beginning of the drilling operation.

Some of the existing technologies are annular back pressure pump systems (Weatherford, Halliburton,
Schlumberger) and Continous Circulations System, CCS, (NOV). The key to the Annular back pressure pump
system (Figure 10.7) is the Rotating Control Device, RCD (Figure 10.8), typically located above the BOP.
The RCD functions as a sealing mechanism and diverts flow from the annulus into a choke manifold. By
regulating the choke, the bottom hole pressure is controlled. During a connection, an annular back pressure
pump is activated and gradually ramped up as the rig pumps are ramped down. In this way there is always
flow over the choke, either form rig pumps or back pressure pump. Thus, the bottom hole pressure can
theoretically be held constant.

Main mud pump

Choke Valve
ok

RCD =t

Back Pressure

| Pump

.BoP B

Drill string - Annulus

Bottom Hole
Assembly

Figure 1: MPD flow schematic

Figure 10.7:Setup of a MPD system (Breyholtz, et al., 2010) Figure 10.8:RCD from Weatherford

If one compares the presented MPD system with the dual gradient system above, the effect can be compared.
The only difference is that the dual gradient created in the MPD system will consist of a pressure gradient
caused from the choke and another gradient filling the string and annulus. Thus, the EMW as one drill further
into the hole is a reversed curve compared to dual gradient EMW. This is shown in Figure 10.9.
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Figure 10.9: EMW using 1.0 sg mud and 10 bar pressure at choke

In Figure 10.9, a mud weight of 1.0 sg and choke pressure 10 bar is used. The shape of the curve conditions
that the pressure at choke is above atmospheric pressure, which always is the case. If vacuum was used, a dual
gradient shaped curve would be seen. The ability of the MPD technology to vary pump pressure, means that
the blue curve can be shifted from left to right depending on what back pressure is applied. The flexibility is
very useful when encountering narrow operation windows, and especially depleted zones.

The technology of MPD may not directly solve the challenges related to running and cementing casing in
deepwater drilling, but it has an indirect solution. MPD allows drilling in tight operational windows by
eliminating the difference between ESD and ECD. In this way, the mud weight may be lowered close to the
pore pressure and controlled in such a way that a conventionally un-drillable section is made drillable. Thus,
the number of casing strings needed in order to reach TD can be reduced. This may lower the surge pressures
while running casing and ECD during cementing.

Another aspect with regards to ECD and ESD are the pressure forces exerted to the formation as the pumps
are switched on and off. These cyclic impacts to the formation may have a negative effect on the wellbore
stress-regime and stability. If these impacts were reduced, wellbore stability problems may be improved.
Here, MPD could parts of the cyclic loading and potentially reduce wellbore instability issues (Weatherford,
2012).

The effects of the MPD technology is challenging to simulate in the case created in Well 1. Thus no
simulations were performed. Nevertheless, the results obtained from a dual gradient scenario pose interesting
possibilities. That is, if it a technology implemented both dual gradient and MPD (as presented), wide
flexibility would be introduced throughout the operation.

It is important to note that the technology utilizing MPD with subsea wellhead currently is under
gualifications.

10.2.1 Microflux™ Control Method and Ultralow Invasion Fluid

This combined technology solution is described in OTC 17818 (Santos, et al., 2006). The special equipment
used in this case is the Microflux™ Control System (Figure 10.10). This is a closed loop measurement system
combined with a RCD. As the flow exits the annulus, it enters a coriolis flow meter which precisely measures
the differences between flow in and out of the well. A control system continuously monitors data from the rig
pumps and a pressure sensor in the RCD. Based on these data, algorithms decide reactive actions. As shown
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in Figure 10.10, the MCS also incorporates a choke. Thus, the system is basically a MPD solution with an
advanced flow meter. The flow meter is useful by giving early detection of small gains or losses.

Flowmeter

GROSS ISO00KG. TARE 30006 =

™

Figure 10.10: Weatherford Mictroflux™ Control System (Grayson, et al., 2011)

The drilling fluid used in this system is characterized as an ultralow invasion fluid. The mechanism behind
this fluid is to create a low permeability barrier (filter cake) in the borehole in order to stop invasion and
pressure transmission into the formation. Thus, the formation integrity may be increased.

