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Summary

Well control can in short words be described asctire for human safety on board a platform
or a rig. It includes a variety of elements thatuyaler the name barrier elements that are in
place to prevent an unwanted inflow of formatiamds. They need to be functional in order
to fulfil their purpose. Elements are made, cotgland replaced by people, it is therefore
vital that the people working with them knows hdwey work in order to detect failure so
they can be repaired or replaced as soon as pessibis also important that everyone
working in a drilling operation knows what well dool is and the different scenarios that can

develop if one should emerge.

On the Norwegian Continental Shelf the number ameripy from the authorities are safety,

this is what the industry chases in pursuit forcklgold and high rewards. To secure their
investment guidelines, procedures and standardsravéed to the industry and it is required
that the people working there knows what they saglerstand them and work according to
them. In this way everything is done to make surat tall operations are successful
operations. This high safety focus ensures thakevercan go home from work in the same
physical condition as when they went to work in therning, or when they left for their

offshore period 14 days earlier.

The different well control methods are used fofalldnt situations depending on a variety of
factors. This might be what depth the incident leayga at, drill string position, personnel
competence, and platform capacities to mentionwa For the Driller's method (DM) and
Weight and Wait (W&W) method, in many ways they tise same operational procedures
when Killing the well, but the thing that separateem from each other are when kill mud
gets introduced into the system. Time consumptien aso another aspect that separates
them, where W&W uses less time compare to DM. W&Wh also have an positive
advantage, if the kill mud enters the annulus leetbe kick reaches the casing shoe, then it
will be able to reduce the pressure from the kickng on the casing shoe due to its heavier

weight.

The Volumetric method and Bullheading method mayhgebest choice if the drill string is
high up or out of the well, if the competence amaémg personnel is too low to perform a
conventional kill method (DM and W&W), or if theege limitation within the equipment to



handle the kick on surface etc. In these case¥ dhemetric or Bullheading method may be

the best choice when killing a well.

The selection of mud in the system is also an el¢megated to well control, and knowing the
different behaviour between WBM and OBM in the dveh a kick is crucial and very

important. To know the behaviour increases the cbswof detecting a kick early and before it
escalates into a large kick. In WBM, when a gask leater the wellbore it will occupy

annulus space which can be observed at surfacé gaim However, there is another process
developing in the OBM, here the gas gets dissolved the OBM and the chances of
detecting this at surface are small. Also, alsthé& mud is stationary the kick will also be

stationary until circulation starts up again.

When the circulation starts up the dissolved gasesapwards in the annulus together with
the mud, nothing happens, not until the well presgets reduced to the extent that it reaches
the boiling pressure of the gas, or the flash poiihat happen is that gas goes out of
suspension and back into free gas, this will leaa tapid displacement of mud, and the result
can lead to, if they are unable to trap it in thellvand it moves past the BOP, a surface

blowout with unpleasant consequences.

With today's search for more and remote black gadidling gets deeper along with more
complex well paths which reduces the margins faworer This increases focus and
requirements to personnel’s experience and know)ealgd are one of the most important

factor in terms of reducing the risk and conseqaehan incident should happen.

One intention with this thesis is to shed lightdifferent elements related to well control, in
this way it is possible to increase the overallemsthnding a bit more. The second intention
with the thesis is to give a broader understandinfpur well control methods used today.
Two of them will have a higher focus than the rédso the importance of knowing and
understanding well control calculations is elabedaby calculation examples for several
different well scenarios. Also different platforypes are used for distinguishing between the
different methods. Hopefully the thesis will cobtrie to a broader understanding of well

control.
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Nomenclature

APgictioner = Frictional pressure loss in the choke line
Ppp, = Total pore pressure

gkt = the kick tolerance gradient

gp = the pore pressure gradient

g = the hydrostatic gradient of the existing mud

BHP = bottom hole pressure

pkil = density of kill mud

Pold = density of already in place mud

TVD = True Vertical Depth

ICP = Initial circulating pressure

SM = Safety margin

FCP = Final Circulating Pressure

SRy, = Circulation pressure up riser (friction) — pupmessure
SR, = Full circulation through the choke line insteddiser
AP, = Frictional pressure loss in choke line

Prriction,ppp;; = FriCtional pressure loss through drill pipe duiid
APrriction, s nuus = FTiCtioNal pressure loss thorough the annulus
(pgh) annuius = hydrostatic pressure in annulus

(pgh)pp = hydrostatic pressure in drill pipe

(pgh)c; = hydrostatic pressure in choke line

SIDPP = Shut in Drill Pipe Pressure

SICP = Shut in casing pressure

SM = Safety margin (to make sure we are abovediradtion pressure)

Pyottom = Hydrostatic bottom hole pressure when BOP isetlo

Pmudagh = Hydrostatic pressure of the mud between bottodhcasing shoe

Pgasgh = Hydrostatic pressure of the gas between bottaincasing shoe

Pkill muagh = Hydrostatic pressure of the kill mud betweertdratand casing shoe

a, B,y = is the mixing fraction — the space percentagh sabstance occupies in the annulus)

AP.oke line = Choke line pressure
APyintine = Kill line pressure

Pgy = Bottom hole pressure
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P.es = Reservoir pressure

P,ver = Overpressure

HScse = Hydrostatic pressure in casing

HScex = Hydrostatic pressure in the choke line and k|
MACSPI = Maximum Allowable Casing Shoe Pressuredase
MAIP = Maximum Allowable Injection Pressure

CLFPL = Choke line frictional pressure loss

P,ver = Overbalance pressure

FPLoy = Frictional Pressure Loss in the open hole
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1 Introduction

In terms of drilling and well control, the industfgces more and bigger challenges as wells
are drilled in more remote areas and in largerldemll these elements reduces the margins
within well control. Also when drilling in alreadyroducing fields where e.g. depleted zones
can lead to an unwanted situation, this raiseslaigés when the high focus is on overall

safety.

In the light of BP's Macondo well catastrophe, tbeus on safety and avoiding unwanted
situations have led to a tightening up of existingcedures and making new ones that forces
the industry to make changes to show their motwabn safety. The focus towards the
industry is high and there are no room for errbthey want to stay in the game. Therefore, it
is important that adequate procedures exist artdathaggh focus on well control is integrated
into the work culture. In this way the risk of awnd8P's Macondo can be reduced or

prevented.

If safety is not taken seriously there is a risatthomething will happen to the personnel on
board, to the surrounding environment or to maktgaads, none of these outcomes are good
for the company's reputation, and in addition itspa bad reputation to the industry as a
whole. Companies are judged by their records, arglay in the game these records needs to
be more or less spotless in order to get renewatidemce and new work contracts. If the
records are filled up with small incidents, outwsantl will not seem like safety is the
company's number one priority and this will givertha bad reputation. The result can be
that they are excluded from participating when niesenses are awarded. If a service
company do not show good records with respectdodimg on preventing incidents, they will
not get renewed their contracts or win a new cehtfeom an operating company. The
negative side of judging companies by records & thcan led to an unfortunate work
culture, meaning that no one reports HSE to maintaiclean record and prevent bad

reputation.

The focus on having qualified personnel in drillingeration has never been higher. The
company spends a lot of money on educating per$otinie creates a positive company
reputation, but most important the risk of an untedrsituation is heavily reduced.



In some companies, for new employees one requiremsethat they need to take higher
education beside job, and only if this is accepiegly may be offered a position there.
Another requirement, new employee needs to haveetdted education in order to get
offshore work (given drilling related work). For menany years ago this was not a
requirement, and then a certificate would be endogbe qualified for a job offshore. The
requirements are created with the intention toease focus and raise the overall awareness

towards safety, and also to raise the expertis@nvihe workforce.
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Figure 1.1 — Shows the lithology profile and the pe pressure plot or the drilling window as it alsas called [1].

The objective with this thesis is to cover the magll control methods currently in use. The
objective is also to highlight their positive anegative sides and increase the understanding
on how they work and how they are performed. Caltas examples are used to increase
the understanding on how they are carried out, bwey are calculated and to show the
difference between them. The examples in sectidocts on the two main well control
methods, which is Driller's method and Wait and §tieimethod.



The thesis is divided into 6 sections, each witk ffurpose to enhance well control
understanding and the elements needed to mainstabke and controlled well kill operation.

The well control methods considered in the thesis a

e Diriller's method
+  WE&W method
* Bullheading

* Volumetric
As mentioned, the main focus will be on Driller sttmod and the W&W method.

The well control methods are developed to re-estatthe well's primary barrier. During a
drilling operation the fluid column is the primawell barrier, and its intension is to control
the well pressures during drilling, balance or dteyween the pore pressure (blue line in
Figure 1.1) and the fracture pressure (red lind=igure 1.1). Drilling fluid is the well's
primary well barrier, and if this barrier shouldlfaneaning that fluid volume is lost to the
formation or it has to low pressure to balancevik# pressure, actions needs to be carried out
to fix it. If the hydrostatic fluid pressure is lmwv the formation pressure will be dominant, the
result will then be inflow of formation fluids intthe wellbore which can lead to a well
control situation. With the use of well control metls the aim is to re-establish the fluid
column in such a way that it can balance the foongtressures on its own. How this is done

is discussed in more detail in the sections to come

During a well control situation the well pressureeg either above the fracture pressure or
below the pore pressure. Loosing drilling fluidthen a potential result if the pressure goes
above, mud height is reduced which leads to a lsydtic pressure below the formation
pressure. The wellbore then gets influx of wellbiiwelds and a kick is in progress, which is a
well control situation that requires proper proaeduand experienced personnel to fix.
During a drilling phase the aim is to keep the pues between the blue and red curve in
Figure 1.1 (above), by doing so it will ensure &esaperation and reduce the risk of a well
control situation. These curves are also knownhasdrilling window, and a successful

operation depends on staying between them to prewveell control situation.






2 Well control in general

The main focus during a drilling operation is tegdhe wellbore pressure stable and prevent
any type of influx of formation fluids. Inflow ofofmation fluid is what is called a well
control situation. In every well stage e.g. drijjncompletion, production, intervention etc.
barriers are the most important system to preventravanted situation. Their intention is to
avoid a catastrophe and to have the ability toiregall control if a situation should arise and
escalate. All operations must be planned and cdadun a way that no uncontrolled inflow

of formation fluid enters the wellbore, e.g. in thdling phase one want to avoid kicks [2].
According to the NORSOK STANDARD D-010 section 3.4,.well control is defined as:

Well Control
"Collective expression for all measures that can be applied to prevent uncontrolled release of

well bore effluents to the external environment or uncontrolled underground flow" [2].

2.1 Well barriers

A barrier has the intention to reduce or avoid ¢basequence of an unwanted situation or
accident. This includes both technical, human agdrsational barriers [3].

If we look at well barriers, it consists of onesaveral barrier elements that form a continuous
and protective envelope around the wellbore. ltp@se is to prevent an uncontrolled and
unintentionally gas or fluid flow into another foaton or to surface [2]. The well barrier
ensures the overall safety on board a platformiaalso prevents contamination of wellbore
fluids into the environment. Should a barrier obarier element however fail, actions to
replace and reinstate the failed barrier or baglement should be number one priority, all
other well related activities should temporarilysiepped until the barrier or barrier element

is fixed and reinstated [4].

Barriers regulations are not a world vision andadties from country to country. Also the
focus on them and the governmental control tow#rdsndustry are not a common practice
around the world. In Norway the NORSOK Standard@sharavily used, they are a guideline
for the industry, and the company are requiredottow up on the minimum requirements

defined there. The regulations given by the Patrol&afety Authorities Norway states [4]:



"We should always have minimum two independent and tested barriers. The barrier
requirement should be organized in a way that allows for a quick turn around, and that a

failed barrier isrepaired as quickly as possible’

2.1.1 Barrier element

A barrier element is a part of the barrier enveltps stops unwanted inflow of formation
fluid reaching the surface. To stop a flow from @nde to the other several barrier elements
are needed to close the envelope, one single batement are not sufficient to stop the flow
on its own as can be seen from the barrier schesnati Figure 2.1. Here barriers during
drilling operations are shown. Similar drawings das found for other well phases and
activities like: completion, production and intemti®n operations [2].



2.1.2  Well barrier schematics

5) Drilling, coring or tripping —
Shearable drill string

1) Well barrier

elements 3) Comments

Primary well barrier

1. Fluid column

Secondary
wellbarrier

, 1. Casing cement 22
Z -~ Stab-in safety e e v e -—
Lx vahe 2. Casing 2 Last casing se
3. Wellhead 5
AP 4. High pressure riser 26 If installed
5. Drilling BOP 4
UPR Drilling
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e 1. This describes the name of the WBE(s)

2. A complete description of general acceptance criteria for this WBE is
found in Clause 15 which contains a library of WBE acceptance criteri:
tables.

3. This table column is used to describe comments.

4. The place can be used for describing additional requirements and
guidelines. For example a description of compensative measures if the
exist common WBEs.

5. The illustration shows the primary well barrier in its normal working sta
while the secondary well barrier is shown in its ultimate stage. This sta
often described with a closed shearing device.

Figure 2.1 — Taken from the Norwegian NORSOK D-010tandard



In Figure 2.1 it is shown the different barrierraknts that together form an entire envelop.
The fluid column forms the primary barrier, and rv&it is a single barrier element it is

classified as a well barrier envelope.

2.1.3 Primary barrier during drilling

The primary well barrier is the first barrier enmgé and the first line of defence against
unwanted formation inflow. It surrounds the entivellbore, holding back the pressure and
preventing formation fluids from flowing in. Theiprary well barrier is the mud column and
outlined in blue in the NORSOK STANDARD D-010 drags. As a primary barrier its main

purpose is to keep the well pressure between theaftton pressure and fracture pressure.

2.1.4 Secondary well barrier during drilling

<771 Stab-in safety
="k valhwe

Drillin
BOP 9

Figure 2.2 — Shows a BOP and a schematic showingetfunctions. Pictures are retrieved from [2, 5]

Here the annular preventer is the barrier highesttlen when moving down one see the
shear and seal ram, upper variable pipe ram, midgli@ble pipe ram and lowest the lower
variable piper ram. The left picture shows a BGi#nding on a warehouse floor.

If not the primary well barrier holds, the secornydbarrier shall be the next obstruction point
the influx fluid meets, its main function is to pta from reaching the surface and getting out
of control. If the primary barrier is the inner ehspe surrounding the well bore, then the

secondary well barrier is the envelope that cl@aseand both the primary barrier and the well



bore. From Figure 2.1 the secondary well barriersegis of casing cement, casing, wellhead,

high pressure riser and the BOP.

As mentioned in the section above, the BOP in l[e@u2 holds different defence mechanisms
that prevent unwanted flow to pass by having séwdosing rams. The first ram that is
activated if an unwanted situation occurs is anutrpreventer which is a rubber seal that
closes around the drill pipe, collars and BHA preirgg flow to pass it. The optimal scenario
during a kick circulation is to have the drill sigias close to the bottom as possible, stripping
to desired location is not a problem with the aanyreventer due to the rubber seal that
allows variable diameter passing thorough it wiilesed. The other rams in the BOP is the
upper pipe ram, middle pipe ram and lower pipe wnich is designed to close around a
fixed pipe size. As a redundancy measure if aleothing fails there is a shear and seal ram.

This cuts the drill string, closes the entire answdpace and prevents leaks.

2.2 Reasons for kick

There are several factors that affect the exterd kick, these are the differential pressure
between the wellbore and formation. Also the foioratproperties like porosity and
permeability are important. In order to get a kibk pushing force from the formation and
into the wellbore must be higher than the forcedimg formation fluid back or containing it
in its original place. When the hydrostatic welldiorce is not able to hold back the
formation pressure it will lead to inflow of formam fluids, this is what we call a kick
situation. As mentioned the formation properties @so important factors with respect to the

kicks magnitude.

If the formation has a high permeability the roekdlity to allow fluid flow is high, as it is in
sand formations. However, if the permeability i& fitne fluid flow within the rock is low and

shale is a rock with low permeability.

Porosity is how much empty space there is in a.radke a sponge, it has high porosity
meaning it can contain large amount of water irpdse space. The same goes for a rock and
even if the pores are much smaller compared tmaggpthe rock volume is much larger. An
example of high porosity formations can be sanddigp, and formations with low porosity
can be shale deposits. A kick taken from a sanchdton with high porosity and high
permeability has a much bigger impact than a kadkeh in a shale formation with low

porosity and permeability [6].



But in order to get the fluid moving differentialgssure is needed. The differential pressure is
the pressure from the formation — the differencevben the force that wants to push the
fluids out of the rock, and the hydrostatic colufmmm the mud that tries to hold back the
formation fluid from entering the wellbore. The dar the negative differential pressure
between wellbore and formation gets, the highenrflew — if the formation also have high

permeability and porosity inflow will acceleratd.[6
There are however several reasons that can lea&itk, these are retrieved from [6]:

* Insufficient mud weight

* Improper hole fill-up on trips
* Swabbing

* Gas cut mud

¢ Lost circulation

2.2.1 Insufficient mud weight

Kick will occur if the pressure from the formatiahigher than the hydrostatic pressure from
the mud column in the well. Therefore it is impaoitédo have a mud weight that will exceed
the formation pressure but still be within the ldrg window — lower than the fracture
pressure and higher than the pore pressure. lomuifi mud weight is often related to

unexpected pore pressures in a zone which maytdesavell control situation [6, 7].

2.2.2 Improper hole fill-up on trips

Improper hole fill-ups is another cause of kickislimportant to pay attention when tripping
out because this may lead to a kick situation.ginig is when drill pipe is pulled out of or in
to a well. When tripping out drill pipe steel volenwill be replaced with mud, this will
reduce the height of the annular mud column withrésult of a lower bottom hole pressure.
It is therefore very important to pay careful attem when tripping to avoid a kick. The trip
tank is used to refill the well if needed [6, 7].
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This is what happens when mud height is
reduced due to removal of steel volume, or
by mud lost to the formation leading to
column height reduction

Figure 2.3 - A picture showing reduced annulus mudtheight after losses [8]

Swabbing is another effect that may cause a kidkem\pulling the pipe there will be a piston

type force between the drill pipe and the wellbeosals, this creates a pressure reduction
beneath the drill pipe/bit which reduces the effechydrostatic bottom hole pressure. If the
effective hydrostatic pressure is reduced belownadion pressure a kick situation may be the
outcome. It is therefore important that certaingpagters are carefully monitored, such as
tripping speed, hole configurations, mud propeytesd the effect of "balled" equipment.