Also this solution was challenging with regards to simulations. Nevertheless, the combined effect of the two
may give valuable results and mitigate the challenges seen in conventional deepwater drilling.

10.3 Casing and Liner Drilling

Casing drilling exists in several forms, but the main principle is related the fact that the well is drilled and
cased simultaneously. After TD is reached, the section is cemented. The bit used is generally drillable, which
means that once the cement is set and casing is checked for integrity, the next section can be drilled. Thus,
tripping in order to run casing string has the potential for economic benefits, especially for deepwater drilling
where time associated with tripping is high. Also for this technology, several solutions exist, whereas Tesco
Corporation has one option, Casing Drilling™ (Tesco, 2012). Here, the string sequence is typically BHA —
drill pipe — reamer — casing — drill pipe. The lowermost part of the drill string consists of conventional drill
pipe and BHA. Above the drill pipe a reamer is used to open the hole further. As opposed to an underreamer,
a reamer is a fixed hole enlargement tool, without the capability of being collapsed. This allows the casing
connected above the reamer to be run into the hole while it is being drilled.
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PLASTERING

Figure 10.11: Casing Drilling™ illustrating the BHA, drill Figure 10.12: Plastering effect illustrated while tool joint
pipe and casing (red) smears the filter cake into the borehole wall

The reason why this technology has the potential to reduce the challenges seen in deepwater drilling is firstly
the elimination of running casing. Secondly, the small clearance between the casing and the borehole is
suggested to create a so-called plastering effect (Karimi, et al., 2011). As the drilling mud and cuttings is
transported up the annulus the cuttings is continuously grinded by the rotating casing string. This grinding
process is believed to create a thin and low permeable filter cake. Thus, the formation integrity is supposedly
increased. However, although the formation integrity is increased, the increased ECD may balance the
positive effect.

With regards to Well 1, it is difficult to give a specific casing program utilizing casing drilling. However, the
technology has the potential to reduce the challenges seen in deepwater drilling. As presented in OTC paper
19914 (Kotow, et al., 2009), casing drilling can be utilized in order to set surface casing deeper than for
conventional drilling. Here, riserless drilling with casing is proposed when drilling the surface casing, and
conventional jetting of the conductor. The main essence is to optimize the casing design in terms of placing
the top hole casings deeper into the formation than what is conventionally done. If this were to be
implemented in Well 1, one could potentially reduce the amount of casing strings.

Liner drilling is similar to casing drilling.
One system is the Steerable Drilling
Liner System from Baker Huges, Figure
10.13. As seen in Figure 10.14, the liner
is first lowered into the well. An artificial
RKB is created in order to lower and
hang off the drill pipe inside the liner.
The liner hanger tool is then engaged to
the liner and string made up. The BHA Figure 10.13: Steerable Drilling Liner Sytem (Baker Hughes, 2012)
shown in the figure incorporates a rotary

steerable system, RSS, and the liner shoe is equipped with a reamer. Along the liner, centralizers are used, and
functions basically as bearings. That is, since the liner does not rotate during drilling, the liner simply slides
along the side of the centralizers. The clearance between the liner and the borehole wall is relatively small,
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and will give favorable flow velocities in terms of removing cuttings. However, as the fluid and cutting enters
the annulus between drill pipe and borehole wall, the velocity is drastically reduced. This is solved by
implementing circulation ports above the liner hanger and will basically function in the same way as a booster
line in the riser.

Figure 10.14: Liner drilling sequence (Drilling Contractor,
2010)

The potential for this technology is somehow larger in the deeper sections, compared to casing drilling. This
mainly due to the torque and load challenges related to casing drilling.

For any of the five GoM and Egypt wells presented, liner drilling would enable setting the casing almost
immediately after a problem zone is encountered. Furthermore, if one were able to incorporate expandable
liners in this technology, the challenges related to ECD and low clearances would practically be eliminated.
As for now, this technology under development.

10.4 Low ECD Fluids

Modification of the fluid design has the potential to reduce the challenges seen in deepwater operations. The
two main factors are related to the rheology and density of the fluids.

Fluid with reduced ECD values has the potential to reduce the frictional pressure drop seen in the well, and
thereby widening the operational window. One option is to use Treated Micronized Barite, TMB. This is

basically barite particles of smaller particle size distribution. The particle size of API Barite is reduced from
97 % less than 75 micron to 97 % less than 5 micron (Oakley, et al., 2011). In addition to fine grinding, the
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barite is treated in order to stay fully dispersed. Thus, the rheology and risk of barite sag is reduced. M-I
Swaco delivers a TMB system called WARP Fluids Technology Figure 10.15.

Comparison of barite and WARP particles

API barite API barite 1-micron
75 pum top size dsp ~25 pm colloidal
WARP particle

The specially treated micron-size weighting materials unigue to WARP Fluids Technology
are 10 times smaller than drilling-grade barite. Their ultra-small size, combined with their
proprietary treatment, ensures that fluids formulated with WARP Fluids Technology have
exceptionally stable properties.

Figure 10.15: Comparison of API barite and WARP particles from the Schlumberger company M-I Swaco (Schlumberger,
2012)

This fluid may provide advantages with respect to lower ECD and surge pressures. With regards to running
casing, this may imply increased running speed into the well or the ability to run in without losses.

Below, sensitivity analysis is performed for running casing in Well 1. Rheology of the base case SBM will be
successively lowered in order to evaluate the potential of such solutions. The simulations are not from a
specific low ECD system, but based from the input rheology from Well 1. This has been modified in three
steps, according to Table 17. The modified viscometer values match the Herschel-Bulkley rheology model,
analogous to the base case readings from Well 1.

RPM | BaseCase Mod.1 Mod.2 Mod.3
600 52 48 44 40
300 30 29 28 26
200 23 22 21 20
100 16 15 15 14

6 8 8 7 6
3 8 7 6 6

Table 17: Various viscometer values used in simulation (Figure 10.16)
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Figure 10.16: Simulated EMWSs when running casing past BOS (18 000 ft) at various viscosities

As seen in Figure 10.16, the reduced viscosities cause a reduction in the simulated EMWSs. This may be an

alternative in order to reduce/avoid losses or increase the running speed into the hole. An alternative is to drill

the well with conventional drilling mud and displace to a low ECD fluid prior to running casing.
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11 Conclusions

Deepwater drilling is fairly complex and challenging. When combining all effects related to the increasing
water depth it is clear that further development of technology is needed in order to gain access to the
resources in the deepwater frontier. The main conclusions that can be drawn from this thesis are:

There are generally two ways of reducing the problems seen in deepwater drilling and the related low
clearances.

1. Reducing the amount of casing stings and consequently reducing the ECD
2. Reducing the ECD and still maintain a low clearance casing string design

Reducing the amount of casing string can be achieved by:

e Dual gradient drilling
e Casing drilling (mainly tophole)
e Linerdrilling (especially deeper sections)

Reducing the ECD can be achieved by:

e MPD (reduce fluctuations)
o Low ECD fluids (reduce rheology)

Through the study, combined potential solutions were found. These were:

o A combined MPD and dual gradient drilling solution
e Liner drilling combined with expandable liners

Further conclusions:
e Loss of drilling mud is an expensive affair and should be minimized.
o Deepwater drilling requirements and practices are also found significant. As seen through the thesis,

these often make the wells un-drillable. Thus, some requirements and practices are not always suited
for deepwater drilling.
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Abbreviations

BHA
BHP
BOEMRE
BOP
BOS
CFR
CCs
ECD
EMW
ESD
FIT
GoM
IADC
LAS
LCM
LOT
MD
MLP
MPD
NPT
OBM
oD
PDC
RCD
RKB
RMRTM
RPM
RSS
SBM
SSC
Sg
SRD
D
TMB
TOC
TOS
TVD
uisS
WBS
WH
WOC
XLOT

Bottom Hole Assembly
Bottom Hole Pressure
Bureau of Ocean Energy Management, Regulation and Enforcement
Blowout Preventer

Base of Salt

Code of Federal Regulations
Continuous Circulation
Equivalent Circulation Density
Equivalent Mud Weight
Equivalent Static Density
Formation Integrity Test
Gulf of Mexico
International Association of Drilling Contractors
Liquid Additive System
Lost Circulation Material
Leak Off Test

Measured Depth

Mud Lift Pump

Managed Pressure Drilling
Non-Productive Time

Oil Based Mud

Outer Diameter
Polycrystalline Diamond Compact
Rotating Control Device
Rotary Kelly Bushing
Riserless Mud Recovery
Revolutions Per Minute
Rotary Steerable System
Synthetic Based Mud
Subsurface Support Center
Specific Gravity