Balled equipment is when clay, sandstone etc. stiokthe pipe or bit and makes a larger

outer diameter of the equipment. This increaseswab effect [6, 7, 9].

2.2.3 Gas cut mud

Kick caused by gas cut mud are not common. Wheflindriformations containing
hydrocarbons, small amounts of gas from the dritletiformation will be present in the well.
The gas within the cuttings will on its way up teetsurface be released and it expands and
reduces the hydrostatic pressure and this candeadtick.

2.2.4 Lost circulation

Lost circulation may also lead to a kick scena@oe outcome is loss of drilling fluid when
entering a zone with high permeability, this hagpdecause the formation is unable to
prevent drilling fluid from entering the permeaklene. E.g. a mitigation action in such a case
can be to add lost circulation pills (LCM) in theaudhthat will build a filter cake on the bore

walls and prevent further losses. Another aspedttise weight of drilling mud is too high
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compared to the formation strength. The increasgdtdstatic pressure may exceed the
fracture pressure creating cracks where mud cdodbeFor both cases above, mud level in
the annulus will fall with the result that bottonolé pressure is reduced. Should the
hydrostatic pressure in the wellbore go beneathfdh@ation pressure, influx of formation
fluids will be a result and a kick is in progre3$ie severity of the kick will depend on the
amount of wellbore fluid lost to the formation ahdw low the wellbore pressure gets
compare to the formation pressure (differentialspoee). Another aspect, should formation
fluids be able to enter the wellbore it will redute mud density by mixing formation fluid
with the wellbore fluids, with decreasing bottomleh@ressure more formation fluids will
enter the wellbore and a negative spiral is in pssg

Maintaining an overall control over any situatidmtt may develop and avoiding a well
control situation puts a lot of responsibility ometpersonnel. For this reason, it is very
important that they are well trained and educatedheir job, having good routines and
procedures to handle any situations that may ogtua potential loss environment (e.g.

leading to kick). E.g. of some precautions thathhige initiated, and taken from [10]:

1. Allinvolved personnel should attend a safety magwhere they discuss what may
happen prior to entering a potential loss zonesédinarios should be discussed and
actions related to different outcomes must be éshadu. E.g. routes of probable loss,
consequences of well control, what consequenceslosgdvill have on the operation,
areas of responsibility, line of communication soene of the issues to be addressed.

2. The trip tank should be filled up with mud, baskeooiwater to get the annulus
volumes back up to its initial height if losses wcc

3. If three mud pumps are available, there should tie@ussion if one of them should
be directly connected to the annulus for redundancy

4. If heavy losses are encountered, it is importamiaiee access to pre-mixed gunk pills

to get the losses under control.

Depleted reservoir pressures in immature field$ bizae been producing for some time is
also a concern, it is therefore important to taketo account when drilling into depleted risk
zones. If using too high mud weight the result rbayfracturing of the formation, leading to
significant losses and a well control situation. &vhdrilling into depleted reservoirs it is
important to determine the last casing setting ldepshould be set above and as close to the

reservoir as possible since it has a much higleatdre pressure. Determining the setting
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depth can be challenging, and there is a risktti&drilling operation is performed with too

high mud weight into a weak reservoir which cardlealosses [10].
Other causes of mud losses are retrieved from [10]:

1. Formation is naturally fractured

2. Subnormal formation pressures — which is presdasssthan the normal formation
pressure

3. Surge pressures when running the drill string singacan lead to formation fractures
(induced fractures)

4. Drilling pack off in the annulus, e.g. caused byipouttings transport

5. The gel strength of mud is too high, i.e. largesptee peaks are induced when
resuming circulation (has to break circulation iogtfstarting rotation)

6. Casing cement around casing shoe has poor quality

7. Extensive pressure losses in the annulus leaditaptbigh ECD

2.3 Warning signs of a kick

Drilling operations are not without risk, and theeowith high focus is kick detection. There

are some key warning signs that a kick is in pregjréhese are retrieved from [6]:

* Flow rate increase

* Pit volume increase

* Flowing well with pumps off

» Decreasing pump pressure and increasing pump stroke

* Improper hole fill-up on trips

» String weight change

» Drilling break — e.g. when drilling into an openléavhich increase the ROP

significantly

During a drilling operation each crew member ispogsible for carefully monitoring the
different kick indicators which are listed aboveisl their responsibility to take actions if any
indicator shows that an unwanted situation is umigselopment. There are on the other hand
not all indications of a kick that actually leadadkick, e.g. an increase in pit volume when
taking connections may be because of temperatdeetef and should be monitored by

"fingerprinting” each connection — this means idgimg the volume increase in the pit tank
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for every connections to monitor the trend. If thare any anomalies in the "prints" this may
indicate a real kick.

If a kick is taken in OBM it can be difficult to teet on surface, the gas will be dissolved in
the oil and no expansion will be observed in thegrk. During the time it takes before some
changes are observed at surface, there is a radklaige volumes of formation fluid have
entered the wellbore. And when this reaches th&hflaoint it will boil out of suspension
creating a large kick. The flash point needs tbé&ew the BOP where it can be contained.

Finger printing

Down towards the reservoir the formation tempemtwill increase with depth. This
temperature increase can be quantified to a gradieabout 3degrees in Celsius per 100
meters (3C/100 m). In a drilling operation a new connectidvappens every 30 meters, or
one stand (which consist of 3 drill pipe lengtli3)ring circulation/ drilling the well will have

a temperature profile which is near equal to thatlggrmal gradient. The mud will be hotter at
the surface and cooler at the bottom. However, whkimg a connection the mud pumps are
turned off and there is no mud flow, it is in statonditions. This enables the shallow
formation to cool down the mud up in the well, dhd deep formations to heat it up further
down. If there is a net temperature increase, ¢lsaltr will be a decrease in the mud weight
due to mud expansion. This expansion can be old@wehe surface as pit gains and can
resemble a kick to be in progress, but it is ohlg temperature effects on the mud during
connection that is causing this. Monitoring thewoé changes during connections is what is
called fingerprinting. By monitoring each connenspone can identify deviations from the
normal trend which could warn about a real kiclpingress [11]. Below is a figure showing

how the temperature down in the well affects thel reimperature.
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The temperature effect

Temperature

Pra—
«——— Mud temperaturegradient

Depth

«——— Formationtemperature gradient

Figure 2.4 — Shows the temperature effect betweenuh and formation during connection
2.4 General about Well Control procedures

Beneath is an illustration of the well layout withe different components during a drilling
operation [8]. There should also be a kill lineFigure 2.5, this do not show in the drawing.
This should be equal in length and size as the eliole. The following chapter will give

some information about different elements duringe thrilling process to enhance

understanding of the theory presented later irthbsis.

Changes in
pit level

indication of
influx

»
Separator

Choke
valve,

I l I Chokeline
Casina shoe,
protect
vQLﬂ"‘aimﬁ\
Riser - -
| 1
Formation | | Open
hole
Pore pressure | I section
Erac!\'re risk for
pressure nflux or
fracuring
the
formation

Figure 2.5 — An illustration of the different compaents in a drilling operation [8]
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2.4.1 BOP

The BOP (blow out preventer) is a secondary bagiement and consists of several BOP
rams with different purposes. The BOP is placedopnof wellhead as can be showed in the

barrier drawing in Figure 2.1.
Annular BOP:

This has a rubber reinforced with steel. It carselaround different pipe sizes and allows the
pipe to move up and down. It is used as secondebagtement when the pipe is non-

shearable.
Ram BOP:
The ram BOP consist of the following elements

* Piperam
e Shear ram
e Seal ram

+ Blind ram.

b

B (J
J i O —

Drilling
BOP

Figure 2.6 — A section of the barrier drawing showig the annular preventer and the different rams [2]



2.4.2 What happens during shut in?

When a kick is in progress there are several astibat must be carried out in order to
minimize the kick. Beneath the different stepsleted to what is performed when a kick is

in development. The information in this sectiomegieved from [8].

» Kick detection
e Stop pumps, rotation of the drill string etc.
* Then close the BOP
e Monitor shut-in pressure — This is used in the dakton of the new kill mud that is to
replace the contaminated mud in the well and balaime well
* Then determine which killing method to use
o Driller method: circulate out the kick before indiecing kill mud.
o Wait and weight: start pumping kill mud while citating out the kick.
o Bullheading: revers kill, forcing the kick back ainthe formation. With this
method the choke is not used as it is for the atiethods
0 Volumetric method: which opens and closes the cholséeps in order to hold
a stable bottom hole pressure during the kill oppemaUsed when pipe is out
of hole
* Open choke line and circulate the kick out throtlghchoke line to the separator or to
flare, this is only done for the Driller's methaadaW&W method
* Open and close the well during the kill procedarstay between the formation
pressure and fracture pressure, which is donethgh/olumetric method
* The kill line can, if needed, be used as a secqgnutaoke line or to pump fluid into the

well

After the BOP is closed, the pressure will buildurgil Pyei = Byore and influx will stop. By
reading the shut-in casing pressure (SICP) andishdrill pipe pressure (SIDPP) we can get
an indication of kick size and calculatg,®

More information about the SICP and SIDPP will beeg in section SIDPP and SICP 2.4.3.
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2.4.3 SIDPP and SICP

Pressure readings after taking a kick

This is the BOP /Ihts 1s the kill
choke line - line
Casing
SICP
SIDPP
The pressure at ‘
the shoe is the Gas buble reaching the
pressureat the casing shoe )
bottom, minus =
the hydrostatic
gradient of the
the mud- and N
gas mix / ‘\
/
\ Gas migrates from
Bottom hole ' the formation and
pressure T up the annulus

Figure 2.7 - A picture showing SIDPP and SICP.

When the BOP is closed, pressure will start todowip right after a kick is taken. The
formation forces fluid into the wellbore which ieases the wellbore pressure. This inflow
proceeds until the BHP equals the formation pressamd at this point the SIDPP and SICP
are measured. If the well is kept closed for a &rtgne with WBM in the well, inflow gas
will start to move up in the annulus on its own dead to increasing SICP and SIDPP. In
OBM the pressure goes up until it equals the foienapressure, this is because gas is
dissolved in the OMB and nothing happens as longhase is no circulation (at least for
HPHT conditions). The pressure peek after buildshpwn in Figure 2.8 is where one reads
off the SIDPP and SICP. These values will be usedeterences when circulating out the

kick and when calculating new mud weight.
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Pressure development during a kick

Pressure peek—

a Formation pore pressure
Going on loss, l T
reducing the

BHP

/ WBM OBM

€ Formation fluids enters the wellbore

Pressure

v

Time

Figure 2.8 — SICP and SIDPP during a kick

It is also possible to determine the pore pressfter measuring the SIDPP. This is

performed by the following formula:

l)pore = SIDPP + pyua8hrvp (2.1)

From the pore pressure, new kill mud weight candbtermined and a kill sheet can be
worked out. A kill sheet tells the operator whicanmgp pressure one should have in the
different stages of the well kill (I.e. pump pressus. strokes pumped). In this way a constant
bottom hole pressure can be maintained. It is itapbdto monitor a constant BHP above pore

pressure during the well kill to avoid a secondkic

As can be seen from Figure 2.7 above the inflowngiggates upwards in the annulus towards
the wellhead. When the well is closed the gas hmaveossibility to expand (given closed
well) and according to Boyle's law P*V = constati?], meaning that the gas pressure will be

preserved as long as the well is shut in (more @Bowle's law in section 4.1.3).

The SIDPP is used when calculating ICP (initialcalation pressure) and FCP (final
circulation pressure). The pressure difference betwthe annulus and drill pipe also makes it

possible to calculate the density of the inflowdlu
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2.4.4 SR;and SR

In a subsea well the BOP is placed on the sealezd,the choke line and kill line goes from
platform deck and down to the BOP. S&hd SR are measured as pump pressures along a
given pathway. When circulating through long caked, large frictional pressure losses will
be experienced which will be reflected in pump pues. Therefore it is important to know
the difference between $Rind SR which is explained below. SR denotes well friction
during circulation in the whole well. SRndicates that the pump pressure measured when
circulation is taken up the riser. The SRowever, is the pump pressure when the circuatio
is performed through the well and up the choke éfter the BOP is closed, meaning that no

fluid goes up the riser. Beneath a sketch is shewlch includes the different flow paths.

Circulation paths for SR; and SR,

Riser Platform )
SR, is Surface Choke line
measured & SR; is measured
during when circulating
circulation through»the
through the &———  choke line.
riser.
/ < Wellhead at seafloor
e
Kill line _
le———— Surfacecasing,
‘ 30 " conductor

Figure 2.9 - Showing where SR1 and SR2 are measured

The choke line friction can be calculated by takthg pump pressure (PRminus pump
pressure (SB, both taken during circulation in the whole waiild with the assumption that
the riser friction is negligible. The circulatiorests are performed regularly using the

anticipated Kill rate.

Al:’friction,cl = SR; — SRy (2-2)
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Where:

APxiciion, o = Frictional pressure loss in the choke line
SR, = Pump pressure during full circulation through tthoke line instead of riser

SRy = Pump pressure during full circulation through tiser

2.4.5 A short introduction of Driller s and W&W method

After taking a kick a well control situation hascacred. In order to regain well control there

are established several methods that can be useddm well control.

Driller’'s method is a two circulation method. Afeekick is taken and the BOP is closed, the
pressures in the annulus and drill pipe are realvaitten down. Based on these pressures
new kill mud can be weighted up, the main purpotéhe new mud is to balance the
formation pressure after the kick has been ciredlaiut of the well. In the first circulation
stage inflow fluid is circulated out of the wellinSe the BOP is closed the return flow has to
go through the choke line, which is a line on thésmle of the riser and up to surface. At the
end of the choke line there is placed a choke valthés can be regulated between open and
closed position. The choke enables regulation wisalsed to hold and maintain a constant
bottom hole pressure during the entire kill op@mtiThe bottom hole pressure is kept equal
to the pore pressure plus a safety margin to make the pressure is above the formation
pressure. The second circulation stage is whenekekill mud is introduced to the well and
circulated down the drill pipe and up annulus. Attee second stage, the entire well is filled
with new kill mud and it is now able to balance tbemation pressure on its own and drilling

can proceed as intended before the kick started.

The Wait and Weigh (W&W) method is also known as dhe circulation method [10]. When
a kick is taken and BOP has been closed, presameesoted, and new Kill mud is pumped
simultaneously as the kick is circulated out. Tikiglifferent from Driller’'s method that uses
two circulation stages, the first to get the kick of the well using old mud and the second to
replace old mud with new kill mud. The Driller's thed and the W&W method uses the
same choke line with the ability to regulate thelk&h The goal is to maintain a constant
bottom hole pressure between the formation anduiragressure window. With this method
it is more difficult to carry out the operationtag columns in both drill pipe and annulus will

change as kill process is carried out.
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The various calculations done by hand are diffitoitboth methods, and for this reason the
industry uses advanced simulators to take into watdcall variables during the entire Kill
operation. In this way they are able to createsaaliimage of the situation. Calculating the
choke pressures by hand for the operation are aratron, however, the goal is to regulate
the choke such that the pump pressure schedule givéhe kill sheet is followed as precisely
as possible. In the annulus the inflow fluid wilamge the hydrostatic pressure, and the new
kill mud will do the same when entering the driip@. If W&W is a better option than the

Driller’'s method will be discussed in chapter 6.

2.5 Kick tolerances and well design

In this section there will be an introduction of attkick tolerances is and what effect it will

have on the well design. It will also cover a shittoduction to well design.

2.5.1 Kick tolerances

During kill circulation using Driller's method (DMgnd W&W, the bottom hole pressure will
be kept constant above the pore pressure. Theupeesssthe casing shoe will be given by the

formula:

l)max,cs = Pgyp + SM — ppixghryp — friction (2-3)

Where:

Pgyp = Bottom hole pressure

SM = Safety margin

The casing shoe pressure is equal to the constétaini hole pressure minus the hydrostatic

pressure of the mixed mud and gas between bottonth@ncasing shoe.

The density of the mixture is affected by the mad gas density and the fraction of mud vs.
gas. The formula above shows that a large kick gile a large maximum casing shoe
pressure and one must ensure that this pressusendbeexceed the fracture pressure at the
weakest point in the well (usually the casing shéd¢go, the distribution and location of the
kick has an effect. A kick situated around the BH#|l e.g. have a larger height and
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consequently lead to a higher maximum casing shesspre. We also note that a larger mud

weight will lead to reduced casing shoe pressure.

Kick tolerances is about evaluating how large kickole section can take without casing
breakdown at the shoe. From the discussion aboveew¢hat the kick tolerances will depend
on variables such as pore pressure, safety mahngisea, kick volume, mud density and kick
distribution. It can be interesting to note tha tbrmula indicates that the well friction in this
case has a positive effect in the sense that @sgavreduced maximum pressure at the shoe.
Table 2.1 shows what typical kick sizes the wetiidt be able to handle in the different well
sections without breaking the shoe. For instanfcejei consider a 12 %" hole section and
observe that a 25 bbl kick from TD will induce @ targe casing shoe pressure, the planned

depth of the 12 %" hole section must be revised.

The table below is retrieved from [13], this isable from various operators that lists up

typical values of kick tolerances in a well.

Table 2.1 - Shows typical values of kick tolerancédsom various operators [13]

Hole size Kick Volume
[in] [bbl]
6 inch and smaller 10-20
8.5 25-50
12.25 50-100
17.5 100-150
26 250

In [12] the kick tolerance is defined as:
"The maximum kick intensity that a well can tolerate before lost circulation is experienced at

the last casing seat.”

If the kick intensity is expressed as a gradidns, will give the equation:

gke = 8p — 8m (2.4)[12]
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Where:

g1 = the kick tolerance gradient
gp = the pore pressure gradient

g, = the hydrostatic gradient of the existing mud

As a requirement, the formation beneath the lasihgashoe at a giving depth should have a

fracture pressure that is equal to or higher tharpbtential kick pressure at this point [12].

For the well design, kick tolerance is a key faettien determining the optimal setting depth
for a casing section. The evaluation of kick toheeis important to establish, in the event of
a kick the length of the open hole section andefifect the kick will have on it must be taken
in considerations to avoid the casing shoe fronalkiregg down. Seeing this from an economic
point of view, a long casing section is desiralddras will be more cost efficient than many
short sections. By using kick tolerance in both wedl design phase and during the drilling
process, the risk of an incident will be reducegetber with the consequence if one should

occur [9].