Subsea Rotating Device
Target Depth

Treated Micronized Barite
Top of Cement

Top of Salt

True Vertical Depth
University of Stavanger
Water Based Mud
Wellhead

Waiting on Cement
Extended Leak Off Test
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Appendix A —Simulation Input Data Well 1

1 Design
11 Customer Information
Comipany _SANDBOX
Rapresantative
Address
1.2 General Well Information
Project Deapaater Wel 1 Site Well 1
Description Site Elevation 90.0n
Datum Description Mean Sea Level Morth Raferance Trus
Wiell {Comman) el 1 Wallbors |Common) wellbare 1
wall [Legal) Wallbore [Legal)
Description Botiom Hole Location
Wi 5t Ho.
Wall No. Parent Wellbona Mot Tied
Daglgn 13.625 Section Casa Cementing 13.625
Phasg PLAN Description
1.3 Service Provider Information
Raprasantative
Comipany
Telsphons Number
Afdress
14 General Case Information
Hole MD 22 230,0 | Hole TVD 22 2800 ft
&Ir Gap 90,0 7| Water Depth B DOO.O T
Datum Description Mzan Sea Level Wall Type Supse3
Referance Point Dedauit Datum Job Typa | Descripiion
15 Hole Section
Secon Typs Section Sacton Shios Depth v} Drift Effactive Coafficiant Linaar Vilume
Depth Length Hols of Friction | Capacity Excass
Dlameter
[m) () () (in] {in) {in} { AT ) (%)
Risar 30500 B 090,00 21,000 0,25 04284
Casing 10 0DO,D 1910.00 222000 20,000 18,813 20,000 0,25 03386
Casing 17 250,0 7250,00 172500 14,650 14,682 14,850 0,25 02142
Open Hole 22 2500 5 040,00 17,500 17651 0,30 03082 10,00
16 String Details
Body Stablllzer | Tool Joint
Type Langth Depih oD I0 | Avg Joint | Length oD I Wiekght Matarial Grade Class
Lenigth
() ) [Im} {in} ) () {in} [in} [pp)
Dirll Plpe 795310 7593.1 5,500 4,670 30.0 1.50 7.000 4,000 26 33|C5_APIEDfT E 1
Divestar Sub 65,90 50000 6730 5,000 71,00 X-E0 [ZOM] ¥-80 [GOM)
Casing 14 134,70 22 134,7| 13,625 12375 40,0 13,625 12,295 86,20/0-125 [GOM] |Q-125 [GOM]
Float Collar 2,00 22 136,7| 13,625 10,000 150,00 W-130 [3H) W-150 [GH]




16 String Details |(Continued)
Body Stablitzer | Too Joint
Type Langth Depth oD I | &vg Jodnt | Lengtn | oD 11} Wiidght Matarial Grate Class
Langth
() i) {im} | (i} i) () {in] {in} {ppt)
Casing 60,000 221967 13625 12375 40,0 13,625 12,255 G620 /0-125 [GOM] |3-125 [GOM]
Casing Shoe 3,30 223000| 13,625 10,000 &4,00 X-50 [GOM] K-80 [GOM)
1.7 Wellpath - Calculation Method: Minimum Curvature
MD IHC ™D DLS AbeTort RedTort vEect Morth Eaat Bulid Wialk
i) 1=} ) (L] {snoom) | =moom) | (croen) L] i) it {soort) | (=noor)
0.0 0,00 0,00 0.0 0,00 0,00 0.00 0.0 a0 0.0 0,00 0,00
222300 0,00 22 2900 0,0:a 0,00 0,00 o0 a0 0.0 0,00 0,00
18 Fluid Rheology
Fluid Data
Fluld Lead Cement Type Cament
Yhald 2,0900 sk | Class Class
Wiater Req. 11,360 galiskad
Rhaclogy Model Generalzed Hersche-Bulkizy Foamed Na
Rheology Data
Fann Diata
Temperature | Pressure | Base Rl Flubd m n PV (Mulnfj | ¥P [Taul) FYSA 15 Foamed Spesd Dial
Denslty | Properties
{°F}) [p=l) (ppa) lep) [ ITH00TE | {rpm} {°}
&0,00 14,70 13,50|Yes 1,00 0,65 85,70 10,500 0,00 Mo
Fluid Data
Fluld SEM Type Man Spacer
Mud Base Type Water Bas=a Fluld Viater
Rhaclogy Modsl rerscheBulkley
Rheology Data
Fann Diata
Temparature | Prassurs Bass Ref. Fluld PV [Mubnfy m K P [Taud) FYSA Spacd Dl
Danalty Propertias
[*F] [pal] (ppal (cp) (Wes*niie) | | rioom: ) {rpm } 1
70,00 14,70 11,70 | Yas 2137 0,55 D, 00065 7Aa1 0,00 &00 52,00
300 30,00
200 23,00
100 16,00
6 8,00
3 8,00




Fluid Data

Fluld Tall Cement Type Cement
Tlald 1,0600 sk | Class Class H
Waber Raq. 4,350 galiskad
Fehaology Model Generalzed Herschel-Bulkley Foamed Yeb
Rheology Data
Fann Data
Temperature | Pressure Base Ref. Fluld m n PV (Mulnf) | ¥P (Taw) FYSA Iz Foamad Spead DHal
Denalty | Properties
L°F} ipsl) | (ppg) {ep) | (meioon) irpm) ")
&0,00 14,70 16,40 Yes 0,50 0,50 131,91 2,130 0,00 Ho 300 160,00
200 115,00
100 E5,00
&0 46,00
30 26,00
20 20,00
10 12,00
B 8,00
3 6,00
Fluid Data
Fluid Spacer Type Spacer
Fihaclogy Model Bingham Flasiic Foamed o
Rheology Data
Fanin Data
Temparature Prassure Ease Danally Raf. Fluld BV [MuinT) ¥P (Taud) Spoed Ddal
Propariies
[*F) pat] (prgl [zp) { Inrioort: | { rpm [
B0,0D 14,70 12,50 | Yes 24,00 12,000
149 Cement Circulating System
Use Surface Iron Mo Lenigth
Helght from Pump to KB Dlamatar
Humber Linag In Parallel Dizplacemant Wolums
Friction Fachor Wolums per atroks 5,000 galstk
1.10 Pore Pressure
Trus Vertical Deptn [TVD] Pors Pressurs Equivalent Mud Walght [EMW)
i) ipsl) irpg)
80500 357402 B,50
81800 357402 B.41
82000 364208 B35
34000 375273 E.50
8 600,0 B B,70
8 500,0 3877,14 B,70
30000 4 057,53 B.70
92000 415792 B.7D
94000 4 24831 E.7D
3 600,0 4 338,70 B,70
9 &00,0 442509 8,70




10 D200 4 51545 B,70
10 200,0 4 609 AT 8,70
10 400,0 4 700,26 B, 7D
10 6000 4 BA5.71 B.80
10 800.0 FEETAT] Ba0
11 000,00 5085,71 B,90
11 2000 523636 5,00
11400,0 538909 8,10
11 6000 5433563 5,10
11 00,0 5 57B18 S0
12 0000 S67273 S0
12 200,0 STET2T 10
12 4000 5 590,55 5.3
12 600,0 6218,15 8,30
12 600,0 644587 9,70
13 000,0 635,71 5,90
13 2000 6 B5T.14 10,00
13 400,0 7 030,65 1010
13 6000 T 20623 10,20
13 600,0 Talz21 10,20
14 D300 T41E8,18 10,20
142 200,0 T 524,15 10,20
14 400,00 S5a4.41 B.00
14 600,0 606753 B.00
14 800,0 6 150,65 B.00
150000 6233,76 B,00
15.200,0 631648 B.0D
15400,0 6400,00 B.0D
15 600,0 643311 B.00
15 8000 6 566,23 B.00
15 020.0 664535 B.00
16 200,0 6T3ZAT 6,00
16.400,0 6 B15,58 B0
16 600,0 6 BS8.,7D B.0D
15 00,0 658182 B.00
17 0000 705493 B.00
17 2000 T 148,05 B,00
17 400,0 T2 AT 6,00
17 600,0 731428 B0
17 6000 T3arA0 B.0D
13 DO0,0 & B33 .50
13 200,0 558182 .50
13 400,0 558493 G40
18 6000 908259 540
18 800,0 9 130,26 5,40
19 000,0 927TA2 5,40
19 200,0 947532 .50
19 400,0 957402 .50
19 600,0 967272 0,50
19 800,0 9B7428 5,50
20 000,00 957402 9,60
20 X00,0 10 178,70 9,70
20 400,0 10 385,45 0,80
20 6000 10 584,28 0,90
20 00,0 10 BO5,19 10,00
21 000,0 11 127,27 10,20