2.5.2 Well design

Well design wraps all processes related to the imedl particular phase together as a whole.
This might include choice of materials or gradingsteel, kick tolerances, pressure grading
on the wellhead, casing setting depth, choice ad lgpe (OBM vs. WBM), contingency plan
etc. in addition to much more related to the wdifes Considerations to pressure in different
well sections, stress and strain in the wellbork rand on the drill pipe, these are important
factors to be taken seriously in the planning phe&8everal other considerations and
evaluations like temperature exposure of mateniahe well, formation fluid contamination
that corrode the steel and equipment, what mudséoand the additives it shall contain to
minimize wear etc. also needs to be evaluated.aBiyng all these issues into consideration
the risk of an unwanted situation is heavily redlyand in the event of an incident the well
will be able to handle the challenges during fistiine. These issues are also included in the
casing design and in the casing setting depth atialu
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Figure 2.10 - Lithology and pressure prognosis [1]

In the pre stages of drilling the geologists hawveaducted a thorough investigation of the
lithology. Based on the seismic readings and tkeiwledge they are able to form a lithology
profile together with the pressure prognosis of difeerent formation zones down to target
depth. With this information the engineers togetlvégh a multidisciplinary team are able to
design the well from scratch. Decisions are madeldog time purposes and with the
intention to extract as much hydrocarbons as plessttompletion and intervention also need
to be in mind in the well's design phase. Thi®isake sure that all options are evaluated for
a long time perspective. It is also important toki@t different technologies and decide which
alternative will serve the best purpose for thatipalar well in terms of long time costs and
flexibility.

Some issues that needs to be addressed in thdesan phase:

*  Well profile

» Casing setting depth

* Mud type, weight and additives

» Type of bit for the different sections
» Torque and drag profile

» Casing design with safety factors

» Kick tolerances

* etc.
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These are some of the issues that need to be addresthe well design phase in order to
have the most cost efficient and safe operatiqroasible.

25.2.1 Casing design

In the casing design, burst loading is the insidesgure minus the outside pressure. These
loads can be pressures that may be encountered diiiing, e.g. a kick will give a large
pressure load on top of casing and a cement jolgis@na large collapse load at the casing
shoe. If the load on the casing is exceeded byingt or collapse strength of the casing, then
the casings are approved. This is one elementnteds to be in place in order to have full
well integrity. To have full well integrity the drcal fracture pressure beneath the casing shoe
must be higher than the inside well pressure. Sineevell design dominates the high burst
load and high critical fracture pressure means tiatwell, the open hole interval and the
casing, have full well integrity. As a requiremdiné last casing before the production tubing
Is installed needs to have full well integrity. Bahe casing and open hole must be able to
withstand full reservoir pressure from a gas resienn order to meet the requirement of full

well integrity [14].

Another terminology is reduced well integrity, whieneans that all casing strings are
designed with reduced well integrity, except foe gproduction casing. Should however the
well be filled with gas during shut in it will ndie capable of handling these pressures. In this
case, the place that gets the highest pressuréaaadoursting is just beneath the wellhead.
Bursting at this location is not an option in tresdn due to the consequence this might yield,
e.g. a blowout on surface can be fatal for humash @disastrous for the environment and
equipment. In order to eliminate the possibility afcasing burst under the wellhead the
design must make sure that the weakest point tsbgriseath the last casing shoe. A leak of
test (LOT) is used to define or check fracture grat$ at this location before drilling the next
section. Then kick tolerance for each section nhesestimated and the casing setting depth
for each casing section must be determined. Italerance is too low, the next casing shoe
must be placed further up. If the pressures getditgh in the event of a kick, a failure in the
rock can lead to a underground blowout, and ihesdfore desirable to have the weak point
just below the casing shoe [14]. It is also impattinat the casing shoes are placed in stable
formations like shale or other stable formatioret ttan withstand the pressures when further

drilling or when casing are cemented in place.
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For a reduced well integrity case, the followingide considerations need to be considered.
These are retrieved from [14]:

* The minimum fracture gradient required when pla@ngasing at a particular depth

* The weak point should be below the casing shoendrad can the maximum
allowable fracture gradient be

» If akick event is to happen, one needs to knowntagimum kick size the well can

handle without fracturing below the casing

Wells are designed with a maximum kick size in mifat example a kick size of 4°m
Should however this maximum anticipated kick behbigthan expected, then the well
integrity may be heavily reduced.

2.6 Blowout potential

A blowout is when a kick goes out of control ands®s the well barriers and makes its way
to the surface. In terms of severity the blowoubie of the worst. Looking back at BP's
Macondo accident in the Gulf of Mexico April 201®,well control situation resulted in a
subsea blowout, 11 people lost their lives andetihéronmental consequences of the oil spill
were enormous. It took BP several months to steplebk from the uncontrolled well, over
4,9 million barrels of oil were spilled out intoettocean and the clean-up job was immense
and tedious [15].

In the light of this event, the focus on the wealhtrol procedures, barrier elements and the
equipment were set on the agenda. All should beyaed to prevent a blowout if a kick
situation should develop, and there should be rssipdity for personnel to bypass important
steps in the process e.g. the cementing phase desting phase. Safety shall be number one
priority and this has changed the focus on welt@brglobally. Also in Norway several well
incident have happened, one of them at the Sti@ilillfaks field in 2010. They had a casing
breach in a production well that was about to bameted in the final circulation phase. Mud
was lost to the formation and gas from the formrmatilowed into the well bore and was
detected on surface. Normal safety measures wderped, subsequent mustering of
personnel, and circulation to re-establish the watrier was performed according to

procedures [16].
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For safety, a well is required to have two indegendvell barriers that surround the entire
well [2]. The risk of a blowout is reduced and @inconly occur when both of the barriers are
breached. However, there are several elementatfext the blow out potential. To name a

few:

e Shallow gas zones — in the open zone, before ke and BOP is in place

* Poor cement quality — there can be pathways iceh@ent, which can occur as mud
mixes with cement

* BORP failure — not able to close the BOP in time

 OBM instead of WBM — gas dissolves in the oil basedl making it hard to see a
kick developing before it is too late. It can tHere go out of solution and flash when
the pressure is reduced to a certain point. Tharesipn is so severe that within
seconds the kick can be out of control

» Casing design — the formation pressure is highear g#xpected and the casing quality

is not designed for these pressure forces

When taking a kick there is always a potential lofamut, the only thing that prevents one
from happening are the primary and secondary wallidrs. Also good detection and action
procedures from the rig personnel on board areinedjio prevent and deal with incidents
when they happen. The importance of good routimes @ocedures are crucial, they are
designed to re-establish well control, stop theklkand prevent it from escalating into a

blowout.
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3 Presentation of example wells to be used in calctilan examples

In this section two example wells will be present€dese examples are to be used in some
calculation examples in chapter 5 for the diffenartl kill methods (i.e. Driller's method and
Wait & Weight).

3.1 Deviated well example, subsea well

In this example the choke- and kill- line are dtedt to the riser and have a length
corresponding to the water depth of 500 meter. $§mme well kill operations one is

circulating the kick out through the choke linedan this case we have to account for choke
line friction pressure losses. This will be exptdnmore in detail when going through an

example in relation to presentation of the W&W.

Deviated well with BOP at sea bed

Air gap between

—— platform and sea
- «— Seabed
-
Killline ~——— Choke line
Riser «—— BOPand Well head

!
i

Figure 3.1 — Shows a floating rig, a deviated weNith BOP on seabed

BHA
/{'./Drill bit

Last casing section, 2800 metre MD

In a directional well, at 4580 meters MD and 4126tens TVD a kick is taken. Old mud
density is 1,73 sg. In order to know the choke fimetion, kill circulation tests have been
performed in advance. These where performed witktB&kes per minute (spm). The result

was 35 bar when the circulation up riser and 49vdaen circulating up through the choke
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line. The shut in pressures after taking the kiels\measured at surface. The SIDPP = 43 bar,
and in the annulus the SICP = 57 bar. The safetgimaf 10 bar will be set for the well kill

operation.

Well profile
o Water depth of 500 meters
o Vertical well down to 1800 m
o 55°from 1800 m TVD to 3500 m (MD), 2775 m (TVD)
0 42°from 3500 m (MD) to 4580 m (MD), 3578 m (TVD)
o Drill pipe geometry
o 57" DP down to 4380 m MD/3429 m TVD with capacitylS I/m
0 6 %" Drill Collar of 200 meters with capacity 4,0mn.
e Mud density 1,73 sg
e Pump capacity 17,2 |l/stroke

* Annular capacity

DP/Csg 24,2 1l/m
DP/OH 23.6 I/m
DC/OH 15,2 I/m

OH — Open hole
DP — Drill Pipe
Csg — Casing
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3.2 Vertical well profile example

This is a vertical well with a TVD deep of 4300 mretThe last casing shoe was placed at
2800 meters. This is a platform well and theretbeeBOP is located on the rig.

Vertical well with BOP on platform deck

BOP on platform deck

Last casing section, 2800 metre MD

Figure 3.2 — Shows a fixed platform, a vertical welvith BOP on platform deck

The drill collar section is 280 meters long.

Drill pipe inner capacity 9,15 I/m
Drill collar (DC) inner capacity 4,0 I/m

Annular capacity:

DP/Csg 24,2 1/m
DP/OH 23,6 I/m
DC/OH 15,2 I/m

During the kill operation, the kill pump deliver,b | per strokes. The operation shall be
carried out with 34 strokes per minute (spm) akdl aate of 595 I/min. Pump pressure (well
friction) was measured to 18 bar, it was perforwden pumping at kill rate. The old mud

that is going to be replaced is 1,52 sg.

After the kick is taken and the BOP is closed ttespures are read. The pressures are SIDPP
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(Pp) = 40 bar, and the SICRP{) = 48 bar. As a safety assurance, a safety margin bfat0
is added for the kill mud density calculations amdhe bottom hole pressure during the well
kill. This is done to make sure that the bottomehmlessure stays safely above the formation

pressure avoiding a secondary kick, but one shooti@éxceed fracture pressure.
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4 Well Control Procedures

There are many ways of killing a well as will bether discussed in this chapter. This will
depend on the particular situation. Factors liké dipe position in the well and whether the
drill string is in the well or not are importantcfars. Another important factor is where the
drill string is located in the well, i.e. near thettom or high up in the well. These different
elements will indicate which method to use in orttekill the well in the safest and most

efficient way possible[10].
This chapter focus on the following killing methods

Driller’'s Method
Wait and Weight
Bullheading

P w bR

Volumetric Method

The placing of the drill string determines whichtheal is the best for killing the well. In
order to use methods 1 and 2 the drill string nbasbn bottom, the two other methods (3 and
4) becomes an alternative if the drill string isyvadf bottom with no possibility to get down
to TD [10] or drill pipe circulation has been ohstted. Bullheading, however, is also an
alternative if the drill string is on bottom.

Having a near to constant bottom hole pressure Wihiargy the well is a common practice for
both Driller's method and W&W method, for Volumetmethod and Bullheading the bottom
hole pressure can vary more during the well kikm@ion. This means that the pump pressure
from the surface, plus the hydrostatic mud pressiegjual to or preferably higher than the
formation pressure without exceeding the fractuesgure during the well kill operation. By
maintaining constant bottom hole pressure and assuthat the well is able to take the
circulation, no more formation fluid are able taesnthe wellbore and escalate the situation.
Bottom hole pressure is controlled by regulating tihoke pressure at surface, it enables
bottom hole pressure control between the pore-feaadure pressure. Then, re-establishing

well control should go safe and according to ptEd.[

Before the various killing methods are introductd next topic will be to elaborate on the

formulas used when taking a kick.
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Pump pressure when circulation starts is the 1@Ridl Circulation Pressure), and when Kill
mud enters the annulus it is the FCP (Final CiteataPressure) that is used in the Kill sheet.
The kill sheet is the pump pressure the driller toamaintain during the well kill. In this way

the bottom hole pressure is maintained constant.

A figure illustrating ICP, FCP and BHP

Kill mud down
4 the annulus T A constantbottom hole
ICP pressure during the kill
operation
< 1 FCP & /
- -
E E
Strokes ” Strokes ”

Figure 4.1 — Shows how bottom hole pressure is ré¢al to ICP and FCP

As can be seen from Figure 4.1, if the kill openatprocess follows the pressure curve in the
kill sheet the bottom hole pressure will remain stant. Holding a stable bottom hole
pressure is preferred since this will avoid a sddaok during the operation and also prevent

fracturing the formation.

4.1 Common well control formulas that are used when faag a kick scenario

When a kick is in progress there are several foasitihat are needed in order to re-establish
the well barrier. This section has the goal toudel the various formulas used during a kill
calculation and enhance the understanding of tAdrase formulas will later be used in the

calculation examples in section 5.
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After a kick is taken, the gauges will indicate firessure build up in the annulus and in the
drill pipe. When this is known the bottom hole m@® can be calculated and new kill mud

can be found.

Bottom hole pressure is found by:

BHP = SIDPP + (puaghrvp) (4.1)

This will be the same as the pore pressure atistuanditions when the inflow has stopped

and pressure build up has stopped.

The kill mud weight can be determined from thedwling formula:

SIDPP+SM

Where:

BHP = bottom hole pressure [bar]

pxin = density of kill mud [sg]

pold = density of already in place mud [sg]
SIDPP = Shut in Drill Pipe Pressure [bar]
SM = Safety margin [bar]

TVD = True Vertical Depth [m]

When taking a kick the gas will move up in the dosuFigure 4.4 illustrates the gas as a
single bubble and the location of where the SIDR& &ICP are measured. With the use of
calculations it is possible to find ICP and FCP.

How the ICP is calculated is showed in the formiokdow. It will be the same for both
platform and subsea well. ICP is the initial ciatidn pressure, which is the starting pump
pressure in a kill operation (and kill sheet). Qual is to balance out the formation pressure

during circulation by keeping it a bit above thenfiation pressure to reduce the risk of further

35



influx. The risk is reduced by adding a safety nra{§M) to the ICP calculations in order to
stay above the pore pressure during the operation.

ICP is defined as:

ICP = SIDPP + SM + SR, (4.3)[10]

Where:

ICP = Initial circulating pressure
SIDPP = Shut in Drill Pipe Pressure
SM = Safety margin

The FCP is defined as:

FCP = SR, x Zkillmud (4.4) [10]

Pold mud

Where:

FCP = Final Circulating Pressure

SRy = Circulation pressure up riser (friction) — pupmessure

Take notice that the SICP + SM is equal to theahihoke pressure when circulating out a

kick with the use of Driller's method and W&W methehen considering a platform well.

When taking a kick the gauges record the pressevelopment in the annulus and in the drill
pipe. The relation between the pump pressure amtbattom hole pressure is determined by
the hydrostatic gradient in the drill pipe.

When the kill mud has reached the bottom of theuks) one has reached the final
circulation pressure in the kill sheet. Calculating FCP is done to balance the friction forces
with the new well pressure and the new kill mudrder to re-establish well control. When
the kill mud reaches the bit and moves into theurmthe FCP is initiated. This pressure is
held until the entire well is filled up with kill od and the choke can be regulated to fully
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open. When the well is completely filled with kifiud it is capable of withstanding the well

pressure on its own.

In the following case with a deep water well andlahline friction, it is showed how these

formulas changes.

4.1.1 For a deep water case:

At shut in, the pressure on top annulus is the SHDE this is the annular top pressure needed
to balance the pore pressure. To avoid a secokdaksafety margin of 10 bar is added which

gives:

SICP + SM

In this way the risk of having a circulation pregsthat goes beneath the pore pressure is
reduced significantly. For this reason it is nalttinat the choke pressure has this initial value.

It is valid for both a platform well where the cleolne friction is negligible.

Difference in choke line length for a subsea well and a fixed platform well.

Static conditions:
SICP SICP

T i
4 To the left is a subsea well
Choke with BOP on seabed

/ line

BOP
f Choke
line
Kill line
«— Well /
SICP SICP
‘ BOP

Ay E— —

To the right is a platform well with ,
BOP placed on platform deck Gr— Well

Kill
line

Figure 4.2 — Shows the difference in choke- and kiine length on a subsea well and a platform welit static
conditions
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Figure 4.2 shows the shut in choke and Kill linesgure in a platform well vs. a subsea well.
The well is static meaning there is now fluid flomovement in the well. Wellhead pressure is

read as SICP after a shut in.

Difference in choke line length for a subsea well and a fixed platform well.

Dynamic conditions:

SICP + SM— AP pokeime friction

SICP+ SM
~
1 t
To the left is a subsea well
R — with BOP on seabed
/ line
BOP Choke
line
/ Well
G
Kill Y [ - J
) S
line SICP + SM T SICP+ SM
To the right is a platform well with ) 7
BOP placed on platform deck Kill \ Wes
line

Figure 4.3 - Shows the difference in choke- and kiline length on a subsea well and a platform welt dynamic
conditions

When the kill operation has started, Figure 4.8rehs fluid moving in the choke line. For a
subsea well with long choke lines the friction neémlbe taken into account in order to hold a
stable bottom hole pressure. As can be seen impitttare the initial choke pressure is
SICP + SM —APghoke friciion- T his will give the same BHP as in the platformecasice the Kill

line pressure is a measure of the pressure in ¢fie w

The figures above show how pressures are readebafa during a kill operation. The static
conditions are shown in Figure 4.2 and the dynaromitions are shown in Figure 4.3. The
only thing that changes is the friction in the chdine from the measurements between the

static and dynamic conditions for a subsea well.
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Pressure readings after taking a kick

Thisis the BOP - Thisis the kill
choke line - line

Casing

SIDPP
The pressure at ‘

the shoe lst tt:e Gas buble reaching the
e

the hydrostatic

gradient of the
the mud- and

gas mix | / %\
AT TH
\ Gas migrates from

Bottom hole ' the formation and
pressure EE— up the annulus

SICP

Figure 4.4 - Shows a schematic of where the SIDPRASICP are measured

In the following it will be shown that the ICP fouta for a deep water case is the same as a

case where the choke line friction is negligible.
The following relations between shut in surfacesptees and pore pressures are valid [8]:

Ppore = pghannuius + SICP (4.5)

Ppore = pghpp + SIDPP (4.6)

Above are two expressions that determine the paespre, one where the drill pipe is used,
and the other where the annulus and choke linsasl.uWhen taking a kick the hydrostatic

difference can be showed beneath.
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Express hydrostatic difference due to kick, usiggation (4.5) and (4.6):

SICP — SIDPP = pghpp — pghannuius — P8ha (4.7)

Calculating pressures from the inlet of the wellr{p) until outlet (choke), the following

formulas are achieved:

ICP + (pgh)DP - Al)friction,m: bit (pgh)Annulus - APfriction,Annulus - (Pgh)cl - Al)CL =

SICP + SM — AP, (4.8)

This leads to

ICP + /(5’16 — SIDPP) = P+ SM +\APfriction,DP ic T AP¢riction, Anmulus } (4.9)
|

SR, (when circulating up riser, neglecting riser fioct)

The result from eq. (4.9) becomes:

ICP = SIDPP + SM + SR, (4.10) [10]

Where:

ICP = Initial Circulating Pressure

APy, = Frictional pressure loss in choke line

APrriction,pp ;= Frictional pressure loss through drill pipe duiid
APrriction, 5, nuas = FYiCtional pressure loss through the annulus

(pgh) annuius = hydrostatic pressure in annulus

(pgh)pp = hydrostatic pressure in drill pipe

(pgh)c; = hydrostatic pressure in choke line

SIDPP = Shut in Drill Pipe Pressure

SICP = Shut in casing pressure

SM = Safety margin (to make sure we are abovediradtion pressure)
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SR; = Circulation friction/ pump pressure up riser

Hence, equation (4.10) is valid both for a fixedtfdrm with BOP on deck and for a
semisubmersible with BOP on seafloor.