140 Pore Pressure [Continued)

Trus Vertical Depth (TVD) Pore Pressurg Equivalent Mud Welght [EMW)
i ipsl) (ppa)
21 00,0 11 453,50 10,40
21 400,0 11 783,49 10,50
21 £00,0 12 118,44 10,30
21 200,0 12 457,14 11,00
22 0000 12 685,71 11,10
22 00,0 13 147,01 11,40
22 400,0 13 614,54 11,70
22 50,0 13 570,30 11,30
22 300,0 14 331,42 12,10
23 0000 14 E9E,10 12,30
23 200,0 15 064,33 12,50
23 400,0 15 437,92 12,70
23 £00,0 15 692,46 12,30
23 800,0 155845,09 12,90
24 0000 16207,79 13,00
24 00,0 16 594,25 13,20
24 400,0 16 BSE 18 13,30
24 £00,0 17 124,15 13,40
24 #0100 17 392,20 13,50
25 0000 17 662,33 13,60
25 200,0 18 196,36 13,90
25 400,0 18 BEE.5T 14,30
25 600,0 18 B24,15 14,20
25 50,0 15 697,66 12,10
26 0000 19 044,15 14,10
25 200,0 19 054,54 14,00
26 400,0 19 195,99 14,00
265 £00,0 19.207,27 13,30
26 500,0 19 351,658 13,90
27 0000 19 355,84 13,80
27 200,0 19 495,21 13,30
27 400,0 19 500,25 13,70
27 £00,0 19 642,59 13,70
27 §00,0 19784,93 13,70
28 000,0 19 827,27 13,70
1.11 Fracture Gradient
Trus Wertical Depth (TWD) Fracture Presaurs Exquivalent Mud Welght [EMN)
i ipan (PPl

E D90.0 3THLAZ 0o

E 150,0 382441 5,00

E 2000 64T E.56

E 400,0 3 837,02 B.79

E 6000 4 026,69 5.

E BOO.O 4 26,37 g1z

% 000,0 4 406,05 5,42

0 200,0 453573 0,62

5 400,0 473545 5,80

5 £00,0 4537,14 5,50

§ BOD.O 5090.51 10,00
10 0OC.Q S24E6,75 10,10
10 200.0 535189 10,10
10 400,0 5 510,65 10,20
10 600.0 567169 10,30




10 BDD,O SE3.ED 10,40
11 000, 6000,00 10,50
11 200, 618727 10,50
11 400,0 6 336,62 10,70
11 €00, 6 S0EDS 10,80
11 600, 6681,56 10,30
12 00,0 685714 11,00
12 200,0 7 034,80 11,10
12 400,02 721454 11.20
12 600, T 396,36 11,30
12 EDD, 7 580,26 11,40
13 000, T7586,23 11,50
12 200,0 755428 11,50
12 400,0 g124.41 11,70
12 €00, 833662 11,80
13 600, g602.59 12,00
14 000, & E00,00 12,10
14 200,0 go2sm 12,10
14 400,0 952735 12,74
14 €00, 77,03 1281
14 EDD,O 9806, 12,88
15 000, 10 09€,38 12,96
15 200,0 10 23E,06 12,03
15 400, 1D 475,74 12,08
15 600, 1D E5E5,42 12,16
15 EDDLO 10 BSE,1D 1223
16 0D0, 1104476 1329
16 200, 1123445 1335
16 400,02 11424,13 1341
1€ €00, 11 613,81 1247
16 600, 11 803,45 13,52
17 000, 11993,17 12,58
1T 200,0 12 182,84 13,53
17 400,02 1237252 1258
1T 600, 12 562,20 13,74
17 ED0,O 12 751,88 13,78
16 0D0, 11314,26 12,10
1€ 200,0 11440,00 12,10
16 400,0 11651,20 1220
1E E00,0 11 786,05 12,20
16 BD0,0 1201246 12,30
15 000, 12 140,26 12,30
18200,0 12 357,79 12,40
18 400,0 12 597,40 12,50
15 600, 1272727 12,50
1% EDD, 12 850,00 12,50
200000 13 090,51 12,50
20 200,0 13 326,75 12,70
204000 13 458,70 12,70
206000 1348363 12,50
20 EDDO 1372258 12,70
21 0000 1396363 12,80
212000 14 D9EE2 12,50
214000 14 320,77 12,30
21 €000 1482363 12,30
21 8000 15 175,06 13,40

Vi
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Fracture Gradient (Continued)

True Vertical Depth (TVD) Fracture Presaure Exquiwalent Mud Welght [EMW]
im {paf) epal
22 000,0 5 426,57 1350
22 200,0 15 514,80 13.80
27 4000 16 174,54 1330
27 £00,0 16 55376 14,10
22 600,0 16 B16.70 1420
23 000,0 17 085,71 1430
232000 17 354,60 1440
23 400,0 17 504,41 14,40
23 600,0 iTTTEER 1450
23 6000 T oaT a7 1450
24 000,0 18202,58 1450
242000 18478,59 1470
24 400,0 18 505,97 1450
24 £00,0 18 785,45 1470
24 600,0 19 067,01 14,30
25 000,0 1022077 1480
25 700,0 1963836 1500
25 400,0 19824,15 15,10
25 600.0 1004605 1500
25 B00.0 10 040 B6 1430
26 000,0 20 124,67 1430
26 200,0 2027947 1430
26 400,0 043438 1430
26 £00.0 2053808 1430
26 600,0 2074389 1430
27 000,0 30 636,85 1430
27 2000 7105350 1430
27 400,0 21 350,64 1500
27 600,0 21 506,48 1500
27 6000 71 882,33 1500
26 000,0 21 B1B18 1500
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3

3.1

3z

Cenfralizer Parameters

Fluld Profila: During mud conditicning

Mud Danaly

11,70 ppg

Spacing Limits (Batwean Cantrallzers)

Maximum distancs between cenftrallzars

16001

| minimum aiztance petwesn centralizers

2001

Centrallzer Tops

Top of cenfralized Inbarval

[ o

Standofts

Flandoft

| Ertered

stand off Percentags

75,00 %

Torque and Drag Analysts (Casing Running i)

Calc. Step Size

Tripping In

Statlc Hookload at TD with Standofl Davices

Includsd

Excluded

Max. Torqus

EMD

Min. Hookload

EMD

Max. Hookload

M0

Job Data

Job Data Parameters

Auboratic Rats Adjust

Mo

Shoa Track Lengtn

G331

Safaty Factor

0,00 pal

Shos Track Violums

925 bbl

Foam Schedule

Mo

Top Plug

Yes

Di=able Sutc-Displacameant
Calculation

Mo

Additional Prassurs o Seat
Piug

500,00 psl

Injactlon Path

Womstring

Inmar String Uasd

Hio

Pumping Schedule

stage

Operatton | Fluld Name

{bbdimin)

i pmi

Strokes

Top of
Fluld

[}

Length
it

[

o

Dirlling Fig SEM
M)
SpacenFluesh
Cemeant
Cement

Spacer
Lead Cemant
Tall Cement

Top Plug”
SpacenFluesh
Mud

Spacer
SEM

11,70

12,50
13,50
16,40

12,50
11,70

5,00

5,00
5,00
5,00

5,00
5,00

42,00

4200
4200
4200

4200
4200

0,00

125,00
E4,E0
73,85

1 050,00
43 ES
B20,32

10,00
225245

84,00
19 004,56

0,0

2p2:2.5
212000
217000

220688
0.0

202325

8575
00,0
5000

873

2206E3

Tiotal

253580

33

Additional Parameters

OMtahore Information

%64 Floor Retums |

Mo

| 5ea Watsr Denalty |

9,00 ppg

Depénhs of Intersst for Plota (MD)

Regsrvolr Zons |

2220000

| Fracturs Zona |

158 0000 it

Temperatuns Information

Tamparature Method

BHCT

BHST

253,00 °F

BHCT

Surtace Tempsaratuns

80,00 °F

Mud Owtle! Temparature

Vil