For deep-water well, when starting to circulatekkibe choke pressure must be regulated
according to the kill line pressure. In the stahew ramping up the pumps the kill line
pressure is used as a guide to hold a stable bdtbdenpressure. After this the choke pressure

is monitored in such a way that the kill sheebitofved.

If it is a floating rig in deep waters with BOP seabed, the bottom hole pressure is regulated
to the initial choke line pressure. Due to the Hape choke line friction will be much higher
compare to the short choke lines on fixed platforinsases with long choke lines the initial

choke line pressure should be:

Initial choke line pressure = SICP + SM — APgyiction,cl (4.11)[8]

This pressure is what the operator uses as a quedehen holding the bottom hole pressure
constant in the initial stage of the kill circutati The initial phase is when mud pumps starts
to ramp up to specified flow rate. Afterwards tieke will be regulated such that the pump

pressure follows the predicted kill sheet.

In order to ensure that the choke line frictiomeglected one makes sure that the kill line
pressure is equal to SICP + SM during start-upilbfckculation. During an operation the

initial Kill line pressure is:

Initial kill line pressure = SICP + SM (4.12)[8]

Another aspect of using rigs with BOP on seabéditiesriser and what will happen if this is

removed. In seldom occasions a floater may be dbiwéeave the area for some time, this can
be because of bad weather which makes it dangeéoostay there, this is called temporary
abandonment. When leaving/moving the rig the we#ds to be closed in and the riser must
be disconnected from the wellhead. This meansttieahydrostatic column from the seawater

on top of the well together with the hydrostatiduoon in the well together should be

41



sufficient to balance the formation pressure utim@ rig returns and continue where it had
stopped. To avoid any surprises the riser margeesis to be correctly calculated, the riser
margin is the extra mud weight needed in the closedvell to compensate for the

replacement of water instead of mud in the riseenwabandon. If the mud weight left in the
closed in well is too low pressures can build U@ tesult is a pressurised well when it is
reopened, just like a shaken soda bottle. Thisvierg dangerous situation, but with the right

knowledge and understanding this will not be anas§the calculations are done correctly.

Riser margin

Rig with riser

Abandoned rig

Riser ————

!

Figure 4.5 — Showing a rig with riser and without iser

Riser margin formulas:

e Without riser margin and with SM

Ppore + SM + pmudghDP (4-13)

Ppore T SM = ppua8hpp (4.14)
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* With riser margin

pmudg(hTVD - hwater - hair gap) + pwaterghwater = pporeghTVD + SM (4-15)

Riser margin is found by taking the mud density anbtract the pore pressure density. The

difference gives the riser margin:

Riser margin = pyuq — Ppore (4.16)

There will be an example with the use of riser nrang section 5.3 in the thesis.

4.1.2 Casing shoe pressure when taking a kick

In a drilling program the weakest point in the weill be in the formation at the casing shoe.
Then if a kick is taken the steel would not yielddacause a catastrophe, however, the
formation at the shoe will fracture first. Fractuaethe casing shoe when taking a kick is
called an underground blowout that in worst casthéf cement is of poor quality, follow
existing casing cements outside and find a wayutdase. Calculation of the worst case
determines at what depth casing can be placedidnay if a kick is taken, both the casing

shoe and the rest of the well components are alilartdle the kick.

When a kick is taken the blowout preventer (BORItsin the well and the effect of the kick
is calculated by starting from the bottom and umlsaihen assuming how big the kick might
be and its density, the pressure at the shoe caralbelated. The highest pressure on the
casing shoe is when the front of the gas reacheeshbe. The gas front will have the highest
pressure everywhere it passes which affects afitpain its way towards the surface. If the
pressure gets too high on the casing shoe, theanayllheading is best option for killing
the well.

Kick tolerance is calculated by this formula:

Pes = Phottom + Pmuda8h * & — Pgas8h * B — Piiii mua8h * v (4.17)
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Vertical well:

a+p+y=1 (4.18)

Where:

Pyottom = CoOnstant bottom hole pressure to be maintaineicigl well Kill

Pmudagh = Hydrostatic pressure of the mud between bottodhcasing shoe

Pgasgh = Hydrostatic pressure of the gas between bottaincasing shoe

Pkill muagh = Hydrostatic pressure of the kill mud betweertdratand casing shoe

a, B,y = is the mixing fraction — the space percentagh sabstance occupies in the annulus)

Inflow of gas reaching the casing shoe

Thisis the BOP /This is the kill
choke line line
WellheadandBOP
Casing

The casing shoe is the

/( wekest point
-
The pressure at ol

the shoe is tt;‘e Gas buble reaching the
pressure at the casing shoe

bottom, minus
the hydrostatic
gradient of the
the mud and gas
mix \

\ Gas migrates from
' the formation and
< up the annulus

Figure 4.6: Shows a well with gas kick flowing towals the casing shoe

4.1.3 Boyle's law

This explanation of Boyle's law is to a large extemetrieved from [12]. The

volume/pressure/temperature (PVT) is describedhkyeiquation of state (EOS) for a given
fluid. Robert Boyle found in the Y7century one of the simplest gas equations during a
experiment. What he found was that at constant éeatpre, the volume of a quantity of gas

is inversely proportional to its pressure. The lgasequation can be expressed by:

44



PV = nRT (4.19)

PV
T C (4.20)
P,V; = P,V, = Constant (4.21)[12]

(Boyle's law assuming constant temperature).

The gas pressure and volume are given at two diffeconditions 1 and 2 in the equation

above.

Charles” law explain the direct proportionality veeén the volume and temperature of a
given gas quantity. Here constant pressure is asgum

L Q. constant (4.22)[12]
T T

Gay-Lussac's law is a development of Charles’ l&&res constant volume is assumed [17].

PP constant (4.23)[17]
T, T
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Example on application of Boyle's law:

A well has a bottom hole pressure of 500 bar aedirtflow volume is 4 m At surface we
have atmospheric pressure of 1 bar. How much Wwél gas expand and what will be the

volume of the gas at surface conditions? Here vileaggume that the temperature is constant.

P; =500 bar
V, =4m3

P, =1 bar
V,=7?

Step |, derive formula:

P,V; = P,V, = Constant

_ bk

Step ll, insert values:

_ 500 bar = 4m?3
z- 1 bar

V, = 2000 m3

The gas bubble has expanded from # amd up to 2000 Phwhich is an enormous
enlargement. This is why closing the well as sosmpassible after detecting a kick is so

important, and it will also minimize the potentiaflow volume.

Another aspect seen from the Boyle's law is théobothole pressure development as gas
moves upwards in a closed in well with WBM (wateséd mud). If the well is shut in the 4
m® gas move upwards in the annulus and it will redeh well head containing its start
pressure of 500 bars (given WBM and no circulatidh)s means that the bottom hole

pressure will increase rapidly as the gas movesaugsvin the annulus. The bottom hole
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pressure then becomes gas bubble pressure plusydinestatic height of the mud column

underneath the migrating gas.

This gives the equation:

BHP = Pgas bubble T pmudghheight under bubble to bottom (4-24)

This will also affect the shoe pressure conditiassthe gas migrates upwards. When the
bubble reaches the shoe the pressure acting oill lemthe bubble pressure in the gas, as it
moves further up the forces on the shoe is incteake to the hydrostatic mud weight

between gas bubble and shoe. This can in worstataate a fracture at the shoe resulting in a

leak off and a pre stage to a second kick.

In OBM (oil based mud) the pressure on the bottalhbe the same. Gas will be dissolved in
the OBM and it will not migrate upwards unless glation starts. When circulation starts the
kick volume will remain the same as the dissolvad goves towards the surface and nothing
is shown in the pit volume. But, the scary facthM®BM and dissolved gas is when the
pressure is reduced to the extent that it is nt& &bcontain gas suspended in OBM, it will
rapidly flash out of the oil and go back into thasgphase. This means that the volume
increase in the well is enormous, which can leaal bbowout with catastrophic consequences
if personnel are not able to close the BOP in timeéhese situations it is important to know at
which point in the well the gas flashes out of dhleIf the well is in deep water with BOP on
seabed and the flash point is above the BOP thera@possibilities of closing in the well
and preventing the gas from reaching the surfateréfore knowing the flash depth is

important to maintain a controlled situation.

In HPHT wells with low pressure margins there am@cpdure in place to prevent an incident,
when tripping out circulation is maintained to dddtion to avoiding a negative pressure as
the drill pipe is pulled out. This procedure pregeiormation fluid from entering the wellbore
and it reduces the risk of a hidden kick in OBMy.Ecan be if a gas kick has developed below
or under the bit and follows the trip up towards #urface (given WBM). Or in a situation
when oil is fully saturated with gas and it remaatsbottom, what will happen is when
tripping back down the gas will move upwards as nsudisplaced by drill pipe and the
circulation is restarted. The gas will be hiddenilunflashes out near the surface, if this is

above the BOP the result will be a blowout to stefa
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Another common procedure in HPHT wells is to cltise BOP and circulate bottoms up
through choke line in those cases one suspectsathek is taken and is hidden in the oil

based mud. For instance, during tripping into d akér a long period, this procedure is used.

4.2 Drillers Methods

The Driller's method is one of the oldest well ikij methods and it was developed for
shallow vertical wells [18]. As time moved on, veeljot deeper and went from vertical into
more inclined pathways. The method got further tgpexl to overcome the new challenges

related to deviated well paths.

Driller's method, also known as the two-circulatimethod, means that the kick is circulated
out in two stages [6]. In this method the drillirstr needs to be placed at the bottom in order
to be fully utilized. In the first stage the objeetis to remove the kick from the annulus and
re-establish the primary well barrier. This is ddwyeshutting in the well and trapping the kick
to minimize inflow, then a couple of calculatioregs are performed and the circulation
process can begin. The process can also uses d@eremutrolled choke, its purpose is to
control the choke line back pressure to maintagomstant bottom hole pressure during the
circulation process. It should also work togethathvihe mud pump(s) in a synchronized
manner to maintain the bottom hole pressure consiad preferably above the inflow
pressure, but keeping it beneath the formationtdracpressure at the same time during the
entire kick circulation process [10]. Old mud idsn the first circulation stage to remove
the kick from the wellbore, and there will be naase in the drill pipe pressure during this
operation. The second stage is to weight up nelwrkibl and repeat the circulation procedure
until the new kill mud have completely filled theslbore. Now the well is in balance and
well control is regained [6].
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Vertical well with BOP on platform deck

é/BOP on platform deck
&

Riser I

/

Last casing section, 2800 metre

Figure 4.7- Showing the well schematics when dritig a well

Before the Driller's method can be initiated thare some main steps that shall be followed

when suspecting a kick. These are:

» Kick detection
» Stop mud pumps and rotation of the drill stringatimn
* Close the BOP
e Monitor the shut-in pressure until it levels outhe wellbore pressure is equal to
formation pressure
 Then open choke line and circulate the kick oubtlgh the choke line to the
separator/flare
o Driller method: circulate out the kick before induecing kill mud
0 Wait and weight: start pumping kill mud while citating out the kick
* Another option is to reverse kill or bullhead, tlisdone by forcing the kick back into

the formation (more about bullheading in sectiof) 4.

49



In the following section, a description is givenlwow the Driller's method is performed. The

reference for this is [4] if not stated otherwise.

When unwanted gas flows into the well a kick ippmogress. With the BOP closed, the drill
string and annulus pressures will increase due hmla pore pressure that forces formation
fluid into the wellbore. After taking a kick theilliistring pressure is measured at surface, the
measured pressure is what is called the shut Ihpipe pressure (SIDPP). The SIDPP is
shown in Figure 4.4, where drill string pressureswatface is the bottom hole pressure minus
the hydrostatic weight of mud in the drill string.the annulus the pressure increase will be
even higher, this is due to the mix of inflow flusshd mud which reduces the hydrostatic
pressure acting on the bottom hole. This pressuredd at well head as the shut in casing

pressure (SICP) and shown in Figure 4.4.

Before starting the kill operation the amount of ghat the kick holds is important to
evaluate, this because to see if there are anyalioms within the equipment. If the
equipment holds, the procedure can proceed. If thatn another approach needs to be

evaluated.

When gas enters the wellbore with WBM it will meat uplifting force because gas has a
much lower density and weight compared to the nAsdgas rises in the well (given WBM is

used) it will maintain its initial pressure as loag the well is kept shut-in, this will also have
an effect on the bottom hole pressure which widtéase. This means that gas will contain its
initial pressure towards the wellhead, given thatigrates in WBM and as long as the well is

kept shut in.

When getting a kick the goal is to get it out ast fas possible while maintaining safety as
number one priority during the process. A way to the kick out is with a technique that
regulates the choke such that the pump pressueelslgikill sheet is followed. This ensures a
constant bottom hole pressure. And due to constgrienishment of well fluids during

circulation, it enables to get the formation flutdghe top and out of the well before initiating

the second circulation stage. This is also knowthadirst circulation stage.

After taking a kick and shutting the BOP the presseadings in the annulus and drill pipe
will not be equal, the SICP will be higher than tREOPP. The reason for a higher SICP

compare to SIDPP is because of the inflow gas miids the mud in the annulus which
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reduces its hydrostatic pressure. The mud in thle gipe will remain unaffected of the
contaminated formation fluids outside it.

Since the formation fluid holds a lower weight carpto mud it will give a lower mud
density when these two are mixed together, mixiagts when formation fluids enters the
annulus. A reduction of the mud density in the damswill cause a lower hydrostatic pressure
acting on the bottom hole compare to the more demgkin the drill pipe. During a kick, the
pressures on the top needs to be seen from bottdnu@wvards in order to understand the
difference between the two pressures. The readingbe top annulus and drill pipe reflect
the hydrostatic column in each section. Becauseatitellus mud has a lower density and
therefore a lower hydrostatic pressure it will hd®es pressure to withstand the formation
pressure which gives a higher pressure on thedoypared to the drill pipe pressure.

It is also important to know what type of mud tleatised. When gas is dissolves in OBM the
kick will be stationary until circulation starts .uphis will not be the case in WBM where the
kick starts its way upwards on its own. For thias@n it may be wisely to help the gas to
surface when taking a kick, this is performed by tise of mud pumps. It will save a lot of

time since gas needs a long time to travel allxahg on its own just by the help of buoyancy.

The frictional pressure (pump pressure) is the dliffgrence when circulating the system, it
will be added to the gauge pressure together wighfaty margin in order to maintain well

stability and prevent another influx.

After the first circulation stage when formationifl is removed, the mud left is not sufficient
to maintain and balance the bottom hole presstivee Were to stop the mud pumps and close
the remote choke, the pressure reading would beahee on the top drill pipe before kick
circulation started, but it will now also be thergaon the top annuli. The reason is equal mud
and mud weight in both drill string and annulus.eTdriginal mud weight does not give
enough hydrostatic pressure to hold back the foamairessure, and for this reason it needs

to be replaced with a heavier mud weight in orderetestablish well control.

When SICP and SIDPP are equal, but the mud wegghbi sufficient to balance the well
pressure it represents an underbalanced situdtlos.is used as a base when calculation of

new mud density is performed.

The second circulation stage is when kill mud mad@sn the drill string and up annulus. In
the first path of the second stage the pump pressilk be reduced as new kill mud moves
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down the drill string. This reduction in pump prass will have no effect on the annulus
pressure. By keeping the choke pressure equalR®P + SMin this period will ensure that
the BHP is kept constant while the kill mud travedsvn the drill pipe.

When circulating kill mud up annulus, a constargsgure can be set at the top of the drill
string. This will be the FCP (Final Circulation Bsere). The choke needs to be regulated
together with the new kill mud filling the annulwslume in order to maintain a constant

bottom hole pressure, but also to avoid exceediegftacture pressure. The choke pressure

will gradually be reduced to zero as the kill mudv@s up towards surface.

It is now possible to set a constant pressureeata of the drill pipe when filling the annulus
volume with the new mud. The column in the drilb@iwill not change during this process.
However, compared to stage one the new pressurdsniee be slightly different. The
hydrostatic pressure from the new kill mud is naiffisient to balance the formation pressure
and there is no need for having a surface pressipport anymore. The pump pressure now
only reflects the friction in the system. This ibat is called FCP (Final Circulation Pressure).
Wells are officially killed when new kill mud occigs the entire well volume and are capable
of holding back the formation pressure on its owhen the coke is set to full open and
drilling can proceed as intended before the indiden

Figure 4.8 shows how the drill pipe pressure bebalging the kill circulation throughout
the two stages. The constant bottom hole pressurtha annulus during circulation is

achieved by tuning the choke pressure such thaiuhgp pressure follows the kill sheet.
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Figure 4.8 — Kill sheet using driller's method of wll control

The first stage in Figure 4.8 is when original msdised to circulate out the kick, the ICP
(Initial Circulating Pressure) is calculated to nehich pump pressure one need in order to
maintain a bottom hole pressure slightly highenthi@ formation pressure. When the kick
has been circulated out kill mud is introduceds tan be observed when the line goes from a
straight line and dips down to a slope. After tlesvrkill mud has displaced the entire drill
string and enters the annulus it goes back intéh@nstraight section, this section is the FCP

(Final Circulating Pressure) stage.
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Typical choke pressure
development — Driller's method

Kick is circulated up the

well. Due to gas
Bar expansion, the choke
pressure must be

e N increased to maintain
/ \ BHP constant
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Choke pressure can be
Kill mud down the relaxed when kill mud is
drillpipe moving up the annulus

Figure 4.9 — Shows a typical pressure developmertrfDriller's method [8].

Above is a drawing taken from [8] and shows chokesgure development during a kill
operation. It illustrates the choke pressure deurakent during a kick circulation for Driller’s

method. It can be used to enhance understandingwthe operation is performed.

We see that the choke pressure will increase tirifront of the kick has reached the surface.
This represents the situation where we have thgesargas volumes in the well (lowest

hydrostatic gradient). Hence, a very high chokesgure is required to maintain a constant
bottom hole pressure.

The choke regulates the well pressure during atmn. Here the Kkill line can be used to
pump fluids into the well or it can be used as@asdary choke line, e.g. MEG which is used
to avoid hydrates in the choke line during circiglat The main function of the choke line is

to circulate out the kick safely and according togedures.

As an illustration the Driller's method can be desteated by the use of u-tube drawings
below, to see what happens when gas (blue squate)cgculated out of the well is a useful

way to get an visual overview of the process.
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Driller's method shown with u-tube
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Figure 4.10 — Is retrieved from [4] and shows the fller's method during the different phases

The Driller's method has some advantages and diséalyes, in the table below which is

retrieved from [10], these are listed to make #ieato tell them apart:

Table 4.1 Advantages and Disadvantages with the ueéDriller’'s method [10]

Advantages of the Driller's method

Disadvantages ug Driller's method

Not many calculations

It is possible to start the Kkill
circulation at ones if required and
possible. However, if the kick is taken
in a situation where high mud weight
is being used, there is a possibility
that the gas intrusion can lead to
precipitation of weighting material
that falls out of suspension. An
example can be barite which can

result in a stuck drill string

Surface equipment is exposed to the
highest pressures. The front of gas
kick holds the largest pressure due {
the reduction of the hydrostatic
pressure from the mud column
The well is usually under maximum
pressure for a long period since
Driller's method takes long time
Due to long choke exposure time
during the two stages, there are son

1%

0]

danger of washout
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4.3 Wait and Weight

Wait and Weight (W&W) is also known as the EngimegrMethod [18]. This method was
developed some time after the Driller's method wat into use. It started out from this
reasoning: Why use two circulations like the Drikemethod? Why not circulate new Kill
mud simultaneously as the kick is pumped out? Ti&N\method is also known as the one

circulation method [4].

During this procedure it is still important to halettom hole pressure (BHP) control, make
sure that it is stable and constant during theektll operation. The main difference between
W&W compared to the Driller's method is that killuch is introduced at once in the
circulation process with the intention to re-estdbthe well barrier. In Driller's method there
are always a constant fluid column either in diiting or in annulus, for W&W this is not the
case. Here the annulus mud is mixed with inflowdflwith the result of varying hydrostatic
column, also for the drill string the hydrostatawmn will change. In the drill pipe, when Kill
mud replaces old mud in the drill pipe it will cluggs the hydrostatic column, this will affect
the pump pressure and it is therefore more impbttafollow the kill sheet in this method

[4].

In the beginning, when mud is replaced simultankoas kick circulation starts up, there will

be no constant mud column in the drill string. Meadumn will change as new mud travels
down the drill string. Also, inflow fluid in the amilus will change the composition of the mud
as it moves upwards in the annulus. This will hameimpact on the hydrostatic pressure in
the annulus form the mix mud column on the bottoote hpressure, and if needs to be
compensated with the choke pressure to avoid it fgoing below the pore pressure [4]. This
Is the reason why it is so important that the $fiieet is correctly followed, then mistakes are
eliminated and the risk of having a bottom holespuge either over or underneath the

pressure window in the pore and fracture plot &neiated.
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4.3.1 Pressures in the well

20— Kill Sheet W&W method —

100

%8 When kill mud goes from DP to DC
’ /

2102; 41/ 7928; 38

\U 2410, 38 4056; 38
2166; 38

iy
o

Pump pressure
(o)}
o

0 T T T T
0 2000 4000 6000 8000 10000

Strokes

Figure 4.11 — Static drill pipe pressure using Waiind Weight method of well control

In the W&W method we have to wait after the kickaken. In a shut in well the pressures on
top annulus and drill pipe will go up until the BHIAd formation pressure has stabilized and
inflow has stopped. At this point the SIDPP and BSEPe measured, and based on the values
the necessary calculations can be performed tothiachew mud weight. The operation has
the intention to re-establish the primary well bErand the new kill mud should be able to
balance the well conditions on its own. If the W&Wéthod is done correctly the used time
will be 2/3 compared to using the Driller's methf].

The choke pressure development during a W&W operas illustrated below, here it can be
seen that the max choke pressure is when the fiiogas bubble reaches the choke. The

figure illustrates a typical choke pressure for &Woperation and it is retrieved form [8]
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Typical choke pressure development
— Wait and Weigh
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Figure 4.12 — Shows choke pressure development in\&&W operation

To sum up the W&W method, it has its positive amgative sides and Table 4.2 below is

retrieved from [10] where these are listed.
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Table 4.2 Advantages and Disadvantages with the uséWait and Weight Method [10]

Advantages Disadvantages
» If all goes according to plan, this » Before starting up, the well needs a |lot
operations can be done in one of circulations
circulation * Prior to circulation the well may be

» It will be exposed to larger pressure held shut-in for a long time, this is

U)

over a shorter period compared to because the mud needs to be weighted
Driller’'s method up to the kill mud weight at the
surface

» Harder to keep a constant bottom hole
pressure, therefore it is important to
monitor the pumping schedule to keep
the pressure above formation pressure
or equal

» If the calculated mud weight is too
low they may not be able to increase it

during the one circulation, but needs

to perform a second circulation run

4.4 Bullheading

Operators sometimes have to look at different @dtieves to solve critical well control
problems. When conventional method of circulatiogvd the drill string and up the annulus
no longer is an option, an alternative is to usecanique called bullheading. This method is
performed with the use of pumps in a closed in wak influx fluids are then pushed- and
forced back down into the weakest point of the eggoopen hole interval. In this way well
control is regained. Bullheading method may alsthieesafest option if personnel do not hold
the right knowledge to calculate the pressures aollimes required to perform a
conventional kill circulation process [19]. It itssa the only option if the & content is too
high to be handled on surface, another if the kgkoo large with respect to separator

capacities or there is a potential risk of breakhgcasing shoe.
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When a bullheading operation is performed it is amig@nt that the pump pressure is noted
throughout the process, here the LOT/FIT diagram loa used. In this way it is easier to
control the situation, and if the process startddgwelop in an unwanted way actions can be

initiated immediately [10].

Bullheading is done by adding some pressure, is thay the wellbore pressure gets
overbalanced compared to the reservoir pressuréhanfdrmation fluids are pushed back into
the formation. The pressure acting on the bottonndwa bullheading operation is [20]:

Py = Pres + Pover (4-25)[20]

Where:

Pgy = Bottom hole pressure
P.es = Reservoir pressure

P,er = Overpressure

The Ryeris dependent to the reservoir properties (permigalaind porosity) and the influx
concentration. The higher the properties in themasr are (high permeability and porosity)
the lower the overbalance pressure needs to beder ao force the influx back into the

formation.

What determines whether the bullheading operagam success or not depends on the casing
shoe integrity, the goal is to preserve it during whole process. Given all gas is below the
casing shoe, then the pressure that acts on thegcsisoe can be given in a formula that is
retrieved from [20]:

The column of mud and influx fluid will give a tdtaydrostatic contribution in the well:

HScek + HScsg + HSon = pm8(hwen — hinflux) + Pinflux8Ninflux (4.26) [20]
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Where:

HScsc = Hydrostatic pressure in casing
HScex = Hydrostatic pressure in the choke line and k|

This gives the bullheading injection pressure dythre operation:

Pinj = SICP + Poygg + CLFPL + FPLcgg + FPLoy (4.27)

To determine the casing shoe pressure a LOT (L&aRKest) test is performed, here the
weakest part of the formation below the casing skadentified by increasing the surface
pressure until it starts to break down. This gittes MASP (Maximum Allowable Surface

Pressure).

LOT determines the fracturing pressure in the veeband the shoe, and it is performed by
increasing the well bore pressure, the MASP (marinaliowable surface pressure) is equal

to and represents the difference between the fi@apressure and the hydrostatic pressure.

PFRAC = MASP + HSC&K + HSCSG (428)

During a bullheading operation the pressure orc#sng shoe is given by:

Assuming that the casing shoe press(g;s) equals the fracture pressurB:ghc) the
Maximum Allowable Injection Pressure (MAIP) is givdrom eq. (4.30). Then by using

Pnj = MAIP and combining equation (4.28) and (4.29) we get:
MAIP = MASP + CLFPL + FPLgq (4.30)

Having an influx below the casing shoe is the aggtion which this relation is derived from.
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In order to have a successful bullheading operaimassumption is given from the equation
below (eq. 4.31). The MACSPI (Maximum Allowable @apsShoe Pressure Initially) must

be higher than the pressure applied from the seirfacorder to maintain the casing shoe
integrity. After taking a kick the SICP will reach certain level, and in order to push the
influx fluid back into the formation a high pumpessure must be applied from the surface.
The pressure build-up after a kick is the SICP, @andvercome the SICP and push the fluid
back down the annulus the pump pressure needs tmlded a Rer (Over pressure). The

casing shoe will in addition to the,B also experience an extra pressure from theckPL

(Frictional Pressure Loss in the open hole) dutirggprocess, and it is important that the total
applied pressure during this operation do not extlee MACPSI, in this way the casing shoe

integrity is maintained. The equation then becomes:

MACSPI > SICP + P, + FPLoy (4.31)

Where:

MACSPI = Maximum Allowable Casing Shoe Pressuredase
MAIP = Maximum Allowable Injection Pressure

MASP = Maximum Allowable Surface Pressure

CLFPL = Choke line frictional pressure loss

SICP = Shut in Casing Pressure

P,ver = Overbalance pressure

FPLoy = Frictional Pressure Loss in the open hole

FPLcsg = Frictional Pressure Loss in the casing

Another aspect to the bullheading method has tavitto the pumping speed and flow rates
that are needed in order to have a successful zgugEeration of formation fluid. The flow
rate (Q) needs to be higher than the gas risingcitgl For a vertical well the gas rising

velocity is given by the following equation [20]:

Vgas = Vsiip + C1 * Viix (4.32)[20]
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For a bubble flow it can be assumed thagt100. If one makes this assumption the minimum
average pumping velocity must not go below the wijocity upwards. When bullheading the
gas must not be allowed to migrate upwards, arglrthist be one of the main focus areas
when the operation is performed. This can be sumupeith a formula and it must be true in
order to prevent upwards gas migration during laalthng [20]:

Q um
—= = Vimean > Vslip (4.33)

Aannulus

When bullheading mud pumps are often used, th@neiasthat they are capable of handling
large pressures (15,000 psi). But, the pumps ltrorta lie in pump rate, and they are not able
to pump more than 420 gallon/min, which is 1590i/rar 10 bbl/min. But these rates are
rarely used. Based on industry experience pumatesries between 0,25 bbl/min and up to
2,0 bbl/min during an operation. In many ways dhHmading operation is like a leak of test
(LOT), the pressure must be raised slowly untisiseen that the influx goes back in the
formation. It is important not to use a high ciation rate as this increase the risk of pump
failure, this happens when mud starts to go inéoftlimation and a large and rapid pressure
increase is induced. There is also a risk of fragu It is preferred to have the same mud
weight and not adding a mud with different denditys will just make it harder to keep track

of the pressure signals from the well.

There are many useful situations where bullheadiethod may be the best choice. Here are

some advantages and disadvantages with the ukis ené¢thod [6]:
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Table 4.3: Advantages and disadvantages with the uséthe Bullhead method [6]

Advantages

Disadvantages

The HS readings is above the
operator limit

Due to obstacles in the drill pipe it ig
not possible to get kill mud down to
the bottom

The kick will lead to too high surface
pressures

When weak zones below the kick
prevent the use of conventional
methods due to potential large mud
losses

To save time if the available resourd
are not adequate to handle the

situation

es

No obvious sign for the
operators/crew when to use this
technique or not

The fluid flow will follow in the

direction of least resistance, and it i$

not given that it will follow a desired
pathway
A potential risk of creating blowout

either at surface or underground

D

4.5 Volumetric

The Volumetric method is based on the assumptiab the influx is gas that migrates

upwards in the well. It cannot be used if the irffluid is either salt water or oil. Compared

to Driller's method and W&W method the Volumetrietimod is used in situations where

there are no possibility to circulate out the keckaventionally [10].

The reasons for using this method instead of andthle method are based on different

variables in the well. Some of them are listed Wwelb0]:

If the drill string is on its way in the well or bof it, if this is the case an attempt to

run it to the bottom with the drill string should made

If there are no drill string in the well

If the drill bit or the drill string has been plugg) with some kind of debris or lost

circulation material (LCM), to open the pluggedaexplosives can be an alternative

Hole collapse can be a reason — this preventslatron
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» It there has been a power failure and mud pumpsgalath emergency pumps are
down
» If there is a long way between drill string andtbot of the well

* Not able to circulate due to drill string has beahand dropped into the well

In this method the choke is opened and closed apssto bleed of the inflow gas. It is

performed by staying within the designated pore faacture pressures together with a safety
margin. As gas moves up and pressure in the walkkases, the choke is opened to bleed off
and reduce the well pressure and it is then clegezh the pressure drops to a certain level.

This procedure is maintained until the gas is cataby out of the well.

In the Volumetric method the gas is allowed to expas it moves upwards in the well while
the bottom hole pressure is held more or less aotstn theory, the Volumetric method
states that a hydrostatic pressure can be repessemth a given volume of mud by
expressing the pressure in bars/litre, this is doyealividing the pressure gradient of mud
(bars/meter) with annulus capacity (litre/metestamtaneously over the top of the kick [10].

It is important to monitor how far the gas has raigd upwards in the well, because the
annulus capacity may change as the gas moves tewadsurface. The annulus pressure is
calculated based on where the gas kick is at argngime so it is important to keep track of

where it is, in this way the annulus pressure rgradled. The mud volume must be measured
accurately in order to have bottom hole pressurgrah both for the bleed off phase and the

pump in phase [10].

It is necessary to do some volume calculations dnatrelated to the pressure increase in
advance of using this method. Fracture pressuteiguide line, and the pressure calculations
need to be based on this and one must not exceedvbid any losses. Calculating the entire
volume and then divide on the entire well lengthhis easiest way to do it with this method

[18].

In this formula the density of the mud is used tbge with the average well volume. From
this pressure a safety factor (SF) needs to bdlestad in order to prevent more influx of
formation fluid. By adding a SF, the bottom holeegsure will go up, it is therefore also
important to keep it below the fracture pressurd ahove the formation pressure. If the
fracture pressure is exceeded before it passesasirg shoe, it is an imminent danger that

the formation will fracture. In worst case the désan lead to a underground blow out [18].
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5 Calculation examples

In the section to come calculation examples willcheried out. These are shown to increase
the understanding of the different kill methods.eTthfferent examples that will be more

elaborated in this section are:

1. Driller’'s method in vertical well from platform
2. W&W method in vertical well from platform

3. Subsea inclined well and changes to procedures&kiWV

5.1 Diriller's method in vertical well from platform

As there is a platform well there is no choke linetion to be taken in consideration in the
calculations, this is due to short choke lines heeaBOP is placed on platform deck. A safety

margin (SM) of 10 bar is used in this calculation.

Beneath the following calculation will be carriedto

Establish the pore pressure

Finding kill mud density with safety margin

Calculate ICP and FCP

Finding the strokes and volumes required in ordegiftculate out the kick by using a
table:

i A

a. Drill string
b. Annulus
5. The amount of kill fluid required in the DP and afus

6. The time it takes to perform the different circidas

These steps are carried out by using the equafrons section 4.2 and the data given in

section 3.
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Vertical well with BOP on platform deck

BOP on platform deck

Last casing section, 2800 metre U

Figure 5.1 — A vertical well with BOP placed on
platform deck

Known data:

Depth = 4300 meters

Last casing shoe = 2800 meters
Poid mud = 1,52 sg

SIDPP (R) = 40 bar

SICP (R) = 48 bar

SM =10 bar

Kill pump delivers 17,5 litre per

N o ok~ wDdh R

stroke
8. The operation shall be carried out
with:
a. 34 strokes per minute
(spm)
b. A Kkill rate of 595 I/min
9. Drill pipe is 4020 meters with inner
capacity 9,15 I/m
10. Drill collar (DC) is 280 meters with
inner capacity 4,0 I/m

11. Annular capacity:

a. DP/Csg 24,2 I/m
b. DP/OH 23,6 I/m
c. DC/OH 15,2 I/m

12.SR1 = 18 bar

With the information above it is possible to caltelthe volumes, ICP, FCP, strokes and time

it takes to complete the kill operation. This via# shown in the steps carried out below.
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Step 1: Establish the pore pressure

At shut in conditions, the pore pressure and thé®Bifle equal. We can find BHP using
SIDPP and the hydrostatic gradient in the pipesTfidone by using the SIDPP as we know
the density of the fluid in the DP and can calcliie pore pressure by using eq. (4.1):

BHP = SIDPP + pmudghTVD
BHP = 40 bar + (1,52 sg x 0,0981 x 4300 meter)

BHP = 681, 2 bar

—>The pore pressure in specific gravity:

_ 681,2 bar
"~ 0,0981 x 4300m

BHP = 1,615 sg

BHP =1,62 sg

This will be the same as the pore pressure atisloginditions.

Step 2: Finding kill mud density with safety marginfrom eq. (4.2)

B s SIDPP + SM
Pkillmud = Pold mud 981" Typ

C15psed 40 bar + 10 bar
Pkillmud = 1,02 58 0,0981 x 4300 m

Pkill mud = 1,6385 sg

Pkill mud = 1,64 sg
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Step 3: Calculate ICP and FCP

ICP from eq. (4.10):

ICP = SIDPP + SM + SR;
ICP = 40 bar + 10 bar + 18 bar

ICP = 68 bar

FCP from eq. (4.4):

FCP = SR, X Pkill mud
Pold mud
1,64 sg
FCP = 18 bar x = 19,42 bar
1,52 sg

FCP = 19,4 bar

The kill pressure gradient is then calculated. THigsed to find the pressure reduction as Kill
mud travels down in the drill pipe and through eliéint constrains along the way. As this is a
vertical well the only constrain or change thagxpected to come is when the mud goes from
the drill pipe and enters the drill collars.

ICP — FCP
APgradient = W

(68 — 19,4)bar
APgradient =
4300 m

APyradient =0,01130 bar/m
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Step 4: Find the strokes and volumes that is requéd in order to circulate out the kick

by using a table:

In order to find the amount of strokes requirectit@gulate out the different sections in the
well. The best way may be with the use of a tablas will make the calculations more

transparent and easier to see.

Table 5.1 - Table beneath shows a kill table for Diter's method (the number will be rounded to nearetswhole stroke
and bar with one digit)

Section Depth No of pump strokes Drill pipe pressure
(TVD) [bar]
0 0 ICP = 68 bar
DP 4020 m (4020m x 9,15 I/m) 68 bar — (0.01130 bar/m x
/ (17,5 l/strokes 4020m)
= 2102 strokes =22.6 bar
DC 280 m (280m x 4,0 I/m) 68 bar — (0.01130 bar/m x
/(17,5 l/strokes 4300m)
= 64 strokes =19.,4 bar
DP/Csg 2800 m (2800m x 24,2 I/m)
/ (17,5 l/strokes
= 3872 strokes FCP =194 bar
DC/OH 280 m (280m x 15,2 I/m)
/ (17,5 |/strokes
= 244 strokes FCP =194 bar
DP/OH 1220 (1220m x 23,6 I/m
/ (17,5 I/strokes)
= 1646 strokes FCP =19.4 bar
Total = 7928 strokes

The total amount of strokes for one whole circalatprocess is found by adding the total

amount of strokes down the drill string and updhaulus.
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When killing a well the amount of fluid that is tgced is wisely to calculate to make sure
that sufficient kill fluid is available. Beneath talculated how much each section holds in

terms of litres and how the amount of strokes isutated.

Volume and strokes in the DP:

a) Volume
Vpp = capacity X hpp
Vpp = 9,15 /1y X (4300 — 280)m

VDP = 36783 1

b) Strokes required circulating the DP

Strokes = Vpp X kill pump delivery

367831

Strokes = i
17,5 /strokes

Strokes = 2102 strokes

Volume and strokes in the DC:

a) Volume in DC:
Vpc = capacity X hpc
Vpe = 4,0 I/ x 280m =

Vpc = 1120 litre
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b) Strokes required circulating the DC:

Strokes = Vpp X kill pump delivery

11201
|
17,5 /strokes

Strokes =

Strokes = 64 strokes

Volume in the open annulus and DC/OH:

Vbc/on = capacity X hpc
Vbeon = 15,2 Y/ x 280 m

VDC/OH = 4256 litre

Volume in the open annulus and DP/OH:

Vbp/on = capacity X hpp
Vbp/on = 23,6 Y/m x 1220 m

VDC/OH = 28792 litre

The amount of strokes that is required circulatimg different annular sections are found in
the same way as for DP and DC above, they ardisted up in Table 5.1.

Here there are many calculations and it can bd adpifusing, to sum up the volumes and

strokes related to the different sections theyliated up in the table below.
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Table 5.2 - Sums up the volume and the strokes neefl®r each section

Sections Depth Capacities Volumes  Strokes

[m] [i/m] [1]

DP 4020 9,15 36783 2102
DC 280 4,0 1120 64
DP/Csg 2800 24,2 67760 3872
DP/OH 1220 23,6 28792 1646
DC/OH 280 15,2 4256 244
Total 138711 7928

Step 5: The amount of kill fluid required in the DPand annulus

As can be shown from Table 5.2 the total amourkilbfmud just to fill the annular volumes
is 100808 litres and the whole well 138711 litikscording to [2] there should at all times be

1,5 times the well volumes of kill fluid availakile case of emergency.

With the information found in Table 5.1 a kill shean be made. The first straight line is in
the sheet the ICP (initial circulation pressurey & is a full bottoms up circulation to get the
kick out of the well with the use of the old muds Rill mud moves down the DP, the pump
pressure will decrease linearly. When kill mudnsoduced the straight line starts to dip and
gets a slight change, when it goes from DP to D@e tb change in inner diameter and
capacity. When the line once more becomes horiktiméakill mud reaches the annulus, and
the FCP (final circulation pressure) is reached @rded out until the whole well is filled up
with kill mud.
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120 —— Kill Sheet Drillers method
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Figure 5.2 — Showing a Kill Sheet on a vertical wklsing Driller’s method

One should note that for Driller's method, the BlBontrolled during kill mud displacement
in DP, by just keeping the choke pressure equald’P + SM. In a real operation this would

not be necessary to calculate.

Step 6: The time it takes to perform the differentcirculations

The kill operation is carried out with 34 strokes minute.

As a calculation example the DP is used:

DP:
] Number of strokes
Time = ,
strokes/min
) 2102 strokes
Timepp =

34 strokes/min

Timer = 61,8 min
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Table 5.3 — Shows volumes, strokes and the time #@kies to circulate out the different sections

Sections Depth Capacities Volumes  Strokes Time
[m] [1/m] [1] [min]
DP 4020 9,15 36783 2102 61,8
DC 280 4,0 1120 64 19
DP/Csg 2800 24,2 67760 3872 113,9
DP/OH 1220 23,6 28792 1646 48,4
DC/OH 280 15,2 4256 244 7,2
Total 138711 7928 233,2

The kick is circulated out of the annulus before il mud is introduced in the Driller's
method, this means that the time it takes befdterkid is introduced i469,5 minute (which
is the time it takes to circulate out the annulti$len the DP is displaced with kill mud which
takes63,7 minutes, then anothdr69,5 minutes to fill the annulus in order to fill theelv
entirely with kill mud. All together this gives atal theoretical time o#02,7 minutes.

However, safety is first priority and the totalatitation time may exceed the theoretical time
if the process demands it.
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5.2 W&W method in vertical well from platform

This example is with the same platform as in secBowith the well head on the platform
deck, the only difference is that instead of uddrgler's method now the W&W method is
used.

The calculations in this section are the same ath®Driller's method in section 2, this has
been done to avoid confusion related to where thmbers comes from and how they are
calculated. In this way the reader do not have dobgck in order to understand the
calculations. In addition the tables are also idetli The only thing that is different is the Kkill

sheet and some of the text.

As written in the W&W section 5.2, instead of cilating out the kick before introducing kill
mud into the well, like Driller's method do, the WM&introduce kill mud and circulate out
the kick simultaneously. The data and informatised for the Driller's method example

above (section 2) will also be used in this example

A safety margin (SM) of 10 bar is used in this a&tion.
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' _ Known data:
Vertical well with BOP on platform deck

%/BOP on platform deck
]

Depth = 4300 meters

Last casing shoe = 2800 meters
Poid mud = 1,52 sg

SIDPP (RB) = 40 bar

SICP (R) = 48 bar

SM =10 bar

Kill pump delivers 17,5 litre per

Last casing section, 2800 metre ‘ J stroke

!

N o ok~ WD R

8. The operation shall be carried out
with:

Figure 5.3 — Vertical well with BOP on platform ded& .
a. 34 strokes per minute

(spm)
b. A Kkill rate of 595 I/min
9. Drill pipe is 4020 meters with inner.
capacity 9,15 I/m
10. Drill collar (DC) is 280 meters with
inner capacity 4,0 I/m

11. Annular capacity:

a. DP/Csg 24,2 1l/m
b. DP/OH 23,6 1I/m
c. DC/OH 15,2 I/m

12.SR1 = 18 bar

Beneath the following calculation will be carriedtdere as we did in section 2:

Establish the pore pressure

Finding kill mud density with safety margin

Calculate ICP and FCP

Find the strokes and volumes required in orderificulate out the kick by using a
table:

A
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a. Drill string

b. Annulus
5. The amount of kill fluid required in the DP and afus
6. The time it takes to perform the different circidas

These steps are carried out by using the equaftrons section 4.2 and the data given in

section 3.2.

Step 1: Establish the pore pressure

At shut in conditions, the pore pressure and théP?Bifle equal. We can find BHP using
SIDPP and the hydrostatic gradient in the pipesTsidone by using the SIDPP as we know
the density of the fluid in the DP and can calcukae BHP by using eq. (4.1):

BHP = SIDPP + pmudghTVD
BHP = 40 bar + (1,52 sg X 0,0981 X 4300 meter)

BHP = 681, 2 bar

—>The bottom hole pressure in specific gravity:

_ 681,2 bar
"~ 0,0981 + 4300m

BHP = 1,615 sg

BHP =1,62 sg

This will be the same as the pore pressure atistuanditions.
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Step 2: Finding kill mud density with safety marginfrom eq. (4.2):

B N SIDPP + SM
Prill mud = Pold mud + 55877 TVDyen

C152sed 40 bar + 10 bar
Pkill mud = 1,024 58 0,0981 + 4300 m

Pkill mud = 1,6385 sg

Pkill mud = _1.64 sg

Step 3: Calculate ICP and FCP

ICP from eq. (4.10):

ICP = SIDPP + SM + SR,
ICP = 40 bar + 10 bar + 18 bar

ICP = 68 bar

FCP from eq. (4.4):

FCP = SR, X Pkill mud
Pold mud
1,64s.g
FCP = 18 bar x = 19,42 bar
1,52s.g

FCP = 19,4 bar
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The kill pressure gradient is then calculated. Thisised to find the pressure reduction pr.
meter as kill mud travels down in the drill pipedathrough different constrains along the

way. As this is a vertical well the only constrainchange that is expected to come is when
the mud goes from the drill pipe and enters thi ciyllars.

ICP — FCP
Al)gradient = W

(68 — 19,4)bar
Al)gradient = 4300 m

APyragient = 0.01130 bar/m

Step 4: Find the strokes and volumes that is requéd in order to circulate out the kick

by using a table:

In order to find the amount of strokes requirectit@gulate out the different sections in the
well. The best way may be with the use of a tablas will make the calculations more

transparent and easier to see.
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Table 5.4 - Table beneath shows a kill table for W&Wmethod (the number will be rounded to nearest whel stroke

and bar with one digit)

Section Depth Number of pump strokes Drill pipe pressure
(TVD)
0 0 ICP = 68 bar
DP 4020 m (4020m x 9,15 I/m) 68 bar — (0.01130 bar/m x
/(17,5 l/strokes 4020m)
= 2102 strokes =22,6 bar
DC 280 m (280m x 4,0 I/m) 68 bar — (0.01130 bar/m x
/(17,5 l/strokes 4300m)
= 64 strokes =19.4 bar
DP/Csg 2800 m (2800m x 24,2 |/m)
/(17,5 l/strokes
= 3872 strokes FCP =19.4 bar
DC/OH 280 m (280m x 15,2 I/m)
/(17,5 l/strokes
= 244 strokes FCP =19.4 bar
DP/OH 1220 (1220m x 23,6 I/m)
/ (17,5 l/strokes)
= 1646 strokes FCP =19,4 bar
Total = 7928 strokes

The total amount of strokes for one whole circalatprocess is found by adding the total

amount of strokes down the drill string and updhaulus, which gives 7928 strokes in total.

When killing a well the amount of strokes is caltadl form the volume that each section
holds, this volume is divided with the mud pumppazities (I/strokes). Beneath it is showed

how volumes for each well section is calculate@, @éinswers gives the amount each section

holds in litres.

82



The amount of strokes that is required circulatimg different annular sections are found in
the same way as for DP and DC above, they ardisted up in Table 5.1.

Due to many calculations which can be confusingum up of the volumes and strokes

related to the different sections are listed ugheatable below.

Table 5.5 - Sums up the volumes and the strokes neseldfor each section

Sections  Depth [m] Capacities  Volumes Strokes

[I/m] (1

DP 4020 9,15 36783 2102
DC 280 4,0 1120 64
DP/Csg 2800 24,2 67760 3872
DP/OH 1220 23,6 28792 1646
DC/OH 280 15,2 4256 244
Total 138711 7928

Step 5: The amount of kill fluid required in the DPand annulus

As can be shown from Figure 5.2 the total amourkilbmud just to fill the annular volumes
Is 138711 litres. According to [2] there shouldadittimes be 1.5 times the well volumes of

kill fluid available in case of emergency.

With the information found in Figure 5.1 kill shemtn be made. This method starts out with
the ICP (initial circulation pressure) and movesvdavith an inclined line as can be seen in
the sheet. The reason for this inclined line i¢ Kiamud moves down the DP form the start
and pump pressure is reduced due to the heavier ltneath also be seen when kill mud goes
from DP to DC (in the red circle) it gets a sliglp in the line, this is because the DP and DC
does not have the same capacities and diametem Ybdine once more becomes horizontal
the kill mud reaches the bit and moves into theuam This is when the FCP (final

circulation pressure) is reached until the whold wdilled up with kill mud.
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120 — Kill Sheet W&W method
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L 4 Kill mud introduced at once
(2,3) 0; 68 and moves down DP
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Figure 5.4 — Showing a kill sheet using W&W method

Step 6: The time it takes to perform the differ ciculations

The kill operation is carried out with 34 strokes minute.
As a calculation example the DP is used:
DP:

Number of strokes

Time = .
strokes/min

2102 strokes
34 strokes/min

Timer =

Timer = 61,8 min
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Table 5.6 — Shows volumes, strokes and the time #@kies to circulate out the different sections

Sections Depth Capacities Volumes  Strokes Time [min]
[m] [I/m] [1]
DP 4020 9,15 36783 2102 61,8
DC 280 4,0 1120 64 19
DP/Csg 2800 24,2 67760 3872 113,9
DP/OH 1220 23,6 28792 1646 48,4
DC/OH 280 15,2 4256 244 7,2
Total 138711 7928 233,2

For the W&W the kill mud is introduced at once,stimeans a total theoretical circulation
time of 233,2 minutes compare to the Driller's moéttwith a theoretical time 0402,7

minutes.

5.3 Subsea inclined well and changes to procedures in&W

In the sections above Drillers method and W&W mdthas been illustrated for a vertical
well where the BOP was on the platform deck. Thipiactise means that the riser margin

can be excluded from the calculations.

In this example the choke- and kill- line are datedt to the riser and have a length
corresponding to the water depth of 500 meterhin ¢case we have to account for choke line

friction pressure losses.

From section 3.1 a short recap of the data usethi®example:
1. Well profile
a. Water depth — 500 meters

b. Vertical down to 1800 meters
c. 55°from 1800 m TVD to 3500 m (MD), 2775 m (TVD)
d. 42° from 3500 m (MD) to 4580 m (MD), 3578 m (TVD)
2. Drill pipe geometry
a. 57 DP down to 4380 m MD/3429 m TVD with capacityl9 I/m
b. 200 meter of 6 %2” Drill Collar with capacity 4,0n.
3. Mud density 1,73 sg
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Air gap to platform is 30 meters

Pump capacity 17,2 |l/stroke

SRy — 35 bar

SRy— 49 bar

SIDPP — 43 bar

SICP — 57 bar

10. A safety margin (SM) of 10 bar is used in the chtian
11.Last casing at 2800 m TVD

© © N o 0 b

The figure below shows the well profile that ido® used in this example.

Deviated well with BOP at sea bed

Air gap between
] platformand sea

T Sea bed

| ——— Choke line
«— BOPand Well head

Last casing section, 2800 metre :

Figure 5.5 — Shows subsurface inclined well profile

The complete information related to this examplgiven in section 3.1.

For a subsea inclined well the BOP is placed ors#dabed, this means that the choke and Kkill
lines are long and the friction pressure in theetubeeds to be taken into considerations in the
calculations due to their length. Another asped subsea well compared to a platform well
is the riser margins. Should the platform for somason abandon the well, it has to

disconnect the riser from the well head and lelheearea. This means that the mud left in the
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well should, together with the hydrostatic columonfi the sea water, have a sufficient weight

to balance the formation pressure.

Beneath the following calculations will be carrieuat:

1.
2.

N o 0o~

Determine the pore pressure
Determine the kill mud density
* Without riser margin
* With riser margin
Frictional pressure in the long choke- and kilklin
Calculation of ICP and FCP
Initial choke line pressure
Required volumes in each section, strokes andtineegculate with use of a table
Kill sheet

These are the steps that will be carried out amdethwill be an explanation where it is

appropriate to elaborate on some details.

Step 1: Determine the bottom hole pressure with thase of equation (4.1):

BHP = SIDPP + pmudghTVD

BHP = 43 bar + (1,73 x 0,0981 x 4120)

This gives the bottom hole pressure or the formation pore pressure:

BHP =742,2 bar

BHP written in specific gravity:

BHP =1,84 sg

The formation pressure is 742,2 bar, and it is phéssure the mud has to balance in order to

maintain well integrity.
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Step 2: Determine the kill mud density with SM:

First a calculation where the riser margin is matluded in the calculations, this gives an
ordinary approach as done in the examples in sebtiband 5.2.

+ Determine the kill mud density using old mud an®BP without riser margin from
eq.(4.2)

SIDPP + SM = pyii mud&hkill mud — Pold mudNold mud

SIDPP + SM

Pkill mud = Pold mud T
g X hryp

C173se4 43 bar + 10 bar
Pkillmud = 1,75 58 0,0981 X 4120 m

Pkill mua =1.86 Sg

* Without riser margin and with SM using pore presduom eq.(4.15):

pporeghTVD + SM = pmuaghpp

SM

Pmud = Ppore T %

10 bar
0,0981 * 4120 m

Pmud = 1,84 sg +

The new mud specific density without riser margid &ith SM is:

Pmua = 1.86 s
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Then a possibility may occur that forces to leawve sight and disconnect the riser. In the
following calculation the safety margin is includadd also the riser margin. In this way the

well is able to maintain its integrity if it is tgrararily abandon.

* With riser margin from eq. (4.16):

pmudg(hTVD - hwater - hair gap) + pwaterghwater = pporeghTVD + SM

_ pporeghTVD - pwaterghwater + SM

Pmud =
m g(hTVD - hwater - hair gap)
_ (1,84 sg % 0,0981  4120m) — (1,03 * 0,0981 * 500 m) + 10 bar
Pmud = 0,0981 * (4120 m — 500 m — 30 m)

The new mud if the riser margin is included togethigh the SM will then be:

Pmud = 1,997 sg

Pmud = M

Step 3: Frictional pressure in the long choke line

Because this is a subsea well, the BOP is placddeoseabed. This means that the choke and
kill line goes outside of the riser and up to scefaWith a water depth of 500 meter the
pressure drop due to friction in the lines areeaathigh. This means that the ICP is slightly
different compared to short choke- and kill lin€his step will go more in detail on how this
Is calculated.

First the frictional pressure loss from the cirtwlia test through riser- and choke line. To find
the frictional pressure loss equation (2.2) is used

Al)friction,cl = SR, — SRy
Priction,c1 = 49 bar — 35 bar
The pressure difference corresponds to the friatipressure loss in the choke line, this is:

Al)friction,cl =14 bar
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Step 4: Calculation of ICP and FCP

Before circulation starts after taking a kick ti@Pl and FCP needs to be determined. The
bottom hole pressure is based on these valuesgdtivenkilling process. If either or both of

these values are wrong the killing process will enduccessful.

This will give ICP from eq. (4.10):

ICP = SIDPP + SM + SR;
ICP = 43 bar + 35 bar + 10 bar

ICP = 88 bar

The FCP from equation (4.4) is:

FCP = SR, x Pxkill mud
Pold mud
1,86 sg
FCP = 35 bar x
1,73 sg

FCP = 37,6 bar

The pressure gradient is then determined, thisltutate the kill sheet according to obstacles

that might wary the pressure profile in the well.

The pressure gradient:

ICP — FCP
APgradient = W

88 bar — 37,6 bar
APgradient = 3578 m

APyradient = 0.01409 bar/m
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Step 5: Initial choke line pressure

To avoid fracturing the formation due to the exteashoke line friction is to open the choke
more than in the case of a platform with short ehlikes. In this way the choke line friction

is in some sense taken out of the equation andhiated".

The initial choke pressure will be determined frequation (4.11):
Initial choke line = SICP + SM — APgction a1
Initial choke line = 57 bar + 10 bar — 14 bar

The initial choke pressure with long choke- andlllaes then becomes:

Initial choke line = 53 bar

To ensure that the correct initial choke presssireorrect, we monitor the kill line pressure.

Here there is only stagnant liquid and it givesemsure of the BHP
In this case the initial kill line pressure will b@m (eq. 4.12):
Initial kill line = SICP + SM
Initial kill line = 57 bar + 10 bar

Initial kill line = 67 bar

91



Step 6: Required volumes in each section, strokesich time to circulate with use of a

table.

Here are the different sections listed up withrthength both in measured depth (MD) and in
true vertical depth (TVD).

Table 5.7 — Shows a table consisting of relevant orimation regarding the kill operation

Number of  Number
Depth Depth pump of pump Drill
Section (TVD) (MD)  Capacities Volume strokes strokes pipe Time
[m] [m] [I/m] [1] (pr. (total) pressure  [min]
section) [bar]
0 0 88,0 0
DP 1800 1800 9,15 16470 958 958 62,7 27,4
DP,55 2775 3500 9,15 15555 904 1862 49,0 25,8
DP,42 3429 4380 9,15 8052 468 2330 39,7 13,4
DC 3578 4580 4,01 802 a7 2377 37,7 1,3
DC/OH 200 15,2 3040 177 2553 37,7 5,0
DP/OH 1580 23,6 37288 2168 4721 37,7 61,9
DP/Csg 2800 24,2 67760 3940 8300 37,7 112,6
Choke 8661 39,7 0,0
Total 148967 8661 247

In the table above there is a line which say chtks,line represents when choke line friction
becomes a part of the circulation pressure. Whigmkid and choke line friction is balanced
at some point before kill mud reaches the choke, lihe friction in the choke lines must be

balanced by the pumps.
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Step 7: Kill sheet

From Table 5.7 it is possible to draw a kill sheich shows the pressure profile the choke

should be regulated against.

Kill sheet for a subsea inclined well

95,0

ICP @ 0;88,0
85,0 ‘

75,0 \ Well filled —

)

S

8 \ with mud,

/- pressure

= ' 958; 62,7 build up

o Mud from DP to DC due to —Kill sheet

25,0 riction in
\1862 49 / FCP the sv;/stem

45,0

2330; 39 7\“/ ‘1’ 4721;37,7 },0 8661; 39,7

350 - 2377; 37,7
0 2000 4000 6000 800 10000
Strokes

Figure 5.6 — Shows the kill sheet for the subseacdimed well

From Figure 5.3 it is possible to see that it is W&W method that is used, this because the
line declines at once, meaning that kill fluid msroduced as the kick is circulated out. There
are several black dots along the pressure linsethepresents the different sections in the
well, but the first are related to the inclinatidthen the line levels out to a straight line the
kill mud has entered the annulus and FCP. Thisspresis kept constant until the kill mud
pressure and choke line pressure is balanced,aahdther fill the well the friction in the
choke line must be overcome, this is the reasothspressure build up in the end of the FCP
line. The pressure build up at the end is not ¢aled, but is there just to show the effect after
the balance point between kill mud and choke lmeién. At this point the choke will be

fully open and it is no longer possible to annit@lthe choke line friction.
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6 Discussion and conclusion

In this section a variety of questions will be dissed based on the theoretical content in this

thesis. This section is divided into:

The difference between Driller's and W&W method
Procedural changes when there is a inclined well
OBM vs. WBM

Kick tolerances

a kr 0N e

When it is suitable to use Bullheading?

6.1 The difference between Driller s and W&W method

In principle Driller's method (DM) and W&W methodeathe same, the way the kick is
circulated out of the well are performed in the savay, the choke is used to control and
maintain a constant bottom hole pressure and tla igoto re-establish the primary well
barrier. However, there are one major differencevben the two, that is when kill mud is
introduced to the circulation process. For DM a lgrennulus circulation is performed before
kill mud goes into the circulation flow. With W&W athod weighted kill mud is added
simultaneously as the Kill circulation procesststarhis will, compared to DM, reduce the
process time, but not necessary be a better solulioe to this difference the kill sheet will
not start in the same way, which can be seen frigur& 5.2 and Figure 5.4. The pressure
drop will with the W&W method come at once compatedM where this drop will come

after one annulus circulation.

Time vice the W&W method is performed more effeetfvcompared to DM. However, this
method creates more challenges, it is more diffital maintain a constant bottom hole
pressure during the Kill process, this is why itnsre crucial to follow the kill sheet in detail

with the use of this method.

Why is it harder to control the bottom hole presswith the W&W method? One reason is
more calculations which are time consuming. Anccaory out the operation the kill sheet
needs to be ready in advance of circulation sédsb, there are no constant fluid columns to
base the bottom hole pressure on with this metingtkad there is a mix of fluids both in the
annulus and in the drill pipe during the Kill citation. Old mud is mixed with new kill mud

in the drill pipe, and gas mixes with mud in thenalms. This creates changing pressure
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readings in both sections during the process, ngakimore challenging to regulate the choke
to follow a certain pressure development when gevier mud is pumped in the drill string
and Kill circulation starts. With DM there is alweagne compartment with one type of fluid.
When the kick circulation starts, the entire dpibe will contain only one type of mud, this
makes it easier to regulate the choke pressure. fatsthe DM, when kill mud enters the drill
pipe it changes the pressure profile as it movegnddhe annulus will during this process
remain completely filled with one type of mud (atdid) and not be affected by this changing
pressure development in the drill pipe. By holdiog choke pressure equal$DPP + SM
one knows that the well is in overbalance. From thcan be shown that with W&W method
it is more challenging to regulate the bottom hmlessure compare to the DM, on the other

hand it is more effective and saves time which cedwosts.

There is, however, one upside with the W&W comparéM, this is related to the early
introduction of kill mud. If kill mud enters the anlus before the gas bubble reaches the wells
weakest point, which is the casing shoe, it wilvédna positive effect by reducing the gas
bubble pressure. If this is possible depends ordépth of the casing shoe and the volumes
within the well. An example of this will be discessbelow in section 6.5, Kick tolerances.

Which type of well control method gives the bestutedepends on a various considerations.

To mention a few:

What pressures do the kick give on surface

What competence do the workers have

Available equipment and resources

What type of mud is used

Time it takes to perform all preparations and openal phases for the kill operation
Casing shoe pressure limits

The formation properties and pressure limitations

Etc.

© N o o B~ Wb PE
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Several other considerations must be evaluateddafmethod can be chosen. The following
general industry opinion is retrieved from [6]:

1. As a general rule, in most cases the W&W methodlshioe used

2. If the casing shoe has a good quality then thelddrd method should be the chosen
method. The shoe will in DM be exposed to largesguees for a longer time period
compare to W&W. Also if it takes a long time to gkt up kill mud the DM should
be used

6.2 Procedural changes when there is a inclined well

The Kill procedures will depend on what type of Wwek are dealing with (subsea vs.
platform). In this thesis it will be discussed ttiéference related to the exercises done in
section 5, between a fixed platform with a vertiwall and a rig with an inclined subsea well.

One of the differences is where the BOP is platsda fixed installation it is placed on the

platform deck, and on a rig it is placed on thebsela The rig needs a riser to connect to the
BOP, which can be seen as an umbilical betweeant@ywell. In seldom occasions, due to
bad and harsh weather, a rig needs to disconnecistér from the BOP and abandon the well
area before they are finished drilling. This is ddaa maintain the overall safety to personnel,
equipment on board the vessel and the environrifénén the riser is disconnected the mud
column in the riser will be replaced with a watetuenn from the seawater. The seawater
should together with the mud column left below téeoved riser be sufficient to balance the
formation pressure. This is the reason why a nsargin is added to the calculated mud
weight. The weight is added to the mud and it isedto compensate for the weight lost when
mud in the riser is replaced with a lighter wateluon from seawater. The riser margin must,
however, not be so high that it fracture the wellt be sufficient to balance the formation

pressure if abandonment is necessary. But, if #heutated riser margin is to low there is a
risk that the well will have a kick below the wedld. In this case the wellhead pressure will
increase with the bottom hole pressure minus thagrdsyatic mud column. When the rig

returns to continue its work and drilling operatidime first thing it does is to drops anchors
and then reattaches to the well. If the mud weighhe closed in well is too low the result

can lead a closed in blowout. If no one suspedsttie calculations are wrong and the mud

weight in the well is too low to balance out thenfiation pressure, they will come across a
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pressurised well, and the consequence will be fasblowout that reaches the platform
deck with catastrophic consequences.

It is therefore very important that the calculaicare done correctly. In this way the water
column together with the closed in well's mud catuare able to balance the formation

pressures preventing a closed in blowout from hiaipge

This is why Kill calculations on a rig are donelwitser margin. On a platform this is not an
issue due to very short choke lines and no ridexy tare therefore not included in the

calculations.

The length of the choke and Kkill lines are als@&tdr that needs to be addressed in a subsea
well case. On a fixed platform the kill and cholkees will be very short compared to a subsea
well where they go from the rig and down to the B@®&ight of platform + water depth). The
main difference in this case compared to a caseenmie BOP is placed on deck with short
choke lines, are the frictional pressure develognaed pressure losses when Kill circulation
goes through the small diameter choke lines. Thendta for ICP (Initial Circulating

Pressure) pump pressure is the same, but thechdée pressure will differ, from eq. (4.10):
ICP = SIDPP + SM + SR,

However, for a rig, one has to take into accoumkehline friction. Hence, the initial choke
line pressure must be reduced correspondingly faimeula will be from eq. (4.11):

Initial choke line pressure = SICP + SM — APgiction,ch

Regulating the choke initially is done by using kik line pressure as the initial reference.

The kill line pressure from equati@s.12):

Initial kill line pressure = SICP + SM

In an inclined well profile the path will deviateom vertical, the result when circulating the
kill mud using W&W is a non-linear pump pressurefpe, which can be observed from the
kill sheet in Figure 5.6. The different pressuigsl! variations when kill mud moves down the

drill pipe is due to the change in inclination, lalgo due to the reduced gravity effect when
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inclination increases. This will give a pressureveufor each section related to the particular
inclination for that section in the well, and theegsure line will change when inclination in

the well profile changes. It is therefore importémtkeep track of the progress and where in
the operation the process is at any given poietreélason for this focus is that the choke needs

to be regulated at certain time steps to obtaimnstant bottom hole pressure.

It is a known fact that most of the well profilestoday's oil industry are more complex than
seen in this thesis. So are we able to take intmwad and calculate all these new and
complex variables in these modern wells by hand@d®we need advanced simulators? The
answer is no. It is a known fact that if the comyilegets too big the probability of making a
calculation error grows significantly, based onsthnd the high focus on safety the only
possibility to make a usable kill sheet is with tle® of advanced simulators. They are able to
take into account all variables related to the dewity of the well profile together with mud
and formation properties, simulators takes overniiend calculations gets too complicated,

time-consuming and advanced.

6.3 OBM vs. WBM

If a kick is taken in WBM, an increase of pit lexen be observed from surface shortly after
influx, this is because the inflow fluid displackesge volumes of drilling fluid as the kick
propagates. If using OBM instead of WBM it will {dea higher risk of a blowout compare to
taking a kick in WBM. Why? The reason is that thBaw gas is dissolved into the OBM,
which will increase the detection time before atioscto the well control situation can be
initiated. In HPHT wells the solubility of gas inBM is almost infinite, which means that
large amount of gas can be dissolve in OBM withariecting it. If the dissolved gas reaches
the flash point above the BOP before it is closedhi@astrophe is the end result and will be
disastrous. The use of OBM is a major concern @itldustry due to this lack of visibility
when taking a kick [21]. What if there are longeris with the BOP placed on seabed? And it
turns out that the flash point is above the BORhanriser? When tripping there is a risk of
taking a kick, to mitigate this risk and reducecirtculation is maintained during tripping.
Circulation adds friction which will increase thettom hole pressure preventing formation
fluid from flowing into the wellbore. However, ifgpsonnel suspects a kick another procedure
is followed, it involves closing the annular pretemin the BOP and performing one bottom's
up circulation through the choke line. A "bottoms' girculation is to replace the entire well

volume below the BOP once, in this way a poteriiek is circulated out safely. The reason
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for using this procedure is to minimize the risldaonsequence, if a kick is hidden in the
OBM it will be circulated out in a safe way previegtany unwanted incidents. Also if the rig
have been abandon or away from the well for some,tia bottom's up circulation through

the coke line may be performed to avoid any suegris

What happens if the procedures are not followed @rzlulation starts up normally after
tripping back in? There is potential risk that alden kick moves past the BOP before
personnel are able to detect it. If this happersdissolved gas in the OBM will reach its
flash point in the riser, here there are no morgaes points or barriers in place to prevent
the kick from reaching the surface and a blowoul lvé the outcome. Small kicks to surface
happens from time to time, what they do is to opgr hatch in the top riser, then the kick is
lead away from the rig with the opening facinghe tvind direction.

If a kick is suspected in OBM and mud pumps areddroff, the dissolved gas will remain in
place until circulation is initiated. The dissolvgds will when circulating move as a passive
tracer, suspended in the OBM towards the surfaatd, iireaches the flash point, also called
the bubble point. This point is where gas goesobsuspension and back into free gas, and in
some sense "explode" out of suspension, liftingetfiiere mud column and create a major pit
gain. This may lead to a very difficult well contrgituation. Small kicks to surface are, as
mentioned earlier, directed through a hatch anectid away from the platform in the wind
direction. The result if a large kick reaches tlheface are much more serious, a known
example of such a disaster is BP's Macondo weltamt in the Gulf of Mexico in 2010,
where the rig Deepwater Horizon sank, taking 1gdjvand causing one of the largest oil
spills in history. If interest, the whole report thiis incident is available online [15]. This is
why procedures are so important and in place, doige the risk of getting a blowout and
protect personnel, material and the environmenis iBhalso the reason, as mentioned earlier,
why it is of great importance in HPHT wells if sesting a kick. Then the BOP shall be
closed and the well shall be circulated one "bogtomp” through the choke lines (one

bottom’s up means replacing the entire well volinelew BOP).
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Oil and water based mud have several importanttime during the drilling operation. And
it is the composition that gives the mud its spleglality and physical properties. Some of

the main functions are [22]:

1. Prevent formation fluids from entering the wellbore
= Have a higher hydrostatic pressure of drillingdliithan formation fluid,
this is done to balance the formation pressurenaittbore fluids
2. Remove the cuttings from the hole and acts asrspmter towards the surface,
where it can be separated from the sludge
» |t is important that the drilling fluids are able move the cuttings away
from underneath the drill bit as soon as possiblelo so the mud needs to
have low viscosity. If this removal is not done thetings will be grained
to smaller pieces, and this will be more challeggmremove.
3. Make a filter cake on the bore wall which is thimpermeable and solid which
prevent mud from entering the formation
= The particles in the mud will move towards the lowgessure in the
formation and get stuck to the wall, these paicigll then create a thin
layer that prevents drilling fluids from enterirgetformation
4. 1t should also act as a coolant on the drill hisHould also act as a lubricator for
the same equipment
=  When drilling, the drill string and drill collar Wibe pushed towards the
bottom and the drill string will be pressing towsrthe walls. When the
string also rotates this contact with the wall wileate friction which will
create heat. The drill fluids function is to cobist effect and transport the
heat to the surface, but it should also lubricatestiuce friction which also
will reduce heat development
5. Stabilize the borehole and protect the formation
= If not the formation reacts with the drill fluideéhhole will be stable after
drilling. Should, however, the formation react witte drill mud, then the
walls will be unstable and it increase the riskaafave in or hole collapse.
Most common instabilities are when water react$witty or shale and
creates an induced stress in them when they swelka the reaction. If a
WBM is used it needs to be saturated with salbtfto react with clay and
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shale minerals, this fluids is also called "inhi@t mud. OBM are also a
“inhibitive" fluid
6. Provide uplift to the drill string and casing
= When drilling long sections huge tension is plaoadop pipe and top side
equipment due to the large amount of drill piped dnill collars hanging
down in the well. The fluid column will create nealbuoyancy which will
reduce tension but still having enough weight teate pressure force on
bit
7. Corrosion control
= Drilling fluids must be non-corrosive to drill stg, casing and other
drilling equipment. To obtain this is to use a muith pH > 9,5. OBM
gives specially good protection towards corrosiohilst WBM needs

additives to get this quality

6.4 HPHT

The HPHT case is another aspect when discussifegetit killing methods. A HPHT well is
defined as a well with shut in wellhead pressuraval©t90 bars and temperatures exceeding
150 C. The reason that this is worse compared to gertional well is the reduced drilling
window, which means low pressure difference betwsme pressures and fracture pressures.
HPHT wells sets high requirements to drilling mud aompletion fluids, it is important to
make sure that they are able to cope with the haweditions down in the well. The depths
were these HPHT reservoirs are located are the meaison for the high temperatures and
pressures, a rock has a temperature gradient &ditl00 meters, which means that the

depths are substantial.

Drilling long well sections requires a lot of plang and preparations in advance, this to make
sure that every aspect in the process is incluttedlso puts high requirements on the
equipment in use and material selection, havingbld tools and equipment is crucial for a
safe operation and a long well duration. All wedlated equipment should be able to cope

with the harsh conditions, high temperatures agt pressures without malfunctioning.

The special challenges related to drilling a HPH@&llwompared to a standard well is
retrieved from [23]:
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Loy

" High pressures and temperatures impact mud propertiesin a dynamic way, and can

have effects on well control

2. Small margins between pore and fracture pressures will prevail in sections of the well

3. The conditions are above the critical point for the gas/oil/condensate influx; which
means that the hydrocarbon influx isinfinite soluble in the base oil of the mud.

4. Hydrocarbon influx will totally mix with the base oil in oil based mud (OBM), and
infinite amounts of gas can dissolve in the mud

5. Drilling of inclined and horizontal wells will make the consequences of barite sag
serious

6. Sgnificant quantities of gas can diffuse into a horizontal section of a well if OBM is

used even if the well is overbalanced "

In the section to come the material is retrievednf{23] if not otherwise is stated. In a HPHT
well the hole size, temperature and pressures esangh depth. This means that the active
mud volume will change in various sections duehse reasons. The mud will expand if the
temperature goes up or contract if it goes dowmait be compressed in high pressures or
expanded in low pressures. Also changes in welld@meter or casing diameter will have an
effect on the active mud volume. These changesagpitiear even if there are no losses or
there is no formation influx into the wellbore, btumay change significantly when the mud

circulation stops or when it starts back up.

The temperature changes for shallow wells will betsubstantial and the effects mentioned
above will not be as large, therefore the tempegathanges and the effect in the rheology are
small. In a well with a large drilling window theyg between pore and fracture pressure is big
which means that variations in the dynamic cirg¢atafpressure are not that important with
respect to kick probability. For shallow wells, approximation that drilling fluid rheology
will be independent of temperature and pressueaegeod approximation. In HPHT wells the
temperature effect will have a larger impact on tiwtom hole pressure compared to
shallower wells with lower formation temperaturébe temperature effect will give a larger
uncertainty in the ECD and the variation within ffressure. These factors need to be taken
into consideration and it comes in addition to ¢thallenges with the small pressure margins
within the pore and fracture pressure window in HPMells. Also if using OBM and not
WBM and vice versa is another factor, and are bexaof difference in response to

temperature and pressures. For this reason it goriiant to do thorough analysis and
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evaluation of the different effect that may be amtered during the drilling process. This is
important, a difference in the mud column will haae effect on the bottom hole pressure,
and if the drilling window is small it may lead toud losses or influx of formation fluid and
the result would be a well control situation.

In HPHT wells large depths are common, it is them@fimportant to be able to distinguish
between temperature effect and a real kick sitnaticemperature effects will cause mud
expansion during connections and it will be momitbiby fingerprinting (fingerprinting in
sec. 2.3). High formation temperature down in tiel wauses the mud to expand. This can be
observed on surface as pit gain after mud pumpe lhe@en shut off. In addition when
circulation is initiated the high annulus temperatdown in the well will be cooled down by
the mud higher up, and the upper annulus will tetdeeup by the stationed mud that comes
from down in the well. This will force the rheology any given place to change rapidly as
the circulation process is carried out and charge htydrostatic profile. This will cause

pressure variations in the well.

When taking a kick, the mixing fluid will be eithdry gas (methane) through volatile oil and
condensate to heavy oil. The mixing will be betweeand and the inflow fluid from the
formation. The paper [23] points out the differemtesolubility of hydrocarbon gas between
oil phase of drilling mud compare to water phasiiry mud. The oil phase drilling mud has
several orders of magnitude larger solubility ttiae water phase drilling mud, it can then be
concluded that they will not behave the same wilaéimg) a kick. What makes HPHT well
conditions so dangerous is related to its infisiddubility in the base oil, and where the gas
flashes out of the oil is governed by the mixtusabble point. The amount of gas that can be
dissolved in the oil is what makes these conditemslangerous, when the gas flashes out of
suspension it will be hard to control it, or if thare not able to close the BOP in time it will
be impossible and a catastrophe is in progresscdhgsequence of such an event can be fatal
to human, infrastructure and to the surroundingrenment. Therefore it is so important with
well control training, and make the personnel ustderd the different well signals and what

actions to initiate for a given scenario.

Today, as mentioned earlier, if there are any siga kick in a HPHT well the BOP is closed
and the well is circulated one bottom up acrossctiieke. This is done as a precaution to
avoid any unwanted happenings and just in case ke kick in progress. During drilling

this procedure with BOP closure and circulationcpss is done many times, it is time

consuming but it is much better than the altermativ
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Another aspect that was mentioned earlier, to cosgte for swab effects which reduces the
bottom hole pressure, circulation is continued ulgtmut the whole tripping operation. The

circulation creates friction pressure which inceetige pressure at the bottom, and in this way
the bottom hole pressure is kept constant durikgwhole operation, it also reduces the

chance of getting influx of formation fluids.

6.5 Kick tolerances

Kick tolerances is used when planning the well giesif a well control situation develops
into a kick it is required that the design is cdpadif handling the pressures that develops
during a well control incident. Also the amountimflow gas expected should be evaluated in

the design. One also has to consider this in cgldt separator design and its capacity.

The well design should also have a weak point m lthe of defence, this it is done to
minimizing the impact if a well control situatios bigger than anticipated. In a well the
casing shoe should be the weakest point. If thiengas the weakest point, the wellhead or the
BOP the gas has free pathway up to surface andotieequences of such an event is hard to
predict and even harder to control, the only thimaf is for sure is that this is a much more
undesirable event compare to a fracture at thexgasioe which will develop with lower risk

to human life.

The depth to where the last casing section is gdlagk indicate max pressure the casing shoe
can withstand without fracturing. Another factothg casing burst pressure at this depth, if it
Is to weak compare the to the formation at thistliepwill be decided to raise the casing

setting point further up in the well to make surattthe formation at the casing shoe remains

the weakest point.

After a kick is taken and the BOP is closed theutation process can begin. It may be
thought that using W&W instead of DM will have asgiove effect on the pressure acting on
the casing shoe. What needs to be in mind is tigas&ick needs to be circulated out in both
cases, and in both cases it needs to go the sapne'thia means it does not matter if kill mud
is pumped at once when the kick is circulated @uinaW&W method, or after the kick is

circulated out as in DM.

However, there is one upside with the use of W&\atead of DM, if they are able to get Kill
fluid into the annulus before the kick reachesdasing shoe it will have a positive effect on
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the pressure acting on the casing shoe. At whipithdide casing shoe is placed determines if
this is possible or not. If the casing shoe is deep, then the kick will reach this location

before kill mud are able to reach the annulus addce the pressure.

All points in the well will be met by the highestegsure when the top kick passes that exact
point on its way up towards the surface. In a k&gl situation when a gas kick travels up in
the annulus it does not behave as a single buiblaets as a mix of small and larger bubbles
in the mud. The size of the bubble depends on ltheratio between bubbles and wellbore
fluids, but also the flow regime during the killgmess. Slip velocity and a "rule of thumb" is
not enough to describe how fast gas migrates ifingrimud. However, experiments shows
that large gas concentrations migrates fast ippigdywell geometry with about 0,5 m/s [24].

The flow regimes are illustrated in Figure 6.1 beldwo phase flow regime means that the
flow can either be dispersed bubble flow or slayflamong other. Dispersed bubble flow is
induced when the flow velocity increases with imsiag wall friction, the friction tries to
hold back the moving fluid which creates a flow diforder, the particles moves in all
direction within the moving flow and big bubblesarush into smaller bubbles. With slug
flow all particles moves in the same direction @nd possible for gas bubbles to merge into
bigger bubbles.

Figure 6.1 — Shows the difference between dispersbdbble flow and slug flow
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If the choice lies in weather to use the W&W or Ddme may question what separates them
from each other? As mentioned in section 6.1 theWM&as an advantage on the casing shoe
pressure compare to the DM, if kill mud are ablemter the annulus before the front of the

kick reaches the casing shoe area it will havestipe effect on the maximum pressure on

the casing shoe. Another advantage is that thewittlbe exposed to the high pressure for a

shorter period of time with the use of W&W methaanpared to DM.

Below there is an example where the gas kick trayethe annulus, and if using W&W
method how far up will the gas kick travel befone kill mud enters the annulus? From this
calculation the maximum depth of the casing shoe lma determined if the W&W method
should have a positive effect on the pressure.thisrexample the vertical well data from

section 3.2 will be used. To simplify the calcubais two assumptions are made:

* There are no slip
* Gas bubble travels with the same speed as thdatiedumud

To illustrate the pressures acting on the casiog sturing a kill circulation a figure is gained
from the DrillBench software model [25]. Simulatioesult presented at the 2002, Drilling

Conference in Kristiansand (not available any pkxasept Fjelde's F-drive).

Drillers method

[ — LT —— Effect of
. i kill mud in
ol waw

Figure 6.2 — Showing the casing shoe pressure dugi@ kick circulation using Driller's method and W&W method

In the W&W method it is preferred to get the kiluchto flow into the annulus before the kick

passes the casing shoe, if this is obtained th&spre that acts on the casing shoe is reduced
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due to the heavy kill mud that has entered the lasnThis is however not an issue in the
Driller’'s method, where the kick is circulated auith the use of old mud.

Well data:

This is a vertical well with a TVD deep of 4300 mretThe last casing shoe was placed at
2800 meters. This is a platform well where the B®Bcated on the rig.

The drill collar section is 280 meters long.

Drill pipe inner capacity 9,15 I/m
Drill collar (DC) inner capacity 4,0 I/m

Annular capacity

DP/Csg 24,2 1/m
DP/OH 23,6 I/m
DC/OH 15,2 I/m

OH — Open hole

DP — Drill Pipe

Csg — Casing

Need to determine the formula for pressure at #séng shoe:

P.s = Pgor — Pmix8h (6.1)

Pmix IS the mixture density of mud, gas and potentikillymud between the bottom and the
casing shoe. The heavier thg;; gets, the more positive effect it will have on tasing shoe

pressure.

First the volumes in the drill pipe and annulus trhesdetermined, in this way the height the
gas has travelled can be determined. The wellidatdrieved from section 5.2.
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Drill pipe plus drill collar volume:

(DP) - 36783 litres
+ (DC) - 1120
Total = 37904 litres

Annular volumes:

(DP/CsqQ): 67760 litres (2800 meter)

+ (DP/OH): 28792 " (1220 meter)

+ (DC/OH): 4256 " (280 meter)
Total = 100808 litres

The total volumes in drill pipe and drill collarsea37904 litres. This is the amount of Kkill
fluid that is required before it enters the annukr®m this volume the height which the gas

bubble has travelled can be determined:

Table 6.1 — Shows how the drill string volume is uskto determine the gas bubble height

Volume in drill Section Capacity Volume Gas bubble
string [I] [I/m] annulus traveling height
(step by step) [1] [m]
37903 DC/OH 15,2 4256 280
33647 DP/OH 23,6 28792 1220
4855 DP/Csg 24,2 67760 200,62
Total 1700,6

First the DC/OH volume is subtracted from the tolidl string volume. This corresponds to a
migration height of 280 m. Then the DP/OH volumesubtracted from the remaining drill
pipe volume which will give an additional height 8220 m. What's left of the drill pipe
volume will then correspond to a height of 200 meieove the shoe. We see that even for
this conservative case where we have assumedmthslkick has been displaced 1700 m up

in the well. I.e. when kill mud enters the annuling kick front has already passed the shoe.
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But the intention is that kill mud should help reduhe casing shoe pressure, which means
that the casing setting depth should be placedehigp in order to get kill fluid into the
annulus before kick reaches the casing shoe. Hremalculations above the gas kick reaches
the casing shoe at a depth of 2600 meter. If therkid should provide a pressure reduction
towards the shoe the casing setting depths nedmstaced further up so kill mud are able to
enter the annulus before the kick reaches the ga$ioe.

If the kill mud should help, let us consider theseavhere the last casing is placed at 2400
meter. This enables 200 meter of kill mud to etiterannulus before gas bubble front reaches
the casing shoe. A table is worked out to showedsifit pressures on the casing shoe with
changing mud weights. The mix density is calculdbgdtaking the gas fraction and mud
fraction between casing shoe and bottom hole mthaskill mud height. Then it can be

showed that with an increase in kill mud weight ¢asing shoe pressure will be reduced.

In this table the fraction of gas is 25 % and olddn75 %, and taken for the 1700 meters
between casing shoe and top kill mud. A gas demdity.019 sg is assumed. The last 200
meters are filled with kill mud, and it is this Ikihud density that is increased in the table

below to show the effect on the casing shoe pressur
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Table 6.2 — Showing different casing shoe pressuresth different kill mud densities

Attempths Different kill mud Mix density [s.g] Casing shoe
density [s.g] pressures [bar]
1 1,64 1,203 481
2 1,66 1,205 480
3 1,68 1,208 480
4 1,70 1,210 479
5 1,72 1,212 479
6 1,74 1,215 479
7 1,76 1,217 478
8 1,78 1,219 478
9 1,80 1,222 477
10 1,82 1,224 477
11 1,84 1,227 477
12 1,86 1,229 476
13 1,88 1,231 476
14 1,90 1,234 475
15 1,92 1,236 475
16 1,94 1,238 475
17 1,96 1,241 474
18 1,98 1,243 474
19 2,00 1,245 474

Another and maybe easier way to illustrate thequeesreduction on the casing shoe if the kill
mud holds a higher density can be with the usenefdgraph below. In addition, the table
above shows that the increase in mixture densitglégively compared to the increase in Kill

mud density. The corresponding effect on casing giessure is also shown.
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Pressure effect on casing shoe with increasing kithud weight
481,0
480,0 -
9 479,0
S 478,0
% 477,0 —¢—"Seriel
o
o 476,0
475,0
474,0
473,0 T T T ]
1,64 1,74 1,84 1,94 2,04
Density

Figure 6.3 — Shows the pressure development on tbasing shoe with increasing kill mud weight.

With this in mind, choosing a casing setting degbidt allows kill mud to enter the annulus
before the kick reaches the casing shoe with the/N\&ethod can give positive result on the
casing shoe pressure. If this is not possibldafformation is too weak to place the casing at
a depth so it can benefit the W&W method, thendlee no major differences if W&W or
DM is the chosen kill method. The only thing thawnseparates them from each other is
operational time. W&W takes less time, but the rmodtmeeds more preparation and
calculations compare to DM in order to be a perfinm a safe and effective way. The well

is also exposed to large pressures for a shortardpef time when using the W&W method.

6.6 When it is suitable to use Bullheading?

Below it is listed up some points to whether buditieg is suitable, and in which cases. To a

large extent the information is retrieved from [18it it is also valid for this section.

» If a kick turns out to be bigger than expected #mal limitation within the facility
design shows that it is not capable of handlinglénge volumes, then bullheading
may be a good option

* Loss of return during conventional drilling. If inmud is lost to the reservoir or in a
zone above it, at some point they will run out ofidn The loss zone should be

determined so correct weight are measured up andeH is killed
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When swabbing leads to inflow of formation fluidlse drill string can be tripped back
to bottom and conventional drilling procedure witle use of Driller's method can be
performed, but bullheading is also an option

Having personnel with the right expertise are intgroir in any situation. Should the
circumstances lead to lack of qualified personmelthe event of a well control
situation, that are no able to calculate pressamnelsvolumes within the well, then the
best option may be to bullhead the kick back ih# formation. In this way there are
no risks of calculation errors which can lead weaondary or third kick situation if a
conventional well kill operation is performed

If there is a well control situation and the forgicgays that bad weather is coming and
may lead to an abandon situation. Then bullheadinguld be discussed as the
primary well kill method

If the pressure from the kick leads to fracturethad weakest point in the well, then
bullheading should be performed

If the kick contains a larger 43 concentration than the operator allows and if the
equipment capacities on the facility are not abledndle the large volumes, it should
be bullheaded back into the formation

Should the surface equipment have any pressuréations and the kick holds very
high pressures, bullheading may be the safest astl dption to avoid incidents if
equipment should fail due to too high pressure sxp®

If the drill string is partially out of the well arompletely out, an attempt should be
made to try bringing the drill sting back into thvell and to the bottom. If this is not
possible bullheading should be chosen as the gitiiethod

The kick volumes are so high that the surface eqgeiy is unable to handle them, and
then bullheading should be performed. It shouldpbented out that this is not a
common happening, the person in charge must hage ipattentive or there must
have been a defect in the closing mechanism

If the mud weight is close to the fracture pressure they are not able to kill the well

conventionally

As can be seen from the points above, bullheadsn@ ivery useful substitute to the

conventional killing methods. There are howeveghbr risks of damaging the reservoir by

contaminating it with mud and wellbore fluids whiemllheading is used as a killing method.

But with the potential risk of getting a surfacewbut if using a conventional method as an
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alternative this may be a small price to pay. Thesthimportant thing is that bullheading is an
option to conventional methods. And an alternatien they are not able to manage the well

control situation that has developed.

It can be difficult to foresee which type of methtthat a kick scenario that is to come
sometime in the future. It is in all interest theterybody that is dealing with a drilling
operation knows what they are doing. At some pthey will face a well control situation,
and then they need to be capable of handling ittakel action to repair it. They must know
how to calculate pressures and volumes in the wed,are going to be used when making a
kill sheet which is used when the operation is qrenf and that it is done according to
procedures. The goal is to get everybody educatedise the overall competence within the
work force. But this takes time and costs a latnohey, but it will benefit the end result if the
experience is needed and give positive result batke company. Training is the key and it
is very important, that everybody learns the défér methods and also the different
calculations to each method is vital. In this wagople do not forget and are able to take
action for any given situation, then human errdt la@ heavily reduced, it will be much safer
and a well control situation will be handled mofieetively.

The most important thing is to have trained persotimat know what they are doing in any
given situation, and that people are able to comaoat® and know what to do if a well
control situation is to evolve. It is a common exaéion that everybody working in the field
knows the procedures, and knows how to perform Illdading operation along with the
other methods. Ensure that everybody hold this kedge will secure safety to themselves,

their colleagues, the environment and the companlye years to come.
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